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Abstract

Dense metal ceramic composite membranes such as nickel-ceramic and palladium-ceramic
membranes have several functional applications including media for XRD studies, separation of
dust particles from gaseous streams, hydrogen separation, membrane reformers, insitu hydrogen
production etc. Typically, dense Pd-ceramic and nickel-ceramic composite membranes are
fabricated with magnetron sputtering and electroless plating techniques respectively. Considering
the issues of scalability and process simplicity, electroless plating can be considered to be the
most viable technology for the inexpensive fabrication of dense metal ceramic composite

membranes.

Research in the field of metal ceramic composite membrane shall target (a) cheaper and stable
porous ceramic supports using inexpensive precursors such as kaolin (b) deployment of
electroless plating with optimal combinations of process conditions and operating parameters
and (c) supplementing the electroless plating technique with scalable rate enhancement

techniques to enhance plating rates without jeopardizing upon the quality of plating.

With process-product optimality as the central research theme, this work addresses a conceptual
research methodology that systematically targets the optimality of electroless plating processes
for dense Ni-ceramic and Pd-ceramic composite membrane fabrication. Rigorous and extensive
experimental investigations have been targeted for the inexpensive nickel precursors to gain
substantial insights with respect to the performance characteristics of various electroless plating
processes. Finally, with the obtained insights, deploying the optimal choices of the plating

processes, dense Pd-ceramic composite membrane fabrication research has been targeted to
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achieve low cost dense Pd composite membranes. Throughout the thesis, combinatorial plating
characteristics have been considered as suitable benchmarks for the screening and scoping of
alternate electroless plating processes. Various combinatorial plating characteristics considered
include process (plating and transport efficiency) and membrane (percent pore densification

(PPD), metal film thickness and plating rate) variables.

Invariably, during metal-ceramic composite membrane fabrication, the selection of an
appropriate ceramic support would often influence the optimality of electroless plating processes.
Therefore, early research focused upon the development of inexpensive porous ceramic support
using which process optimality could be explored. Firstly, an inexpensive ceramic precursor
formulation has been identified to achieve porous ceramic supports possessing lower average
pore size of 50 - 70 nm. Using these supports, various electroless plating processes were
investigated for nickel ceramic membrane fabrication. These include conventional electroless
plating (CEP), surfactant induced electroless plating (SIEP) and sonication induced electroless
plating (SOEP). The surface and physical characterization was conducted using LPSA, BET,
FTIR, XRD, FESEM and nitrogen permeation techniques. It has been evaluated that prior to
nickel electroless plating, sonication of the membrane support in alkaline conditions enormously
enhanced corrosion resistance of the support and made it compatible for prolonged nickel ELP.
The alkali treated ceramic supports possessed an average pore size of 90 — 120 nm. Among
various processes, it was evaluated that SIEP and SOEP processes provided highest plating rates

to achieve an average theoretical metal film thickness of 18.3 and 24.6 tm respectively for a

total plating time of 24 h. Correspondingly, it was also analyzed that the ratio of percent pore

varied from 11.2 — 5.35 and 3.5 -4.7

densification ( PPD) to metal film thickness (5 ) i.e. PPD
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for SIEP and SOEP baths respectively for a variation in total plating time from 8 - 24 h. Thereby,
the preliminary research investigations indicated that SIEP possessed maximum potential
towards dense metal ceramic composite membrane fabrication in the context of maximum PPD

with minimal metal film thickness as compared to CEP and SOEP baths.

Further deliberating upon the process modifications for SIEP baths, the thesis eventually
addressed the optimality of precursor concentrations and contacting pattern of the reducing agent
to achieve dense Ni-ceramic composite membranes. In these experimental investigations, firstly,
the optimality of the reducing agent contacting pattern was studied for an initial Ni solution
concentration of 0.08 mol/L and 100% excess hydrazine (reducing agent) concentrations. It was
evaluated that for bulk addition of reducing agent, the PPD was 84.5% which increased to 89.3%
for drop wise addition strategy of the reducing agent. Eventually, for the identified optimal
reducing agent contacting pattern, the optimality of reducing agent concentrations (50 — 200 %
excess) was investigated. For a Ni solution concentration of 0.08 mol/L, 100% excess reducing
agent concentration was the optimal choice. Finally, the optimality of Ni solution concentration
(0.08 — 0.24 mol/L) was investigated for varying reducing agent concentration (50 - 200%
excess) with drop wise addition strategy. From all such hierarchical experimental investigations,
it was identified that a Ni solution concentration of 0.08 mol/L, 100% excess hydrazine reducing
agent concentration with drop wise addition strategy provided optimal combinational plating
characteristics. For a variation in total plating time from 4 — 12h, these correspond to a variation
in plating efficiency, average plating rate, theoretical metal film thickness and PPD from 53.2 —

47.8%, 11.2 —5.5 x 10™ mol/m®.s, 10.6 — 15.7 pm and 57.4 — 89.3 % respectively.

To further enhance the combinatorial plating characteristics of the electroless plating process, the

role of sonication for the optimal fabrication of nickel ceramic composite membranes using
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electroless plating was investigated. The combined mode of surfactant and sonication induced
electroless plating (SSOEP) was targeted with optimal reducing agent contacting pattern.
Further, the optimal surfactant contacting strategy (dropwise and bulk) was also studied. For
comparison purpose, SIEP baths were also investigated. Rigorous experimental investigations
indicated that the combination of ultrasound (in degas mode), surfactant and reducing agent
pattern had a profound influence in altering the combinatorial plating characteristics as compared
to SIEP baths. These novel insights consolidate newer research horizons for the role of
ultrasound to achieve dense metal ceramic composite membranes in a shorter span of total
plating time. For SSOEP baths, with dropwise reducing agent and bulk surfactant, the PPD and
metal film thickness values were 73.4% and 8.4um. Compared to this process, the corresponding
values for SSOEP baths with dropwise reducing agent and dropwise surfactant were 66.9 % and
13.3um respectively. Further, it has also been analyzed that the SSOEP baths provided

maximum ratio of percent pore densification per unit metal film thickness (%] as compared to

SIEP baths and thus holds the key for further fine tuning of the associated degrees of freedom.
For a variation in total plating time from 2 — 8h, the optimal combinatorial characteristics for
SSOEP Ni ELP baths correspond to a variation in plating efficiency, average plating rate,
theoretical metal film thickness and PPD from 77.2 - 89.8% , 11- 4.4 x 10 mol/m?.s ,52-84

um and 54.6 -73.4 % respectively.

Further elaborating upon the role of surfactant type, this work also addressed the combinatorial
plating characteristics for the fabrication of nickel ceramic composite membranes using SSOEP
baths supplemented with drop wise addition of the reducing agent and bulk mode of surfactant
addition. The experimental investigations were targeted to evaluate the optimality of solution

concentrations of CTAB (cationic) and SDS (anionic) surfactants during SSOEP based Ni ELP.
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For a variation in CTAB solution concentration from 1 — 6 CMC and a total plating time of 2 - 8
h, it was evaluated that the pore densification, metal film thickness, plating efficiency varied
from 47.6 — 64.4%, 7.6 — 10.8um, 40.1 — 59.9% respectively. Amongst both surfactants, CTAB
(cationic) surfactant with a solution concentration of 4 CMC provided optimal combinations of
pore densification (73.4%), metal film thickness (8.4 um) and plating efficiency (89.9%). These
experimental observations confirm upon the larger role of the various degrees of freedom for
surfactant and sonication induced electroless plating baths towards metal ceramic composite

membrane fabrication.

With identified process, reducing agent and surfactant contacting pattern optimality for Ni ELP
baths, the last section of the thesis is dovetailed towards targeting the low cost fabrication of
dense palladium-ceramic composite membranes with minimal Pd precursor utilization and total
plating time. While SIEP and SSOEP processes are of particular interest for the Pd ELP baths,
other processes such as CEP and SOEP have also been considered for comparative assessment
purpose. The experimental investigations were also targeted to evaluate the optimality of Pd
solution concentrations (0.005 — 0.015 mol/L) for SSOEP baths. Also, this work critically
targeted the cost analysis of the fabricated dense Pd ceramic composite membranes with a
comparative assessment of the cost of other similar membranes reported in the literature.
Amongst all processes, it has been identified that the SSOEP process is the optimal choice to
achieve low cost dense Pd-ceramic composite membrane. For the said process, optimal
combinatorial plating characteristics correspond to a variation in plating efficiencies, transport
efficiencies, plating rates from 95.9 — 60.6%, 41.3-21.7 % and 1.50 — 0.79 x 10 mol/m’s
respectively. Optimal parametric choice for SSOEP process are 0.0lmol/L Pd solution

concentration, 2 CMC CTAB solution concentration, 10.5h total plating time and 99.7% PPD.
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Further, the fabricated membrane is highly cost effective (18.75 $/m”) even on a retail basis i.e.
51.6% cost effective in comparison with dense Pd-alumina composite membrane fabricated with
SIEP process; 58.2% cost effective in comparison with dense Pd-alumina membrane fabricated
with CEP; 83.8% cost effective in comparison with dense Pd-stainless membrane fabricated with
CEP and 70.6% cost effective in comparison with dense Pd-stainless steel composite membrane
fabricated with SIEP process. The lowest cost of the fabricated Pd-ceramic composite
membrane is due to the simultaneous optimality of process (SSOEP), product (kaolin based
ceramic support) and associated process parameters. Based on obtained results, an effort has
been carried out finally to compare and contrast Ni and Pd plating baths to provide a conceptual
research methodology road map for the systematic targeting of inexpensive dense Pd ceramic

composite membrane fabrication by rigorous experimental investigations with Ni ELP baths.

In summary, the Ph.D. thesis summarizes the following research findings from the perspective of

novelty and innovation:

a) Identification of low cost inorganic precursor formulation to achieve a compatible

porous ceramic support with an average pore size of 150 - 250 nm.

b) Optimality of sonication and surfactant as scalable rate enhancement techniques for dense

metal ceramic composite membrane fabrication.

c) Optimality of metal and reducing agent concentration and reducing agent contacting

pattern for SIEP process for dense Ni ceramic composite membrane fabrication.

d) Optimality of surfactant contacting pattern (bulk for SSOEP and dropwise for SIEP) and
concentration for SIEP and SSOEP processes to fabricate dense Ni ceramic composite

membrane fabrication.
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e) Process and parametric optimality for the inexpensive fabrication of dense Pd-ceramic

composite membrane fabrication.

f) A framework for the comparative assessment of optimal ELP processes and associated

parameters for dense Ni and Pd ceramic composite membrane fabrication.

These research findings are anticipated to substantially accelerate the large scale fabrication of

dense ceramic composite membranes using the electroless plating process and its variants.
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Nomenclature

Abbreviations

PPD Percent pore densification, %

ELP Electroless Plating

CEP Conventional Electroless Plating

SIEP Surfactant Induced Electroless Plating

SOEP Sonication Induced Electroless Plating

SSOEP Coupled Surfactant and Sonication Induced Electroless Plating

CEP-BR Conventional Electroless Plating — bulk reducing agent

SOEP-BR Sonication Induced Electroless Plating -bulk reducing agent

SIEP-BR-BS Surfactant Induced Electroless Plating -bulk reducing agent- bulk surfactant

SIEP-DWR-BS Surfactant Induced Electroless Plating—drop-wise reducing agent- bulk
surfactant

SIEP-DWR-DWS Surfactant Induced Electroless Plating—drop-wise reducing agent- drop-wise
surfactant

SSOEP-DWR-BS Coupled Surfactant and Sonication Induced Electroless Plating—drop-wise
reducing agent- bulk surfactant

SSOEP-DWR-DWS  Coupled Surfactant and Sonication Induced FElectroless Plating—drop-wise

reducing agent- drop-wise surfactant

Notations
4, Permeable area of the membrane, m>

3
0 Volumetric flow rate, mn

s
P, Membrane pressure at permeate side , Pa
AP Trans-membrane pressure drop, Pa
d, Average pore size, um
[ & ] Effective porosity
qZ
P Average pressure on the membrane, Pa
Y Molecular mean velocity of the gas, 2
s

/ Pore length, m
q Tortuosity
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Nomenclature

n Viscosity of gas, Pa.s
K Effective permeability factor, 2
s
J mol
Flux through the membrane, —
m-s
J mol
Average flux through the membrane, ——
m-s
I Hour of nickel plating(as exponent)
Jo Average flux through the support, m—gl
m-s
Ji Average flux through the membrane after i hour of nickel plating, m_gl
m-s
G Initial concentration of Ni'? in the plating solution, 7%’
L
Cr Average Ni™ solution concentration after plating, "
L
X Conversion
n Plating efficiency, %
W Dry weight of the membrane before plating, g
w; Dry weight of the membrane after i hour of plating , ¢
w Total amount of nickel originally available in the plating bath, g
n Number of plating cycles
Vs volume of plating solution in each plating cycle ,L
My Molecular weight of nickel metal il
mo
P Density of nickel metal, %
cm
ri Plating rate , !
Ls
l Time of plating for the i™ hour, A
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Chapter 1

Introduction and Literature Review

This chapter presents a brief summary of the fabrication engineering aspects associated to
dense metal ceramic membranes. State of the art on the methods associated to dense metal
ceramic composite membrane has been elaborately discussed. Based on the state of the art,
the scope for further research has been identified. Following this, the aim of the present work

has been summarized. Finally, the organization of the thesis has been presented.

1.1 Background

Membrane based separation processes offer several advantages such as compact operation,
low cost and lower energy consumption (Ward and Dao, 1999). Broadly, based on the
materials used, membranes can be categorized into two types: (i) Organic (Polymer) and (ii)
Inorganic (Ceramic and Metal). Amongst organic and inorganic/metal membranes, the latter
are highly promising towards various industrial schemes that involve higher processing
temperatures and corrosive environments. Inorganic/metal membranes have been further
classified into porous and dense composite membranes. Typically, alumina, carbon or
stainless steel are commonly used supports or support materials for metal composite
membranes (Kishore et al., 2003; Kitiwan and Atong, 2010; Mabande et al., 2004; Silva et
al., 2012). Amongst these, sintered stainless steel membranes have received attention due to
higher durability as a filter medium for superior separations and consistent performance
under extreme process conditions and high operating temperatures. However, large scale
applications of stainless steel membranes are highly expensive when compared to ceramic
membranes and fabrication research is also equally focused towards utilizing ceramic

membrane supports (Potdar et al., 2002).
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Presently, metal ceramic composite membranes have been suggested for several applications
including TiO; recovery from waste water streams (Jha and Rubow, 1999), production of
ultrapure gases for special applications (Ryi et al., 2007), bacteriostatic treatment (Vasanth et
al., 2011), asymmetric supports for dense palladium (Pd) composite membranes (Lin et al.,
2010) and hydrogen separation (Ernst et al., 2007). Today, several companies produce and
sell metal composite membranes citing several commercial applications (Table 1.1).

Typically, amongst ceramics, o-alumina supports are used for Pd composite membrane

fabrication. However, a-alumina being relatively expensive, its large scale application for
metal composite membranes is also bound to contribute relatively higher costs for the
composite membrane and hence there is a need for research in low cost ceramic supports for

dense metal ceramic membrane fabrication.

To fabricate Pd/Ni composite membranes with good combinations of hydrogen permeability,

and separation efficiency at a lower cost, several deposition methods have been reported.

1.2 Fabrication techniques for metal composite membranes

Table 1.1: A summary of commercial metal membranes and their applications.

S Corporate Membrane type Support used Applications
No. firm

1. Mott Pure porous nickel No support used e Liquid filters
Corporation membrane e Removal and recovery of
[WLI1] TiO, from waste streams

2. Mykrons Sintered porous nickel No support used e  Separation of  dust
[WL2] membrane particles from air

e Supports for palladium
membranes

3. Entegris [WL3] Porous nickel composite Stainless steel e Hydrogen Purification

membrane e  X-ray diffraction media

4. Johnson Palladium composite Porous  stainless e Hydrogen generators
Matthey membrane steel e  Steam reforming
[WL4]

5. ECN Palladium composite Commercially e  Membrane reactors
Netherlands membrane available ceramic e  Fuel cell applications
[WL5] supports

2
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These include physical vapor deposition (PVD) (Jayraman and Lin, 1995), chemical vapor
deposition (CVD) (Gielens et al., 2002), magnetron sputtering (Brien et al., 2001), electroless
plating (Cheng and Yeung, 2001; Yeung et al., 1999), electro-plating (Tong et al., 2005) and

their combinations.

These well-known deposition methods have several advantages as well as disadvantages.
Physical vapor deposition (PVD) process involves the deposition of metal films by vapor
condensation on a support. Typically, PVD processes have poor deposition characteristics
and hence require thicker films to produce surface defects. In chemical vapor deposition
(CVD), the support is placed inside a reactor to which a number of gases are supplied. The
fundamental principle of the process is that a chemical reaction takes place between the
source gases. The product of that reaction is a vapor that eventually condenses on all surfaces
inside the reactor. Thereby the desired metal is deposited on the target. A good rule of thumb
for the CVD is that higher process temperature yields a composite material with better
quality. However, owing to greater controls, CVD requires careful design of the experimental
setup and is expensive when compared to the PVD. In the sputtering process, the material to
be deposited is released from the source at much lower temperature than the temperature
required for evaporation. The support is placed in a vacuum chamber with the source
material, named a target, and an inert gas (such as argon) is introduced at low pressure. The
ions are accelerated towards the surface of the target thereby causing atoms of the source
material to break off from the target in vapor form and condense on all surfaces including the
support. Electrodeposition also known as "electroplating” is typically restricted to electrically
conductive materials. In the electroplating process, a chemical redox process is driven by the
electrical power source and thus results in the formation of a layer of metal material on the
support. The electrodeposition process is well suited to deposit films of metals such as

copper, gold, palladium, silver and nickel. The films can be made within the range of ~1yum

3
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/ __ Nickel pIIating bath \

Support to be plated

\At catalyst surface: Ni” + reducing agent — Ni + oxidized saly

Fig 1.1: Schematic of Ni ELP bath.

to 100 um thickness. The deposition is best controlled with the external electrical potential.
However, the process requires electrical contact to the support upon immersion in the liquid
bath. However, they suffer with the major disadvantage of current polarization and inability

to deposit on non-conducting surfaces etc.

Electroless plating, also known as chemical or auto-catalytic plating, is a non-galvanic type
of plating method that involves several simultaneous reactions in an aqueous solution, which
occur without the use of external electrical power. Fig. 1.1 depicts a schematic representation
of the method for Ni electroless plating. In the electroless plating process, a more complex
chemical solution is used and deposition occurs spontancously on any surface which

possesses a sufficiently higher electrochemical potential than the solution.

1.2.1 A summary of fabrication variables that effect fabrication parameters

An important issue for metal membrane fabrication is to allow maximum flexibility in
fabrication variables so as to obtain metal films with desired characteristics. While
temperature plays a key role in the CVD technique, vacuum (pressure) plays a greater role in
the sputtering process. Similarly, electro-plated membranes are largely influenced by the
current density and solution concentration. On the other hand, electroless plating provides

maximum flexibility in terms of fabrication variables. These include concentration of metal

4
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precursors (palladium/nickel/silver ion concentration in the solution), selection of reducing
agent concentrations, scheduling of reducing agent addition to the bath, loading ratio (defined
as volume of solution used per unit area of membrane surface subjected to the plating), pH,
temperature and coupled rate enhancement supplements (sonication, surfactant, vacuum,

stirring, hydrothermal, pulsation etc.) to the process.

Therefore, from fabrication perspective, it is herewith inferred that electroless plating process
offers maximum advantages when compared to the other deposition processes. These include
flexibility in various operational variables in addition to other advantages such as ease of
deposition, simple experimental set up, ability to deposit on non-conducting surfaces and

ability to ensure uniform deposition even on complex surfaces.

1.2.2 Characteristic features of ELP

Electroless plating process does not require any external electrical potential and therefore,
does not induce electrical stresses in the system. However, it is more difficult to control the
electroless plating process with regards to film thickness and uniformity. A striking
advantage of the electroless plating process is with respect to the ability to deposit metals on
non — conducting surfaces such as plastics and ceramics. Also, the electroless technique
require less expensive equipments and have the potential for the cost effective production of

the membranes on an industrial scale (Bunshah, 1994).

e In electroless plating process, the reduction reactions are favored at high pH values.
Therefore a buffering agent is used to keep the pH above 8.0. Moreover reducing
agents often react with the bath thus resulting in slower deposition rates and poorer
deposit quality and the plating bath solution is also subjected to spontaneous

decomposition. This requires the addition of some stabilizers. Although extremely
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similar to electroplating, electroless operations feature some distinctive

characteristics.

Electroless plating demand much tighter control over process parameters than
electroplating. Critical parameters include metal concentration, reducing agent
concentration, pH, temperature, agitation, and contamination control. Improper
control over these process variables can result in increased plating inefficiencies,

metal nucleation in the solution and hence higher production of waste in the bath.

Chemical reactions in electroless process bath cause plate-out in which everything
coming into contact with the process solution, including the tank itself, is coated with
the plating material. This is due to significant metal nucleation in the plating solution
and on vessel surface. To treat plate-out, the plating line must be taken off-line and
stripped. In the case of electroless nickel, stripping is accomplished with nitric acid.
The nitric acid stripping process can cause significant air releases of nitrous oxides
(NOy) if the stripping solution is too dilute. Thus to avoid these, there is a need to
control the addition of the reducing agent and dispersing agent so that the ELP bath

does not get decompose and plate-out is avoided.

The autocatalytic metal (nickel) electroless plating process suffers with the basic
disadvantage of lower rates of deposition (1.5um/h) and hence rate enhancement

techniques are required to supplement the conventional electroless plating process.

1.2.3 Scalability perspective of electroless plating process coupled with rate

enhancement techniques

Several plating rate enhancement techniques include agitation (in the form of either solution

stirring or membrane stirring (Ayturk and Ma, 2009) or gas sparging (Altinisik et al., 2005)),

TH-1330_10610717
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vacuum (Nam and Lee, 2000), hydrothermal (Bulasara et al., 2012), osmosis (Li et al., 1999),
sonication (Haas and Gedanken, 2006) and surfactant assisted electroless plating baths (Chen
et al., 2002). However, amongst these techniques, agitation is scalable but suffers with the
major disadvantage of poor plating efficiency (< 40%). Agitation may contribute to metal
plating inefficiencies due to additional stresses caused by agitation for loosely bounded metal
adhering to the support surface (Bulasara et al., 2011a) and therefore might not be
recommended for industrial practice. This is especially important for dense metal composites
where metal pitting from the surface is an important problem that cannot be ignored. On the
other hand, vacuum as a rate enhancement technique is very efficient in operation but is
unsuitable for scaleup. Vacuum electrodeposition requires usage of compatible seals (Nam
and Lee, 2000) and induce additional stresses on the ceramic support. Similarly,
hydrothermal rate enhancement technique involves simple process but suffers with the major
disadvantage of poor operatibilty and poor scale up capabilities. Hydrothermal assisted ELP
involves complicated loading and unloading operations and sealing of the ELP reactor during
operation (Bulasara et al., 2012). While osmosis is scalable, it needs careful design of
experimental process so that the salt solution does not leach and disturb the electroless plating
bath stability (Li et al., 1999). Also, intermittent membrane cleaning is required to facilitate
salt removal from the Pd metal surface. Therefore, osmosis is not advantageous from
operational perspective, considering the fact that dense membranes are achieved only after

10-12h of continuous ELP.

On the other hand, surfactant induced electroless plating have significant number of features.
The usage of surfactant is advantageous in two ways — firstly surfactant reduces the
interfacial tension of the support-solution interface and therefore enables the generation of
smaller bubbles on the surface. This minimizes the pitting effect. Secondly, since smaller gas

bubbles are removed at a faster pace, the redox reaction shifts to the forward direction and

7
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therefore metal plating is enhanced (Chen et al., 2002). During sonication assisted ELP,
ultrasonic waves contributes to increase mass transport, interfacial cleaning and thermal
effects (Haas and Gedanken, 2006). Thus, from the perspectives of scalability, combinatorial
plating characteristics and ease of operation, sonication and surfactant remained attractive, as
industrial scale sonication baths are available and surfactant assisted electroless plating could
be scaled up easily. This is not the case for other rate enhancement techniques such as

agitation (or stirring), vacuum and hydrothermal supplements.

1.3 State of the art

Several literatures are available in the field of metal ceramic composite membranes and
associated fabrication technique optimality. The available state of the art is presented in three
subsections namely (a) Effect of support morphology on metal film deposition characteristics,
(b) Electroless plating process characteristics, (c) Metal deposition coupled with rate

enhancement techniques etc.

1.3.1 Effect of support morphology on metal film deposition characteristics

Several literatures indicate that support morphology affects strongly the metal (Pd/Ni) plating

characteristics and performance of the metal composite membranes.

Changrong et al. (2001) prepared microfiltration nickel membranes on porous alumina
supports by electroless plating using sol-gel process to activate the alumina supports. They
observed that the membrane thickness and amount of nickel increased with plating time and
the pore size decreased greatly as electroless coating time enhanced to 15 min after which the
pore size decreased slightly. The authors obtained a thickness of 4.5 um in 90 min with a
narrow distribution of pores. The mean pore radius was about 0.13 um for the metal which

did not possess cracks or pinholes.
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Zheng and Wu (2000) reported upon the effectiveness for palladium electroless plating under
hydrothermal conditions. The authors observed that using a support of nominal pore size 800
nm, the average membrane pore size was reduced to about 360 nm in a single electroless
plating deposition step. This corresponds to a pore densification of about 79.75% in only 2 h
of Pd electroless plating. However, process inefficiency and selective conversion have not

been reported by the authors.

Ryi et al. (2007) prepared symmetric nickel membranes with a nominal pore size of 33 nm
from nickel powder using compression (333 MPa) and sintering (650°C) technique. They
found that the porous nickel support had very small pores with uniformity and smooth
surface. These are good features of the support for the dense Pd membrane fabrication. Later,
the same authors (Ryi et al., 2006a; Ryi et al., 2006b) prepared Pd—Cu—Ni alloy membrane of
4 pm thick on porous nickel support (33 nm) by multi-target sputtering and Cu-reflow
technique. They observed that the nickel support was very stable and a very high Hy/N,
separation factor (c©) was obtained. However, flexibility to vary the surface pore size and
average porosity has not been addressed by the authors. In addition, fabrication technique

used i.e., sputtering is not highly scalable.

Bulasara et al. (2011b) used a ceramic support with a nominal pore size of 700 nm to study
the effect of support surface roughness along with various mass transfer enhancement
techniques. The plating characteristics were investigated for three different roughness values,
stirrer speeds (0-300 rpm) at a loading ratio (defined as membrane area per unit volume of
plating solution) value of 196 cm?/L. Their work concluded that the membrane pore size
reduced to 100 nm and 130 nm respectively with stirring and sonication as rate enhancement
techniques. Also, it has been inferred that both rate enhancement techniques normalized the

role of variant surface roughness during nickel ELP.
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Table 1.2: A summary of support morphological parameters for Ni-ceramic membrane

fabrication.
Author Support Average pore size Critical Observations
(nm)
Porosity (%)
Xue et al. | Ni-B alloy/ 0.3 High hydrogen permeability and high
Commercial alpha 40 separation efficiency
alumina tubes
Bulasara et | Ni/ceramic composite 0.275 Pore size of 0. 128 —0.090 pm and PPD in
al. membranes 40 the range of 78— 90% were obtained.
Changrong | Ni/alpha alumina 0.43 Pore radius of 0.13um and metal film
et al. supports - thickness of 4.5 pum were obtained.
Bulasara et | Ni/ceramic composite 0.700 Reduction in average membrane pore size
al. membranes - by 0.100 pum for stirring and 0.130 um for
sonication

In a similar study, Vichaphund and Atong (2010) prepared nickel-alumina membranes using
both powder and bulk impregnation methods for hydrogen separation. In this study as well,
various important issues such as controlling film pore size, thickness and average effective
porosity have not been addressed which influence to a significant extent the permeation

characteristics of the membrane.

Table 1.2 presents a summary of the effect of support morphological parameters on metal
ceramic composite fabrication. In summary, the effect of support morphology and support
pore size has not been emphasized in a systematic framework. There is no systematic insight
that provides suitable guidelines for best possible support. For example, a support with a
narrow pore size distribution results in less metal film thickness but poor adhesion strength of
the metal film. On the other hand, for a support with a rough surface, the film adhesion is
stronger but higher metal film thickness is required to achieve dense metal membranes. Thus
there is no clear research emphasis towards the optimality of support morphological
parameters. In addition, the time dependency of process and membrane parameters was also
targeted by the authors. All the literatures reported distinct combinations of support and

plating process parameters whose further optimality has not been examined.
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1.3.2 Electroless plating process characteristics

Yeung et al. (1999) fabricated Pd composite membranes using ELP on Vycor glass tubular
supports. The authors emphasized on plating kinetics for hydrazine based Pd plating baths.
The authors studied the variation of deposition rate and film thickness with several plating
parameters and developed an empirical correlation between grain size, initial plating rate and
plating time. Their work enabled towards the dependence of film micro-structure (i.e.
thickness and morphology) on plating parameters such as concentrations of Pd*", N,H,,

NH4OH and plating temperature.

Mardilovich et al. (2002) systematically studied the effect of metal film thickness on the
hydrogen permeance of Pd-PSS membrane. The minimum ratio of 3: 1 for Pd layer
thickness and size of the largest pores in the support, that was originally reported by
Ma et al. (2001) was corroborated by the authors for a large number of membrane
samples using three different support morphologies. They further compared the actual Pd
layer thickness with the predictions of the required Pd layer thickness based on 3 times
the maximum pore size (rule of thumb). The authors found that a support grade of size 0.1
pm with a maximum pore size of 4-5 um required a minimal dense Pd layer thickness in the
range of 11.7-14.3 pm. These values are close to predicted thickness values in the range of
12-15 um. Similar results were reported for supports with nominal pore sizes of grade 0.2 and

0.5 pm.

Haag et al. (2006) fabricated a nickel/ceramic composite membrane by electroless plating.
The Ni film had a thickness of 1-1.5 um thickness. Eventually, the authors identified the
optimal conditions to prepare a homogeneous, pure nickel deposit on alumina. These are
temperature of 75 °C, pH=9.6, [Ni (AC),]=0.12 mol L' and [N,H4]=0.4 mol L"'.The thermal

stability of the Ni film was not studied elaborately but their results indicated that the

11
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mechanism of hydrogen transport is related to the Knudsen diffusion mechanism. Their work
also presented few results associated to the plating characteristics as functions of time by

targeting Ni solution concentration in the Ni ELP baths.

In summary, in the presented literature, electroless plating research for metal composite
membranes has been primarily targeted from a product quality oriented perspective, but not
from process engineering perspectives. Combinatorial plating characteristics involve the
simultaneous assessment of plating process parameters (such as conversion, efficiency and
plating rate) and product parameters (such as metal film thickness, average pore size and
percent pore densification). This is an important area of research that can drive the efficacy of
both manufacturing processes and materials. The state of the art scarcely addresses this

approach.

1.3.3 Metal deposition coupled with rate enhancement techniques

Ayturk et al. (2009) coupled bath agitation with conventional ELP for the synthesis of
composite Pd and Pd/Ag membranes. In their work, the process parameters i.e the initial
metal ion concentrations for Pd and Ag were varied over a range of 8.2-24.5 mM and 3.1—
12.5 mM, respectively and the plating temperature was varied between 20—-60°C and the
initial hydrazine concentration was varied between 1.8—5.4 mM. For a constant-volume batch
reactor, the integrated rate law was solved to calculate the conversion and the reactant
concentrations as a function of plating time. The authors carried out long-term hydrogen
permeance testing of the Pd/Ag membranes in the temperature range of 300-500°C over a
total period of 1200 h. It was further concluded that the H, permeance for the 4.7 um thick
pure-Pd membrane at 400°C was as high as 63 m’/ m*-h-atm’” after a total testing period of

690 h.

12
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Li et al. (1999) investigated upon the combinatorial effect of electroless plating with osmosis
for the fabrication of Pd based membranes. They inferred that the defects in the Pd film are
due to non-uniform activation of the support which can be eliminated by coupling osmosis
with the ELP. The authors evaluated that the membrane with an initial H»/N, permeation ratio
of 10 could be repaired to enhance the ratio to 1000 using the osmosis coupled electroless

plating technique.

Xue and Deng (2001) prepared a new amorphous Ni—B alloy/ceramic composite membrane
by vacuum assisted electroless plating technique by driving away the gases trapped in the
porous ceramic support and the metal film with the application of vacuum on the opposite
side of the membrane along with rigorous stirring in the plating bath. The resultant composite
membrane exhibited not only high permeability, but also high separation efficiency while the
membrane prepared by the conventional plating method suffered from defects and low

separation efficiency.

Zhao et al. (2000) employed electroless plating and magnetron sputtering for the fabrication
of Pd and Pd—Ag alloy composite membrane. The authors coated ceramic membrane with y-
AlL,Oj; layer by the sol-gel method and used it as a support for the Pd and Pd—Ag alloy film.
Both membranes provided He gas-tight performance at room temperature with a thickness of

<1 pm. The authors reported a H,/N; permselectivity of about 60.

Nam et al. (2000) prepared thin but dense palladium/nickel composite membrane with a
thickness less than 2 um on mesoporous stainless steel (SUS) support using vacuum
electrodeposition technique. Smaller grain size and higher Pd content films were achieved
using lower current density conditions. Not only this, higher hydrogen permeance and greater
hydrogen/nitrogen selectivity were also evaluated for membranes fabricated at lower current
density. The authors reported that the optimal current density, hydrogen permeance and

13
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hydrogen/nitrogen (Ha/N,) selectivity are 6.5 mA/cm?, 2x107* em’/cm” .cm Hg. s and 3000

respectively at a temperature of 723 K.

In summary, there is lack of emphasis in the literature on a comparative technical assessment
on the possible role of rate enhancement techniques in metal composite membranes from the
perspective of combinatorial process as well as membrane characteristics. Moreover, issues
like scalability, repeatability, low cost remain central themes before adapting rate
enhancement techniques. But the literatures as mentioned seem to be more oriented towards
trial and error methodologies using techniques that may or may not be systematic. Thus, the
literature indicates the lack of systematic approach towards adopting a scalable rate

enhancement technique that suits from both membrane and process perspective.
1.3.3.1 Metal deposition facilitated with surfactant induced electroless plating (SIEP)

Elansezhian et al. (2009) indicated a new approach and studied upon the addition of
surfactants to conventional Ni ELP process. The authors used sodium hypophosphite as a
reducing agent and investigated upon various features such as surface finish, microhardness,
phosphorus content and micro structure. It was observed that the addition of two surfactants
namely SDS and CTAB during deposition of Ni—P enabled enhancement in phosphorus
content and corrosion resistance of the deposited film. With the addition of SDS, the
improvement in the hardness of the coated layer was 52% and with CTAB it was 50%. The
authors further evaluated that for a surfactant concentration lower than 0.6 g/L, the surface
finish of the film was poor. Smoother surface finish of the deposited layers was obtained
with the addition of SDS as compared to CTAB. Further, it was also reported that at lower
surfactant concentrations, the average surface roughness value is higher and when
concentration reaches to 0.6 g/L and above, the roughness value gets stabilized and it varied

between 1.569 -2.557 um (average value of 2.238 pum) for CTAB and 1.579 - 1.884 um for
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SDS (average value of 1.796 pm).These average roughness values are lower than the average
roughness value (1.885 um) of Ni—P deposits obtained without surfactant addition.
Elansezhian et al. (2008) also studied the effect of the surfactants (SDS and CTAB) on the
surface morphology and surface topography of the electroless Ni -P coatings and concluded
that higher concentrations (above 0.6 g/L) of surfactants resulted in smoother and more

uniform deposition.

Islam et al. (2012) compared surfactant induced electroless plating (SIEP) to the conventional
electroless plating (CEP) for the fabrication of a Pd - Cu composite membranes on
microporous stainless steel support. The authors used DTAB, a cationic surfactant in their
investigations. Compared to the CEP, SIEP provided better combinations of metal grain
structures and grain agglomeration. Further, dense and thinner films of Pd - Cu were achieved
with shorter deposition time using SIEP process. The authors also observed that the alloying
of Pd - Cu at an annealing temperature of 773 K under hydrogen environment was complete.
Finally, it was inferred that under thermal cycling (573 - 873 K), the SIEP Pd - Cu membrane
was stable and retained hydrogen permeation characteristics for over three months of

operation.

Nwosu et al. (2011) reported on the efficacy of addition of an anionic surfactant SDS on the
composition of nickel-yttria stabilized zirconia (YSZ) electroless co-deposition (ECD) on
composite materials. The authors reported that the addition of SDS to electroless nickel bath
containing YSZ concentration of 50 g/L provided an enhancement of more than 60 % in the
YSZ coating volume. However, a major limitation has been identified. It was observed that
with increasing SDS content, plating thickness reduced from 14 pm to about 2 pm and the

coatings became incoherent. These indicates that surfactant addition reduces reduces film
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thickness. Further studies revealed that the surface roughness also increased with SDS

concentration.

Ilias et al. (2012) investigated Pd-ELP bath characteristics using three different surfactants.
These  were  polyethylene glycol ter-octaphenylether  (nonionic)  surfactant,
dodecyltetramethylammonium bromide (cationic) surfactant and dodecylbenzenesulfonic
acid sodium salt (anionic) surfactant. The authors concluded that the addition of a suitable
cationic surfactant could ensure the better removal of evolved gases such as NHj, N, and this
would in turn increase the rate of Pd deposition and thereby improve the Pd-film morphology

significantly.

Bulasara et al. (2011c) fabricated nickel ceramic composite membranes so as to visualize the
effect of surfactant concentration on the performance characteristics of the electroless plating
baths using sodium hypophosphite as the reducing agent. They opted for SDS (anionic
surfactant) with a concentration varying between 0 and 1.5 gL'1 and CTAB (cationic
surfactant) with a concentration varying between 0 and 1.8 gL”'. With an increase in
concentration, it was evaluated that the conversion increased from 19 to 25% for SDS and
from 19 to 27.5% for CTAB. With SDS and CTAB, the overall plating rates increased by
32% and 45% respectively. Thereby the authors inferred that CTAB provided higher bath
conversions and was more effective in reducing the pore size than SDS for membrane

perspective.

Further, Mafi et al. (2011) studied the effect of three different types of surfactant (cationic,
anionic and non-ionic) at different concentrations in the plating bath on the deposition rate,
PTFE content and surface morphology of electroless Ni-P/PTFE composite coatings. The

authors inferred that cationic and non-ionic surfactants created a uniform distribution of
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PTFE particles in the coatings. Further the effect of surfactant type and concentration on the

corrosion properties of Ni-P/PTFE coatings were also investigated.

Chen et al. (2002) emphasized upon the role of surfactant in nickel-phosphorus (Ni-P)
deposits on brass supports using ELP baths. The authors inferred that the addition of suitable
amounts of surfactants can increase the deposition rate up to 25% and reduce the formation of
the pores on the surface of Ni—P alloys. Further, surfactant addition also enhances the

corrosion resistance of the deposits.

Table 1.3 presents a summary of SIEP processes for metal composite membrane fabrication.
It can be observed that SIEP studies towards nickel composite membranes have not been
addressed for a ceramic support. Such studies are also required from a processing perspective
as well, given the fact that stainless steel membranes are significantly expensive than ceramic
membranes. Thus the utilization of low cost ceramic membranes with SIEP metal
depositional process could pave the way for faster research commercialization and scale up.
This is also true due to the fact that SIEP reduces metal film thickness (enhances flux),
enhances plating rates and promotes utilization of lower solution concentrations. Also, SIEP
processes were not investigated for Pd-ceramic membranes and have been studied in a
limited context for Ni-ceramic membranes. The time dependency of process and membrane

characteristics was not studied as well.

1.3.3.2 Metal deposition facilitated with sonication induced electroless plating (SOEP)
There aren’t many literatures that address sonication induced electroless metal plating for
porous and dense metal composite membrane fabrication. Sonication facilitates rigorous
agitation that can enhance plating rate. Therefore few additional literatures have been
included to obtain good insights in the mechanism and quality of deposition for sonication
induced electroless plating. Many of these do not target membrane fabrication.
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Bulsara et al. (2012) addressed sonication as an additional degree of freedom to the
conventional electroless plating process and evaluated the relationship between morphology
of metallic skin layer and process parameters of hydrazine-based electroless plating baths
during the fabrication of nickel-ceramic microfiltration membranes. The authors inferred that
the selective conversion was enhanced by more than 50% and about 50—-100% excess nickel
plating rate was obtained with ultrasound as compared to other cases. Finally, it was
concluded that SOEP baths provided the best combination of both process as well as
performance characteristics in comparison with the base case and membrane stirred cases.

However, membrane pore densification was not significant for SIEP baths.

Jiang et al. (2007) indicated that sonication assisted electroless plating can provide efficient
deposition of nickel even at 40°C, a temperature which is considered to be very inefficient for

the conventional nickel electroless plating baths due to extremely low reaction rates.

Wu et al. (2009) deposited nickel nanoparticles on metal oxides by a modified electroless
nickel-plating method. The authors evaluated that the dispersion of nickel nanoparticles was
dependent on the interfacial reaction between the metal oxide and the plating solution or the

active metal and the plating solution. The Ag loading and acidity of the metal oxide mainly
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Table 1.3: Literature data summary for SIEP based Ni and Pd composite membrane fabrication.

Plating parameters and Variables Membrane parameters and Variables
S Type Type Surfact Reducing | Activation | Selectivity Film Avg pore | Porosity | Metal Plating Avg. H, |References
no. of of ant agent energy (Hoflux/N, Thickness size(nm) | / PPD | conc Rate Flux
membrane surfactant conc. (kJ/mol) flux) (um) (%) (mol/L) | Increm | (mol/m’s)
& support (g/L) ent
(%0)
Triton X- - 9.7 312 8.5 - - - 0.34
100 (40psig) (40psig)
(nonionic) 0..72
Pd - MPSS 230 (100psig))
(100psig)
DTAB
1 (cationic) Hydrazine Ilias et al
0.081
Pd/Ag- SDBS 8.9 120 12.54 0.33
MPSS (anionic) (40psig) (40psig)
73 0..80
(100psig) (100psig)
SDS - - - - - -
(anionic) 0.15-
2 N-P- MPSS 15 Sodium 0.231 Elansezhi
hypophosp -an et al*.
CTAB 0.15- hite
(cationic) 1.8
0.0922
3 Pd - Cu- DTAB - - - Pd - (573K) Islam et
MPSS (cationic) Hydrazine 9.4 84.1 16.73 0.013 al.
Cu 0.13357
0.0048 (873K)
SDS 0.74
(anionic) 0-1.5 - 12.2-14.3 92 88.8 32 -
CTAB Sodium - 0.82
4 Ni -Ceramic (cationic) 0-1.8 hypophosp 13-15.7 82 91.1 0.216 45 Bulasara
hite et al.
* For stainless steel rods as support
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affected the interfacial reaction to change the dispersion of nickel nanoparticles. It was
concluded that the use of ultrasonic waves and microwaves and selection of ethylene glycol
solvent instead of water in electroless plating could affect the dispersion and size of nickel

nanoparticles.

Lu (2010) found that ultrasonic assistance during electroless copper plating generates a specific
agitation due to cavitation phenomenon. This results in high quality metal coating. Touyeras et
al. (2005) also showed that ultrasound irradiation improves deposit adhesion strength by

decreasing internal stress.

Further, few researchers also stated that ultrasonic waves in sonication induced electroless
plating enhances the speed of electroless plating due to the cavitation of ultrasound which
accounts for increased mass transport, interfacial cleaning and thermal effects (Soloviev and

Gedanken, 2011; Wu et al., 2009).

1.4 Possible scope for further research

In the following subsections, a critical insight is provided for possible research in metal
membrane morphology, rate enhancement techniques, optimum metal concentrations on ELP
baths and the role of surfactant addition on the combinatorial performance characteristics. The
following sub-sections address the possible scope for research in metal ELP baths for composite
membrane fabrication. The identified gaps in literatures are anticipated to be the central themes

for the research that needs to be addressed in this work.
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1.4.1 Development of low cost ceramic supports for efficient metal ELP

Process engineering studies towards materials fabrication need to first address compatibility of
support materials towards the desired application. The consistent performance of ceramic
membranes to serve as functional supports for dense Pd and porous Ni membranes needs to
ensure their compatibility from several perspectives. Firstly, membranes with lower pore size,
good porosity and narrow pore size distribution are required so as to reduce the critical film
thickness of Pd required for the realization of dense membrane. Secondly, the membrane shall
possess excellent corrosion resistance to withstand conditions during nickel electroless plating
under basic pH conditions. Thirdly, the support shall enable continuous enhancement in pore
densification during sequential metal deposition using electroless plating. Fourthly, the metal
film shall provide lower gas flux when compared to the support flux and therefore the support
morphological parameters need to be fine-tuned during fabrication research. Further, the cost of
a composite membrane is a function of both metal film and the support and hence, cost
reductions in support fabrication along with efficient metal film deposition would be relevant to
drive economic competitiveness of the metal ceramic composite membranes. A critical review of
literatures available for dense metal membranes research indicates the lack of integrated
methodologies and approaches towards research in the functional supports (Kitiwan and Atong,

2010; Lin et al., 2010).

Bulasara et al. (2011d) concluded upon the efficacy of nickel hydrazine baths and suggested that
an optimal condition of electroless plating for nickel membrane fabrication is about 0.08 mol/L

and 393 cm?/L. However, their work did not elaborate upon the following issues:
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- A constant plating time of about 8 hours has been considered and time dependent
variation of various process, membrane and depositional characteristics have not been
studied.

- A ceramic porous support prepared using low cost inorganic precursors is used for the
fabrication of the nickel composite membrane. The average pore size of the membrane is
reported to be 275 nm. However the influence of support morphology on the depositional
characteristics and the sensitivity of support morphological parameters (such as average

pore size and porosity) on the performance characteristics were not addressed.

Considering these issues, it will be beneficial to exclusively focus upon the morphology related
issues in the fabrication of nickel-ceramic composite membranes. It is evident that engineering
research towards the design and development of good quality ceramic porous supports is highly
beneficial to reduce the critical thickness required to achieve a dense membrane and eventually
provide appropriate refinement in the guidelines available for the large scale fabrication of metal

ceramic composite membranes.

Thus the role of support morphology to influence dense metal membrane depositional
characteristics need to be studied. In this regard, the adhesion strength of the metal film to the
support also needs to be considered, given the fact that the adhesion strength of the deposited
metal film is a function of both support properties and film properties. The film properties are
inturn functions of the electroless plating process parameters. In summary, a systematic study
needs to be addressed that provides suitable guidelines for the selection of support morphological

parameters towards metal electroless plating in terms of:
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Process Optimality: Selection of scalable processes, Identification of optimal scalable process,

Optimization of scalable and optimally scalable process parameters

Product Optimality: Selection of suitable support with optimal combinations of pore size and

porosity, fabrication of composite membrane with minimal thickness, maximum PPD/delta etc.

1.4.2 Combinatorial performance characteristics of SIEP baths for dense Ni

membrane fabrication

In recent years, researchers have studied anionic surfactant (SDS) because of its low cost
(Nwosu et al., 2011; Zielinska et al., 2012). However, combinatorial plating characteristics
(PPD, plating efficiency, metal film thickness) have not been targeted. Further, amongst cationic
surfactants, DTAB has been studied in few literatures. Ilias et al. (2012) deposited a Pd-film on
porous stainless steel using ELP and SIEP with DTAB as a surfactant and concluded that the
same thickness can be obtained by reducing the plating time if a suitable surfactant is used
during ELP. However, their results do not incorporate time dependent characteristics and
therefore fall short of providing systematic insights with respect to the performance efficacy
(total plating time, metal film thickness, transport efficiency and pore densification) of Pd
electroless plating baths. Further, the work of Islam et al. (2012) compared SIEP to CEP with
higher concentrations of metal (0.015M) and DTAB (4CMC) surfactant. Due to the higher
solution concentrations and cost of the DTAB surfactant, the fabrication cost of the dense
membranes is significantly high. This can be further reduced by targeting processes that utilize
lower Pd solution concentrations and CTAB surfactant which is 40 time inexpensive than the
DTAB surfactant. Also, CTAB surfactant possesses lower HLB value (Chen et al., 2002; Nwosu

et al., 2012) than DTAB surfactant, which is a promising feature.
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Bulasara et al. (2011c) carried out preliminary experimental investigations to infer that CTAB
nickel SIEP is superior to agitation coupled ELP. However, the authors did not elaborate upon a
detailed comparative assessment of various processes based on time dependent plating and
process characteristics. Such studies could identify the optimal combinations of parameters and
thereby infer upon the efficacy of surfactant in comparison with other metal ELP processes.
Also, the authors studied the combinatorial plating characteristics for sodium hypophosphite
reducing agent which is not as effective as hydrazine reducing agent. Thus, a comparative study
of SIEP and CEP for various cases i.e. Ni-CTAB-hydrazine and Pd-CTAB-hydrazine for ceramic
supports could provide significant insights with respect to various challenges associated to dense
metal composite membrane fabrication. Also, the authors utilized a total plating of 8 h by
deploying eight sequential plating steps with 1 h duration for each plating step at a loading ratio
of 196 cm®* L. In summary, time dependent combinatorial plating characteristics for SIEP
processes with ceramic supports could further extend the existing knowledge in the field of metal

ceramic composite membrane fabrication using metal electroless plating.

Also it can be also observed in the literature that while SIEP has been studied for stainless steel
supports (Islam et al., 2012) and alumina supports (Kitiwan and Atong, 2010) for Pd composite
membranes, SIEP processes were not studied for nickel composite membranes which can serve
as functional supports to achieve the palladium composite membranes. In addition, literatures are
not available for Pd-ceramic composite membrane fabrication using SIEP Pd ELP process. Such
studies are also required from a processing perspective as well, given the fact that stainless steel
membranes are significantly expensive than ceramic membranes and the utilization of ceramic

membrane could pave the way for faster research commercialization and scale up.
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Additionally, it can be observed that a comparative study of different types of surfactants could
be also beneficial from the perspective of the optimality of the type and concentration of a
surfactant for dense metal composite membrane fabrication using SIEP process. While few
literature are available for the application of SIEP towards products, other than membranes, the
emphasis towards pore densification is an interesting area of research that needs to be thoroughly
investigated in the context of the SIEP process. Specifically, the criticality of the surfactant type
and concentration in inducing coupled rate enhancement without jeopardizing upon the quality of
deposition needs to be targeted. The long term objective of such investigations is to achieve the
simultaneous maximization of percent pore densification and minimization of metal film

thickness on a ceramic support using the SIEP process.

1.4.3 Combinatorial performance characteristics of SOEP Ni ELP baths

There are very limited literature on sonication assisted electroless plating for fabrication of metal
ceramic composites. Amongst the few literature, it was the work of Bulasara et al. (2012) that
inferred that amongst various rate enhancement techniques, sonication coupled electroless
plating (SOEP) provided maximum plating efficiency and selective conversion to achieve porous
nickel-ceramic composite membranes. However, their work was focused towards porous metal
composites and did not elaborate upon dense metal composites. Further, the authors compared
SOEP and stirring assisted ELP. In other words, a comparative study of two scalable processes
i.e. SIEP and SOEP were not addressed in the literature and needs to be examined in the context
of effective pore densification to achieve dense metal composite membranes. Also, it can be
analyzed that Bulasara et al. (2012) did not study the time dependent combinatorial plating
characteristics for SOEP processes. Since 100% or near to 100% densification is the major
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objective of this work, the number of sequential ELP steps needs to be enhanced from 8 to 16 or
24 to visualize upon the competence of the metal ELP process and its variants (SOEP, SIEP) to
achieve higher pore densification values. The generated pore densification data trends are
anticipated to be extremely useful for the engineering of efficient membrane supports and
processes that facilitate the simultaneous maximization of pore densification and minimization of

lower metal film thickness.

1.4.4 Performance characteristics of SSOEP Ni ELP baths

Till date, there are very few literatures that addressed the combined effect of two rate
enhancement techniques coupled with ELP baths. Bulasara et al. (2012) studied a combination of
hydrothermal and sonication for ELP baths and concluded that hydrothermal conditions are not
favorable at higher metal solution concentrations for hydrazine baths. Also, hydrothermal
assisted ELP involve complicated loading and unloading operations involving the regular sealing
of the ELP reactor during operation and are not attractive from the perspective of process

operability.

Till date, the literature is scarce on the coupled effect of two most scalable rate enhancement
techniques namely surfactant and sonication for the fabrication of metal ceramic composite
fabrication using ELP technique. In the field of metal membrane fabrication, researches have
either explored surfactant (Chen et al., 2002; Elansezhian et al., 2008; Elansezhian et al., 2009;
Nwosu et al., 2012; Zielinska et al., 2012) or sonication (Kathirgamanathan, 1994; Lu, 2010) rate
enhancement techniques separately. The coupled effect of surfactant and sonication during metal
ELP has been investigated for applications other than metal composite membrane fabrication.

Yang et al. (2013) studied sonication-assisted dispersion of carbon nanotubes in anionic
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surfactant SDBS containing aqueous solutions and concluded that sonication effectively
promotes the dispersion of carbon nanotubes and accelerates their solubility. Similarly, other
researchers (Haas and Gedanken, 2006) studied a coupled mechanism of electrochemistry with
ultrasonic radiation for the preparation of nanosized copper particles by introducing different
types of surfactants and unexpectedly obtained CuBr nanoparticles, instead of copper. Mizukoshi
et al. (2001) investigated upon the role of different surfactants for the preparation of platinum

nanoparticles using sonochemical reduction.

Bulasara et al. (2012) inferred that while sonication enhances plating rate, it does not effectively
allow substantial enhancement of pore densification due to the layering of the metal instead of
deposition in the porous structures. Also, in a recent work of Bulasara et al. (2011c), surfactant
has been identified to allow effective impregnation of metal inside the pores by simultaneously
reducing the pitting effect and enhancing the metal plating rate. However, surfactant induced
electroless plating may not offer better plating rates and coupling sonication might be effective to
further reduce the total plating time. In this regard, it shall be noted that electroless plating is a
slow metal depositional process and reduction in total plating time to achieve a desired product
specification is promising to reduce the fabrication cost. Given these few literature, it will be
interesting to examine how sonication can be engineered with the utilization of a surfactant to
promote faster plating rates and effective metal coverage in the porous structures. Such an
approach is also beneficial from the scale up perspective as well, given the fact that both
sonication and surfactant have been identified independently as scalable rate enhancement

techniques to supplement the conventional metal electroless plating processes.
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The lack of research interest to couple sonication as a potential rate enhancement technique
during metal composite membrane fabrication with the metal ELP technique is due to the
layering effect, which has been reported by Bulasara et al. (2012). Thus, it appears that
sonication needs to be effectively engineering to achieve the desired functional characteristics of
the metal ELP process namely successive enhancement in pore densification with increasing
periods of plating time. Such investigations cannot be addressed unless one targets the time

dependent plating and pore densification characteristics.

Hypothetically, the sonication and surfactant coupled metal electroless plating process (SSOEP)
should provide maximum combinations of transport efficiency, plating rates, film growth rate,
pore densification and minimal combinations of total plating time, metal solution concentrations
and cost. The SSOEP process assumes paramount relevance in the context of highly dense metal
composite membranes, as some of the limitations of both surfactant and sonication assisted ELP

processes on their own could be nullified.

1.4.5 Effect of reducing agent contacting pattern and concentration on the

combinatorial performance characteristics of SIEP Ni ELP baths

Plating efficiency and percent pore densification are two important combinatorial process
characteristics of metal ELP baths. Plating efficiency can be defined as the ratio of the metal
quantity plated on a membrane support to the quantity of the metal converted in the reaction.
The PPD is a measure of the effective reduction in the pore sizes of the membrane and is
essentially a function of the measured gas fluxes before and after plating. An efficient metal ELP
process must have maximum combinations of PPD and plating efficiency. However, it is a fact

that while PPD may increase, plating efficiency may reduce in ELP processes. This is primarily
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due to the metal nucleation in the solution. Therefore, tradeoffs are required to achieve the
desired combinations of PPD and plating efficiency and typically plating efficiency is ignored to

achieve desired PPD for metal ceramic composite membranes.

Several rate enhancements have distinct combinations of PPD and plating efficiency
characteristics. For instance, stirring improves PPD but significantly reduces plating efficiencies
(Bulasara et al., 2011b). On the other hand, sonication enhances both PPD and plating efficiency
but cannot bypass the layering effect due to which PPD values do not increase significantly
beyond a particular value. Also, few literatures addressed the role of loading ratio to influence
the combinatorial plating characteristics. Bulasara et al. (2011d) inferred that lower loading ratio
(196 cm*/L) enabled better pore densification than higher loading ratio (393 cm?/L). However,
plating rates enhanced without enhancing PPD. This is possibly due to the fact that larger
amounts of plating solution (at lower loading ratio) enabled greater nucleation of nickel metal in
the solution at higher solution concentrations and therefore maximizes nickel deposition in the

solution than on the support.

A deeper insight into the electroless plating process indicates that while metal precursors,
loading ratio, plating temperature invariably affect the combinatorial plating characteristics, it is
the reducing agent which has a more fundamental role to influence these characteristics. This is
due to the fact that the reducing agent undergoes oxidation on the metal nuclei (which may exist
on the membrane surface or in the plating solution) to convert the metal ionic species to metallic
species. Thus, controlling the time dependent concentrations of the reducing agent are very

important to achieve higher plating efficiencies of metal ELP processes.
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It is well known that reducing agents such as hydrazine are heat sensitive and disintegrate within
a short span of time, when they are brought in contact with the hot plating solution (Cheng and
Yeung, 2001). The addition of reducing agent to an electroless plating process is similar to the
current density utilized in an electroplating process. Conceptually, the plating behavior of an
efficient ELP process attempts to resemble that of the pulse electrodeposition technique, where
the current density is highly programmed to achieve nano-structured metal deposition (Bryden
and Ying, 1998). Considering the fact that electrodeposition techniques could not be efficiently
applied for non-conducting surfaces, it is very important to conceive various process
modifications to the surfactant/sonication enhanced electroless plating process to substantially

improve both process and depositional characteristics.

Till date, there is only one literature that addressed the contacting pattern of the reducing agent
and all other literatures addressed bulk addition of reducing agent for the fabrication of metal
composite membranes. Yeung et al. (1999) reported that the formation of metal particles in the
plating solution could be due to higher concentration of the reducing agent (hydrazine). Thereby,
lower plating efficiencies and quality of deposition were evaluated. The authors recommended
that the reducing agent shall be added in a semi-batch/phase wise mode so as to avoid bulk
precipitation, achieve higher plating rates and obtain metal membranes with good morphological

characteristics.

Along with these physical insights, it is important to conceive the optimality of the contacting
pattern and concentration of the reducing agent. Conceptually, to overcome these issues a
controlled (drop-wise) reducing agent addition strategy can be adopted during the entire duration
of the plating process which is anticipated to alter the combinatorial plating characteristics

substantially. Till date, among various process alternatives during SIEP/SOEP/SSOEP, the drop
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wise addition of the hydrazine reducing agent to the metal ELP bath has not been explored in the
literature and needs to be addressed for a comparative assessment with the familiar bulk mode of

reducing agent addition.

1.4.6 Effect of surfactant type, concentration and contacting pattern on the

combinatorial performance characteristics of SSOEP Ni ELP baths

Conceptually, a SIEP bath can be operated in several ways. As a first alternative, all the
constituents can be mixed initially and plating could be initiated. As a second alterative, the
reducing agent can be added in a phase wise or continuous mode to the mixture of surfactant and
metal solution in an ELP bath as mentioned in the previous sub-section. As a third alternate, both
reducing agent and surfactant can be added in a phase wise and continuous mode to the ELP
baths. While these options may appear naive for the general application of ELP, they may be of

paramount relevance for dense metal composite membranes.

Till date there is no literature that elaborates upon the role of contacting pattern of the surfactant
in electroless plating bath for dense composite membrane fabrication. In the field of dense metal
membrane fabrication using electroless plating, only few literatures are available with respect to
the applicability of different type of surfactants (Elansezhian et al., 2008; Elansezhian et al.,
2009; Islam et al., 2012) and optimal concentration of surfactant (Islam et al., 2012). These
literatures as well did not address upon the criticality of the contacting pattern of the reducing
agent and surfactant. Thus, all relevant literatures addressed bulk addition of surfactant for metal

deposition using electroless plating.
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The bulk addition of surfactant encourages uneven deposition of metal composites which
becomes increasingly disadvantageous in the final stages of fully dense metal composite
membranes using SIEP. This is due to the adsorption of surfactant on the membrane surface
which promotes uneven charge distributions on the surface (Chen et al., 2002). This encourages
greater metal nucleation in the solution which is an undesired issue. Thus, with surfactant being
an additional degree of freedom, its contacting pattern and concentration distributions can be also
worth investigating as important research problems. Variation in the surfactant contacting pattern
is hypothesized to promote better depositional characteristics and membrane pore densification
due to lesser adsorption of surfactants on the support surface. Thus, to further enhance the
plating efficacy of the ELP process, there is a need to focus upon the contacting pattern of the

dispersing agent (surfactant).

1.4.7 Combinatorial plating characteristics of SIEP and SSOEP processes for

dense Pd ceramic composite membrane fabrication

Till date, numerous literatures addressed the deposition of Pd on ceramic supports using
conventional ELP technique. Collins et al. (1993) fabricated composite palladium-ceramic
membranes using ELP and Seshimo et al. (2008) fabricated a Pd/y-alumina/anodic alumina
composite membrane by electroless plating. Further Hu et al. (2010) fabricated a highly
permeable and selective Pd/pencil/Al,O; composite membrane on a low-cost macroporous Al,O;

as a support by electroless plating.

Till date, coupling rate enhancement techniques for Pd-ceramic composite membrane did not
receive much attention. Sari et al. (2013) studied the performance of a novel coating of

palladium over an alumina ceramic membrane using a combined sol-gel process and an
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electroless plating technique. Such a methodology is not feasible from the perspective of
scalability and repeatability. Given the fact that ceramics are non-conducting surfaces and
plating will be more challenging and difficult on such surfaces, it would be an interesting
research problem to investigate upon the efficacy of various rate enhancement techniques for Pd
ceramic composite membrane fabrication. In this regard, the efficacy of SSOEP process is highly
relevant from the context of process operability, simplicity and scale up. Also, due to high cost
of palladium, it is important to focus upon the role of inter-diffusion barrier such as Ni to achieve
thin and dense Pd composite membranes. Such studies in an academic context will enable to

obtain valuable insights towards the large scale fabrication of dense Pd composite membranes.

A critical observation of all relevant literatures indicates that the electroless plating research for
dense palladium membranes is highly dovetailed towards membrane engineering (film thickness
and densification) but not towards process engineering or a combinatorial process-product
engineering perspective. In terms of the electroless plating process and product parameters, an
efficient Pd electroless plating process for dense Pd composite membrane fabrication should
offer maximum combinations of selective conversion, plating efficiency, plating rate and percent
pore densification and minimal combinations of palladium solution concentration, plating time

and metal film thickness. There is no emphasis towards such an approach in the literature.

Based on the important experimental findings, the following features can be outlined. Most of
the experimental investigations were dedicated towards the membrane performance but not the
process. However, it is a fact that palladium deposition using electroless plating cannot be
restricted to the membrane performance characteristics only, as palladium is a rare metal and is

as expensive as gold. Therefore, metal losses in due course of electroless plating due to process
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Table 1.4: A summary of process and product parameters

Process Parameters Product Parameters
Selection of scalable processes | Optimal combinations of pore size and
(CEP/SIEP/SOEP/SSOEP) porosity

Identification of optimal surfactant contacting | Achieve minimal metal film thickness
pattern (dropwise/bulk)

Identification of optimal reducing agent | Achieve maximum pore densification

contacting pattern (dropwise/bulk) Achieve minimum time of plating

inefficiencies shall be identified and minimized without jeopardizing upon the quality of plating.
Secondly, the combinatorial performance characteristics of electroless plating coupled with rate
enhancement techniques for ceramic supports were not addressed. In summary, Table 1.4

explicitly conveys the process and product parameters/variables for membrane fabrication.

1.4.8 Summary

Conceptually, the consideration of the support with lower pore size and porosity and thereby
lower surface area encourages research from the process optimization perspective. Essentially
membranes with lower surface area undergo less activation and therefore the ability of the rate
enhancement technique to rapidly contribute to pore densification is an interesting issue to
explore. The long term goal of the Ph.D. thesis is to understand the intricacies involved in
coupling rate enhancement with ELP process for dense palladium ceramic composite membrane
fabrication. With Pd being expensive, it would be wise to first devote significant effort towards
the deposition of an inexpensive metal on the ceramic support. In this regard, rigorous
experimentation can be targeted with Ni ELP baths to gain insights with respect to the efficacy of
both rate enhancement techniques and process parameters. Once the optimality of these
parameters can be established for cheaper metal deposition (Ni) on ceramic supports, minimum

number of plating experiments will be required to achieve dense Pd ceramic composite
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membranes. In this work, Ni deposition on ceramic supports has been targeted extensively for
dense metal ceramic composite membrane fabrication. It should always be kept in mind that the
optimal parameters for Pd ELP baths could be different than those found for Ni ELP baths.
Nonetheless, the optimality of rate enhancement techniques is believed to be applicable for both
Ni & Pd baths. This is also due to the fact that Ni plating rates are lower than Pd plating rates and
therefore optimizing the challenges involved in dense Ni membrane fabrication would be useful
to achieve very easily a dense Pd composite membrane. In summary by adopting the above
research strategy, minimum Pd precursor utilization for the fabrication related experimental

research can be targeted.

1.5 Objectives of the work

1.5.1 Overview

The chemistry involving the interaction between surfactant, metal and reducing agent is highly
complex. This work intends to provide a good number of insights with respect to possible
modification to metal ELP processes for metal composite membrane fabrication. It specifically
targets the process optimization of electroless plating process to fabricate nickel-ceramic
composite membranes. Also the effect of support morphological parameters on the performance
characteristics of nickel hydrazine baths will be addressed. This work also intends to compare
and contrast the efficacy of several efficient rate enhancement techniques (surfactant, sonication
etc.) on combinatorial performance characteristics of ELP baths. The role of rate enhancement
techniques such as surfactant and sonication to enhance pore densification and achieve a defect

free composite membrane with minimal metal film thickness will be as well addressed.
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The main objective of this work will be to relate densification and metal film thickness with
plating time which seems to be a missing issue in many studies. Moreover, this work also
elaborates upon the performance characteristics of SIEP processes supplemented with controlled
addition of the hydrazine as reducing agent along with the optimization of reducing agent and
metal concentrations in an SIEP process for the optimal membrane fabrication. Similarly,
research would also be dovetailed towards identifying the optimal performance characteristics of
SIEP/SOEP/SSOEP processes supplemented with controlled addition of surfactant. Finally, the
ultimate objective will be to study Pd deposition for ceramic supports on the optimized/modified
electroless plating from the perspective of 100% pore densification. All these novel research
works are anticipated to consolidate the fabrication research of metal composite membranes in

the context of scalable rate enhanced metal electroless plating processes.

1.5.2 Details

Based on the existing gaps in the literatures that were thoroughly discussed in the previous
section, the following objectives have been identified to be fulfilled in this thesis:

a) Support engineering: Firstly, a low cost ceramic support with lower combinations of
pore size and porosity needs to be fabricated. Eventually, the membrane morphological
properties namely average flux and film growth rate need to be analyzed for conventional
metal electroless plating processes. Thereby, the role of support morphology to influence
the combinatorial plating characteristics is the primary objective of the support
engineering research. The combinatorial plating characteristics precisely refer to
membrane characteristics (film thickness and percent pore densification) and process
characteristics (plating and transport efficiency). The relevance of time dependent

variation of these parameters in the context of minimizing total plating time for desired
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pore densification is an important issue that can infer upon the optimality of rate
enhanced electroless plating processes.

b) SOEP and SIEP process characteristics: Targeting maximum pore densification and
minimal metal film thickness, combinatorial plating characteristics of rate enhanced
(SOEP and SIEP) nickel ELP processes for metal composite membrane fabrication need
to be assessed after optimizing the support morphology. Subsequently, a comparative
assessment of these techniques with conventional ELP will be useful to infer upon the
most favorable rate enhancement technique for metal composite membrane fabrication.

¢) Identification of optimal reducing agent contacting pattern and concentration
during SIEP: The specific objective refers to the identification of optimal combinations
of reducing agent concentration and contacting pattern for SIEP nickel ELP baths.
Thereby, the emphasis will be towards identifying both process as well as its parameters
in the context of combinatorial plating characteristics for dense nickel ceramic composite
membrane fabrication.

d) Optimality of precursor concentrations: For most promising rate enhanced nickel ELP,
the objective of such studies is to evaluate upon the role of variant metal solution
concentration and reducing agent concentration on the maximization of PPD, plating rate,
plating efficiency and minimization of metal film thickness and plating time.

e) Optimality of surfactant concentration and its contacting pattern: For
SIEP/SOEP/SSOEP baths, the optimality of surfactant type, solution concentration and
its contacting pattern (bulk vs. drop wise) will be investigated towards fabricating metal
composite membrane. The optimal surfactant solution concentration corresponds to its
concentration expressed in terms of its critical micelle concentration (CMC).
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Thus, objectives (a) — (e) involve a hierarchical approach that systematically explores nickel

ceramic composite membrane fabrication with systematic emphasis towards:

Support optimality

e Optimality of rate enhancement technique amongst SIEP,SOEP and SSOEP processes

e Optimality of reducing agent, its contacting pattern and metal solution concentration for
most promising rate enhanced Ni ELP processes

e Optimality of precursor concentrations

e Optimality of surfactant concentration and contacting pattern for most promising rate
enhanced Ni ELP processes

f) Dense Pd Ceramic Composite fabrication using SIEP and SSOEP processes: For

most efficient contacting pattern of the reducing agent and surfactant, combinatorial

plating characteristics will be investigated for Pd ceramic composite membranes using

SIEP/SSOEP processes.

The insights gained from objectives (a — ¢) will be useful to conduct minimal experiments for the
fabrication of Pd-ceramic composite membranes. The ultimate goal of the experimental

investigations is to identify the best Pd ELP process that can provide maximum percent pore

densification (PPD), plating rate (7,) and plating efficiency (n) and minimum metal film

thickness (0) with reference to rate enhancement techniques and optimal concentrations and

contacting patterns of metal, reducing agent and surfactant respectively.
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1.6 Organization of the Thesis

Chapter 1 presents a brief introduction of metal ceramic membranes along with the available
literature and possible scope for research to identify an optimal and scalable rate enhanced ELP

process for Ni/Pd ceramic composite membranes.

Chapter 2 presents details with respect to the preparation and characterization of low cost
ceramic membrane supports and experimental procedures for various electroless plating process

adopted in this study to achieve Ni and Pd composite membranes.

Chapter 3 addresses a broad research methodology for the development of low cost ceramics to
serve as functional supports for dense metal composite membranes. Laboratory fabricated
supports characterized with lower combinations of average pore size and lower effective porosity

have been targeted for applicability in CEP/SIEP/SOEP baths.

Chapter 4 highlights novel method of reducing agent contacting pattern for Ni ELP plating
baths supplemented with CTAB surfactant. Also, the optimality of reducing agent and metal

concentration is as well addressed.

Chapter 5 elaborates upon the plating bath performance characteristics for bulk and drop wise
contacting pattern of the surfactant along with drop wise addition of reducing agent for dense

nickel composite membrane fabrication using SIEP and SSOEP baths.

Chapter 6 targets the optimality of surfactant type and concentration for dense nickel composite

membrane fabrication using SSOEP baths.
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Chapter 7 presents results obtained for the fabrication of dense palladium ceramic composite
membranes using various ELP processes. Also, the optimality of Pd solution concentration is as

well addressed.

Chapter 8 briefly summarizes various important conclusions drawn from this work followed

with the extensions for future work.
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Experimental Procedure

This chapter is divided into three sections. The first section addresses the preparation and
fabrication of ceramic membrane supports. The circular disk shaped ceramic membranes
were prepared with dry compaction method. The second section presents the techniques
adopted surface and physical characterization. Third section summarizes the methodology
adopted for electroless plating along with evaluation of various parameters for

characterizing the electroless plating process as well as the membrane performance.

2.1 Support preparation and fabrication

2.1.1 Raw materials

The raw materials used for the fabrication of ceramic membrane supports are kaolin, feldspar,
quartz, sodium carbonate, pyrophyllite, boric acid and sodium metasilicate. Kaolin was
obtained from CDH Ltd., India; feldspar and pyrophyllite from National Chemicals, India;
quartz from Research-lab Fine Chem Industries, India; sodium metasilicate from SD Fine-
Chem Ltd., India. All other inorganic precursors (sodium carbonate and boric acid) were
obtained from Merck Ltd., India. The composition of various above mentioned raw materials
with their major functional attributes are listed in Table 2.1. The composition was identified
based on a trial and error experimental approach.

2.1.2 Support fabrication

The circular ceramic supports were fabricated in the laboratory using the dry compaction
method. The fabrication methodology consists of the following sequential steps: mixing of
the raw materials, casting of the raw material mixture into circular moulds, drying of the raw

discs at 373 K for 6 h, sintering of the discs at 1173 K with a controlled heating/cooling rate
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Table 2.1: Inorganic precursor formulation and their functional attributes.

Material Composition (Wt. %) Functional Attributes

Kaolin 40 Low plasticity & High Refractory Properties
Feldspar 15 Improves chemical and physical stability

Quartz 15 Mechanical & Thermal Stability

Na,CO; 10 Pore forming agent & Colloidal Agent
Pyrophyllite 10 Increased fired strength & Reduced shrinkage
Boric Acid S Colloidal Agent & Increases mechanical strength
Sodium Metasilicate 5 Binding Agent

(1.5°C /min) followed by polishing of the membrane and finally cleaning the supports in a

sonicator bath.

To start with, all the raw materials were mixed in the composition mentioned in Table 2.1.
They were initially manually mixed to make a uniform powder and then grinder thoroughly
using a mixer grinder. These uniformly grinded mixture was weighed 10 g for each
membrane and packeted. The mixture was then placed in circular stainless steel moulds to
fabricate disk shaped ceramic supports. The circular moulds were then placed in a hydraulic
press (Make — Velan Engineering) and operated at a pressure of 4.9 and 6.9 MPa using the
dry compaction method. Eventually the circular raw disks were obtained. They were then
dried in a muffle furnace at 373 K for 6 h to facilitate moisture removal. Subsequently, the
disks were sintered at 1173 K with a controlled heating/cooling rate (1.5 °C/min). The
sintering temperature was chosen based on the thermo gravimetric analysis (TGA) of the raw
material mixture presented in the literature (Vasanth et al., 2011). The supports were then
allowed to cool down to room temperature. The sintered supports were then polished using a

silicon carbide abrasive paper (No. C — 220) to obtain a smoother surface finish. The ceramic
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supports were then subjected to ultrasonic cleaning in a de — ionized water bath for 10 min to
remove any loose particles adhering on the polished surface. After ultrasonic cleaning, the
membranes were dried in a hot air oven to remove the moisture. Finally ceramic supports
with a diameter of 36 mm and a thickness of 3.5 mm were obtained. Due to variation in
fabrication pressure (4.9 and 6.9 MPa) supports with two different ranges of pore size

particularly 50-70 nm and 150-250 nm were fabricated.

2.2 Support characterization

Surface and physical characterization were performed using several techniques. Laser particle
size analysis (LPSA) (Make: Malvern; Model: Mastersizer 2000, UK) was carried out to
evaluate the average particle size of the raw material. Fourier transform infrared spectroscopy
(FTIR) analysis was conducted to record the characteristic peaks of various raw materials
(Make: Shimadzu Corporation; Model:IR Affinity —1). The Brunauer—Emmett—Teller (BET)
surface area and pore size of the support material was determined withN, adsorption
desorption isotherm at 77K that was obtained with surface area analyzer (Make: Beckman-
Coulter; Model: SA3100). X-Ray diffraction (XRD) analysis of the ceramic support was
conducted to evaluate the extent of phase transformations before and after sintering (Make:
Bruker; Model: D8 Advance). Field emission scanning electron microscopic (FESEM) study
(Make: Oxford; Model: Leo 1430VP, UK) was carried out to analyze the presence of possible
defects and estimate the membrane pore size. Room temperature nitrogen permeation
experiments were conducted to quantify the extent of pore densification using the
experimental setup adopted by Bulsara et al. (Bulasara et al., 2011b). For all permeation

experiments, high purity N; (99.99% obtained from Assam Air Products Ltd., Guwahati) was

used for an effective permeation area of 1.0173x107 m”.
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2.3 Electroless plating

Electroless plating, also known as chemical or auto-catalytic plating, is a non-galvanic type
of plating method that involves several simultaneous reactions in an aqueous solution, which
occur without the use of external electrical power. Prior to electroless plating, the supports
were seeded with palladium seeds via a process which involved sequential steps of
sensitization, activation and rinsing using baths of specific compositions presented in Table
2.2 (Bulasara et al., 2011a). The seeding process involved keeping the ceramic support in the
sensitization bath (SnCl, solution) for 5 min, followed by rinsing with distilled water and
subsequent placement of the support in the activation bath (dilute PdCI, solution) for 5 min.
Finally the discs were placed in acidic bath (0.1N HCL) for 2 min. The mentioned sequential
steps were repeated 10-12 times for ensuring the existence ofsmall Pd catalytic sites
uniformly throughout the membrane surface. After seeding, the support was dried overnight

in an oven at 393 K.

2.4 Nickel Electroless Plating

Considering nickel as the target plating metal, a conceptual research methodology has been
outlined that systematically addresses the experimental and theoretical insights for the
realization of metal composite membranes. The optimized conventional electroless Ni plating

Table 2.2: Composition of sensitization and activation baths.

Amount used in each bath

Constituent
Sensitization Activation
SnCl,.2H,0 (g/L) 1.0 -
PdCL, (g/L) - 0.1
35% HCI (ml/L) 1.0 0.5
pH 4-5 4-5
44
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bath composition (as shown in Table 2.3 (Murali et al., 2014)) consists of nickel sulfate (as a
source of nickel),hydrazine hydrate (as an electron source), trisodium citrate (as a stabilizer)

and sodium hydroxide (as a pH maintaining agent). Plating characteristics were investigated

2
at a loading ratio of 203 (UZJ , plating bath temperature of 80°C, pH of 10-12 and 1h plating
time for one metal depositional step.

Typically, the reduction of Ni*" with hydrazine hydrate reducing agent during ELP involves

the following three reactions (Li and Han, 2006)

ONi** + N,H, +40H™ —2Nil +N, T +4H,0 @)
N,H, >N, T+2H, 2.2)

3N,H, >N, T +4NH, T 2.3)

In the above three reactions, while reaction (1) occurs on the activated support surface and is
desired, reactions (2) and (3) occurs in the plating solution and are undesired, as they deplete
reducing agent concentration in the solution. In this regard, the electroless plating bath was
modified and accompanied with different rate enhancement techniques along with different
strategies for the reducing agent contacting pattern as mentioned in the sub-sections below.

Table 2.3: Composition of Ni ELP baths for Ni-ceramic membrane fabrication.

S.No. Component Formula Amount
1. Nickel Sulfate NiSO,.7H,O0 0.08 mol/L
2. Hydrazine Hydrate H,NNH,.H,O 50,100, 200 % excess
3. Trisodium Citrate Na;C4Hs507,.2H,0 0.2mol/L
4. Sodium Hydroxide NaOH 10-12
45
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4 N

Nickel solution+ Bulk Surfactant

Support + Bulk Reducing agent
¢ ) PlatingBath
)|

\At catalyst surface: Ni” + reducing agent — Ni + oxidized salt/

Fig. 2.1: Schematic of conventional Ni ELP bath (CEP-BR).

2.4.1 Conventional Electroless Plating (CEP)

Conventional electroless plating involves heating the plating solution in a water bath at a
constant temperature of 80 C. The schematic of CEP is shown in Fig. 2.1. Once the plating
temperature is achieved, the seeded support along with reducing agent is added in bulk
mode.Since the process involves bulk addition of reducing agent, the CEP process is also

referred to as CEP— BR (bulk reducing agent).

2.4.2 Surfactant Induced Electroless Plating (SIEP)

The electroless plating bath composition and plating parameters is similar to CEP as
summarized in section 2.4.1. The only variation in the composition of bath is with respect to
the addition of a cationic surfactant cetyltrimethylammonium bromide (CTAB) in an amount
equivalent to 1.2g/L. This variation in CEP is termed as SIEP baths (as shown in Fig: 2.2).
Since the process involves bulk addition of surfactant and reducing agent, the SIEP process is
also referred to as SIEP-BR (bulk reducing agent)-BS (bulk surfactant). This is also due to
the fact that for subsequent variants to the SIEP process, the SIEP-BR-BS will be regarded as

the base case experimental set.
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-

Nickel solution+ Bulk Surfactant

Support + Bulk Reducing agent

PlatingBath

2%
- J

Fig. 2.2: Schematic of surfactant induced Ni ELP bath (SIEP-BR-BS).

2.4.3 Sonication Induced Electroless Plating (SOEP)

For the SOEP process, the bath composition and plating parameters are similar to those
presented for CEP in section 2.4.1. The only variation is that the conventional plating bath is
replaced by a sonicator bath (Elma S 30 H) that operated at a frequency of 37 kHZ with a
power consumption of 280 W in degas mode.The inner dimensions of the rectangular
cleaning bath are 240 mm (Length) x 137 mm (Width) x 100 mm (Height). The plating
solution along with reducing agent and the seeded support was kept in the sonicator bath
provided with an internal heater to maintain plating temperature. This variation in CEP baths
is termed as SOEP bath (as shown in Fig: 2.3). Since the process involves bulk addition of

reducing agent, the SOEP process is also referred to as SOEP-BR.

4 )

Nickel solution

Support + Bulk Reducing agent

Sonicator Bath

/
- J

Fig. 2.3: Schematic of sonication induced Ni ELP bath (SOEP-BR).
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4 )

Nickel solution+ Bulk Surfactant
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\ ~ N Sonicator Bath
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Fig. 2.4: Schematic of surfactant and sonication coupled Ni ELP bath
(SSOEP-BR-BS).

2.4.4 Surfactant and Sonication Coupled Electroless plating (SSOEP)

For the SSOEP process, the bath composition and plating parameters are similar to those
presented for CEP in section 2.4.1. The only variation for the case is that the conventional
plating bath is replaced by a sonicator bath along with an addition of a suitable surfactant as
mentioned in Fig. 2.4. This variation in CEP bath is termed as SSOEP baths. Since the
process involves bulk addition of surfactant and reducing agent, the SSOEP process is also
referred to as SSOEP—BR (bulk reducing agent)-BS (bulk surfactant). This is also due to the
fact that for variants to the SSOEP process, the SSOEP-BR-BS will be regarded as the base

case experimental set.

2.4.5 SIEP with process variants

The variants are classified as SIEP-DWR-BS and SIEP-DWR-DWS as shown in Fig. 2.5.
The controls refer to the regular SIEP process i.e., SIEP-BR-BS. The variant SIEP-DWR-BS
process refers to SIEP bath with dropwise addition of reducing agent and bulk addition of
surfactant and SIEP-DWR-DWS refers to SIEP bath with dropwise addition of reducing

agent and dropwise addition of surfactant.
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Fig. 2.5: Schematic of (a) SIEP-DWR-BS and (b) SIEP-DWR-DWS baths.
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Fig. 2.6: Schematic of (a) SSOEP-DWR-BS and (b) SSOEP-DWR-DWS baths.
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2.4.6 SSOEP with process variants

The variants are classified as SSOEP-DWR-BS and SSOEP-DWR-DWS as shown in Fig.
2.6. The controls refer to the regular SSOEP process which can be also classified as SSOEP-
BR-BS. The variant SSOEP-DWR-BS refers to SSOEP bath with dropwise addition of
reducing agent and bulk addition of surfactant and SSOEP-DWR-DWS refers to SSOEP bath

with dropwise addition of reducing agent and dropwise addition of surfactant.

2.5 Palladium Electroless Plating

The optimized conventional electroless palladium plating bath composition (as shown in
Table 2.4) consists of palladium chloride (as a source of palladium), hydrazine hydrate (as an
electron source), ethylenediamine tetra acetic acid (as a stabilizer), and liquor ammonia (as a

pH maintaining agent). Plating characteristics were investigated at a loading ratio of

2
203 [C’Z ], plating bath temperature of 60°C, pH of 10-12 and 20-25 min of plating time for

one plating step. The electroless plating of palladium proceeds via the following reactions

(Ilias et al. 2012):

2PA(NH,),” +4¢” —2Pd\ +8NH, T

(2.4)
N,H, +40H — N, T +2H,0+4e (2.5)
Overall Reaction
2Pd(NH,) 42+ +N,H,+40H —2Pd+ N, +8NH, +H,.O 2.6)

Prior to plating, the sensitization and activation stepswere followed whose procedures are

similar to those mentioned for nickel electroless plating. A palladium solution concentration
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Table 2.4: Composition of Pd ELP baths for Pd-ceramic membrane fabrication.

S.No. Component Formula Amount Amount Amount
1. Palladium Chloride PdCl, 0.005 mol/L  0.01 mol/L  0.015mol/L
2. Hydrazine Hydrate H,NNH,.H,O 40% excess 40% excess  40% excess
Ethylene di-amine tetra acetic
3. ) Na,EDTA 14.89 g/L 29.78 g/L 44.67 g/L
acid
4. Liquor Ammonia NH;. H,0 (25%) 110ml/L 220ml/L 330ml/L

0of 0.005M - 0.015M for SSOEP-DWR-BS baths was used in the present study.

2.6 Evaluation of support performance

Parameters involved for the evaluation of porous ceramic support properties include flux (J),

average trans-membrane flux J , average pore diameter (d,) and effective porosity {iz} .
q

The nitrogen flux through the membrane (J) at varying pressure was evaluated from the

volumetric flow rate data

;.0

A4, 2.7

Where Q represents the volumetric flow rate in LPM, A, the permeable area of the

membrane in m° and J the flux through the membrane in (m—(z)l)
m-s

2 JdP

jz (PZ_Pl)

2.8)

where | represents the average flux through the membrane, | ;2 JdP corresponds to the area

under the curve of a plot between the membrane flux (m—(;lj and pressure (psi).The term (P,-
m-s

P;) corresponds to the trans—-membrane pressure drop. The average flux ] was evaluated
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using trapezoidal rule with obtained experimental data of / and (P,-P;). In the above equation,
the trans-membrane pressure differential shall remain constant (10-50 psi) to maintain

consistency in evaluating the average membrane flux.

Based on the gas permeation data, average pore diameter (d,,) and effective porosity (%] can
q

be estimated according to the following expression (Vichaphund and Atong, 2010).

, d d’ —
koo o[ 21334 (e ) 164, (& |5 |AP
2 1 \gq 4 In\q P,

Here, P is the average pressure on the membrane, v (m/s) is the molecular mean velocity of

2.9)

the gas, / (m) is the pore length, g is the tortuosity, # (Pa.s) is the viscosity of gas, and K (m/s)
the effective permeability factor. The average pressure corresponds to the average of the inlet

and outlet pressures of the membrane. Appendix A summarizes the details with respect to the

evaluation of (d,) and(%j .
q

2.7 Evaluation of combinatorial plating characteristics for Ni

membranes

Parameters involved for evaluating the performance assessment of nickel ELP process

include average trans-membrane flux (J ), plating efficiency (77), average plating rate ( ri )

metal film thickness (O ) percent pore densification (PPD ) and bath conversion (x) .

Flux and average trans-membrane flux calculations were similar to that described in section
2.6.

Pore densification was defined as the fractional volume of the pores covered by the deposited

metal and it was expressed as follows:
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J,—J,
PPD, =222 100
J

0 (2.10)

where Jorepresents the average flux through the support and J; represents the average flux

through the membrane after i™ hour of nickel plating.
The theoretical nickel film thickness (5) was evaluated as follows:

W, =W,

5:
Prni A, (2.11)

where p,, (%) represents the density of nickel metal and 4 (m’) the membrane surface
cm

area for nitrogen permeation experiments. The theoretical metal film thickness was estimated
using the density of dense nickel film. During ELP, the metal film density varies from that of
the porous support to that of the dense nickel film. Since we intend to achieve dense metal
composite membranes, the theoretical film thickness was evaluated using metal density and
hence the obtained thickness values before dense membranes were achieved would be lower
than those that existed. This is due to the fact that dense metal film density is always greater

than that of the porous support density.

The plating rate ; (mTolj was evaluated as follows:
m-.s

- W, =W
[ 2 1

M x4, xt, (2.12)

where t; corresponds to the time of plating for the i™ hour.
The plating efficiency 77(%) defined as the ratio of amount of metal deposited on the ceramic
support to the amount of metal converted during the reaction and is evaluated as follows:

=227 100

Wo X (2.13)
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where x corresponds to the conversion in the plating bath. Further, the inefficiency of the
plating process was evaluated using the expression:

%inefficiency = 100 -

The plating bath conversion (x) is defined as the ratio of the amount of metal ion reacted
during the plating process to the amount of metal present initially in the plating solution and
is expressed as

_ Vier,c,

V.G (2.14)

X

The initial and final Ni solution concentrations were determined using the titration method.
Further, details w.r.t. the titration method is presented in Appendix B of the thesis. Further,
sample calculations of various parameters for one nickel membrane are presented in

Appendix C.

2.8 Evaluation of combinatorial plating characteristics for Pd

membranes

Parameters involved for evaluating the performance assessment of palladium plating include

average trans-membrane flux (J), plating efficiency (77) , average plating rate (l_”i), metal

film thickness (O ), percent pore densification (PPD), bath conversion (x) and transport
efficiency .

Apart from transport efficiency, all other calculations are similar to that described in section
2.6 and 2.7 respectively.

Further transport efficiency is defined as the product of plating efficiency and conversion of
the plating bath expressed as:

Transport efficiency =n x x (2.15)
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The initial and final Pd solution concentrations were determined using the atomic absorption
spectroscopy (Make: M/S Varian BV, Model: Spectra AA 220FS) in the flame mode with a
Pd lamp of wavelength 247.6 A (Merdivan, 1997). A calibration curve was used to determine
the unknown concentration of an element in a solution. Also, details w.r.t. the measurement is
presented in Appendix D of the thesis. Further, sample calculations of various parameters for

one palladiummembrane are presented in Appendix E.

2.9 Summary

The following sub-sections highlight a summary of identified and literature related

compositions etc., that were adopted for the carried out research.

Support: The compositions were identified based on trial and error basis based on

composition available in literature (Nandi et al., 2009; Vasanth et al., 2011)

Ni-CEP/SOEP/SIEP/SSOEP: Nickel and surfactant concentration were taken similar to that
available in the literature (Bulasara et al., 2011a), reducing agent concentration (50-200%
excess) were identified based on trial and error basis based on composition available in
literature (Ilias et al., 2012 & Islam et al., 2012 ). Contacting patterns of surfactant and
reducing agent (drop, bulk) were partly based on literature (Yeung et al., 1999) and partly

from physical insights.

Pd-CEP/SIEP/SOEP/SSOEP: Palladium concentration lower than that reported in the
literature (Islam et al.,2012) were taken , surfactant concentration based on literature (Islam
et al.,2012; Chen et al., 2002), reducing agent concentration taken from literature contributed
from our own research group (Pujari et al.,, 2014). Contacting patterns of surfactant and

reducing agent (drop, bulk) were partly based on literature and partly from physical insights.
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Based on extensive experimental investiations, membranes with diverse morphological
properties and chemical constitution (Ni/Pd) were obtained. Table 2.5 presents a detailed

summary of various cases considered in the carried out research study.

Table 2.5: A summary of various cases investigated in the thesis.

Membrane Process Metal Reducing Surfactant
No. agent
Type concentration concentration Type  concentration
(mol/L) (% excess) (CMO)
M, CEP-BR Ni 0.08 100 CTAB 4
M, SOEP-BR Ni 0.08 100 CTAB 4
M; SIEP-BR-BS Ni 0.08 100 CTAB 4
My SIEP-BR-BS + NaOH Ni 0.08 100 CTAB 4
M; SOEP-BR + NaOH Ni 0.08 100 CTAB 4
SM,; SIEP-BR-BS Ni 0.08 100 CTAB 4
SM, SIEP-DWR-BS Ni 0.08 100 CTAB 4
SM; SIEP-DWR-BS Ni 0.08 50 CTAB 4
SM, SIEP-DWR-BS Ni 0.08 200 CTAB 4
SM; SIEP-DWR-BS Ni 0.16 50 CTAB 4
SMs SIEP-DWR-BS Ni 0.16 100 CTAB 4
SM; SIEP-DWR-BS Ni 0.24 50 CTAB 4
SMy SIEP-DWR-BS Ni 0.24 100 CTAB 4
SM, SIEP-DWR-DWS Ni 0.08 100 CTAB 4
SSM, SSOEP-DWR-BS Ni 0.08 100 CTAB 4
SSM, SSOEP-DWR-DWS Ni 0.08 100 CTAB 4
SSM; SSOEP-DWR-BS Ni 0.08 100 CTAB 1
SSM, SSOEP-DWR-BS Ni 0.08 100 CTAB 2
SSMs SSOEP-DWR-BS Ni 0.08 100 CTAB 6
SSM SSOEP-DWR-BS Ni 0.08 100 SDS 1
SSM; SSOEP-DWR-BS Ni 0.08 100 SDS 2
SSMg SSOEP-DWR-BS Ni 0.08 100 SDS 4
SSMy SSOEP-DWR-BS Ni 0.08 100 SDS 6
PM, CEP-DWR Pd 0.01 40 CTAB 2
PM, SOEP-DWR Pd 0.01 40 CTAB 2
PM; SIEP-DWR-DWS Pd 0.01 40 CTAB 2
PM, SSOEP-DWR-BS Pd 0.01 40 CTAB 2
PM; SSOEP-DWR-BS Pd 0.005 40 CTAB 2
PM; SSOEP-DWR-BS Pd 0.015 40 CTAB 2
56
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Combinatorial Performance Characteristics of
Conventional, Surfactant and Sonication Induced

Electroless Plating Baths

The results in this chapter are presented in various sections. Section 3.2 refers to the
technical justification for the identified support pore morphology (50-70 nm). Section 3.3
elaborates on the surface treatment and surface characterization. Section 3.4 presents the
optimal plating rate enhancement techniques for the fabrication of dense nickel composites.

Finally the conclusions are presented in section 3.5.

3.1 Introduction

Considering nickel as the target plating metal, a conceptual research methodology has been
outlined in this chapter that systematically addresses the experimental and theoretical insights
for the realization of dense metal composite membranes. The laboratory fabricated porous
supports were characterized with lower average pore size (50 - 70 nm) and lower effective
porosity (1- 5%), so as to provide most challenging scenario for the plating processes towards
maximum pore densification. Using the concept of lower gas transport resistance of the metal
film with respect to the support, the next section elaborates upon the justification to select the

support pore morphology (50 — 70 nm) for targeting dense metal composite membranes.

Five different membrane fabrication cases were focused for this work, which refer to
membranes prepared with conventional electroless plating (M), sonication induced ELP
(M), surfactant induced ELP (M3), NaOH treated support and surfactant induced ELP (M4)

and NaOH treated support and sonication induced ELP (M5s) study. For the membranes My,
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M, M3, My and M5, achieved with conventional electroless plating (CEP), surfactant induced
electroless plating (SIEP) and sonication induced electroless plating (SOEP), the bath

temperature was maintained at 353K and the plating characteristics were investigated at a

cm?

loading ratio of 203 L

Prior to plating, membranes M4 and Ms were pretreated. The pretreatment involved treatment
using NaOH solution (pH 12) in a sonicator bath (Elmasonic, S30 H) under degas mode of
continuous operation for six hours at the plating temperature. This modified the support
morphology and the pore diameters increased from 50 — 70 nm to 90 — 120 nm respectively.
However when sodium hydroxide treatment was carried without sonication and degas mode
in a water bath maintained at 80°C, the improvement in support morphology was not
sufficient enough to avoid negative flux trends as discussed in subsequent sections. For all
cases, membrane supports with similar average flux values were chosen to maintain
coherence amongst various performance characteristics. All experimental investigations were

carried for at least two samples to obtain average values and associated standard deviation.

3.2 Morphological fitness of the ceramic support

Using nickel as the electroless plated metal, the objective of this section was to provide
insights in plating rate enhancement methods for contributing towards research in dense
nickel composite membranes. This was also due to the fact that flux data for dense nickel
membranes was not available in the literature. An important functional prerequisite for metal
composite membrane was that the metal (Ni) film flux (H;) shall always be lower than the
porous support flux. Since nickel flux increased with temperature, maximum nickel flux was
achieved at the highest possible operation temperature and minimal metal thickness. For the

present case, these values were assumed to be 550 °C and 1 #m respectively. The model
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based maximum hydrogen flux achievable through the dense Ni film was evaluated using the
expression:

Jmod _ Perm/it
H2 —

xA x(P! —P" )

x 5 lit ret per

3.1)

Where Perm , and &, correspond to the theoretical dense Ni film permeability and thickness

in the composite membrane. The dense nickel film permeability was estimated using the

expression (Altunoglu and Abdulkadir, 1994):

3
Perm,,=3.35x10" GX{M]

5 4 (3.2)

Assuming a combination of Knudsen and viscous diffusion, for a given membrane
; . - &
morphological parametric combination of d » and(—Z] , the average hydrogen flux through
q
the porous support was evaluated using the expression:

w [2133dv(e) 164, (¢ )=)|AP
o )i e
q n\q 2

Assuming that the metal ceramic composite membrane was feasible only when the metal film

(3.3)

flux was at least 10 % lower than that of the support hydrogen flux, an inequality constraint

needs to be satisfied and which was expressed as:

sup __ ymod
WXIOOZIO ~~~~~~ VAP 3.4
Ji
To validate the above system of equations in a systematic format, a simple procedure was

followed to evaluate the feasibility of the support morphology:

O

(1) Using Eq. (1), determine J Hzm “vs. AP data for assumed membrane parameters

from the literature.
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(i)

(ii1)

(iv)

Using Nitrogen gas as the transport gas, conduct single gas permeation
experiments and obtain J** v, (experiment) vs. AP. Using the experimental data

and eq. (3), determine membrane morphological parameters experimentally (
sup &
d,” and (?J)

. u & . .. e\
For a specified value of d ps P or (—ZJ , determine the minimum value of [—zj

q
or d pmm to satisfy the following optimization problem defined in terms of dense

Ni film and support hydrogen flux:

AP max
Min = ZE:‘
i=1
J. —-J
Ei= ( Niy, SupPy, )X 100
Niy,
Tt =S ) A X(Bly = Pp)

ass

gon _[21334,v( &) 164, (& )5]AP
k 2 1\¢*) 4 m\qd’) |,

E210 Vi

(3.5)

th
0< (izj <1 (OR)d,"™ >0
q sup

The support morphological parameters were regarded to be feasible for plating

after either one of the following two constraints were satisfied:

sup min
>
d,” 2d,

|

OR (3.6)

sup min
q q

Based on our research a case study was presented below to illustrate the above procedure. For

an assumed Ni film thickness of 5 gm, and an evaluated dense Ni film permeability of

TH-1330_10610717
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—;’110;”’!05 (Altunoglu and Abdulkadir, 1994), the theoretical Ni dense film
m-.s.Pa

1.207x107"°
hydrogen flow rate varied from 4.81x107*-2.02x107 h—t for a trans-membrane pressure
min

difference of 0.1-10 atm. The room temperature N, permeation data for the support varied

lit
from 4.81x107 -2.02x107 L for a trans-membrane pressure difference variation from
min

0.1 — 10 atm. Calculations using the N, gas permeation data at room temperature indicated

2

sup
that the membrane morphological parametric values were d psup =57nm and (ij =0.012.
q

Assuming d;* as d;‘“’d , the solution of the optimization model (Eq. (4)) inferred that

&

[—ZJ =0.003063, which was lower than the value obtained from experimental data i.e.,

q

2

sup
(iJ = 0.012. Thus, the support morphology can be considered to be feasible for
q

proceeding towards electroless plating related research.

3.3 Feasibility tradeoffs

In the previous section, it has been confirmed that the support morphology (afpSup =57 nm

sup
and (izj = 0.012) is feasible to serve as a membrane for a dense Ni film thickness of 5

pum. In this section tradeoffs associated to variations in dense metal film thickness have been

explored.

Fig. 3.1 presents the nitrogen flux profiles for various combinations of average membrane

pore size and effective porosity for various cases. As shown, for a nickel dense film thickness
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Fig. 3.1: Tradeoff plot for ceramic support compatibility.

of 1 pm , the feasible combinations of porosity [( £ jm]varied from 4.5x107° —1.1x10° for
2
q

pore diameter (dp) variation from 20 — 500 nm respectively. However, when the nickel film

thickness was enhanced five fold (to 5 um), [iJ varied from 9.1x107 —2.2x10* for d »
q

variation from 20 — 500 nm. For a film thickness of 10 um, (‘ijmm varied from
q

4.5x107° —1.1x10™* for dp variation from 20 — 500 nm and for a film thickness of 20 um ,

[ & Jmmvaried from 2.2x107 ~5.6 x10~° for d,variation from 20 — 500 nm respectively.
qz

As shown in the figure, the obtained membrane morphological parameters (d psuP =57nm and

sup
[%J = 0.012) indicated that the raw support was feasible for a desired minimal dense
q

nickel film thickness of 1 #m and the treated support was feasible for a desired minimal
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dense nickel film thickness of 5 zm . These theoretical deductions indicated that irrespective

of the fabrication method, the supports were feasible for very low values of dense metal film
thickness on the supports (1-5 pm). These thickness values are very difficult to achieve using

conventional and rate enhanced metal ELP processes for specified morphologies.

3.4 Surface characterization

3.4.1 LPSA analysis

The major raw materials i.e., kaolin, quartz, feldspar, sodium carbonate and pyrophylite used
to fabricate ceramic membrane were characterized using laser particle size analyzer. Fig. 3.2
presents the particle size distribution of the raw material. It was evaluated that the average
particle size of kaolin, quartz, feldspar, sodium carbonate and pyrophylite were 5.50 um,

7.72 um, 3.46 um, 7.59 pm and 20.36 pm respectively.

—— Kaolin
| —— Quartz
12 —— Feldspar
—— Sodium Carbonate

—— Pyrophylite

0.01 1 100 10000
Particle Size (um)

Fig. 3.2: Particle size distribution of inorganic membrane precursors.

63
TH-1330_10610717



Chapter 3

3.4.2 BET analysis

The BET surface area and pore size of the support material was determined by N, adsorption
desorption isotherm at 77K by using a surface area analyzer. Prior to measurement, the
samples were degassed at 200 °C in vacuum for 60 minutes. The adsorption/desorption
isotherms of the support material is shown in Fig. 3.3(a). The isotherms are of type III and H3
hysteresis loop can be observed. This indicates slit-shaped pores according to [IUPAC (Sing et
al., 1985). Based on BET, the pore size distribution as a function of volume percentage of
pores of the support is shown in Fig. 3.3(b). The average pore size as evaluated from Barrett-
Joyner-Halenda (BJH) pore volume distribution was found to be 35 nm which was in
agreement to that evaluated from nitrogen permeation (50-70 nm).The BET surface area of

support was 2.712 m?/g and total pore volume was 0.0156 ml/g with no micropore volume.
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Fig. 3.3: (a) Nitrogen adsorption/desorption isotherm and (b) Pore size distribution of

the ceramic support.
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3.4.3 FTIR analysis

The fourier transform infrared spectra recorded from wave number 4000 to 500 cm ™' using
IR Affinity—1 spectrometer is shown in Fig. 3.4. Characteristic peaks of kaolin were observed
at 3668 cm ' corresponding to the OH- stretching vibration for the raw material. After
sintering of the raw material mixture at 900 °C for 4 h, the OH vibration peaks at 3668 cm’
decreased suggesting that the calcination of kaolin to calcined kaolin was not complete
(Granizo et al., 2007). Bands at 2920 cm ' were assigned to C-H bonds which were visible
only after sintering and peak at 1658 cm ' was attibuted to C=C bonds. Further H,O
stretching was seen at 1658 cm' for the raw material which disappeared after sintering.
Bands at 1041 cm ™' and 983 cm ' were assigned to Si-O bonds. Absorption at 486 cm ™' was

assigned to Si-O-Al (Jaarsveld et al., 2002).

| s /A i— Raw Support
100 A/ X ‘AAX‘\ . D:‘DDDim.D-ED\]I j-ﬂ«nﬂ
[} ey L
® { 77 X A“‘\.i'i)‘j/ {
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= PP A Raw Material
o T5r ™ vy
o~ o .f / 1 /
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Fig. 3.4: FTIR spectra of inorganic precursors, raw support and treated support.
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3.4.4 XRD analysis

The X-ray diffractograms were recorded by a Bucker X-ray D8 advance diffractrometer with

a Cu-Ko radiation (A=1.54056) at 45 KV and 40 mA respectively with scan rate of

0.5sec.step” and increment of 0.05. The X-ray diffractograms were collected in the range of

5 —75°. Phase analyses of the diffraction profiles were done using ICDD-JCPDS database

0.94

and the crystallite size of the samples were calculated using Scherer’s formula: d = Beos0
cos

where d signifies the crystallite size, A refers to the wavelength of radiation (A= 1.54056),

refers to the full width of half-maximum intensity of corrected peak and 0 the peak position.

Fig. 3.5(a) presents the XRD patterns of raw material mixture, sintered raw support and
sintered treated support. The phases for kaolin, quartz and sodium carbonate appeared in the
raw material mixture. It was observed that the peak intensity of the main intense peak of
quartz (20 = 26.75°) significantly increased with sintering, thereby indicating that the
crystalinity of the quartz increased as compared to raw material, which was further more
significant after NaOH treatment. The XRD pattern clearly indicated that NaOH treatment
played a vital role in increasing the crystalinity of quartz and thereby enhanced the porosity
of the membrane. Further, upon sintering, it was observed that due to the transformation of
kaolinite to metakaolinite the peak corresponding to kaolin disappeared (Vasanth et al., 2011)
and that corresponding to sodium carbonate disappeared due to thermal decomposition. The
new phase that appeared in the XRD pattern on sintering was nephiline (Na,O, Al,O3, 2Si0,)
which was produced by the reaction of sodium oxide (Na,O) and metakaolinite at a

temperature of 800°C (Wang et al., 1994).

Fig. 3.5(b) presents the XRD pattern of Ni plated membrane and clearly indicates nickel
peaks. The metallic nickel peaks appeared at diffraction angle 20 = 44.6° and 52 ° due to the
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Fig. 3.5: XRD patterns of (a) inorganic precursor mixture, raw support and treated
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diffraction of (111) and (200) plane [Pdf No 00-001-1260] along with the quartz peaks. It was
observed that the peak intensity of quartz significantly decreased after nickel deposition due
to plating of nickel on quartz particle thereby reducing the crystalinity of the quartz. The
crystal size of the support was calculated based on the maximum intense peak of the pattern

(20 = 26.75°) and was observed to be 30 nm.

3.4.5 FESEM analysis
The surface characterization was also carried out by FESEM. Fig. 3.6 presents the surface
FESEM micrographs of the ceramic treated support and SIEP nickel layer deposited with an

initial nickel sulfate concentration (C;) 0f(.08 (mTolJ . It can be observed that well-developed

nickel layers were existent for the membrane. Based on the analysis of the FESEM image
using Image] software, it was observed that the pores were distributed over wider pore size
values. The average pore size of the treated support with ImageJ software was found to be
140 nm which was in agreement to that evaluated from nitrogen permeation experiments (90

- 120 nm).
3.5 Synchronity for nickel plating

3.5.1 Average flux profiles

Fig. 3.7 represents the variation in N, flux with variation in plating time. The average flux

m-s m2S

reduced from 5.6x1072-5.5x107 (””—flj in 64 h for M; (CEP), 4.1x1072 —2.1x10 (””Ol]

in 24 h for M, (SOEP), 3.0x102-1.5x10" [m—(;l] in 24 h for Mj; (SIEP),
m’s

m-S m-s

1.8x107" =2.4x107* (m—(;l] in 32 h for M4 (SIEP) and 2.2x10™"' =3.6x107> (m_gl} in 24 h for
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Fig. 3.6: Surface FESEM micrographs of (a) NaOH treated ceramic support (b) Nickel
membrane fabricated with SIEP process (M) (c) Nickel membrane fabricated with

SOEP process (Ms).

M5 (SOEP) respectively. It had been evaluated that for membranes M; (CEP), M, (SOEP)
and M3 (SIEP), the initial plating steps enhanced the average membrane flux. This indicated
that for these membranes, morphological modifications (opening of voids/pores) were
dominant as compared to metal deposition inside the porous structure. Eventually with

increment in plating hours it was observed that morphological modifications became minimal
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Fig. 3.7: Variation of average flux with time of plating for M;-Ms membranes.

and pore densification gradually improved. Further, for the pretreated membrane M, (SIEP),
it was observed that after 24 h of plating the ratio of initial flux to the final flux was around
48.8 which were quite higher than the value obtained for Ms membrane (6.2). This confirmed
that SIEP reduced the flux six times faster than the SOEP process for the pretreated
membranes. For the membrane M, fabricated with CEP, the flux reduced 10 times only after
64 h of plating and was therefore not competitive. Therefore, the coupling of rate
enhancement techniques is justified for Ni ELP process. Further plating was terminated when
(a) saturation was observed in the flux trends and (b) fluxes were very low compared to that

of the support and (c) metal layering was dominating in comparison with pore densification.

The preliminary time dependent enhancement in average membrane flux followed with its
reduction for membranes M;, M, and Mj clearly depicted that the low cost ceramic supports
were not compatible for Ni ELP processes. Therefore, the supports required further treatment
to make them compatible. They did not have good corrosion resistance to withstand the
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strong basic environment that existed in Ni ELP baths for prolonged plating times. Therefore,
there was a significant enhancement in N, flux values. Other than this, it is also apparent that
Ni ELP was very difficult for membranes with lower pore size and lower porosity. Hence, it
is very important that the physical bonding of Ni to ceramic structure is a strong function of
its morphological properties such as pore size and porosity. Therefore, the NaOH
pretreatment was regarded to be a viable option to make the supports feasible for low cost

metal ceramic composite membrane fabrication.

3.5.2 PPD profiles

Fig. 3.8 presents the time dependency of percent pore densification for various cases. PPD
values varied from 0 — 90% in 64 h for M, (CEP) , 0 — 46.7 % in 24h for M, (SOEP) , 0 — 95
% in 24 h for M3 (SIEP), 0 — 98.7 % in 32 h for My (SIEP) and 0 — 83.9 % in 24 h for M;s
(SOEP). Further the PPD values for M, after 24 h was observed to be negative (-12.82%)

indicating clearly that the membrane healing process was too slow with CEP. This was also
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Fig. 3.8: Variation of PPD with time of plating for M;-Ms membranes.
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an indication to the fact that the rate of pore opening was faster than the rate of pore
densification. However, this was not the case for membranes M, and M3 where SOEP and
SIEP processes not only repaired the damage morphologies but also densified the
membranes. From process perspective, it was inferred that surfactant was the only choice that
could give a PPD of 90+% in 24 h even for a support that underwent surface and pore
modifications (e.g. M3). Further, it was also analyzed that for membrane My, the PPD was
98% after 24h and further 8h of plating increased the PPD to only 98.7%. This was an clear
indication to the fact that PPD profiles reached saturation and process modifications would
be further required to achieve 100 % PPD. Even for the untreated supports for the same
time of plating (24h), SIEP (M3) reduced the PPD twice as faster as compared to SOEP
(M3). Thus it can be inferred that surfactant played an important role in reducing the average

flux through the membrane and served better than sonication in achieving pore densification.

3.5.3 Average plating rate profiles

Fig. 3.9 presents the variation in average plating rate with plating time for various cases. It

was analyzed that the plating rates varied from 0.43 — 2.07 x 107 ( m:)Z ] in 64 h for M,

m .S

(CEP), 3.14 - 3.60 x 10° (’”fz J in 24 h for M, (SOEP) , 1.98 — 2.12 x 10” ( mo! ] in

m-.s m-.s

24h for Ms (SIEP), 2.25 — 2.6 x 107 ( mfl j in 32 h for My (SIEP) and 5.23 — 4.31 x 107

m- .S

( mfl J in 24 h for Ms (SOEP). For various cases, the ratios of plating rates with respect to
me-.s

the CEP process (base case), are presented in Table 3.1. From the data, it was analyzed that
for both the cases of treated (Ms) and untreated supports (M;), SOEP membranes gave higher
plating rate when compared to both CEP and SIEP. Thus the data trends were comparable to

Wu et al. (2009) who inferred that introduction of ultrasonic waves during electroless nickel
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Fig. 3.9: Variation of average plating rate with time of plating for M;-Ms membranes.

deposition would enhance the plating rate. Further Lu et al. (2010) hypothesized that
agitation generated from the ultrasonic waves resulted in high quality of metal deposition.
Ceramic supports provided lower plating rates as compared to stainless steel supports. As

compared to Bulasara et al. (2011d) who reported a CEP rate of 1.51 x 10°-9.79 x 10°°

(m—OZJ for an average pore size of 275 nm, porosity of 0.44 and varying stirrer speed, our

L.s

work indicated a lower volumetric plating rate of 6.65 X 107 (”Z—OZJ [2.19 x 107 [mfl ]
S m-.s

]-Therefore, it was inferred that plating rate was strongly influenced with average pore size
and porosity and hence plating rate enhancement techniques became predominantly
significant to influence the quality of plating characteristic for the supports considered for

this work.

Experimentally, it was reported that the plating rate and the quality of plating was optimal for
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Table 3.1: Ratios of average Ni plating rate of various ELP baths with respect to CEP

bath.
Type of plating Ratio of plating rates w.r.t to CEP*
8h 16h 24h
SOEP (M,) 9.97 6.18 3.82
SIEP(M3) 6.31 3.22 2.25
SIEP(M,) 13.98 6.21 341
SOEP(M5) 16.62 6.97 4.58

*Starting for CEP baths taken as 40 h.

supports with in the pore size of 250 — 300 nm and porosity of 35 — 50 % (Kitiwan and

Atong, 2010). On the other hand, a support with higher pore size and porosity required

thicker dense metal films to achieve dense composite membranes (Mardilovich et al., 2002)

with good adhesion strength.

Therefore, the metal densification perspective shall not only be regarded from the perspective
of only achieving thin dense metal film thickness, as the mechanical strength of the film was
also of paramount importance. Therefore, further research was required to identify optimal
membrane pore size and porosity values that enabled achieving stable dense metal films on
the surface. Nonetheless, the role of plating rate enhancement techniques to alter the strength
related properties could not be ignored in this context. The evaluated trends of metal film
densification indicated that for support surfaces with poor morphological properties, SIEP
was the best choice to achieve dense membranes and further research needs to address other

issues related to SIEP.
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3.5.4 Theoretical metal film thickness profiles

Fig. 3.10 illustrates the variation in theoretical Ni film thickness with plating time. For all
membranes, the metal film thickness values evaluation was erroneous due to lack of
measurement of porosity and weight loss during insitu pretreatment. It was analyzed that for

8-24 h of nickel plating, the metal film thickness increased from 0.82 - 4.96 wm for M,
(CEP), 5.96 - 20.53 pm for M, (SOEP), 3.77 — 12.10 g for M5 (SIEP), 8.36 — 18.31 um for

M, (SIEP) and 9.93- 24.57 pm for Ms (SOEP). Further, it was evaluated that the nickel film

plating rate was 1.04 % for the SIEP baths which was 10 times higher than the value
obtained for CEP baths (0.1 % ). Subsequently, it was observed that the nickel film plating

rate was 1.24 % for the sonication assisted baths. Literature indicated that the

Metal film thickness(um)

8 16 24
Time of plating (h)

Fig. 3.10: Variation of theoretical Ni film thickness with time of plating for M;-Mj5

membranes.
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corresponding plating rates for a macroporous support were 1.9, 1.75 and 3.13% for CEP,

SIEP and SOEP respectively (Bulasara et al., 2012; Bulasara et al., 2011c¢). Once again it was
observed that the significant reduction in plating rate was due to poor morphology of the
support which served as a bias to choose the most competent plating rate enhancement
towards maximum pore densification purpose. Thus sonication resulted in tremendous
increase in film thickness due to simultaneous increase in both deposition rate and plating
efficiency for both treated and untreated supports. These observations were in agreement with
Kathirgamanathan (1994) who concluded that sonication enhanced metal deposition and
improved adhesion of the metal to the membrane surface. Similar conclusions were inferred
by Ilias et al. (2012) who conveyed that surfactant utilization in ELP reduces the plating time
required to obtain same thickness obtained with CEP process. Further, Chen et al. (2002) also
concluded that the addition of surfactant not only increased the deposition rate but also

diminished pitting on the electroless deposits.

3.5.5 Metal conversion and plating efficiency profiles

For a solution concentration of (.08 (mTolJ , nickel conversion values varied from 2.8 - 7.7%

for the SIEP case. However, for SOEP, slightly higher conversion values of about 5.29 —
10% were achieved. Similarly, the plating efficiencies trends varied from 35 — 76% for SIEP
and 72 - 92.8% for SOEP respectively. For the untreated supports, very low plating efficiency
values (13 — 46%) were evaluated for the CEP case in comparison with the SIEP case (29 —
60%). The possible reason for significantly lower values for conversion and plating
efficiency for CEP indicates significant metal deposition on the beaker surface or in the

plating solution. Overall, the evaluated conversion profiles referred to lower conversions
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which was probably due to lower surface area of the membrane and hence lesser

opportunities for noble metal activation during seeding.

Bulasara et al. (2012) concluded that conversion profiles for sonication assisted baths (33.5 —

80%) were better than the base case (17.5 — 54 %) as well as stirring (24-58.5 %) for a

2
cm

loading ratio of 393 7

. Their work further conveyed that sonication assisted baths provide

better conversion profiles than surfactant assisted baths even for very small pore size
supports. This work was also in agreement to the work of Bulasara et al. (2012) which
confirmed that higher plating efficiencies exist for sonication assisted baths because of the

fact that ultrasonic waves enhance the rate of electroless plating process.

3.5.6 Efficacy of rate enhancement techniques

values for nickel

Fig. 3.11 presents the time dependent variation of (100 - PPD) and

composite membrane fabricated by various rate enhancement techniques. The graph
corresponds to conceptual extensions of the measured data to visualize the extent of pore
densification (x-axis) with respect to the amount of metal required to densify the pores (y-

axis). Conceptually, an ideal electroless plating process supplemented with optimal rate

D
enhancement technique should achieve maximum and minimal (100 - PPD) values and

therefore should refer to the values closely located to upper portions of the y-axis. From the

figure, it was observed that PPD values varied from 26-90 % and from 2.2 - 2.86 in 32 - 64 h

of rigorous plating experimentation for M. Further, PPD and values varied from 34.9

- 83.9 % and 3.5 - 4.7 for M5 after 24 h of sequential plating. However, for the same time of

PPD
plating, PPD and values varied from 24 — 98 % and 11.2 — 5.35 were for the surfactant
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assisted baths (My). Therefore, from membrane pore densification perspective, surfactant
induced electroless plating (SIEP) yielded the best possible conditions of nickel metal

deposition on the membrane surface and corresponded to a combinatorial performance

PPD
characteristics of 98.7% PPD and 4.98 for a nickel composite membrane with a film

thickness (0 ) of 19.82 um after 32h of sequential Ni ELP. Further, it was observed that there
exists a saturation point for membrane My, as there was no significant improvement in the
PPD value (from 98 to 98.7%) from 24 to 32 h of sequential deposition. The saturation
phase in the plating period was represented by a sharp reduction in the length of the
consecutive points. However, the case did not correspond to 100% saturation, which should
have been indicated by a vertical straight line in the graph. Since PPD could not be altered
much with the prevalent conditions. This is an interesting issue for further research into the
role of solution concentrations (metal or reducing agent concentration or both) and their

mode of contacting. These variations in the PPD saturation phase and process parameters are
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hypothesized to ensure 100% pore densification.

If we consider the case which has comparatively higher values of PPD and lower time of
plating, the only feasible option corresponds to surfactant induced electroless plating (M4). A
PPD value of about 98% along with the experimental inference of porous membranes
presumably indicated that the utilization of supports with lower surface pore sizes could yield
a dense nickel-ceramic composite membrane in about 24 — 32 h of sequential electroless

plating steps at lower metal concentration[0,0S mTolj . Further it can be stated that although

sonication improved the plating rate and film thickness, it did not provide significant pore

size reduction as compared to surfactant induced electroless plating.

The efficient design of electroless plating process needs to maximize percent pore

densification (PPD) and minimize the metal film thickness (&) . This work also recognized

the immediate need to identify suitable rate enhanced electroless plating processes that could

provide good combinations of PPD and film thickness (o). The approach presented in this

work could be used as a new methodology for the assessment of nickel electroless plating

baths with variant morphological parameters and conditions of operations.

This work gave many important conclusions. Firstly, surfactant had been identified to be
effective to enhance the PPD values significantly close to 100 %. It was in agreement with
the trends presented by Islam et al. (2012) who inferred that dense and thinner films could be
produced with shorter deposition time using SIEP process. A possible reason for not
achieving 100 % PPD was that beyond a particular point the solution concentration imposes

limitation on the quality of plating.
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3.6 Summary

This chapter presented an integrated experimental and theoretical approach for the
development of compatible functional supports towards dense metal ceramic composite
membrane fabrication. The challenging scenario of this study was to work with laboratory
fabricated supports that are characterized with lower combinations of average pore size and
effective porosity. For such supports, etching in alkaline medium served to be favorable in
terms of compatibility of the support and corrosion resistance. NaOH treatment prior to
plating enabled enlargement of the membrane pores to its target diameter such that the early
plating steps does not serve as a treatment steps for the supports. Further, XRD patterns
clearly indicated that NaOH treatment increased the crystalinity of the raw materials thereby
enhancing the pore size and porosity of the membrane. Moreover, the morphological fitness
of the ceramic support clearly indicated that the supports were feasible for very low values of
dense metal film thickness irrespective of the fabrication technique. The fabricated nickel
composite membranes were anticipated to serve as functional supports for dense palladium
membranes. A tentative combination of optimal support morphological properties and
optimal electroless plating process as highlighted in this article would be useful to serve as a
guideline for the realization of low cost multi - metal composite membranes. Further this
work involved a preliminary study of various plating rate enhancement techniques that could
be supplemented to electroless plating process for the fabrication of dense metal composite
membranes. Most importantly, this work enabled to realize that sonication did not contribute
to 100 % pore densification for the chosen support, even though they contributed to enhance
efficient nickel deposition rate substantially. In this work, average time dependent
performance of electroless plating baths for nickel-ceramic composite membrane fabrication
was reported which would promote further insights in the metal deposition characteristics
such as variation in metal film thickness, PPD and average pore size with time of deposition.
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Thereby, this work featured the minimal number of plating steps required to achieve desired
membrane characteristics. Interesting feature of such research was to examine the
compatibility of nickel films. The conceptual insights gathered in this work required further
refinement and fine tuning towards assessing the role of better quality porous supports in

combinatorial performance characteristics of electroless plating baths.

The experimental investigation confirmed that nickel deposition on non-conducting surfaces
was extremely slow and efforts are required to enhance the plating rate as well as quality of
deposition of metal on non-conducting surfaces. The stagnation of time dependent PPD
profiles needed more experimental investigation and careful contacting of reducing agent
with metal precursors to substantially enhance PPD and could not be ruled out. This was
especially evident from time dependent nickel PPD profiles in the later stages of plating.
Optimization of conditions that drive away the achievement of saturation in product quality
would require simple or sophisticated process modification. For example, a time dependent

variable frequency sonicator may provide better PPD profiles or good quality of plating.

D for both treated and

Further SIEP was exceptionally good to achieve highest values of

untreated supports. Thus, it could be inferred that SIEP possessed maximum potential
towards metal ceramic composite membranes and would be investigated substantially to

improve the quality of plating.

Precisely, this work emphasized upon the criticality of rate enhancement techniques to
accommodate morphological parametric sensitivities to achieve dense metal ceramic
composites. This work exclusively focused upon the quality of deposition (PPD profiles)
using supports with lower pore sizes. It confirmed that SIEP was the most promising process

in terms of economics, simplicity, ease of operation and quality of deposition as the technique
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PPD
enabled the realization of maximum value of 5 Further research was required with

respect to metal concentration since the plating rate increased with metal solution
concentration and decreased with loading ratio. Higher conversions without jeopardizing the
PPD variation with SIEP needs to be studied and will be taken up in subsequent chapters.
Further it is well known that reducing agents such as hydrazine are heat sensitive and
disintegrate within a short span of time, when they are brought in contact with the hot plating
solution (Cheng and Yeung, 2001). Therefore, there is a need to study controlled contacting
pattern of reducing agent and its effect from the perspective of PPD. This will be as well

considered in the next chapter.
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Effect of Reducing Agent Contacting Pattern on the
Performance Characteristics of Surfactant Induced Nickel

Electroless Plating Process

In this chapter, the results are presented in four sections. Section 4.2 summarizes the surface
and physical characterization techniques. Section 4.3 summarizes the plating characteristics
of two distinct contacting modes (bulk and drop wise contacting pattern) of the reducing
agent for nickel SIEP baths. Section 4.4 elaborates on the effect of reducing agent
concentration (50, 100, and 200% excess) for electroless plating bath with a nickel
concentration of 0.08mol/L. Finally, section 4.5 elaborates on the compatibility of variation
in nickel concentration (0.08 - 0.24 mol/L) with respect to variation in reducing agent

concentration (50, 100, 200% excess).

4.1 Introduction

Based on results summarized in the previous chapter, it was analyzed that SIEP baths were
optimal as compared to CEP and SOEP baths in the context of providing better combinatorial
plating characteristics. However, the process has a major drawback of higher plating time for
the fabrication of metal ceramic composite membrane.

The reduction of Ni** by reducing agent hydrazine hydrate in solution comprises of the
equations 2.1-2.3 as mentioned in section 2.4. In the above reactions, reaction (2.1) occurs on
the activated support surface and is desired. However, reactions (2.2) and (2.3) correspond to
decomposition and disproportionation reactions respectively. These occur primarily in the
plating solution and are undesired reactions. These reactions follow from the heat sensitivity

and instability of hydrazine at the conditions of the metal electroless plating.
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Therefore, bulk addition of hydrazine is bound to provide lower selectivity towards reaction
(2.1) when compared to reactions (2.2) and (2.3) and hence controlled addition of hydrazine
to the metal electroless plating baths is anticipated to enhance the selectivity towards reaction
(2.1). Thus, with efficient contacting pattern for the reducing agent, the time period for one
plating step can be reduced to 30 min along with the usage of supports with little higher pore
size (150-250nm) and porosity(10 - 15%) to eliminate the support incompatibility and NaOH
treatment time which was not the case for results presented in chapter 3.

The efficacy of reducing agent contacting pattern has been investigated for SIEP-DWR-BS
and SIEP-BR-BS baths. Details with respect to these baths have been presented in section
2.4.2 and 2.4.5 of the thesis. For the present study, the membrane support possessed a pore
size and effective porosity of about 150 — 250 nm and 10 - 15% respectively. The supports
were fabricated at a fabrication pressure of 4.9 MPa using the compositions presented in
Table 2.1 of the thesis. Similar supports have been used for fabricating Ni and Pd membrane
presented in chapters 5-7. Thus, results obtained for the modifications with respect to
contacting pattern and optimal reducing agent and metal concentration have been presented in
this chapter. Further the time of plating for the cases reported in this chapter has been
reduced from 1h to % h for one depositional step. Thus, further optimization of SIEP process

for Ni membrane fabrication has been targeted in this chapter.

4.2 Structural characterization

4.2.1 LPSA, FTIR and BET analysis

The particle size distribution curve of the raw materials evaluated from LPSA indicated that

the particle size varied from 0.955 to 34.674 pm, 1.259 to 39.811 pum, 0.822 to 15.31 um,
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1.905 to 52.81 pm and 0.955 to 316.28 um for kaolin, quartz, feldspar, sodium carbonate and
pyrophylite respectively. Further, Fig. 4.1 (a) depicts the FTIR spectra for the raw material
and ceramic support. Characteristic peaks of kaolin were observed for the raw material and
sintered raw material mixture. Further, the other corresponding peaks were assigned to C-H,
C=C, Si-O-Al & Si-O bonds. Detailed discussion with respect to the peaks is similar to that
presented previously in section in the chapter 3.4.3 of the thesis.

Nitrogen adsorption - desorption experiment at 77K performed by using a surface area
analyzer for the support material confirmed the presence of meso and macro pores with no
micropores. Type III isotherm with H; hysteresis loop was observed (Fig. 4.1(b)). This

indicates slit-shaped pores according to [IUPAC (Sing et al., 1985). The inset graph in

100- Ceramic Support
8 s0-
c
© 486
T 60-
7
c
© 40-
}_
2 Raw Material
< 204 14(38 1658
3668
0 983/ll T T T
0 1000 2000 3000 4000

Wave No (cm'1)
Fig. 4.1(a): FTIR spectra of inorganic precursors and ceramic support in the pore size
range of 150 -250 nm.
Fig. 4.1(b) shows the desorption Barrett-Joyner-Halenda (BJH) pore size distribution of the
support material. The BET surface area of support was 4.130 m*/g and total pore volume was

0.0325 ml/g with no micro pore volume.
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Fig 4.1(b): Nitrogen adsorption - desorption isotherm of the ceramic support. Inset:

Pore size distribution from BJH analysis.
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Fig 4.2: XRD patterns for (i) A - Raw material (ii) B - Sintered support (iii) C — Ni ELP
with bulk addition of reducing agent (SM;) (iv) D - Ni ELP with drop - wise addition of
reducing agent (SM;) (K -Kaolin, S- Sodium Carbonate, Q - Quartz, N - Nephiline, Ni —

Nickel).
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4.2.2 XRD analysis

Fig. 4.2 presents the XRD patterns of raw material mixture, sintered ceramic support, and the
nickel membrane obtained with 100% excess reducing agent for bulk and drop wise addition
modes. ICDD-JCPDS database was used for the phase analysis of the diffraction profile. As
outlined in chapter 3, the XRD patterns for raw material mixture and sintered ceramic support
(profiles A and B in Fig. 4.2) indicate: (a) the presence of phases for kaolin, quartz and
sodium carbonate in the raw material mixture (b) the disappearance of the peaks
corresponding to kaolin after sintering and (c) the appearance of nephiline phase after

sintering.

Corresponding to the bulk and drop wise addition of reducing agent during Ni ELP, the Ni
metal peaks (profiles C and D in Fig. 4.2) appeared at diffraction angle 20 = 44.5° and 51.8°
due to the diffraction of (111) and (200) plane [Pdf No 00-004-0850]. For Ni ELP with bulk
wise addition of reducing agent, it can be observed that the peak intensity of quartz
significantly decreased after nickel deposition due to nickel plating on quartz surface to
reduce quartz crystallinity. However, the quartz peak did not dis appear suggesting poor
densification and non-uniform plating. But, this was not the case for nickel ELP with drop
wise addition of reducing agent. Diffraction profiles for drop wise addition of reducing agent
(profile D) suggested significant increase in nickel crystalinity in comparison with that in
profile C. No quartz peaks were detected. Thus, from the XRD analysis it can be concluded
that drop wise addition of reducing agent served better to promote uniformity of metal

deposition on the support surface.

4.2.3 FESEM analysis

The surface FESEM micrographs of the ceramic support and the nickel layer deposited with
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Fig. 4.3: Surface FESEM micrographs of (a) ceramic support (b) SM; membrane
prepared with bulk addition (c) SM; membrane with drop wise addition of 100% excess
reducing agent.

an initial nickel sulfate concentration (C;) 0of0.08 (mTolj are shown in Fig 4.3. It can be

observed that well-developed nickel layers exist for the membrane. Based on the Imagel
analysis of the FESEM image for the ceramic support, it was analyzed that the pores were
distributed over wider pore size values and the average pore size of the support was about

300 nm which was close to that evaluated from nitrogen permeation experiments (150-250
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nm). The FESEM images were in good agreement with XRD patterns which confirmed that
the dropwise addition of reducing agent gave better surface finish in terms of desired

attributes such as faster pore densification and lesser pinholes.

4.3 Efficacy of reducing agent contacting pattern

Fig. 4.4 illustrates the variation in the time dependent plating inefficiency and average plating
rate for both cases namely bulk and drop wise contacting pattern of the reducing agent during
nickel electroless plating. The results presented in the figure correspond to the case of
0.08mol/L nickel solution concentration, 100% excess reducing agent and 1.2g/L of CTAB
surfactant solution concentration. For a variation in total plating time of 4-12 h, it can be
observed that the plating inefficiencies varied from 64 — 72% for the bulk case (SM;). These

values reduced significantly to 46 — 52 % (SM,) for the drop wise addition case.

Fig. 4.4: Variation of average plating rate and inefficiency with plating time for (a) bulk

(SM;) and (b) drop wise (SM;) addition of the reducing agent.
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mol

Corresponding variation in average plating rate was from 7.48 - 5.03x 107 [ jfor SM;

m-.s

mol

m- .S

(bulk case) and 11.16 — 5.52 x 107 ( jfor SM; (drop wise). Thus, it is evident that the

drop wise addition of the reducing agent enhances plating rate by about 1.5 times in
comparison with the bulk addition case. For the plating time period in the range of 4 — 12 h,
it was evaluated that the PPD for the SM; membrane (bulk addition case) varied from 41 —
84.5%, which enhanced to 57.4 — 89.3 % for the SM, membrane (drop wise addition case).
Once again, this profile confirmed that the drop wise contacting pattern of the reducing agent

provided higher pore densification during Ni ELP.

The drop wise addition of the reducing agent enables the timely replenishment of the electron
source in the SIEP bath and is more effective to aid the removal of nitrogen and ammonia
bubbles on the support, thereby providing higher PPD rates. For the bulk addition case of the
reducing agent, controlling the evolution rate of the nitrogen and ammonia gas bubbles with
minimal metal nucleation in the solution is highly difficult and this is evident from plating
inefficiency and PPD profiles observed for the SM, case. Further, it was also observed for
the bulk addition case that no significant amount of metal was deposited on the support
surface during the 1% hour of plating, which indicates that the SIEP process is highly
ineffective despite using a surfactant to promote the plating characteristics. In conclusion,
the dropwise addition of the reducing agent favored higher metal plating rate, PPD and lower

inefficiency which are all the desired attributes of a highly efficient metal plating process.

The next section elaborates upon the effect of reducing agent excess concentration for the

drop wise contacting pattern case.
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4.4 Optimality of reducing agent concentration

In the previous section, drop wise contacting pattern has been identified to provide optimal
performance. In this section, the reducing agent concentration has been explored for its
optimality. Fig. 4.5 illustrates the time dependent variation of nickel electroless plating
characteristics namely plating inefficiency, plating rate, PPD and theoretical metal film
thickness respectively for various cases of reducing agent concentration (50, 100 and 200%
excess). For all these cases, the reducing agent contacting pattern corresponds to drop wise
addition. As shown, for a variation in plating time from 4-12h, and for the 50 % excess case

(SM3), these parameters varied as 64 — 79.2 % (plating inefficiency), 7.65 — 3.7 x 107

(mOZ ) (plating rate), 49.7- 77% (PPD) and 7.2-10.5 pm (metal film thickness) respectively.
m

2
S

Enhancing the reducing agent concentration to 100 % excess (SM;) corresponds to the

variation in these parameters as 46.8-52.2% (plating inefficiency), 11.16 — 5.52 x 10”

(molj (plating rate), 57.4 — 89.3% (PPD) and 10.6 — 15.7 um (film thickness). A further

m2S
enhancement in the reducing agent concentration to 200 % excess (SMy) corresponds to the

variation in these parameters as 23.7- 43.6% (plating inefficiency), 11.52 — 7.07 x 107

(mzz)l ) (plating rate), 64.7 — 94.9 % (PPD) and 12 - 20.2 pm (film thickness).
m-S

Therefore, it is apparent that at a lower nickel solution concentration of 0.08 mol/L, the
enhancement in % excess of reducing agent is favorable to provide good combinations of
plating characteristics (higher combinations of plating rate, PPD and lower theoretical metal

film thickness and lower plating inefficiency).

For the case of 50% excess reducing agent, the nickel plating rate was low and this is

probably due to strong surfactant adsorption to the support surface. Also, surfactant
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Fig. 4.5: Variation of (a) plating inefficiency (b) metal plating rate (c) PPD (d)
theoretical metal film thickness with plating time for membranes SM,, SM3; and SM4

(50 - 200 % excess reducing agent).

adsorption on the support surface is very likely to affect the morphological parameters of the
nickel film including film stability. The stronger bonding of the surfactant could weaken the
physical bonding of the metal and thus could promote metal delamination (Nwosu et al.,
2012), unwanted metal nucleation in the solution and higher plating inefficiencies. On the
other hand, for the case of higher concentration of reducing agent, nickel plating rates are

significant and hence the gas bubbles leaving the support surface at a faster rate may

92
TH-1330_10610717



Chapter 4

influence the surfactant-support equilibrium. In such a scenario, the surfactant adsorption on
the surface may not be able to control the metal deposition on the surface, thus indicating
minimal pitting effect, less surfactant adsorption, less metal nucleation in the solution and

hence higher plating efficiencies.

The enhancement in plating efficiency with higher concentrations of reducing agent is
indicative towards the complexity involved in the surface phenomena during SIEP. Typically
in a conventional nickel electroless plating bath, higher concentrations of the reducing agent
are not favorable to enhance the plating characteristics which is exactly opposite to the trends
obtained in this work. Thus, the generalized rules of thumb that are often presented for
regular electroless plating baths are not applicable for the SIEP baths. The reduction of
plating inefficiency at lower reducing agent concentrations is possibly due to the instability of
the metal film deposited on the membrane surface which may provide more metal nucleation
sites in the plating solution. Thereby, these observations that have been verified at least twice
indicate that the reducing agent concentration also needs to be studied with respect to the film

stability in due course of nickel electroless plating.

With respect to the time dependency of several plating characteristic parameters, it can be
observed for all cases in the figure that all the variables namely plating inefficiency, PPD and
thickness increased with increasing plating time. Further, it can be also evaluated that the
non-linearity in the variable variation is significant at highest concentration of the reducing
agent (200 % excess). Also, it can be observed that the film thickness was strongly affected
with the variation in the concentration of reducing agent. An enhancement in the reducing
agent concentration from 100 to 200 % excess enabled the enhancement in the film thickness
by 22 times with only 5 % enhancement in the PPD after 12 h of plating. Therefore, it is

apparent that 100% excess reducing agent concentration is the optimal choice due to the fact
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that the PPD wvariation is not significant for the case of 200 % excess plating solution
concentration. It is anticipated that for the case of 100 % excess reducing agent concentration,
a further increment of plating time to 16 h gave a higher PPD (> 94.9%) and lower metal film
thickness (< 20.2 um). The reduction in the PPD at higher reducing agent concentrations
(about 200 % excess) is indicative to the fact that higher reducing agent concentrations do not
favor pore densification and contribute to layering of films which is a highly undesired

feature in the fabrication of dense metal ceramic composite membranes.

Comparing plating performance characteristics with the literature data, it can be observed that

mol

Bulasara et al. (2011b) reported a plating rate of 7.6 x10° (L_j and a PPD of 91.1% for a
S

high surfactant concentration (1.5 g/L) and a higher pore size of the support (275 nm). The

optimal case in this work corresponds to a plating rate of 5.7 x 107 (”2—()[) [11.16 x 107
S

mol

(—zj ] and a PPD of 89.3% which is slightly lower than that reported by the authors, for the

m-s
utilization of a support with a lower average pore size (200 nm) and lower surfactant
concentrations (1.2 g/L) but with a controlled contacting pattern of the reducing agent.
However, it shall be noted that the PPD calculation procedure reported in this work is
different and better than that reported by the authors, given the fact that the authors have
evaluated PPD in terms of average pore size which is not the same as PPD evaluated with
average flux. In summary, it is apparent that the drop wise contacting pattern is highly

favorable towards furthering process modifications to the SIEP process.

4.5 Optimality of nickel solution concentration

In this section, the optimality of Ni solution concentration has been elaborated within the

range of 0.08-0.24 mol/L.
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4.5.1 Plating inefficiency tradeoffs

Table 4.1 summarizes the combinatorial plating characteristics corresponding to various
cases of nickel solution concentrations (0.08, 0.16 and 0.24 mol/L) and excess reducing agent
concentrations (50, 100 and 200 %). For all cases, the plating time was varied from 4-12 h.
As presented, the plating inefficiencies for 0.08 mol/L nickel solution concentration varied
from 64 — 79.2 % for SM; (50% excess), 46.9 - 52.2 % for SM, (100% excess), and from 17 —
43.6 % for SMy (200% excess). Similarly, for 0.16 mol/L nickel solution concentration,
plating inefficiencies varied from 48.1 — 54.6% for SMs (50% excess) and from 37.3 — 11.1%
for SMg (100% excess). For 0.24 mol/L nickel solution concentration case, the variable
varied from 68.5 — 82.8% for SM; (50% excess) and 55.7 -52.5% for SMg (100% excess)
respectively for 4-12 h of nickel plating. This indicates that there exists an optimal metal
solution concentration and excess reducing agent concentration at which minimal plating
inefficiency can be obtained. In general, all experimental data can be analyzed for five cases

namely:

(a) Lower combinations of metal (0.08 mol/L) and reducing agent concentrations (50%
excess).

(b) Moderately high metal concentration (0.16mol/L) and lower reducing agent
concentration (50% excess).

(c) Moderately higher combinations of metal (0.16mol/L) and reducing agent
concentration (100% excess).

(d) Higher metal concentration (0.24mol/L) and moderate reducing agent concentration
(100% excess).

(e) Moderate and high metal solution concentration (0.16 & 0.24 mol/L) and higher

reducing agent concentration (200% excess).
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The chemistry involving the interaction between surfactant, metal and reducing agent appears
to be highly complex. For instance, when the nickel solution concentration is enhanced from
0.08 to 0.24mol/L, it was evaluated that plating inefficiency reduced from 49.7% (SM) to
33.4% (SMg) which further increased to 54.2% (SM;g) after 8 hours of plating. Typically
higher metal concentration enables higher combinations of plating rate, pitting, metal
nucleation in solution and hence higher plating inefficiencies. Also, the variation in the
reducing agent concentration varies the net amount of free electrons available for the

reduction of metal ion in both the solution (unwanted) and on surface (desired).

The hypothesis for the case of lower nickel solution concentration (0.08 mol/L) has already
been addressed in our previous subsection. Further, for second case (0.16mol/L, 50% excess)
the plating inefficiency trends were in agreement with the trends observed for lower metal
concentration. The only variation for this case was in the reduction of plating inefficiencies

from 79.2% to 54.6%. This could be explained with the reason that at moderately higher

Table 4.1: Combinatorial plating characteristics for SIEP Ni baths for various cases of

metal solution concentration and reducing agent.

Reducing Agent 50% Excess 100% Excess 200% Excess
Time of Plating 4h | 8h | 12h [ 4nh | 8h [ 12h | 4h | 8h | 12h
Metal Concentration Plating Inefficiency (%)
0.08 64 | 73.6| 79.2 |46.9 | 49.7 52.2 17 37.2 | 436
0.16 48.1 | 515 | 546 | 373 | 334 11.1 - - -
0.24 68.5 | 78.6 | 82.8 | 55.7 | 54.2 52.5 - - -
Plating Rate x10° (mol/m"“.s)
0.08 7.6 4.7 3.7 11.2 7.5 5.5 11.5 8.9 7.1
0.16 109 | 94 8.1 13.2 10 7.9 - - -
0.24 22 13.3 | 10.6 | 254 | 219 20.3 - - -
Percent Pore Densification (%)
0.08 498 | 542 | 771 |57.4 | 69.5 89.3 64.7 89.7 95.0
0.16 57.8 | 78.8 | 89.7 76 88 94.4 - - -
0.24 67.1 | 84.2 | 92.7 | 84.7 90 97.1 - - -
Metal Film Thickness (um)
0.08 7.3 8.9 10.6 | 10.6 | 14.3 15.7 10.9 16.9 20.2
0.16 9.24 | 18.8 | 25.2 | 125 19 29.3 - - -
0.24 20.9 | 25.2 | 30.2 | 243 | 415 57.8 - - -
96
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metal concentration, the metal plating rate will be higher and surfactant adsorption to the
support surface will not be able to control the surface bonding of the nickel metal, thereby

reducing metal nucleation in the solution and enhancing the plating efficiency.

Conceptually it can be hypothesized that for a given metal and reducing agent concentration
the plating inefficiency increases with time of plating. However, for the third case
(0.16mol/L, 100% excess), it was analyzed that with time, the plating inefficiencies decreased
from 37.3% (4 h) to 11.1% (12 h). This is possibly due to compatibility of concentrations
(metal, surfactant and reducing agent) during prolong Ni ELP wherein the conditions bonding
between the metal and the support surface minimizes pitting and plating inefficiency favored

good.

Also, for the case of higher metal concentration (0.24 mol/L) and moderate reducing agent
(100 % excess), it was evaluated that the plating inefficiencies decreased from 55.7% (4 h) to
52.5 % (12 h) and the values were quite higher as compared to the previous case. This can be
explained with the view that at higher metal concentration, the conversion of nickel ion to
nickel metal is very fast due to the availability of large number of free electrons from the
reducing agent (Nwosu et al., 2012). Thus, faster metal deposition on the surface favors
higher rates of metal delamination that enhances metal nucleation in the solution. This has
also been confirmed by physical observation of the plating solution after plating process.
Lastly, for 0.16 mol/L and 0.24 mol/L metal concentration, 200 % excess reducing agent was
not reported because of the fact that physically nickel precipitates were observed at the
bottom of the beaker and nickel plating also occurred on the beaker corners. At high
concentrations of metal and reducing agents, surfactant concentration is likely to play a
dominant role in the bath due to evolution of large amounts of gas bubbles. Under such

circumstances, either the surfactant has to bind more gas bubbles to itself and leave the
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support surface with a higher force to cause metal pitting or the surfactant concentration
would be insufficient to carry all the evolved gas bubbles. Thus the un-evolved gas bubbles
would either adhere to the surface thus hindering metal deposition or remove metal from the
support surface due to shear effects induced by the released gas bubbles thereby enhancing

metal nucleation in the solution.

The plating inefficiencies reduced with moderately high metal solution concentrations (0.16
mol/L) but not for higher metal concentrations (0.24 mol/L). This indicates the fact that the
film stability and inefficient plating are a strong function of metal solution and reducing agent
concentrations. Considering plating inefficiency as the sole tradeoff, the optimal case
corresponds to 0.16 mol/L with 100 % excess reducing agent that provided an inefficiency of

11.1 % after 12 h of nickel plating.

4.5.2 Tradeoffs associated to membrane morphological parameters

Other than the complexity in the plating inefficiency, profiles for all other variables namely
plating rate, PPD and metal film thickness indicate their enhancement with increasing metal
solution and reducing agent concentrations. As presented in Table 4.1, the plating rates for

0.16 mol/L metal solution concentration varied from 10.9 — 8.1 x 10~ (m—(;lj for SM;5 (50%

m-s

mol

2
m-S

excess) and from 13.2 — 7.9 x 10” ( )for SM (100% excess). Similarly, for a higher

metal solution concentration of 0.24 mol/L, the plating rate varied from 22— 10.6 x 107

mol
m’s

(moz)for SM; (50% excess) and from 25.4 — 20.3 x 107 (

> )for SMs (100% excess)
m-s
respectively.

The efficient design of electroless plating process needs to visualize the maximum extent of

pore densification with respect to minimum amount of metal required to densify the pores i.e.
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to achieve maximum value. It was evaluated that for 12 h of sequential nickel ELP, for

membrane SM» (100% excess reducing agent and 0.08 mol/L metal solution concentration)
the PPD was 89.3% with a metal film thickness of 15.7um, whereas for SM¢ (100% excess

reducing agent and 0.16 mol/L metal solution concentration) the PPD was 94.4% with a

PPD
metal film thickness of 29.3 um. Thus for SM, was evaluated to be 5.7 whereas for

SMg it was 3.2 respectively. Thus for SMg, it was evaluated that for a little increment of PPD
(4%), the metal film thickness increased 100% and therefore these conditions are not
favorable from the process-product perspective. The insignificant enhancement in PPD with a
significant enhancement in metal film thickness suggests the undesired feature of layering
during membrane fabrication for the cases of moderate and higher metal concentrations. In
summary, from the perspective of minimal thickness for the desired PPD it would be inferred
that the optimal process parameters refer to lower nickel solution concentration (0.08mol/L),
moderate reducing agent concentrations (100% excess) along with suggested contacting

pattern of the reducing agent in the SIEP process.

4.6 Summary

The existing gap in the literature with respect to the role of reducing agent in affecting both
nickel electroless process and membrane characteristics has been successfully addressed in
this work. Several insights have been obtained by carrying out this work. Firstly, compared
to bulk addition strategy of the reducing agent, the drop wise contacting pattern of the
reducing agent is worth investigating to obtain membranes with good morphological
characteristics (uniformity of deposition, low thickness, high PPD and lower time of plating).
Secondly, this work focused towards the optimality of reducing agent concentration (50%,

100% & 200% excess) and concluded that 100% excess concentration of reducing agent
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would suffice better towards deliberating desired process parameters. Finally, this work
provided good amount of physical insights towards analyzing the complex plating chemistry
of metal concentration ranging from 0.08 mol/L to 0.24 mol/L and reducing agent
concentration from 50% excess to 200% excess. Thus this work provided new observations in
the field of metal electroless plating for membrane fabrication with the fact that moderately
high concentration of metal (0.16 mol/L) and reducing agent (100 % excess) along with drop
wise addition strategy provided lowest plating inefficiency. This indicates that there exists a
complex chemistry in the interaction between metal, surfactant, reducing agent and the
ceramic support. Efforts to reduce the theoretical metal film thickness without compromising
upon pore densification and plating rates were successful for a lower metal solution

concentration (0.08mol/L).

Thus the optimal combinations of SIEP process parameters were identified as 0.08mol/L of
nickel metal solution concentration with 100% excess reducing agent. These conditions

m(;l ] , PPD of 89.3% and a metal film thickness of

m-s

provided a plating rate of 5.5 x 107 (

15.7um respectively after 12h of sequential plating in an SIEP process. These observations
further need to be investigated for the case of palladium-ceramic composite membrane
fabrication in order to relate the physical insights gained in this work towards the large scale
application perspective. Further, additional work needs to be addressed with regards to nearly
100% densification in order to confirm upon the feasibility of nickel-ceramic membranes as
supports for dense palladium membranes. All in all, experimental findings in this chapter
provided significant amount of data in furthering the process engineering aspects related to
the metal ceramic composite membrane fabrication using surfactant induced metal electroless

plating (SIEP).
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Efficacy of Reducing Agent and Surfactant Contacting
Pattern on the Performance Characteristics of Nickel ELP

Baths Coupled with and Without Ultrasound

This chapter addresses furthering the role of sonication for the optimal fabrication of nickel
ceramic composite membranes using electroless plating. Section 5.2 summarizes surface
characterization of the metal membrane. Section 5.3 elaborates upon the combinatorial
plating characteristics of SIEP baths (without sonication) and section 5.4 focuses towards the
coupled effect of sonication and surfactant (SSOEP) in providing the desired combinatorial
plating characteristics. Thus deliberating upon process modifications for SIEP and combined
surfactant and sonication induced electroless plating (SSOEP), this chapter highlights the
relevance of a novel method of contacting of the reducing agent and surfactant to the

conventional electroless nickel plating baths.

5.1 Introduction

In chapter 3, a comparative assessment of surfactant and sonication induced electroless
plating baths concluded that surfactant induced electroless plating (SIEP) baths provide better
surface engineering and combinatorial performance characteristics whereas sonication
induced electroless plating (SOEP) baths were favorable in terms of enhancing plating rates.
Despite improving the plating rates, the SOEP baths failed to achieve higher pore
densification and have phenomenally contributed to the layering effect without improving
upon the surface pore coverage and pore densification. Since SIEP process also has
fundamental limitations in terms of limited enhancement in the plating rate, a further

enhancement in the plating rate without jeopardizing upon the pore densification was desired.
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To achieve the same, it was hypothesized that a combination of sonication and surfactant
would suffice the purpose of targeting the fabrication of dense metal composite membranes.

Further, few researchers (Haas and Gedanken, 2006; Mizukoshi et al., 2001; Yang et al.,
2013) have investigated ELP coupled with sonication and surfactant variants for the
development of products other than metal ceramic membranes. But till date, the literature is
scarce on the coupled effect of two most scalable rate enhancement techniques namely
surfactant and sonication for the fabrication of metal ceramic composite membrane using

ELP technique.

On the other hand, SIEP and SSOEP baths can be operated in several ways. As a first
alternative, all the constituents can be mixed initially and plating could be initiated.
Otherwise, the reducing agent can be added in a phase wise or continuous mode to the
mixture of surfactant and metal solution in an ELP bath. As a third alternate, both reducing
agent and surfactant can be added in a phase wise or continuous mode to the ELP baths.
While these options may appear naive for the general application of ELP, they may be of
paramount relevance for dense metal composite membranes. Till date there is no literature
that elaborates upon the role of contacting pattern of the surfactant in electroless plating bath
for dense composite membrane fabrication. All relevant literatures (Elansezhian et al., 2008;
Elansezhian et al., 2009; Islam et al., 2012) addressed bulk addition of surfactant for metal
deposition using electroless plating. The bulk addition of surfactant encourages adsorption of
surfactant on the membrane surface which promotes uneven charge distributions on the
surface (Chen et al., 2002).This encourages greater metal nucleation in the solution. Variation
in the surfactant contacting pattern is hypothesized to promote better depositional
characteristics and membrane pore densification due to lesser adsorption of surfactants on the
support surface. Thus to increase the efficacy of the electroless plating process, there is a

need to focus upon the contacting pattern of the dispersing agent (surfactant).
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Thus with efficient contacting pattern for the reducing agent, the time period for one plating
step could be reduced by 50% (30 min) which was not the case for experiments referred in
chapter 3. In addition, the controlled addition of surfactant could reduce stronger adsorption
of surfactant on the support surface, which can in turn alter the metal adhesion properties and
removal rate of generated gas bubbles. The desired effect of minimal metal solution
nucleation and maximum metal film adhesion strength is an interesting issue in the context of
surfactant contacting pattern. Thus, the efficacy of reducing agent and surfactant contacting
pattern has been investigated for SIEP-DWR-BS (SM,), SIEP-DWR-DWS (SMy), SSOEP-
DWR-BS (SSM)) and SSOEP-DWR-DWS (SSM,) baths. Details with respect to these baths

have been presented in sections 2.4.5 and 2.4.6 of the thesis.

This chapter addresses various types of SIEP and SSOEP processes considering options such
as bulk addition of surfactant (BS), continuous (drop wise) addition of surfactant (DWS) and
continuous (drop wise) addition of reducing agent (DWR).Two major objectives were
targeted. The first objective corresponds to the comparative assessment of SIEP and SSOEP
processes supplemented with the dropwise addition of the reducing agent. Secondly, it is
envisaged to evaluate upon the competence of the dropwise addition of the dispersing agent
(surfactant) for SIEP and SSOEP baths. The ultimate goal of the experimental investigations

is to identify the best process combinations with which maximum combinations of percent

pore densification (PPD), plating rate (r_i), plating efficiency (n) and minimum metal film

thickness (8) can be achieved. The next section summarizes surface characterization of raw

materials and achieved membranes.
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5.2 Surface characterization

5.2.1 LPSA, FTIR and BET analysis

The particle size distribution curve of the raw materials evaluated from LPSA indicated that
the particle size varied from 0.955 to 34.674 pm, 1.259 to 39.811 um, 0.822 to 15.31 um,
1.905 to 52.81 um and 0.955 to 316.28 pum for kaolin, quartz, feldspar, sodium carbonate and
pyrophylite respectively. Further FTIR analysis indicated the existence of the characteristic
peaks of kaolin for the raw material and sintered raw material mixture. The corresponding
peaks were assigned to C-H, C=C, Si-O-Al & Si-O bonds. Discussion with respect to these is
similar to that presented previously in section in the chapter 4.2.1 of the thesis. Further, the
BET surface area of support was 4.130 m*/g and total pore volume was 0.0325 ml/g with no

micro pore volume as discussed in section 4.2.1 of the thesis.

5.2.2 XRD analysis

Fig. 5.1 presents the XRD patterns of nickel membrane fabricated with various processes.
ICDD-JCPDS database was used for the phase analysis of the diffraction profiles. The XRD
patterns of the ceramic support are similar to that outlined in our previous chapter work. The
metallic nickel peaks for electroless nickel plating for all baths appeared at diffraction angle
of 20 = 44.5° and 51.8° due to the diffraction of (111) and (200) plane [Pdf No 00-004-0850].
It can be also observed that the quartz peak exists for SIEP-DWR-BS (SM;) and SSOEP-
DWR-DWS (SSM,) baths at a diffraction angle of 20 = 26.6° [Pdf No 00-083-2465]
suggesting non uniform deposition. However, for the case of SIEP-DWR-DWS (SMy) and
SSOEP-DWR-BS (SSM,) baths, no such quartz peaks were observed suggesting uniform

plating, higher metal film thickness and better PPD.
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Fig. 5.1: XRD patterns of nickel membrane fabricated with SSOEP-DWR-BS, SSOEP-

DWR-DWS, SIEP-DWR-BS and SIEP-DWR-DWS baths (SSM;, SSM;, SM; and SMy).

5.2.3 FESEM analysis

The surface FESEM micrographs of the nickel films deposited with various baths are shown
in Fig. 5.2. It can be observed that the FESEM micrographs are in good agreement with the
XRD profiles (Fig. 5.1) thereby illustrating that non-uniform nickel deposition with low PPD
occurred for SIEP-DWR-BS (SM,) (Fig 5.2(a)) and SSOEP-DWR-DWS (SSM,) baths (Fig
5.2(c)). However, this is not the case for SIEP-DWR-DWS (SMy) baths (Fig 5.2(b)) where
uniform nickel deposition occurred with metal aggregates that do not have uniformity in their
size. Lastly for SSOEP-DWR-BS (SSM) baths (Fig 5.2(d)), it has been observed that well
developed similar shaped metal aggregates have been observed. This effect confirms that the
agitation caused by ultrasonic waves during sonication has been effective towards uniform
metal deposition. The same has also been confirmed by the XRD spectral profiles presented
for SSOEP-DWR-BS baths in Fig. 5.1, where a strong peak for nickel indicates highest

crystallinity. Further Fig. 5.2(e) depicts
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Fig. 5.2 (a-d): Surface FESEM micrographs of membranes fabricated with (a) SIEP-
DWR-BS (b) SIEP-DWR-DWS(c) SSOEP- DWR-DWS (d) SSOEP-DWR-BS baths
(SM, SMy, SSM, and SSM,).

the grain size distribution of SIEP-DWR-DWS (SMy) and SSOEP-DWR-BS (SSM,) baths
using ImagelJ software. It was observed that the average agglomerate grain size was 198 and
135nm respectively for SIEP-DWR-DWS (SMy) and SSOEP-DWR-BS (SSM)) baths. This
indicates that sonication was successful in providing more uniform deposition. The
achievement of smaller grain sizes using SSOEP-DWR-BS baths is an interesting feature that

has not been reported till date.
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Fig. 5.2 (e): ImageJ based grain size distribution for SSOEP-DWR-BS (SSM;) and
SIEP-DWR-DWS (SMy) baths.

5.3 Plating characteristics of SIEP-DWR baths

5.3.1 PPD profiles

Fig. 5.3 presents the variation of PPD with plating time for SIEP-DWR-BS (SM,) and SIEP-
DWR-DWS (SMy) baths. It can be observed that the PPD profiles varied from 30.5 -71.4 %
and from 50.4— 76.5% for a variation in plating time from 2-8 h for membranes SM, and SMy

respectively. For similar metal concentration (0.08mol/L) and plating time (8h) values, it was
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Fig. 5.3: Variation of PPD with plating time for SIEP-DWR-BS (SM;) and SIEP-DWR-

DWS (SM,) baths.
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observed that modifying the contacting strategy of surfactant from bulk to dropwise increased
the PPD by 7%. Hypothetically, dropwise addition of reducing agent to an ELP plating bath
facilitates the availability of electron source throughout the time of deposition and thus
enhances PPD. On the other hand, the main objective of adding a surfactant i.e. for the
removal of unwanted gas bubbles has been supported by dropwise contacting pattern
surfactant. For any plating time, if the surfactant concentration is too high it can get adsorbed
on the surface and hinders metal deposition. This was the possible reason for very low PPD
values of SIEP-DWR-BS (SM;) baths after 2 h of sequential deposition. However this was
not the case for SIEP-DWR-DWS (SMy) baths where the controlled addition of surfactant in
the plating bath restricted the surfactant adsorption and hence did not hinder the metal
electroless plating. Another probable reason of lower PPD values for membrane SM; could
also be that bulk surfactant addition without any agitation did not reduce the strong
adsorption of surfactant on the support surface. Thus, agitation during bulk surfactant
addition could minimize surfactant adsorption on the support surface and thereby enhance
pore densification. Circulating ELP baths with SIEP are thus promising options for future
research work.

5.3.2 Theoretical metal film thickness profiles

Fig. 5.4 illustrates the time dependent variation of theoretical metal film thickness for SIEP-
DWR-BS (SM;) and SIEP-DWR-DWS (SMy) baths. As shown, the nickel film thickness
varied from 3.9 -9.8 and 6.3 -9.4 pm for a variation in plating time from 2-8 h for membranes
SM, and SMy respectively. For SIEP-DWR-BS (SM;) baths, in the initial stages (2h) of
plating, the metal film thickness was very low due to poor pore densification, and increased

significantly after 8 h of sequential deposition. It was also analyzed that after 8 h of total
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Fig. 5.4: Variation of theoretical Ni film thickness with plating time for SIEP-DWR-BS

(SM,) and SIEP-DWR-DWS (SM,) baths.

plating time, low PPD exists for SIEP-DWR-BS (SM,) bath in comparison to the SIEP-
DWR-DWS (SMy) bath. This could be attributed to the undesired phenomena of layering
without significant densification. But for SIEP-DWR-DWS (SMy) baths, higher PPD with
lower metal film thickness was achieved. Thus dropwise contacting pattern of surfactant

maximized pore densification and minimized metal layering.

In the previous chapter, for bulk addition of both surfactant and reducing agent i.e. SIEP-BR-
BS (My) baths, a PPD of 87.7% and a metal film thickness of 13.8 um on a support pore size
of 90-120 nm could be obtained after 16 sequential depositions of 1h each. Compared to this
case, the SIEP-DWR-DWS (SMy) baths reported in this chapter provided a PPD of 76.5%
and metal film thickness of 9.4 pm on the support (pore size of 150 -250 nm) after 16
sequential depositions in 8 h total plating time. The PPD/5 value for the case presented in the
previous chapter was 6.3, which enhanced to 8.1 in this case. Also there has been 50%

reduction in total plating time for the case presented in this chapter. In summary, higher pore
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size and SIEP process optimality with DWS feature are important inferences during the
comparative assessment.

5.3.3 Average plating rate profiles

Fig. 5.5 illustrates the variation of nickel average plating rate with plating time. It can be
observed that the plating rates decreased with an increase in plating time. For a variation in
plating time from 2-8 h, the average plating rates varied from 8.1- 5.1 x 10” and from 13.2 —

mol

4.9 %107 ( jfor membranes SM; and SMy respectively. It was evaluated that for SIEP-

m°.s
DWR-BS (SM,) baths, the metal average plating rate was lower in the initial hours of plating.
This is probably due to the fact that bulk surfactant addition favors its strong adsorption on
the support surface and thereby hinders metal deposition. However, with increasing plating
time, as more and more reducing agent was added into the bath, the surfactant molecules
contributed significantly for the removal of gas bubbles from the surface. At longer plating
time, the average plating rates for both baths matched with one another, thus indicating that

both SIEP-DWR-DWS (SMy) and SIEP-DWR-BS (SM,) baths have similar role of adsorbed

-
[é)]

—a—S|EP-DWR-BS
—*— SIEP-DWR-DWS

——

-
o
1

%

4\!

Plating Rate x 105( mollmz.s)
(&)

2 4 6
Time of plating (h)
Fig. 5.5: Variation of average Ni plating rate with plating time for SIEP-DWR-BS (SM,)

and SIEP-DWR-DWS (SM,) baths.
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surfactant on support surface to influence metal deposition.In chapter 4, for bulk addition of

both surfactant (BS) and reducing agent (BR) i.e. SIEP-BR-BS (My) baths, the average

plating rate varied from 2.3 — 3.6 x 107 ( mol ) for 4 — 16 h (4 -16 plating steps) on a support

2
m-.s

pore size of 90-120 nm. As compared to it, the case in this chapter corresponds to an average

plating rate variation from 13.2 — 4.9 x 10° ( mol ) for 2 - 8 h (4 -16 plating steps) of nickel

m’.s
deposition on a support pore size of 150-250 nm for SIEP-DWR-DWS (SMy) baths. This
indicates that about 40% enhancement in plating rates and 50% reduction in plating time can
be achieved by modifying the process from SIEP-BR-BS (M) to SIEP-DWR-DWS (SMjy)

baths and enhancement in support pore size.

These analyses are also in agreement with the trends presented by Kitwan et al. (2010). The
authors reported that the plating rate and the quality of plating were optimal for supports with
in the pore size of 250 — 300 nm and porosity of 35 — 50 %. The case in this chapter referred
to the performance characteristics of a low cost ceramic membrane that was characterized

with even lower combinations of pore size (150 - 250 nm) and effective porosity (10-15%).
5.3.4 Plating inefficiency profiles

Fig. 5.6 demonstrates the variation of plating inefficiency with plating time. For a variation in
plating time from 2-8 h, it can be observed that the plating inefficiency varied from 40.3 —
64.5% and from 30.6 — 40.5 % for SIEP-DWR-BS (SM;) and SIEP-DWR-DWS (SMy) baths
respectively. For membrane SMy, the plating inefficiencies reduced by 35% as compared to
membrane SM,. The reason for higher plating inefficiency for SIEP-DWR-BS baths would
be due to higher surfactant adsorption on the support which favored higher metal nucleation
in the solution. For both cases, the plating inefficiency increased with plating time. This
could be explained with the fact that a controlled addition of combined reducing agent

(DWR) and surfactant (DWS) could provide a strong metal-support bonding. This resulted
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Fig. 5.6: Variation of plating inefficiency with plating time for SIEP-DWR-BS (SM,)
and SIEP-DWR-DWS (SM,) baths.
in the reduction of metal nucleation in the solution and eventually lower plating inefficiency.
But with increasing plating time, as more and more active sites are occupied, the metal has to
bond with another metal particle. The metal - metal bond adhesion is not as strong as
compared to metal — support adhesion which resulted in higher metal nucleation in the

solution and eventually higher plating inefficiency at prolonged plating time.

5.4 Plating characteristics for SSOEP-DWR baths

5.4.1 PPD profiles

Fig. 5.7 presents the time dependent variation of PPD for SSOEP baths. For a variation in
plating time from 2-8 h, it can be observed that the PPD profiles varied from 54.6 -73.4 %
and from 33 — 66.9 % for SSOEP-DWR-BS (SSM,) and SSOEP-DWR-DWS (SSM,) baths

respectively. Thus, membrane SSM, provided faster pore densification as compared to
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Fig. 5.7: Variation of PPD with plating time for SSOEP-DWR-BS (SSM;) and SSOEP-

DWR-DWS (SSM,) baths.

membrane SSM,. For SSOEP-DWR-BS (SSM;) baths, the surfactant adsorption on the
surface is minimized by cavitation effect (caused by ultrasonic waves) which also favored the
minimization of pitting and metal nucleation in the solution and hence faster densification.
However, for SSOEP-DWR-DWS (SSM,) baths, the combination of agitation caused by
ultrasonic waves and dropwise addition of surfactant failed to provide higher densification as
compared to the case with SSOEP-DWR-BS (SSM,) baths. This is due to the fact that
cavitation effect favored faster removal of gas bubbles adhering to the support surface which
causes greater metal nucleation in the solution and reduce the PPD. Thus it is interesting to
note that there exists a sensitive dependence of PPD on the contacting pattern of the
surfactant and cavitation effect. A comparison of PPD profiles for SIEP-DWR-DWS (SMy)
baths (Fig. 5.5) and SSOEP baths (Fig. 5.9) confirm that the SIEP baths perform better than

SSOEP baths in terms of pore densification.
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5.4.2 Theoretical metal film thickness profiles

Fig. 5.8 illustrates the profiles for time dependent variation of theoretical metal film thickness
with plating time. It can be observed that the nickel film thickness varied from 5.2 — 8.4 um
and from 10.6 -13.3 um for a plating time variation from 2-8 h for SSOEP-DWR-BS (SSM))
and SSOEP-DWR-DWS (SSM,) baths respectively. It was analyzed that for membrane
SSM;, the variation in metal film thickness was uniform with plating time which indicates
higher stability and better adhesion of the metal film. The desired feature of efficient
electroless plating is higher pore densification with lower metal film thickness. These
features were better achieved for SSOEP-DWR-BS (SSM;) baths. For SSOEP-DWR-DWS
(SSM;) baths the metal film thickness doubled along with 9% reduction in pore densification
as compared to SSOEP-DWR-BS (SSM;) baths. The probable reasons for the same have

been explained in section 5.2.2.

Till date, to the best of our knowledge, no literatures are available for SSOEP baths from the

perspective of achieving faster PPD and quality metal deposition. Therefore, SOEP (BR) has
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Fig. 5.8: Variation of theoretical Ni film thickness with plating time for SSOEP-DWR-

BS (SSM;) and SSOEP-DWR-DWS (SSM;) baths.
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been considered for comparison. In chapter 3 (sections 3.5.2 and 3.5.4),with bulk addition of
reducing agent for SOEP-BR (Ms5) baths, a PPD of 72.8% with a metal film thickness of 15.5
um on a support pore size of 90-120 nm was obtained after 16 sequential depositions of 1h
time duration for each plating step. As compared to it, for the case corresponding to SSOEP-
DWR-BS (SSM;) baths, a PPD of 73.4% and a metal film thickness of 8.8 pm were
achieved on a support pore size of 150 -250 nm after 8 h of total plating time. The PPD/d for
the case in chapter 3 (i.e. SOEP-BR (Ms) baths) was 4.7 whereas in the present case (i.e
SSOEP-DWR-BS (SSM;) baths) it is 8.3. Further, a reduction in total plating by 50% is
promising. A comparison of metal thickness growth profiles for SIEP-DWR-DWS (SMy)
baths (Fig. 5.4) and SSOEP baths (Fig. 5.8) confirms that lower film thicknesses were
achieved for SSOEP-DWR-BS (SSM;) baths. The possible reason to achieve lower film
thickness profiles for this case is due to the optimality of coupled cavitation and dispersion

effect which were induced by sonication and surfactant respectively.

5.4.3. Average plating rate profiles

Fig. 5.9 illustrates the variation of metal average plating rate with plating time. It can be

observed that the plating rates decreased with an increase in plating time. The average plating

mol

rates varied from 11- 4.4 x 107 and from 22.3 — 7 x 107 [ ] for SSOEP-DWR-BS

m-.s
(SSM)) and SSOEP-DWR-DWS (SSM,) baths respectively. It can be observed that there was
a significant difference in plating rate trends for both cases. Higher plating rates exist for
membrane SSM, which implies to the prominent effect of cavitation phenomena that favored
the formation and collapse of the bubbles without subsequent enhancement in pore
densification. However, due to significantly higher PPD (73.4%) and lower film thickness

(8.4 um) for SSOEP-DWR-BS (SSM)) baths as compared to SSOEP-DWR-DWS (SSM,)
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Fig. 5.9: Variation of average plating rate with plating time for SSOEP-DWR-BS
(SSM;) and SSOEP-DWR-DWS (SSM;) baths.

baths (PPD of 66.9% and film thickness of 13.3 um), the SSOEP-DWR-BS (SSM)) baths can

D which is highly desired. Compared to SIEP-DWR-DWS

be inferred to provide higher

(SMy) plating baths (Fig. 5.5), comparatively higher plating rates were obtained for both
SSOEP-DWR-DWS (SSM;) and SSOEP-DWR-BS (SSM,) plating baths (Fig. 5.9). This
observation is in accordance with the crystal (Fig. 5.1) and particle size growth (Fig. 5.2)

trends. Hence, it is apparent that cavitation effect improved plating rates.

In chapter 3, with bulk addition of both surfactant and reducing agent i.e. SOEP-BR (Ms)

mol

2
m-.s

baths, the plating rate varied from 5.2- 4.3 x 107 [ jfor 8 — 24 h (1h duration for each

plating step) on a support possessing an average pore size of 90-120 nm. As compared to it,

mol

2
m-.s

the case in this chapter referred to a plating rate of 11- 4.4 x 107 ( j for2-8h(%2h

duration for one plating step) on a support with an average pore size of 150 -250 nm adopting
SSOEP-DWR-BS (SSM,) baths. Therefore, at higher support pore size and relevant
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modifications (SSOEP-DWR-BS (SSM,) baths), the plating rates enhanced many times by

altering the process from SOEP-BR (Ms) to SSOEP-DWR-BS (SSM,) baths.

5.4.4 Plating inefficiency profiles

Fig. 5.10 demonstrates the variation of plating inefficiency with plating time. It can be
observed that the plating inefficiency varied from 32.8 — 10.2 % and from 37— 61.6 % for
SSOEP-DWR-BS (SSM;) and SSOEP-DWR-DWS (SSM,) baths respectively. It was
analyzed that for SSOEP-DWR-DWS (SSM;) baths the inefficiency profiles were similar to
the trends discussed in section 5.3.4. However, contradictory trend was observed for SSOEP-
DWR-BS (SSM)) baths. This might be due to significant surfactant adsorption on the surface
at prolonger plating time periods, which enhanced metal adhesion to the support surface and
minimized pitting and metal nucleation in the solution. It is further interesting to note that
stronger nickel film adhesion to the support surface could be explored further to deposit a
different metal (Pt or Pd) and hence provide promising opportunities to explore further in

future research.
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Fig. 5.10: Variation of plating inefficiency with plating time for SSOEP-DWR-BS

(SSM;) and SSOEP-DWR-DWS (SSM,) baths.
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5.5 Tradeoffs

5.5.1 PPD/3 profiles

PPD

Fig. 5.11 illustrates the variation of with plating time for various combinations of SIEP

PPD

and SSOEP baths. It can be observed that varied from 7.9 -7.3, 8 - 8.1, 3.1 - 5 and 10.5

— 8.8 for a plating time variation from 2 — 8 h for membranes SM, SMy, SSMy and SSM;

respectively. In general, an efficient electroless plating process must provide faster pore

values. From %

densification with minimal metal film thickness i.e. higher

perspective, the most promising option is SSOEP-DWR-BS (SSM;) baths and the most

unfavorable process is SSOEP-DWR-DWS (SSMy) baths. An undesired feature of reduction

in

D as observed for SIEP-DWR-BS (SM,) baths could be due to the fact that PPD and o
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Fig. 5.11: Variation of PPD/0 with plating time for SIEP-DWR-BS (SM;), SIEP-DWR-

DWS (SM,), SSOEP-DWR-BS (SSM;) and SSOEP-DWR-DWS (SSM,) baths.
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did not enhance simultaneously. For such a scenario, metal layering was significant in
comparison with the PPD which might be due to the strong surfactant adsorption on the

surface due to its bulk addition.

5.5.2 PPD/Plating rate profiles
Fig. 5.12 is a conceptual extension of the experimental findings to observe clear distinction

between metal layering and pore densification in terms of PPD vs. PF D . Hypothetically,

Vi

PPD is a measure to quantify the dominance of pore densification or layering. Higher value

Vi

of PF D for similar time of plating signifies that the plating favors better PPD and a lower
ri

PE) i refers to significant layering. It can be observed that SSOEP-DWR-DWS baths

Vi
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Fig. 5.12: Variation of PPD/plating rate with plating time for SIEP-DWR-BS (SM5),
SIEP-DWR-DWS (SMy), SSOEP-DWR-BS (SSM;) and SSOEP-DWR-DWS (SSM;)

baths.
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provided lower PF D thereby indicating that sonication for this case provided metal layering
T

which is in agreement with the literatures (Lu, 2010; Touyeras et al., 2005). For a process to
be suitable for commercialization, it is very important that the plating is favorable towards
pore densification but not metal layering. Thus SSOEP-DWR-BS (SSM)) baths are the best
amongst the four modified electroless techniques in terms of PPD but not layering. Thus
depending on objectives and priorities the processes could be deployed.

In summary, the process modification approach presented in this work can be used as a new
methodology for the assessment of nickel electroless plating baths with desired
morphological parameters. The experimental research findings in this work extend the
conclusions presented by Kathirgamanathan (1994) for SOEP baths and Islam et al. (2012)
for SIEP baths. While Kathirgamanathan (1994) inferred that SOEP baths enable enhancing
the metal film thickness on the membrane surface, the SSOEP baths with suggested variation
(dropwise addition of reducing agent) reduce the metal film thickness along with the
enhancement in PPD. On the other hand, while Islam et al. (2012) inferred that the utilization
of surfactant enhances plating rate and therefore reduce required total plating time for desired
thickness. Overall this chapter confirmed that the dropwise addition of the reducing agent and
surfactant in the SIEP simultaneously enhanced plating rate and reduced metal film thickness,

which is the most relevant characteristic for metal composite membrane fabrication.

5.6 Summary

The chemistry involving the interaction between surfactant, metal and reducing is highly
complex. This work gives good number of insights with respect to possible modification to
metal ELP for metal composite membrane fabrication. Inferences drawn from this work are
presented as follows: (a) SIEP-DWR-DWS (SMy) baths performed better than SIEP-DWR-

BS (SM,) baths which indicates that stronger adsorption of surfactant molecules in the latter
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case hindered pore densification (b) SSOEP-DWR-BS (SSM,) baths performed better than
SSOEP-DWR-DWS (SSM,) baths which indicates that cavitation is useful only when
surfactant addition has been facilitated in bulk mode, which is a very important inference.
In summary, the optimal order of various baths from the perspective of various desired
process characteristics is presented as follows:
a) Maximization of PPD: SIEP-DWR-DWS > SSOEP-DWR-BS > SIEP-DWR-BS >
SSOEP-DWR-DWS.

PPD

b) Maximization of : SSOEP-DWR-BS > SIEP-DWR-DWS > SIEP-DWR-BS >

SSOEP-DWR-DWS

PPD

ri

¢) Maximization of : SSOEP-DWR-BS > SIEP-DWR-DWS > SIEP-DWR-BS >

SSOEP-DWR-DWS
d) Maximization of 7: SSOEP-DWR-BS > SIEP-DWR-DWS > SSOEP-DWR-DWS >

SIEP-DWR-BS.

Typically, during dense metal composite membrane fabrication, case (a) or case (b) are
preferred and therefore, the suggested modifications to SIEP and SSOEP baths presume
paramount relevance and need to be more thoroughly investigated from the perspective of
process scale up and large scale fabrication. Thus the most viable options for metal electroless

plating process for maximizing % ] Pf D and 7] are SSOEP-DWR-BS (SSM,), and for

ri

maximizing PPD are SIEP-DWR-DWS (SMy) baths respectively. This indicates that the
cavitation effect induced by a sonicator bath is comparatively effective to achieve thin dense
metal films on ceramic supports which are not the case for SIEP baths. This being the most
important inference of this chapter thereby requires furthering studies towards the scale up

and cost effective sonication assisted fabrication of dense metal composites membranes.
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Efficacy of Surfactant Concentration on the Performance
Characteristics of Nickel ELP Baths Coupled with

Ultrasound

This chapter addresses the combinatorial plating characteristics for the fabrication of nickel
ceramic composite membranes elaborating upon the role of surfactant type, and its
concentration in SSOEP baths. CTAB (cationic) and SDS (anionic) surfactants were
investigated for their optimality. Section 6.2 summarizes relevant surface characterization
results. Section 6.3 elaborately presents the effect of solution concentration of surfactants (1-
6 CMC) on combinatorial plating characteristics and associated tradeoffs. Finally, summary

is presented in section 6.4.

6.1 Introduction

In recent years, researchers have explored the role of either surfactant (Elansezhian et al.,
2008; Elansezhian et al., 2009; Nwosu et al., 2012) or sonication (Touyeras et al., 2005; Wu
et al., 2009) separately from several chemical engineering perspectives. However, only very
few researchers have studied a combination of ultrasound with surfactant in various fields of
chemical engineering which do not target the fabrication of metal ceramic composite
membranes. Therefore, there is a need to generate data that elaborates upon the role and

influence of surfactant (concentration, type) in achieving dense metal composite membranes.

Also literature conveys that researchers have studied SDS (anionic) surfactant because of its
low cost(Nwosu et al., 2011; Zielinska et al., 2012). However, combinatorial plating
characteristics (PPD, plating efficiency, metal film thickness) have not been the target of their

work. Further, amongst cationic surfactants, DTAB has been studied in a number of

TH-1330_10610717



Chapter 6

literatures (Ilias and Islam, 2012; Islam et al., 2012) but a systematic study targeting the
optimal combination of plating time, metal layer thickness and pore densification was not
studied by the authors. Amongst various cationic surfactants, CTAB is more promising to
explore than DTAB due to its lower cost (40 times lower than the average cost of DTAB) and
lower HLB value (Chen et al., 2002; Nwosu et al., 2012). Also, authors (Bulasara et al.
2011b) used CTAB and studied the effect of surfactant concentration on the performance
characteristics of the electroless plating baths using sodium hypophosphite as the reducing
agent. However, literature is not available for the utilization of hydrazine as reducing agent
during surfactant induced electroless plating for the fabrication of nickel ceramic composite
membranes. Thus the major objective of this work is to explore upon the role of surfactant
type and sonication on the efficient fabrication of metal composite membranes adopting

hydrazine as the reducing agent.

This chapter addresses the combinatorial plating characteristics for SSOEP plating baths to
fabricate nickel ceramic composite membranes. Cationic surfactant CTAB and anionic
surfactant SDS have been deployed to elaborate upon the role of the surfactant type during
coupled sonication and surfactant assisted nickel electroless plating. Laboratory fabricated
circular ceramic substrates (with an average pore size of 150 — 250 nm, diameter of 36 mm
and a thickness of 3.5 mm) were used as supports in this work. Variations in solution
concentrations (1 — 6 CMC) for both surfactants have been primarily targeted to maximize
percent pore densification per unit metal film thickness deposited on the membrane. Thereby,
comparative experimental investigations attempts to identify optimal combinations of
surfactant type and its concentration during ultrasound assisted nickel electroless plating for

metal ceramic composite membrane fabrication. The combinatorial plating characteristics

were evaluated in terms of average trans-membrane flux J, plating inefficiency, theoretical

metal film thickness (0 ) and percent pore densification PPD (%) .
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6.2 Surface characterization

For the raw materials, particle size distribution profiles evaluated from LPSA and FTIR
spectral analysis were similar to those elaborated in sections 3.4.1 and 4.2.1 of the thesis. The
N, adsorption-desorption study conducted using a surface area analyzer for the ceramic
substrate had been presented in section 4.2.1 of the thesis. Fig. 6.1 presents the XRD patterns
of nickel membrane SSM; and SSMg fabricated with both cationic and anionic surfactant for
SSOEP-DWR-BS baths. ICDD-JCPDS database was used for the phase analysis of the
diffraction profiles. The XRD patterns of the ceramic support are similar to those presented in
section 3.4.4 of the thesis. The metallic nickel peaks for the fabricated membranes appeared
at diffraction angles of 20 = 44.5° and 51.8° due to the diffraction of (111) and (200) plane
[Pdf No 00-004-0850]. It was observed that the quartz peak exists for anionic surfactant after
8 h of plating which confirmed non-uniform deposition. But for SSOEP-DWR-BS baths with

cationic surfactant (SSM;) no such quartz peaks were visible.

Ni (111)

Ni (200)

N, JJ

10 20 30 40 50 60 70
20(Degree)

Fig. 6.1: XRD patterns of Ni membrane fabricated with SSOEP-DWR-BS baths with

for (a) CTAB (cationic) (SSM;) and (b) SDS (anionic) (SSM3) surfactant.
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Fig. 6.2: Surface FESEM micrographs of membranes fabricated with (a) CTAB
(cationic) (SSM;) and (b) SDS (anionic) (SSMs) surfactant using SSOEP-DWR-BS
baths.

Fig. 6.2 presents the FESEM micrographs for cationic and anionic surfactant respectively. It
was observed that for CTAB, well developed metal aggregates exist which affirmed that the
agitation caused by ultrasonic waves during sonication was effective towards uniform metal
deposition. This was not the case for the membrane fabricated with SDS surfactant as no such

metal aggregates were observed in the micrographs

6.3 Performance characteristics of SSOEP-DWR-BS baths

6.3.1 Plating inefficiency profiles

Fig. 6.3 presents the time dependent variation of plating inefficiency for both CTAB (SSM3,
SSM,, SSM; and SSMs) and SDS (SSMg, SSM5;, SSMg and SSMy) surfactant respectively. It
was evaluated that the plating inefficiencies varied from 62.4 — 59.9, 40.6 — 23.3, 32.8 - 10.2,
57.4 — 40.1% for membranes SSM3;, SSM4, SSM; , SSM; and from 72-31.4, 62.5-31.4, 63.5-
49.7, 61-26.3% for membranes SSMg, SSM7, SSMg and SSMy with a surfactant concentration

of 1, 2, 4 and 6 CMC respectively and a variation in plating time from 2-8 h respectively.
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Fig. 6.3: Variation of plating inefficiency with plating time for Ni membranes prepared
with (a) cationic (CTAB) and (b) anionic (SDS) surfactant using SSOEP-DWR-BS
baths.

It can be observed that for all surfactant concentrations, the plating inefficiencies were lower
for CTAB as compared to SDS surfactant. This could probably be due to the significant role
of cationic surfactant to take part in the reaction and thereby minimize pitting, lower metal
nucleation in the solution and eventually lower plating inefficiencies. Further for cationic
surfactant amongst all concentrations it was observed that at 4 CMC (SSM,) the plating
inefficiencies were lowest which further increased for a solution concentration of 6 CMC
(SSM5). This is in agreement to the work of Chen et al. (2002) who inferred that an optimal
surfactant concentration exists beyond which the plating characteristics tend to degrade due
to the uneven charge distributions on the membrane surface at higher surfactant solution
concentration. This in turn enhances pitting, metal nucleation in solution and reduces plating

efficiency.
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6.3.2 PPD profiles

Fig. 6.4 presents the time dependent variation of PPD for CTAB (SSM3, SSM4, SSM; and
SSMs) and SDS (SSMg, SSM7, SSMg and SSMy) surfactant respectively. It can be observed
that PPD varied from 28.5 — 47.6, 39 — 60.2, 54.5 — 73.4 and 31.1 — 64.4 % for membranes
SSM3, SSMy, SSM; , SSMs and from 8.7- 28.7, 12-33.5, 17.3-43.8 and 19.2-45 %
respectively for membranes SSMg, SSM7, SSMg and SSMy with a surfactant concentration of
1, 2,4 and 6 CMC and a variation in plating time from 2-8 h. It can be also observed that the
pore densification process was low when anionic surfactant was used in the plating bath. This
is in agreement to the work of Su et al. (1985) who reported that there was a drop in its CMC

when SDS interacted with divalent copper ions.

Further Nwosu et al. (2012) also stated that a reduction in the concentration at which a
surfactant achieves its CMC is an undesired feature. It resembles a lower effectiveness of the
surfactant. Thus lower pore densification for anionic surfactant represents either lower

effectiveness of the surfactant or a probable need for a higher concentration of it. But that
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Fig. 6.4: Variation of PPD with plating time for Ni membranes prepared with (a)

cationic (CTAB) and (b) anionic (SDS) surfactant using SSOEP-DWR-BS baths.
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was not the case with cationic surfactant where the pore densification rate was comparatively
fast. Amongst all cases for CTAB, it was observed that 4 CMC was the optimal surfactant
concentration that provided the highest PPD (73.4%) for a plating time of 8 h. The reduction
in the PPD at higher surfactant concentration (6 CMC) for cationic surfactant is indicative to
the fact that higher surfactant concentrations do not favor pore densification and contribute to
layering of films which is a highly undesired feature in the fabrication of dense metal

composite membranes. Probable reason for the same has been presented in section 6.3.1.

6.3.3 Theoretical metal film thickness Profiles

Fig. 6.5 presents the time dependent variation of theoretical metal film thickness (3) for
CTAB and SDS surfactant respectively. It can be observed that for membranes SSM3, SSMy,
SSM;, SSMs and for membranes SSMg, SSM7, SSMg and SSMy the metal film thickness
varied from 4.4 — 7.6, 5.3 - 7.8, 5.2- 8.4, 3.9 — 10.9 um and 2.2-5.4, 2.4-7.7, 3.3-8.7 and 3.5-
8.7 um for a surfactant concentration of 1, 2, 4 and 6 CMC and a variation in plating time
from 2-8 h respectively. It was observed that metal film thickness increases with increasing
surfactant concentration. For CTAB, it can be analyzed that for an increase in CMC from 4-6,
the increase in metal film thickness was 31% for a corresponding PPD reduction by 12 %.
The reduction in the PPD with enhancement in metal film thickness is due to the

phenomenon of layering as discussed in in section 6.3.1.

6.3.4 PPD/Metal film thickness tradeoffs
. . .. PPD . . . .. .
Fig. 6.6 illustrates the variation of Twnh plating time for both cationic and anionic

surfactant at higher surfactant concentration (4-6 CMC) (SSM;, SSMs, SSMg and SSMy) It

can be observed that PP

D Jaried from 10.4-8.7 (SSM;) and 8.2 — 5.9 (SSMs) for CTAB and
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Fig. 6.5: Variation of theoretical metal film thickness (&) with plating time for Ni
membranes prepared with (a) cationic (CTAB) and (b) anionic (SDS) surfactant using

SSOEP-DWR-BS baths.
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Fig. 6.6: Variation of PPD/§ with plating time for various cases.

from 5.2 - 5 (SSMg) and 5.4— 5.1 (SSMy) for SDS with a surfactant solution concentration of
4-6 CMC. Hypothetically, an efficient electroless plating process shall provide maximum

PPD

pore densification and minimal metal film thickness i.e. higher values. From —

perspective, the most promising option is CTAB with a concentration of 4 CMC (SSM;) and
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the most unfavorable option is SDS with a concentration of 6 CMC (SSMy). For anionic

surfactant a drop in D clearly states that, metal layering or layered structure was

significant for this case. This is probably due to the strong surfactant adsorption on the

surface due to its bulk addition.

6.3.5 Comparison with literature data

Till date, to the best of our knowledge, no literatures are available for SSOEP baths from the
perspective of achieving faster PPD and quality metal deposition. The case presented in
chapter 3, corresponds to bulk addition of reducing agent and CTAB (4 CMC). For that case
it was observed that SOEP-BR (M5) and SIEP-BR (M) baths gave a PPD of 72.8 % and 87.7
% with a metal film thickness of 15.5um and 13.8um on a substrate pore size of 90-120 nm
after 16 sequential depositions of 1h time duration for each plating step. As compared to it, in
this work for SSOEP-DWR-BS (SSM;) baths with CTAB (4 CMC) a PPD of 73.4% and a
metal film thickness of 8.8 pm were achieved on a substrate pore size of 150 -250 nm after 8
h of total plating time. The PPD/$ in chapter 3, for SOEP-BR (Ms) and SIEP-BR (M) baths
was 4.7 and 6.3 respectively whereas in the present case (i.e SSOEP-DWR-BS (SSM;)) baths)
it is 8.7. Further, a reduction in total plating by 50% is promising. Thus, coupled sonication
and surfactant technique seems to be the optimal process for the effective fabrication of metal

ceramic composites with maximum pore densification and minimal metal film thickness.

6.4 Summary

Several insights could be gained from this work with respect to surfactant type and
concentration along with possible modification to metal ELP for metal composite membrane
fabrication. Specific inferences drawn include: (a) The efficacy of CTAB in comparison with
SDS to achieve desired combinatorial plating characteristics (b) The optimal concentration of
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CTAB as evaluated from rigorous experimentation was found to be 4 CMC (SSM;) where

maximum % has been obtained. A higher CMC reduced plating process characteristics

drastically (c) Anionic surfactants were not all suitable from the perspective of faster pore
densification, lower metal film thickness and higher plating efficiency (d) Optimal
combinatorial plating characteristics correspond to pore densification (73.4%), metal film

thickness (8.4um) and plating efficiency (89.9%) using SSOEP-DWR-BS (SSM,) baths.

In summary the most feasible options for fabricating metal electroless plating process with

PPD

higher is SSOEP-DWR-BS (SSM,) baths with a cationic surfactant namely CTAB at

4CMC solution concentration. Further, this work indicated that the ultrasonic cavitation
effect induced by sonication was useful to achieve thin dense metal films on ceramic

supports.
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Performance Characteristics of Palladium Electroless
Plating Baths Coupled with and Without Rate

Enhancement Techniques

In this chapter the results are presented in five sections. Section 7.2 summarizes on physical
and surface characterization techniques. Section 7.3 presents details with respect to the
optimal process for the fabrication of dense palladium ceramic composite membranes.
Section 7.4 elaborates on the effect of palladium concentration from the perspective of better
process characteristics. Section 7.5 addresses upon the retail cost perspectives of the
fabricated membrane and those reported in the literature. Finally, section 7.6 briefly
summarizes the optimal process and membrane characteristics for the fabrication of dense Ni

and Pd ceramic membranes.

7.1 Introduction

In the past decade, significant research efforts have been made in the development of
palladium composite membranes for gas separation on stainless steel supports (Islam et al.,
2012). However, there exists a significant effort in the research related to fabrication of these
membranes on ceramic supports. Further, due to high cost of Pd, there is a need to focus upon
reducing the Pd solution concentration to achieve the dense membranes. This chapter
explicitly focuses on the fabrication of palladium ceramic composite membrane from the

insights gained in the previous chapters.

The market for palladium composite membranes towards commercial hydrogen separation is
significantly restricted due to their higher fabrication costs, which is in turn a function of the

higher Pd metal cost. Thus, achieving dense Pd composites without jeopardizing upon their
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fabrication process characteristics at a lower material and fabrication cost is a challenging

task and has been the major goal of Pd membrane research targeted in this work.

The high cost of material and fabrication are important issues for commercialization and
drive research and innovation for dense Pd membrane fabrication in the following
perspectives: (a) Identification and deployment of a cost effective fabrication technique that
has the versatility of process scale up, by employing a low cost support (support) material
and (b) Optimizing the identified fabrication technique for efficient dense Pd membrane
fabrication to achieve minimal Pd utilization and maximum process efficiency. The insights
obtained from the previous chapters for nickel plating baths with reference to the controlled
addition of the reducing agent and surfactant were used for the fabrication of dense palladium
ceramic composite membranes. The reducing agent strategy for various plating baths referred
to drop wise addition of hydrazine hydrate. Further, as discussed in section 5.3 of the thesis,
SIEP-DWR-DWS (SMy) baths served better than SIEP-DWR-BS (SM,) baths due to
controlled addition of surfactant. This is due to the tendency of surfactant to get adsorbed on
the support surface. Thus, SIEP baths in this chapter refers to SIEP-DWR-DWS (PM3) baths
whereas CEP, SOEP and SSOEP baths refer to CEP-DWR (PM,), SOEP-DWR (PM;) and
SSOEP-DWR-BS (PMy) baths respectively. Further details with respect to composition of the

Pd plating bath has been presented in section 2.5 of the thesis.

In this chapter, section 7.2 elaborates upon the membrane characterization details such as
FESEM and XRD analysis. Section 7.3 presents the combinatorial plating characteristics for
various plating baths namely CEP (PM;), SOEP (PM;), SIEP (PM3) and SSOEP (PM,)
respectively. Further, section 7.4 details with respect to the effect of palladium solution
concentration (in the range of 0.005-0.015 mol/L) in influencing combinatorial plating

characteristics. Tradeoffs associated with various fabrication processes and palladium
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solution concentration have been presented in section 7.5. Further section 7.6 addresses the
retail cost of the fabricated dense ceramic composite membrane along with cost comparison
of similar dense palladium membranes reported in the literature. Finally, section 7.7
summarizes optimal nickel and palladium ELP process and membrane characteristics for

comparison purposes.

7.2 Membrane characterization

7.2.1 LPSA, FTIR & BET analysis

Laser particle size analysis of the raw materials confirmed the presence of particle size in the
range of 3.4- 20.3um respectively. Further, Fourier transform infrared spectra recorded from
wavenumber 4000 to 500 cm ' confirmed the presence of characteristics peaks of kaolin for
the raw material. Details with respect to other characteristic peaks have been presented
section 4.2.1 of the thesis. Nitrogen adsorption - desorption experiment at 77K performed by
using a surface area analyzer for the support material confirmed the presence of meso and

macropores with no micropores. Type III isotherm with Hj hysteresis loop was observed.
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Fig. 7.1: XRD pattern of Pd-ceramic composite membrane (PMy) fabricated using

SSOEP baths.
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Further details with respect to BET surface area and total pore volume are similar to that

discussed in section 4.2.1 of the thesis.

7.2.2 XRD analysis

Fig. 7.1 illustrates the XRD profiles of dense Pd ceramic membrane fabricated by coupled
sonication and surfactant induced electroless plating (PM,). ICDD-JCPDS database was used
for the phase analysis of the diffraction profiles. The metallic Pd peaks appeared at
diffraction angle 26= 40.1°, 46.6°, 68.1° , 82.1° and 86.6° due to the diffraction of (111),
(200), (220), (311) and (222) plane respectively [Pdf No 00-005-0681] which confirms the

existence of polycrystalline Pd structure throughout the surface.

7.2.3 FESEM analysis

Fig. 7.2 illustrates the FESEM cross sectional micrograph of Pd-ceramic composite
membrane fabricated with SSOEP baths. It can be analyzed that the palladium dense metal

film thickness varied in the range of 10-12um respectively.

ey S EHT = 3.00 kV Signal A = InLens
'8 (o WD = 5.0mm Mag= 654X w

Fig. 7.2: FESEM cross-sectional micrograph of Pd-ceramic composite membrane (PMy)

fabricated with SSOEP baths.
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Fig.7.3. (a-b): FESEM micrograph of Pd-ceramic composite membrane fabricated using

(a) SSOEP (PM,) and (b) SIEP (PMs) baths.

Fig. 7.3(a-b) illustrates the FESEM micrograph of Pd-ceramic composite membrane PM; and
PM, fabricated with SIEP and SSOEP baths. It can be analyzed that uniform metal particle
dispersion occurred for SSOEP-DWR-BS (PMy) baths as compared to SIEP-DWR-DWS
(PM3) baths. The probable reason for the same refers to agitation caused by ultrasonic waves
in a sonicator baths which led to uniform dispersion throughout the support surface. But for

SIEP baths as observed in Fig. 7.3(b) metal aggregates of non-uniform sizes were observed.
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5 10 15 20 25 30
Agglomerate Particle Number

Fig.7.3 (c): ImageJ based Pd grain size distribution for SSOEP-DWR-BS (SSM;) and
SIEP-DWR-DWS (SMy) baths.

137
TH-1330_10610717



Chapter 7

These clearly indicate the lack of agitation for such baths. Further, Fig. 7.3 (c) depicts the
grain size distribution of SIEP-DWR-DWS (PM3;) and SSOEP-DWR-BS (PM,) baths using
ImagelJ software. It was analyzed that the average agglomerate grain size was 470 and 330nm
respectively for SIEP-DWR-DWS (PM3) and SSOEP-DWR-BS (PMy) baths. This indicates
that sonication was successful in reducing grain sizes which thereby facilitated uniform

deposition.

7.3 Process optimization

7.3.1 PPD profiles

Fig. 7.4 illustrates the effect of various processes namely CEP (PM,;), SOEP (PM,), SIEP
(PM3) and SSOEP (PMy) baths on the time dependent variation of percent pore densification
(PPD) for a palladium solution concentration of 0.01mol/L. PPD is an important parameter

for the evaluation of ELP baths. It is defined as a measure of the fractional surface pore
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Fig. 7.4: Variation of PPD with plating time for Pd membranes fabricated with CEP,

SIEP, SOEP and SSOEP baths (PM;, PM,, PM3 and PM,).
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coverage which progressively increases with plating time. Referring to Fig. 7.4, it has been
evaluated that the maximum PPD values obtained are 50.6 (9 h), 62.9 (9 h), 95.7 (12 h) and
99.7 (10.5 h) % for membranes PM,, PM,, PM3 and PM,4 respectively. The possible reason of
lower PPD profile for CEP (PM,) baths is attributed to the slow autocatalytic reaction during
ELP. For SOEP (PM,) baths, moderate PPD profile is attributed to significant layering rather
than densification. The SIEP (PM3) bath PPD profile has been analyzed to be higher but little
lower than SSOEP (PM4) baths due to surfactant adsorption on the surface. SIEP when
coupled with sonication i.e. SSOEP (PM,) process significantly reduces poor plating rate,
layering and pore densification rate thereby enabling the achievement of a dense Pd ceramic

membrane in a shorter span of total plating time.

7.3.2 Average plating rate profiles

Fig. 7.5 presents the time dependent variation of noble metal average plating rate for ELP
processes coupled with and without rate enhancement techniques. The plating rates varied

from 1.37- 0.65 x 10*(1.5-9 h), 1.68 - 0.84 x 10*(1.5-9 h), 1.11 — 0.78 x 10™*(1.5 — 12 h)

1.8x10™

1.6x10™

1.4x10™

1.2x10™
1.0x10™+

8.0x107° 1

Plating Rate (Mol/mZ.s)

6.0x10° 1

15 3 6 9 105 12
Time of Plating (h)

Fig. 7.5: Variation of average Pd plating rate with plating time for CEP, SIEP, SOEP

and SSOEP baths (PM;, PM,, PM3 and PM,).
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and 1.50 - 0.79 x 10-4 (1.5 - 10.5 h) mol/m2.s for membranes PM;, PM,, PM3; and PM,
respectively. As presented in the figure, during the initial plating time, SOEP (PM,) bath
offers the highest metal plating rate but not highest PPD profiles. Similarly, the plating rates
were higher for CEP (PM,) baths initially but as plating progressed, the plating rates reduced
significantly along with no significant enhancement in pore densification. An essential
feature of an efficient Pd ELP process is to ensure higher combinations of plating rate and
PPD throughout the total plating time. For SIEP (PMj3) baths, the plating rates were low
initially suggesting lesser support-metal compatibility, but once the support was compatible
with Pd metal, the plating rates enhanced with significant enhancement in pore densification.
However, this was not the case for SSOEP (PM,) baths where the support-metal
compatibility was observed during the entire plating time which enhanced to optimal
combinations of PPD and plating rates at larger total plating time values. Thus, it could be
inferred that SSOEP (PM4) baths are the most favorable option for the fabrication of dense

metal ceramic composite membranes.

7.3.3 Efficiency profiles

Fig. 7.6(a) and (b) depicts the effect of plating time on plating and transport efficiency for
various ELP processes. It has been evaluated that the plating efficiency varied from 63-26.9
%, 85.1-30.8 %, 88 — 48.2 %, and 95.9-60.6% and the transport efficiency varied from 37.5-
17.9 %, 46.3-23.1 %, 30.5-21.4 %, and 41.3-21.7 % for membranes PM;, PM,, PM3; and PM,
respectively. Plating efficiency is defined as the selective transport of converted noble metal
to the membrane surface whereas transport efficiency is defined as a product of bath
conversion and plating efficiency. As illustrated in Fig. 7.6(b), SOEP (PM;) baths achieved

highest transport efficiency. Higher transport efficiency could be achieved from two cases:
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In the first case, the plating efficiency could be high and bath conversions could be moderate.

On the other hand, for bath conversions could be high and plating efficiency could be low.
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Fig. 7.6: Time dependent variation of (a) Pd plating efficiency and (b) transport

efficiency for CEP, SIEP, SOEP and SSOEP baths (PM;, PM,, PM3; and PM,).

Among these, the first case is desired and the second case is undesired. Highest transport
efficiency for SOEP (PM;) baths with lower PPD, plating rate and plating efficiency clearly
demonstrate higher bath conversion. The optimal process that provides higher combination of
plating rate, PPD and plating efficiency refers to SSOEP (PM,) which provided slightly lower
transport efficiency. However, the net metal converted during the SSOEP (PMy) process has
been successfully transported to the membrane surface and hence highly efficient plating

could be achieved.

7.3.4 Comparison with literature

Lack of performance characteristics during composite membrane fabrication research is
indicative to the fact that combinatorial plating characteristics have not been thoroughly
studied. The literature with reference to CEP, SIEP and SOEP baths are very limited. There
are no literatures on SSOEP baths regarding palladium plating on ceramic supports. It is
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solely the invention reported in this work. The available literature either covers qualitative
plating parameters or a costlier support (Islam et al., 2012), but there still lacks quantitative as
well as combinatorial plating characteristics study for dense-Pd-ceramic composite
membrane fabrication. The present work addresses a detailed description of various plating
baths and indicates how SSOEP (PM,) baths are favorable in delivering better combinations
of process and plating characteristics in comparison with CEP (PM;), SOEP (PM;) and SIEP
(PM3) baths. One recent literature from our research group (Pujari et al., 2014) elaborates on
combinatorial plating characteristics of palladium on PSS supports. The authors reported a
dense Pd membrane for SSOEP baths with a plating rate of 4.38x10 mol/m’.s, plating
efficiencies of greater than 90% and transport efficiency of about 30—35 % for a palladium
solution concentration of 0.005 mol/L and a surfactant concentration of 2 CMC. The results
obtained in this work are similar or little higher for 100% excess palladium solution

concentration (0.01 mol/L) (PM,) but for a low cost clay (kaolin) based ceramic support.

7.4 Effect of Pd solution concentration on the combinatorial Pd

plating characteristics for SSOEP plating baths

In the previous section, the efficacy of SSOEP Pd baths has been confirmed. This section

addresses the optimality of Pd solution concentration.
7.4.1 PPD Profiles

Fig. 7.7 illustrates the time dependent variation of percent pore densification for variant Pd
solution concentration. It has been evaluated that the time dependent PPD values varied from
19.5-96.3 % (1.5-15 h), 23.6-99.7 % (1.5-10.5 h) and 17.4-47.9 % (1.5-6 h) for a Pd
solution concentration of 0.005 (PMs), 0.01(PMy) and 0.015 (PMg) mol/L respectively. In
general, as concentration increases, the PPD values should increase. However, such a case

does not exist always. The possible reason for reduction of PPD for a higher Pd solution
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Fig. 7.7: Time dependent variation of PPD with variation in Pd solution concentration

(0.005-0.015 mol/L) for SSOEP baths (PM,, PMs and PMj).

concentration could be probably due to either insitu de-lamination of palladium film from the
membrane surface or bulk precipitation (Nwosu et al., 2012). Analyzing bath samples
physically, the bulk precipitation of metal has been ruled out and insitu delamination is the
most probable reason for the evaluated reduction in PPD. Therefore, there exists an optimal
Pd solution concentration at which the desired process features could be achieved. From the
evaluated PPD profiles, moderate Pd solution concentration of 0.0lmol/L (PM4) has been

inferred to be optimal in achieving higher PPD for the specified total plating time.

7.4.2 Average plating rate profiles

Fig. 7.8 presents the time dependent average Pd plating rate profiles for various Pd solution
concentrations. It has been evaluated that the plating rates varied from 1.19 — 0.66 x 10™*(1.5-
15 h), 1.50 — 0.79 x 10 (1.5-10.5 h) and 1.60 — 0.81 x 10™* (1.5-6 h) mol/m.s respectively
for a Pd solution concentration of 0.005 (PMs), 0.01 (PMy) and 0.015 (PMg) mol/L. It can be

observed that for a higher metal concentration of 0.015 (PMg) mol/L, the plating rate were
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Fig. 7.8: Variation of average Pd plating rate with plating time for various cases of Pd

solution concentration (0.005-0.015 mol/L) using SSOEP baths (PMy, PM;s and PMg).

higher initially which reduced significantly at higher plating times. Such significant reduction
in plating rate is an unfavorable feature of the SSOEP baths. According to rule of thumb,
higher metal solution concentration corresponds to higher metal plating rate. But that might
not always be the case. For a moderate Pd solution concentration of 0.01 (PM4) mol/L, apart
from the initial hour of plating, it was evaluated that the plating rates were higher during the

entire plating period.

Hypothetically, higher concentration enhances plating rate. However, adhesion of the newly
formed Pd film is dependent upon solid - liquid interface properties. While higher solution
concentrations could enable higher metal deposition rates, they can significantly enhance
metal delamination due to the shear stress induced by the faster evolution of gas bubbles
(Chen et al., 2002). In this regard, it should be noted that the usage of surfactant can only
reduce but not eliminate shear stresses. Therefore, an optimal Pd solution concentration exists

that provides highest combinations of plating rates and PPD.

144
TH-1330 10610717



Chapter 7

7.4.3 Efficiencies profiles

Fig. 7.9 (a) and (b) illustrates the effect of Pd solution concentration on the time dependent
variation of plating and transport efficiency for membranes PM4, PMs and PMs. It can be
observed that the plating efficiency varied from 81.6 -61 % (1.5-15 h), 95.9 - 60.6 % (1.5-
10.5 h), 95.6-57.8 % (1.5-6 h) and the transport efficiency varied from 32.9 -18.1 % (1.5-15
h), 41.3-21.7 %(1.5-10.5 h), and 44-22.3% (1.5-6 h) respectively for a Pd solution
concentration of 0.005(PMs), 0.01(PM4) and 0.015 (PMg) mol/L. As discussed in section
7.2.3, higher plating efficiency coupled with moderate transport efficiency defines optimal
concentration. As illustrated in Fig. 7.9, for the SSOEP baths, higher Pd solution
concentration (0.015mol/L) (PMg) enabled the achievement of highest combinations of
plating and transport efficiency during initial plating time. However, as time progressed a
sharp decline in both the parameters illustrates incompatibility of the chosen higher metal
concentration to achieve the desired process parameters in terms of PPD and plating rates.

Thus, 0.01mol/L (PM4) Pd solution concentration can be concluded to provide optimal
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Fig. 7.9: Time dependent variation of (a) Pd plating efficiency and (b) transport
efficiency for various cases of Pd solution concentration (0.005-0.015 mol/L) using

SSOEP baths (PM,, PMs and PMy).
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combinations of process and membrane characteristics.

7.4.4 Comparison with literature

In a U.S. patent by Collins and Way (1997), the authors fabricated dense Pd tubular ceramic
composite membranes by CEP process using a Pd solution concentration of 0.03 mol/L to
achieve 10 — 20 um metal film thickness. In another U.S. patent by Rhoda (1966), the author
fabricated dense Pd ceramic composite membranes by CEP process using a Pd solution
concentration of 0.028 — 0.056 mol/L with asymmetric addition of dimethylhydrazine

(concentration of 0.05 — 0.45 g/L) reducing agent.

Further Ilias et al. (1997) disclosed details with respect to CEP to achieve dense Pd ceramic
membranes. For an alumina support (pore size of 150 nm), the authors used a Pd solution
concentration of 0.03 mol/L to achieve a dense metal film thickness of 12 um. In a similar
context Zhang et al. (2007) reported CEP supplemented with SDS anionic surfactant to be
effective to achieve Pd composite membranes. On a a- alumina support of 270-280 nm
average pore size , the authors used a Pd solution concentration of 0.189 mol/L to achieve a

dense Pd metal film thickness of 2 um after a total plating time of 8§ — 12 h.

Thus, this work clearly indicated that by modifying the plating process from CEP to SSOEP,
significantly lower palladium solution concentration is sufficient for the fabrication of dense

palladium ceramic composite membranes.

Lack of performance characteristics during composite membrane fabrication research is
indicative to the fact that combinatorial plating characteristics has not been studied in details
and this work elaborates on the same. One recent literature from our research group by Pujari
et al. (2014) elaborates on combinatorial plating characteristics of palladium on PSS supports.

Their work reported a dense Pd membrane for SSOEP baths with a plating rate of
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4.38x10 mol/m>.s for a palladium solution concentration of 0.005 mol/L and a surfactant
concentration of 2 CMC. The plating rate in the present work is 7.9x10 mol/m”s for a
palladium solution concentration of 0.01 mol/L (PM4) and a surfactant concentration of 2
CMC. In the present work, a similar surfactant and palladium solution concentration provided

an average plating rate of 6.6x10°mol/m”.s but with a PPD of 96.3%.

Thus, it could be inferred that ceramic supports also provide similar or higher plating rates
than PSS supports for similar Pd precursor concentration. However, higher plating time is
required. In other words, if similar plating time is to be used for both the supports, the
solution concentration of palladium needs to be doubled for ceramic supports as compared to

PSS supports.

Further, Pujari et al. (2014) achieved plating efficiencies greater than 90% and transport
efficiency of about 30—35% in their work whereas this work provided a plating efficiency of
95.9% and transport efficiency of about 41.3-21.7% for 100% excess metal concentration

(0.01mol/L) on an inexpensive clay based porous ceramic support.

7.5 Tradeoffs

7.5.1 Process tradeoffs

Fig. 7.10 demonstrates the tradeoffs associated with PPD vs. PPD/Plating rate for various
processes namely CEP (PM,;), SOEP (PM;), SIEP (PM3) and SSOEP (PM,) respectively.
This graph is a conceptual extension of the experimental findings to observe clear distinction
between metal layering and pore densification in terms of PPD vs. PPD/Plating rate.
Hypothetically, PPD/Plating rate is a measure to quantify the dominance of pore densification
or layering. Higher value of PPD/Plating rate for similar time of plating signifies that the

plating favors better PPD and lower metal layering. As observed, for SSOEP (PM,) bath (9
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Fig. 7.10: PPD/Plating rate Vs. PPD tradeoff plot for CEP, SOEP, SIEP and SSOEP

processes (PM;, PM;, PM3 and PM,).

and 10.5h), higher PPD/Plating rate has been achieved in comparison with CEP (PM,), SOEP
(PM;) and SIEP (PM3) baths. From the perspective of industrialization and scalability, it is
very important that the plating is favorable towards pore densification and not metal layering.
Thus SSOEP (PM4) baths were the best amongst the investigated processes (CEP (PM;),
SOEP (PM;), SIEP (PMj3) and SSOEP (PMy)) in terms of higher PPD and lower metal

layering.

In summary, for a total plating time of 9h, the SSOEP (PM,) process is:
a) 46.5% and 27.3% effective for PPD and plating rate/transport efficiency respectively
in comparison with conventional Pd electroless plating (CEP (PM,))
b) 33.6%and 6.4% effective for PPD and plating rate/transport efficiency respectively in
comparison with sonication induced Pd electroless plating (SOEP (PMy)).
c) 4.5% and 0% effective for PPD and plating rate/transport efficiency respectively in

comparison with surfactant induced Pd electroless plating (SIEP (PM3)).
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In terms of the final total plating time, the SSOEP (PM,) process is:
a) 49.2% and 17.3% effective for PPD and plating rate/transport efficiency respectively
in comparison with conventional Pd electroless plating (CEP (PM,))
b) 36.9%and -6.5% effective for PPD and plating rate/transport efficiency respectively in
comparison with sonication induced Pd electroless plating (SOEP (PM,)).
c) 4% and 1.1% effective for PPD and plating rate/transport efficiency respectively in

comparison with surfactant induced Pd electroless plating (SIEP (PM3)).
7.5.2 Tradeoffs for metal solution concentration in SSOEP plating baths

Fig. 7.11 illustrates the tradeoffs associated with PPD/Plating rate Vs. PPD for SSOEP baths
with variant Pd solution concentrations (0.005 — 0.015mol/L). It has been evaluated that for a
particular plating time (say 6h),both PPD and PPD/Plating rate values were higher for a Pd
solution concentration of 0.01mol/L (PM4).Thus, 0.01mol/L Pd solution concentration is the
optimal concentration for the mentioned bath composition (Table 2.4) on porous ceramic
supports. Thus, the process disclosed in this work indicates the potential of the SSOEP

process to effectively achieve dense Pd ceramic composite membranes.

100+ B SSOEP-0.005M Pd - 6,10.5,15h ® =
® SSOEP-0.01M Pd -6,10.5h T
A SSOEP-0.015M Pd - 3, 6h
804 . Desired
Q\O’ [ ]
5  60-
o n
o A
40-
A
20 T T T
4.5x10° 9.0x10° 1.4x10°

PPD/Plating Rate
Fig. 7.11: PPD Vs. PPD/Plating rate tradeoff plot for various Pd solution concentrations

(PM., PMs and PMy).
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7.6 Cost analysis and optimality

Parameters considered for the retail cost analysis of various dense membranes on various

supports is presented in Table 7.1. The cost calculations are conceptual in nature and do have

an error of estimate of about 30 — 40%. Therefore, the obtained retail costs should not be

considered as absolute standard for rigorous cost analysis. The costs are only indicative with

respect to the comparison of various competent Pd fabrication processes. Various

assumptions for the cost analysis has been presented as follows:

a) llias et al. (1997) and Islam et al. (2010) used 50mL of Pd ELP bath solution for each

plating step (i.e. similar to the loading ratio of 203 cm?/L taken in our work).

Table 7.1: Parameters for the estimation of retail cost for various dense Pd composite

membranes.
Parameters Cost Units/Quantity
Support Type
PSS 2800 < (3.6 cm dia)
a- alumina 50 < (3.9 cm dia)
Clay 5 < (3.6 cm dia)
Palladium Precursors
Palladium chloride 3719 Jlg
Tetra-amine palladium nitrate 1337.8 Jlg
Surfactant Type
DTAB 178 Jlg
SDS 65 Jlg
CTAB 3.22 g
Other Plating Precursors
Hydrazine Hydrate 2364 J/L
Liquor Ammonia 196.8 J/L
Sodium Hypophosphite 30.9 3lg
Na,EDTA 2.6 g
Miscellaneous
Manpower 250 </h
Electricals 8.78 /KW
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Fig. 7.12: Retail cost of dense Pd membranes fabrication with CEP, SIEP and

SSOEP (PM,) processes.
b) Ilias et al. (1997) fabricated a dense Pd ceramic composite membrane in a total

plating time of 15h.

Fig. 7.12 presents the retail fabrication cost of dense Pd membrane using various approaches
namely SSOEP (DW) on ceramic (Clay based) (PM,); SIEP (Bulk) on PSS; SIEP (Bulk) on
alumina; CEP (Bulk) on alumina and CEP (bulk) on PSS supports. As shown in Fig. 7.12, the
cost of fabricated dense Pd membrane is 18.75 $/cm?, which is significantly lower than the
cost of the membrane fabricated with conditions mentioned by Islam and Ilias (2010)(63.7
$/cm?), Zhang et al. (2007) (38.7 $/cm?), Ilias et al. (1997) (44.9 $/cm?) and Islam and Ilias
(2010) (115.6 $/cm?). The retail cost of the membrane using parameters reported in this work
is 51.6% cost effective as compared to SIEP process and 58.2% cost effective as compared to
CEP process on a ceramic support (Ilias et al., 1997; Zhang et al., 2007).Further it is 70.6%
and 83.8% cost effective as compared to SIEP and CEP process on PSS supports(Islam and
Ilias, 2010). Therefore, it is apparent that the mentioned SSOEP (DW) process reduces the

fabrication cost by about 51-83%.
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The cost of the SSOEP (DW) process is low due to the following facts. Firstly, using
sonication induced ELP, the time of plating could be reduced to 10.5h in comparison to 12h
reported by Zhang et al. (2007). Secondly, the utilized surfactant (CTAB) is highly
inexpensive (retail cost of CTAB is 0.077 $/g, whereas cost of DTAB is 3.62 $/g and cost of
SDS is 1.04$/g in India). In addition, the CMC concentration of DTAB (4.93 g/L) is
significantly higher than the CMC concentration of CTAB (0.33 g/L). Thirdly, this process
utilizes a lower palladium solution concentration of 1.76 g/L in comparison to values reported
in the literature where higher total Pd consumption was reported (5.4 g/L (Ilias et al., 1997)
and 33.6 g/L (Zhang et al., 2007) of PdCl,). Fourthly, the ceramic support used is low cost as
compared to alumina and PSS supports. Fifthly, the membrane area considered in this work
(10.17 cmz) is significantly higher than the values reported in the literature (3.14 cmz(Zhang
et al., 2007) and 5.06 cm?*(Islam and Ilias, 2010)). Considering all these aspects, the retail
dense Pd membrane cost is significantly low and even lower than the Pd — PSS membranes

fabricated with the patented SIEP process (Ilias and Islam, 2012).

Further Fig. 7.13 presents a detailed cost analysis of five different palladium dense composite
membranes fabricated by various groups on different supports in the form of a pie chart. It is
divided into a number of subsections for costs associated to the following heads:

a) Palladium precursor (PdCl,/ Pd(NOs),.NH3)

b) Chemicals (stabilizer, buffering agent, reducing agent etc.)

c) Support (PSS/Clay/Alumina)

d) Manpower (including electricals)

e) Surfactants(CTAB/SDS/DTAB)
It was evaluated that for fabrication of dense Pd membrane on clay based support using

SSOEP Pd baths (Fig. 7.13(a)), noble metal cost contributed 77% and manpower contributed
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21%, with other cost being neglible. Further, for the case of fabrication of dense Pd
membrane on an Al,O; based support using SIEP baths ((Fig. 7.13(b)), noble metal
contributed 59%. Further, 39% and 1% cost contributions were from manpower and
chemicals including surfactant. For the same support using CEP process, (Fig. 7.13(c))
higher cost contributions were due to the noble metal itself (90%). Similarly, for fabrication
of dense Pd membrane on PSS support using SIEP baths ((Fig. 7.13(d)), noble metal
contribution was 47% and higher cost of the surfactant (26%) and support (14%) exist. Thus,
further optimization of electroless plating processes enabled a significant cost in total noble
metal utilization, chemicals and support cost. On the other hand, for the fabrication of Pd
composite membrane with the same support and CEP process (Fig. 7.13(e)), noble metal cost
is significantly high (71%) apart from notable contribution of the support cost (8%). In
summary the identified SSOEP process in conjunction with inexpensive clay based support
are successful ventures of the process-product optimality that has been stressed as the central
research theme of the research carried out in this work. Further, it is of immense importance
that: (a) The cost contribution of various heads for each process is exclusive and cannot be
referred for comparison with the heads of other processes and (b) The pie charts provide
useful insights with respect to the dominance or irrelevance of a particular head to the overall
cost of fabrication. For example for the CEP significant cost contribution was from the

chemicals and especially palladium. Similar insights can be drawn for other processes.

7.7 Comparative assessment of combinatorial plating

characteristics for Ni and Pd composite membranes

The target for such an exercise was to encourage rigorous experimentation with Ni ELP
which eventually enables for the identification of optimal processes. Using these processes,

the optimality for Pd ELP baths can be mapped. It is strongly envisaged that such a research
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methodology will be important to overcome many scientific and technological hurdles that
exist between the present state of metal membrane fabrication and those required for a
competitive sustainability and commercialization. The comparative study addressed in this
section would also serve as useful guidelines for researchers working in the field of
multichannel ceramic conduits, catalyst etc. This will be very helpful on the ground that one
does not have to perform a number of experiments on palladium membranes. This will not
only save a lot of money, manpower and time but also provide insights on the theoretical
relations between Ni and Pd plating data and subsequent development of a mapping model.
Based on extensive lab scale experimentation, the best performance characteristics of
palladium plating baths are compared with that of nickel plating baths for its fabrication on
similar ceramic support. Based on inferences drawn from chapters 3-7, it is evident that the

optimal processes refer to:

(1) SSOEP-DWR-BS baths

(2) SIEP-DWR-DWS baths

Rigorous Pd experiments need not be planned and Ni ELP can be carried out even before Pd
plating experiments could be conducted. Such an approach will save significant amount of
time. However, Ni ELP is not the same as Pd ELP as it can be seen that Ni ELP parameters
are significantly different from the Pd ELP and therefore, they cannot be compared straight
away. However, a functional mapping of both these cases is possible to indicate that a PPD of
Ni of about 90% could mean a PPD of 99.9% of Pd. Such approaches will therefore reduce
time of investigations and most importantly costs, as the cost of Ni precursors are
significantly lower in comparison with that of the Pd. Thus for the optimal processes a
comparative sketch of metal ceramic composite fabrication using nickel and palladium are

outlined in Tables 7.2 and 7.3 respectively. Such a comparison will enable lot of insights for
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Table 7.2: A comparative summary of various parameters associated to optimal Ni

(SSM;) and Pd (PM,4) membrane fabrication for SSOEP-DWR-BS baths.

Parameters Nickel Palladium
Metal Concentration (mol/L) 0.08 0.01
Reducing Agent concentration (% Excess) 100 40
CTAB concentration (CMC) 4 2

Total plating time (h) 2-8 1.5-10.5
Time /Plating step (min) 30 20-25
Percent pore densification (%) 54.6 -73.4 23.6 —99.7
Plating efficiency (%) 67.1 -89.8 95.9 - 60.6
Plating rate (mol/m’.s) 1.1-0.44x 10" 1.5-0.79 x 10
PPD/8 10.5 - 8.8 33-38
PPD/Plating Rate 4.9-16.6 x 10° 1.6 —12.6 x 10°

Table 7.3: A comparative summary of various parameters associated to optimal Ni

(SMy) and Pd (PM3;) membrane fabrication for SIEP-DWR-DWS baths.

Parameters Nickel Palladium
Metal Concentration (mol/L) 0.08 0.01
Reducing Agent concentration (% Excess) 100 40
CTAB concentration (CMC) 4 2

Total plating time (h) 2-8 1.5-12
Time /Plating step (min) 30 20-25
Percent pore densification (%) 50.4 -76.5 17.9-95.7
Plating efficiency (%) 69.3-58 88 -48.3
Plating rate (mol/m’.s) 1.3-0.49 x 10 1.1-0.78 x 10
PPD/8 8-38.1 34-32
PPD/Plating Rate 3.8-154x10° 1.6-12.2% 10°
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of average pore size 150-250 nm the data trends for nickel and palladium are elaborated in

the next sub - section.

7.7.1 Optimal Ni and Pd membrane fabrication process conditions for

SSOEP-DWR-BS baths

It can be observed that a very high concentration of nickel (0.08mol/L) (SSM;) corresponds
to a very low concentration of palladium (0.01mol/L) (PM4). A PPD of 73% for Ni could
indicate a dense palladium membrane for the said concentration. It appears that similar
plating rate and PPD/plating rate are the important parameters for comparing nickel and

palladium baths.

7.7.2 Optimal Ni and Pd membrane fabrication process conditions for

SIEP-DWR-DWS baths

The conclusions drawn from Table 7.3 are as follows: Plating rate and PPD/plating rate are
important parameters for comparison. Difficult parameters for comparison refer to PPD/d. In
case such a comparative study needs to be performed, one should first target similar plating
rates for both Ni and Pd ELP baths and eventually target nearly similar values for
PPD/plating rate.This will be very useful to reduce number of experiments required for
palladium membranes. Thus, the suggested methodology saves money and time along with

providing relevant insights for data mapping and generic model development.

7.8 Summary

This chapter addresses the process perspective of electroless plating technique to fabricate
dense palladium-ceramic composite membranes and the effect of various processes coupled

with and without ultrasound on the performance characteristics of palladium hydrazine baths.
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The main objective of this work is to investigate upon the benefits of ultrasound and
surfactant to conventional electroless plating for achieving better combinatorial
characteristics which seems to be a missing issue in many relevant studies. This work also
critically targets the cost analysis of the fabricated dense palladium ceramic composite
membranes with a detailed study of the cost of other similar membranes fabricated in the

literature.

The optimal combinatorial Pd plating characteristics for SSOEP (PM4) baths corresponds to a
combination of plating efficiencies varying between 95.9 — 60.6%; moderate transport
efficiency ranging in between 41.3 - 21.7 %; plating rates ranging in between 1.50 — 0.79 x
10* mol/m.s; minimal palladium solution concentration of 0.01 mol/L, lower surfactant

concentration of 2 CMC, optimal plating time of 10.5 h and pore densification of 99.7 %.

Further the fabricated membrane is highly cost effective even on a retail basis i.e. 51.6% cost
effective in comparison with dense Pd-alumina composite membrane fabricated with SIEP
process; 58.2% cost effective in comparison with dense Pd-alumina membrane fabricated
with CEP; 83.8% cost effective in comparison with dense Pd-stainless membrane fabricated
with CEP and 70.6% cost effective in comparison with dense Pd-stainless steel composite
membrane fabricated with SIEP process. Further, the insights obtained from the comparative
study of nickel and palladium plating bath characteristics could critically target generic
mapping and modeling for the prediction of other parameters for both palladium and nickel

hydrazine baths.

Regardless of its application, the cost effective fabrication of palladium dense composite
membrane using coupled sonication and surfactant with ELP would serve as a paramount
invention which the membrane research community could further explore to make the

“hydrogen economy” as a reality.
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Conclusions and Future Work

This chapter summarizes the conclusions drawn from the results presented in chapters 3 — 7

of the thesis. Following this, possible scope towards future research has been presented.

8.1 Conclusions

The aim of the thesis was to investigate upon the fabrication of metal ceramic composite

membranes by optimizing both process and plating parameters. Palladium and nickel ceramic

composite membranes were fabricated and characterized using BET, FESEM, FTIR, LPSA,

XRD, weight gain method and nitrogen permeation techniques. The most important findings

in this work can be summarized as follows:

TH-1330_10610717

. Potential Rate enhancement techniques: Two potential and scalable rate

enhancement techniques namely surfactant and sonication have been identified for
efficient nickel and palladium electroless plating on porous ceramic supports.
Optimality of SSOEP baths: For all cases, coupled surfactant and sonication based
ELP (SSOEP) baths performed better than sonication baths (SOEP).

Reducing agent contacting pattern: The drop wise reducing agent (DWR) served
better than bulk addition (BR) of the reducing agent in fostering better combinations
of performance characteristics for both Ni and Pd ELP baths.

Surfactant contacting pattern: The drop wise addition of surfactant (DWS) served
better than bulk addition of surfactant (BS) for SIEP baths. For SSOEP baths, the bulk
addition of surfactant (BS) served better than drop wise surfactant addition (DWS)

strategy.
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Optimal Ni bath formulation: Optimal nickel solution, reducing agent, cationic
surfactant concentration were evaluated to be 0.08mol/L, 100% excess and 4CMC
respectively to achieve optimal combinations of membrane and process parameters.
These correspond to an average plating rate of 13.2 — 4.9 x 10 mol/m’.s, PPD of
76.5% and a metal film thickness of 9.4 um respectively after 8h of sequential plating
in an SIEP-DWR-DWS process. For the SSOEP-DWR-BS process an average plating
rate of 11 - 4.4x 10 mol/m*.s, PPD of 73.4% and a metal film thickness of 8.4pum was
obtained after 8h of sequential plating.

Optimal Pd bath formulation: Optimal palladium solution, reducing agent, cationic
surfactant concentration were evaluated to be 0.01mol/L, 40% excess and 2 CMC
respectively towards deliberating desired process parameters in less than 11hrs. For
the Pd ceramic composite membrane, the optimal bath composition provides higher
plating efficiencies (95.8 %), higher transport efficiency (41.3%), higher plating rates
(1.5 x 10™* mol/m®.s), minimal palladium solution concentration (0.01 mol/L), lower
surfactant concentration (2 CMC), minimal total plating time (10.5h) and maximum
pore densification (99.7 %) for SSOEP (PM,) baths. The optimal SIEP-DWR-DWS
Pd ELP (PM3) baths provided optimal combinatorial characteristics of PPD (95.7%),
plating rate (1.11 — 0.78 x 10 mol/m’s), plating efficiency (88 — 48.2%) and
transport efficiency (30.5 - 21.4%) after 12h of total plating time.

Low fabrication cost: The identified Pd SSOEP (PM,) baths have been evaluated to

offer lower retail cost to fabricate dense Pd ceramic membranes (18.75 $/cm2).

In summary, the Ph.D. thesis enabled to provide significant insights with respect to the

concentrations and contacting pattern of metal precursors, reducing agent, surfactant and

sonication (if any) for the efficient and cost effective fabrication of dense nickel ceramic

composite and dense palladium ceramic composite membranes. All experimental

TH-1330_10610717
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investigations and results are anticipated to be relevant for process engineering studies

associated to dense metal composite membrane fabrication. The identified optimal

combinations for both SIEP and SSOEP baths are of significance to further catalyze insights

with respect to the engineering and fabrication characteristics of metal ELP baths from the

perspective of process scale up and large scale fabrication.

8.2

TH-1330_10610717

Future Work

Further optimality of SSOEP plating baths for dense Pd-ceramic composite
membrane fabrication: Experimental investigations need to affirm whether further
optimal combinations of Pd solution, surfactant, reducing agent contacting pattern,
sono-process parameters exist and whether such optimal combinations yield dense Pd
ceramic composite membranes with significant reduction in critical Pd film thickness.
Further insights into solution thermodynamics: These aspects are of paramount
relevance for dense metal ceramic composite membranes after saturation in the time
dependent profiles has been evaluated. Parameters that strongly influence the
dynamics of the equilibrium conditions need to be more thoroughly investigated from
experimental as well as theoretical frameworks.

Optimality of SSOEP-DWR-BS baths for tubular dense Pd ceramic composite
membranes: The objective of such investigations is to confirm whether the identified
set of parameters for circular disks are applicable or not for mono-channel tubular
membranes.

Optimality of agitated SIEP-DWR-DWS baths for dense tubular Pd ceramic
composite membranes: Till date, no such work has been conducted and future
research in this direction will be extremely beneficial to provide further insights into

scale up related issues for large scale metal ceramic membrane fabrication.
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Optimality of SSOEP (DW) baths for multichannel ceramic conduits: To study
the performance characteristics of sonication and surfactant coupled metal ELP baths
(SSOEP) on multichannel ceramic conduits.

Pd-alumina membrane fabrication using SSOEP (DW) baths: To study the metal
plating and performance characteristics on alumina supports particularly Pd-alumina
for SSOEP-DWR-BS baths. Further, such studies can be also targeted to evaluate
upon the role of support morphology on the efficacy of SSOEP-DWR-BS baths for
dense Pd-alumina composite membrane fabrication.

Porous Cr,03-ceramic composite membranes using ELP technique: To envisage
upon an efficient SSOEP-DWR-BS bath composition for the achievement of porous
Cr,0Os3-ceramic composite membranes which can serve as functional supports for
dense Pd-Cr,03-ceramic composite membranes fabrication.

Reuse of spent Pd ELP bath solutions for membrane fabrication: Till date, there
has not been any data in this regard. Such data will be of relevance towards waste
minimization and fabrication cost reduction.

Sensitivity of Pd deposition with respect to reducing agent strength: To evaluate
upon the sensitivity of Pd ELP baths with respect to the strength of hydrazine
reducing agent. This has been observed during experimentation to be an important
variable. It was evaluated that the freshly prepared dilute hydrazine reducing agent
solutions had a significantly higher potential than those prepared and stored in
laboratory experimental conditions.

SSOEP (DW) and SIEP processes for noble metal supported catalyst fabrication:
The reuse and applicability of waste noble metal solutions to achieve functional

products such as noble metal supported catalysts is a novel area of research and can

162



Chapter 8

11.

12.

be targeted using the rate and depositional characteristics presented for Pd-ceramic
composite membrane fabrication.

Kinetic study of Ni"? reduction: Further investigations associated to the kinetic
study of Ni? reduction in ELP baths would be useful to elaborate upon the
quantitative aspects associated to the metal deposition process for Ni-ceramic
composite membrane fabrication.

Evaluation of mechanical strength of the metal film: The mechanical strength of
the metal film was not evaluated in this work and can be addressed as a future work.
Such investigations need to evaluate the ability of the metal film to withstand high
pressures and high temperatures. Thereby, the life cycle assessment of ELP technique
for metal ceramic composite membranes can be carried out. As far as support is
concerned, the mechanical strength of the support is similar to that provided in the

literature (Vasanth et al.).

This work addressed a conceptual framework for the evaluation of most likely combinations

of optimal parameters. Further optimization of large number of operating parameters is a

complex exercise and needs to be addressed using more rigorous statistical design of

experiments. In summary, the carried out research has catalyzed to venture out mature

research horizons for dense metal ceramic composite membrane fabrication using electroless

plating technique. The suggested and identified process modifications are simplistic to

implement and are easy for process scale up. All these features encourage further academic

research in this novel and unique area of research.
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Appendix A: Determination of average pore size and effective

Eorositz o[ the ceramic support

Based on the gas permeation data, average pore radius (d,) and (izj effective porosity can be
q

estimated according to the following expression (Vichaphund and Atong, 2010):

d v d’ _
K[cal _ 2.133 P iZ +E p i2 P (Al)
2 [ \q 4 In\q

where, P is the average pressure on the membrane, v (m/s) is the molecular mean velocity of the

gas, cal refers to calculated, 1 is an integer greater than zero, / (m) is the pore length, g is the
tortuosity, # (Pa.s) is the viscosity of gas, and K (m/s) is the effective permeability factor

evaluated as:

Kical — J i AP

& (A2)

where J is the nitrogen flux, P, (Pa) is the membrane pressure at permeate side (1 atm) and AP

(Pa) is the trans-membrane pressure drop.
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Fig. A1: Nitrogen flux data for the ceramic membrane support
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Fig. A2: Plot of effective permeability factor versus average pressure.
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Equation (A1) is in the form of a straight line:
K=AP+B (A3)

for which ‘A’ and ‘B’ are the slope and the intercept respectively. Using Ji, AP, P, values, K can
be evaluated for distinct values of AP. Fig. Al presents the obtained J vs AP can be drawn (as
shown in Fig. A2), using which the intercept ‘A’ and slope ‘B’ can be calculated. Using the ‘A’
and ‘B’ values, the average pore radius can be evaluated using the expression (Vichaphund and

Atong, 2010):

r, :1.333%v77 (Ad)

With the known value of r, the pore radius, the effective porosity (iz) can be calculated using
q

the expression:

& B
7 21337y e
q 133,y

For the considered ceramic support, the slope and intercept values have been obtained as 5x10™

and 0.0041 respectively (Fig. A2). Using equation A4 and AS, the average pore diameter (r) and

effective porosity (izj have been evaluated as 247.5 nm and 0.153 respectively.
q
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Appendix B: Determination of Ni solution concentration

The procedure to determine nickel solution concentration before and after plating process is
summarized in this appendix. Complexometric titration was used to analyze the concentration of
Ni*" in the plating bath before and after plating. The titration was conducted with
ethylenediaminetetraacetic acid (EDTA) using xylenol orange (1% in KNO;) indicator at a
temperature of 80°C. Buffering agents (NaOH + CH3;COOH (glacial), 5:8 mole ratio) were also

added to the mixture during titration carried out under continuous agitation [WL6].
The sequence of steps involved in the titration process was as follows.

(1) 5 ml of bath sample was taken into a 250 ml beaker.

(11) The sample was diluted (10 times) with de-ionized water.

(i11))  Buffer solution was added until the solution becomes colorless (=10 ml).

(iv)  The solution was heated (=80°C) on a hot plate under continuous stirring.

(v) Xylenol orange indicator (1% in KNO3) was added (solution becomes red).

(vi)  Standardized (0.1 N) EDTA solution was added drop by drop (using burette) until

the equivalence point was reached (color changes to yellow).

The above procedure (steps 1—vi) was repeated 3—4 times for accuracy. From the volume (V) of
standard (N,) EDTA solution run down during the titration, the concentration (N;) of Ni* in the

plating bath can be evaluated using the following expression
N, xVy = N, xV,

Where, (V7)) is the volume of bath sample taken for analysis (5 ml). Subsequently, dilution factor

was considered to estimate the actual plating solution concentration.

TH-1330_10610717



Appendix C: Sample calculations for the evaluation of
combinatorial plating characteristics for Ni membrane

The sample calculations for evaluation of various parameters involved in the electroless

fabrication of Ni- ceramic membrane are presented as follows:

1. Metal Conversion (x (%))

After four sequential deposition V; =4x50x%.001L, C; = 0.08 mol/L , V;C;= 0.2 x0.08 mol
=0.016 mol

N,xV, 0.1x3.4
4 5

=0.068N

Titration : N, =

Volume of solution accumated after 4 sequential deposition Vi= 190ml
C¢=0.068 mol/L, V{C¢=.013mol

Ve v,C,

Conversion : x = x 100

i~

x=19.25%

2. Plating efficiency (77(%) )

=" 100

Wy X
wyx =(V,C,=V,C )M, =0.18g
w, —w, =0.096 g

n=>53.1%
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3. Average Plating rate (l_”i ( m20 / D

m".s
e V0
MNiXAm Xti
r—[ _ 0.096 —993%10" mzol
58.69x0.0010174 x 2 x3600 m°.s

4. Percent Pore Densification (PPD (%))

<~

ppp =70 =7 10022727122 00— 55.1%
7 272

0

J_0 and 7, were determined for the ceramic support using room temperature permeation

experiments. Thereby by J vs. AP data was subjected to numerical integration analysis using

2 2

trapezoidal rule. Using these procedure J_O = 2.72( mol j and 7, = 1.22( me@ jwere obtained.
m-.s m-.s

5. Theoretical metal film thickness (3(ium))

Wy =W _ 0.096 _
Py A4,  89x0.0010174

m

5:

0.6um
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Appendix D: Preparation of AAS calibration curve to
determine Pd solution concentration

Appendix D briefly presents the procedure adopted to prepare calibration curve for the
evaluation of Pd solution concentration after ELP. Atomic absorption spectroscopy (Make: M/S
Varian BV, Model: Spectra AA 220FS) in the flame mode with a Pd lamp of wavelength 247.6
A (Merdivan, 1997) was used to determine the calibration curve. Using the calibration curve, the

unknown concentration of Pd in the ELP solution can be determined.

The composition used for the preparation of standard solution includes preparation of PdCl,
solution as mentioned in chapter 2. The concentration of 0.01mol/L PdCl, corresponds to 112.2

ppm. Using that concentration various standards in the range of (5-50 ppm) are prepared.

The steps involved in the preparation of calibration curve are sequentially presented as follows:

1. Preparation of standard palladium solution using electroless plating solution consisting of
PdClL,, EDTA, NH; and Millipore water in the desired range of 5 — 50 ppm. Standard
solution for ELP solutions with surfactant (CTAB) has been as well prepared.

2. The instrument was calibrated using several solutions of specified concentrations.

3. The absorbance of each known standard solution was measured and then a calibration
curve with concentrations of the standard element on the abscissa and the absorbance on

the ordinate was plotted.
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Absorbance

With Surfactant

y =0.0174x
R?=0.9976

& Without Surfactant
y =0.0152x
R?=0.9944
10 20 30 40 50 60

Palladium solution concentration (ppm)

Fig. C1: Standard curve for Palladium electroless plating bath with and without surfactant
Fig. C1 presents the standard calibration curve obtained from the AAS for ELP solutions with
and without CTAB surfactant. It can be observed that there exists a linear fitness of the

absorbance with respect to the variation in the Pd solution concentration. Using the calibration

curves, the unknown Pd solution was determined by estimating its absorbance.
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Appendix E: Sample calculations for the evaluation of
combinatorial plating characteristics for Pd membrane

The sample calculations for evaluation of various parameters involved in the electroless

fabrication of Pd- ceramic membrane are presented as follows:

1. Metal Conversion (x (%))

After four sequential deposition V; =4x50x.001 L, C; = 0.01 mol/L, V;C; = 0.2 x0.01 = 0.002

mol

From AAS the absorbance of the feed solution was observed to be 0.898 which corresponds to a

final concentration of 0.0043 mol/L

Volume of solution at the end of four sequential deposition V¢=236x0.001L, V¢ C¢=0.00114

mol
. V.C -V,.C.
Conversion : x = 7" %100
V.C
x=43.13%

2. Plating efficiency (77(%) )

W, =W

x100

77:

Wy X
WoX = (ViCi_Vfo )MPd = 009g
w, —w, =0.088 g

n=95.8%
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- /
3. Average Plating rate (Vi ( m20 D
m".s

— w, =w,
y, = ————
1

M, xA, xt,

r = 0.088 ~1.5053 x 10" !
106.4x0.0010174 x1.5x3600 m.s

4. Percent Pore Densification (PPD (%))

<~

PPD = OLJf x 100 :Mxloo =87.7%
J 1.02

0

J_0 and I were determined for the ceramic support using room temperature permeation

experiments. Thereby by J vs. AP data was subjected to numerical integration analysis using

trapezoidal rule. Using these procedure J_O = 1.02( m20 ! j and 7, =0. 125( mzo ! jwere obtained.
m-.s m-.s
5. Theoretical metal film thickness (3 (um))
S_WW 0.088 ~7.1m
Prs 4, 12.02x0.0010174
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Abstract

This article addressed a broad research methodology for the development of low cost ceramics to serve as functional supports for dense metal
composite membranes. The experimental challenge of this study is to work with laboratory fabricated supports characterized with lower combinations of
average pore size (5070 nm) and lower effective porosity (0.012) and hence lower surface area for activation and plating reaction. Apart from fabrication
parameters, the research emphasis has been towards ensuring morphological fitness of the ceramic support, good corrosion resistance and continuous
enhancement in pore densification during prolonged nickel electroless plating of about 24 h. Surface and physical characterization using LPSA, BET,
FTIR, XRD, FESEM and nitrogen permeation techniques yielded valuable insights. It has been observed that the sonication of the raw membrane support
in alkaline conditions enormously contributed towards good corrosion resistance during nickel ELP. The morphological fitness of the ceramic support has
been targeted by assuming a combination of Knudsen and Viscous diffusion through the membrane support and activated diffusion through the dense
nickel film. Thereby the morphological fitness is ensured by evaluating whether or not nickel film nitrogen flux values are lower than the support fluxes.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Amongst organic and inorganic/metal membranes, the latter are
highly promising towards various industrial schemes that involve
higher processing temperatures and corrosive environments. Inor-
ganic/metal membranes have been further classified into porous
and dense composite membranes. Typically, alumina, carbon or
stainless steel are commonly used materials for metal composite
membranes [1-4]. Amongst these, sintered stainless steel mem-
branes have received attention due to possessing higher durability
as a filter medium for superior separations and consistent
performance under extreme process conditions and high operating
temperatures. However, large scale applications of stainless steel
membranes are highly expensive when compared to ceramic
membranes and fabrication research is also equally focused
towards utilizing ceramic membrane supports [5].

Presently, metal ceramic composite membranes have been
suggested for several applications including TiO, recovery from
waste water streams [6], production of ultrapure gases for special

*Corresponding author. Tel.: +-91 3612582260; fax: +91 3612582291.
E-mail address: ramgopalu@iitg.ernet.in (R. Uppaluri).

applications [7], bacteriostatic treatment [8], asymmetric supports
for dense palladium (Pd) composite membranes [9] and hydrogen
separation [10]. Presently companies such as Mykron, Entegris
and Mott Corporation fabricate ceramic composite membranes
for several commercial applications. Typically, amongst ceramics,
alpha-alumina supports are used for Pd membrane fabrication.
However, alpha-alumina being expensive, its large scale applica-
tion for Pd composite membranes is also bound to contribute
higher costs for the composite membrane and hence there is a
need for research into low cost ceramic supports for dense Pd
membrane fabrication.

The consistent performance of ceramic membranes to serve
as functional supports for dense Pd membranes needs to ensure
their compatibility from several perspectives. First, membranes
with lower pore size, good porosity and narrow pore size
distribution are required so as to reduce the critical thickness of
Pd required for the realization of dense membrane. Second, the
membrane shall possess excellent corrosion resistance to
withstand conditions during alkaline nickel electroless plating
as well as industrial processing schemes. Third, the support shall
enable continuous enhancement in pore densification during
sequential metal deposition using electroless plating. Fourth, the
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nickel film shall provide lower gas flux when compared to the
support flux and therefore the support morphological parameters
need to be fine-tuned during fabrication research. A critical review
of literatures available for dense Pd membranes research indicates
the lack of integrated methodologies and approaches towards
research in the functional supports [1,9]. The cost of a composite
membrane is a function of both metal film and the support and
hence, cost reductions in support fabrication along with metal film
deposition would be highly useful to drive economic competi-
tiveness of the metal ceramic composite membranes.

Combinatorial performance characteristics of metal ceramic
membranes were addressed by our research group [11,12].
However these studies were not directed towards support
morphological issues for dense membrane fabrication. In
addition time dependency of process and membrane para-
meters was also not reported. Based on our past experience
with electroless plating (ELP) and its mass transfer coupled
variance this work anticipates to obtain useful insights towards
dense metal membrane fabrication with supports characterized
with lower pore size and lower porosity.

Considering nickel as the target plating metal, a conceptual
research methodology has been outlined that systematically
addresses the experimental and theoretical insights for the
realization of dense metal composite membranes. The labora-
tory fabricated porous supports were characterized with lower
average pore size (50-70 nm) and lower effective porosity
(0.012), so as to provide most challenging scenario for the
plating processes towards maximum pore densification. Using
the concept of lower gas transport resistance of the metal film
with respect to the support, the next section elaborates upon
the justification to select the support pore morphology (50—
70 nm) for targeting dense metal composite membranes.

2. Morphological fitness of the ceramic support

Using nickel as the electroless plated metal, the ultimate
objective of the research was to provide insights in plating rate
enhancement methods for contributing towards research in
dense nickel composite membranes. This was also due to the
fact that flux data for dense nickel membranes was not
available in the literature. An important functional prerequisite
for metal composite membrane was that the metal (Ni) film
flux (H,) shall always be lower than the porous support flux.
Since nickel flux increased with temperature, maximum nickel
flux was achieved at the highest possible operation temperature
and minimal metal thickness. For the present case, these values
were assumed to be 550 °C and 1 pm, respectively. The model
based maximum hydrogen flux achievable through the dense
Ni film was evaluated using the expression:

Permy;;

T = X 8jit X Am X (Py—Per) (1)

ret * per
ass

where Permy and &y correspond to the theoretical dense Ni
film permeability and thickness in the composite membrane.

TFﬁ 9f§%?021ﬂ§€é 1%]1?1196rmeability was estimated using the

expression [13]:

-54.25 x 10°

Permy; =3.35 x 10 7exp( ————— 2
ermj X exp( R ) (2)
Assuming a combination of Knudsen and viscous diffusion,
for a given membrane morphological parametric combination
of d,, and (¢/g%), the average hydrogen flux through the porous

support was evaluated using the expression:

: 2133dyv (e 1.6d, (e\\ AP
sup __ (22 TPT [ 2 P =
The = < 2z 1 (q2>+ 4 pin (q2>P) P ®
Assuming that the metal ceramic composite membrane was
feasible only when the metal film flux was at least 10% lower
than that of the support hydrogen flux, an inequality constraint
needs to be satisfied, which was expressed as:
]SUP = Jmod
(HzWHZ x 100>10---YAP (4)
J
H,
To validate the above system of equations in a systematic
format, a simple procedure was followed to evaluate the
feasibility of the support morphology:

(1) Using Eq. (1), determine Jﬁ‘;’d vs. AP data for assumed
membrane parameters from the literature.

(i1) Using Nitrogen gas as the transport gas, conduct single
gas permeation experiments and obtain Jy' (experiment)
vs. AP. Using the experimental data and Eq. (3),
determine membrane morphological parameters experi-
mentally (d;up and (e/q°))

(iii) For a specified value of d;“p or (e/qz_), determine the
minimum value of (¢/¢°) min or d;" to satisfy the
following optimization problem defined in terms of dense
Ni film and support hydrogen flux:

APmax
Min= Y
i=1
= M % 100
I Nig,
mod __ Permm A Pn/ P”,
JH2 = (3,1” X 5lir X Ay X ( ret pef)
2
JSUPZ &M i +E@ i F A—P
H, 2 1 \g 4 Ip \g? Py
E>10Vi
e\ )
0< (_2) <1 (OR) d7">0 5)
q sup

(iv) The support morphological parameters were regarded to
be feasible for plating after either one of the following two
constraints were satisfied:

dsup>dmin OR i Sup> i i (6)
r =" q2 - q2

Based on our research a case study was presented below to
illustrate the above procedure. For an assumed Ni film thickness
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of 5pum, and an evaluated dense Ni film permeability of
1.207 x 107'° (mol/m/m?/s/Pa®>) [13], the theoretical Ni dense
film hydrogen flow rate varied from 4.81 x 1074-2.02x
1072 (lit/min) for a trans-membrane pressure difference of
0.1-10 atm. The room temperature N, permeation data for the
support varied from 4.81 x 107#-2.02 x 1072 (lit/min) for a
trans-membrane pressure difference variation from 0.1 to 10 atm.
Calculations using the N, gas permeation data at room tempera-
ture indicated that the membrane morphological parametric
values were d,"” =57 nm and (g/¢*)"=0.012. Assuming
d;"p as d;“’d, the solution of the optimization model (Eq. (4))
inferred that (¢/¢?) min = 0.003063, which was lower than the
value obtained from experimental data i.e., (g/g*)**=0.012.
Thus, the support morphology was concluded to be feasible for
proceeding towards electroless plating research. Additional trade-
offs associated to dense film thickness variations are presented in
the results and discussion section of this article. The next section
elaborates upon the experimental investigations towards support
fabrication and ELP for dense membrane fabrication.

3. Experimental
3.1. Low cost ceramic membranes

Laboratory made disk shaped ceramic substrates with a
diameter of 36 mm and thickness of 3.5 mm were prepared for
all experiments. The supports were fabricated at a pressure of
4.9 MPa using a hydraulic press (Make—Velan Engineering)
by the dry compaction method. The support possessed a pore
size d,*P and effective porosity (e/g®) of about 50-70 nm and
0.012 nm, respectively.

Seven inorganic raw materials viz. kaolin, feldspar, quartz,
sodium carbonate, pyrophyllite, boric acid and sodium meta-
silicate were used in the fabrication of ceramic membrane
supports. Kaolin was obtained from CDH Ltd., India, feldspar
and pyrophyllite from National Chemicals, India, quartz from
Research-lab Fine Chem Industries, India, sodium metasilicate
from SD Fine-chem Ltd., India and the other inorganic
precursors (sodium carbonate and boric acid) were obtained
from Merck Ltd., India. Composition of various raw materials
along with their average particle size (as shown in Fig. 1) were
mentioned in Table 1. The fabrication methodology consists of
the following hierarchical steps: mixing of raw materials to
make a paste; casting of the paste into circular moulds; drying
of the raw discs; sintering; polishing of the membranes and
ultrasonically cleaning. All membranes were prepared by
sintering at 900 °C with a controlled heating/cooling rate
(1.5 °C/min).

3.2. Surface and flux characeterization

Raw material, support and membrane characterizations were
carried out by laser particle size analyzer (LPSA), Brunauer
Emmett Teller (BET) surface area analyzer, fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
field emission scanning electron microscopy (FESEM).The

_I_lir_lle_%gar_elaéel 8f7 fl}e bulk membrane was estimated from
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Fig. 1. Particle size distribution for different raw materials.

Table 1
Composition of raw materials for the fabrication of ceramic membrane
supports.

Material Composition on dry basis (wt Average particle size
%) (um)

Kaolin 40 5.50

Feldspar 15 3.46

Quartz 15 7.72

Na,CO3 10 7.59

Pyrophyllite 10 20.36

Boric acid 5 F

Sodium 5 -

metasilicate

nitrogen permeation experiments. Membrane porosity was
determined by weight gain method. The flux of the composite
membranes was anticipated from nitrogen permeation data and
the experimental setup was similar to the one as discussed by
Bulasara et al. [12]. For all permeation experiments, high
purity N, (99.99% obtained from Assam Air Products Ltd.,
Guwahati) was used for an effective permeation area
of1.0173 x 10 m”.

3.3. Electroless plating

Electroless plating technique was taken up for nickel
deposition with the typical compositions summarized in
Table 2. Prior to plating, seeding was carried on which
involved the conventional procedure of activation and sensi-
tization of the support with palladium seeds. Eight sequential
1 h nickel deposition steps with a nickel concentration of
0.08 (mol/L) were taken up to yield the nickel ceramic
composite membranes. A 50% excess hydrazine hydrate was
used as a reducing agent. The plating was carried on a water
bath maintained at 80 °C and the plating characteristics were
investigated at a loading ratio of 203 (cm?/L). Four different
cases as listed in Table 3 were focused for this work which
involved membranes prepared with sonication assisted ELP
(M)), surfactant assisted ELP (M,), NaOH treated support and
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Table 2

Typical composition of conventional and surfactant induced nickel electroless plating baths.

S. no. Component Formula Role Amount

1. Nickel sulfate NiSO, - 7TH,0O Source of nickel 0.08 mol/L
2. Hydrazine Hydrate H,NNH, - H,O Reducing agent 50% excess
3. Trisodium citrate Na3zCgHsO7 - 2H,O Stabilizer 0.2 mol/L
4. Sodium Hydroxide NaOH pH 10-12

5 Cetyltrimethylammonium bromide (Cy6H33)N(CHj3)3Br Dispersion 1.2 g/L

surfactant assisted ELP (M3) and NaOH treated support and
sonication assisted ELP (M) study.

Prior to plating, membranes M5 and M, were treated. The
treatment involved etching of the membrane in NaOH solution
of pH 12 in a sonicator bath (Elmasonic, S30 H) under degas
mode of continuous operation for 6 h at 80 °C (plating
temperature). This modified the support morphology and
enhanced support corrosion resistance. Subsequently, the
support pore size (based on nitrogen gas permeation) enhanced
from 50-70 nm to 90-120 nm, respectively. However when
sodium hydroxide treatment was carried without sonication
and degas mode in a water bath maintained at 80 °C, the
improvement in support morphology was not sufficient enough
to avoid negative flux trends. For all cases, membrane supports
with similar average flux values were chosen to maintain
coherence amongst various performance characteristics.

3.4. Evaluation of plating characteristics

The performance assessment of various plating baths for
fabricating dense nickel membranes was characterized by the
determination of parameters namely average trans-membrane
flux J and percent pore densification PPD(%).

The nitrogen flux through the membrane (J) at varying
pressure was evaluated from the volumetric flow rate data

Qo
J=—=

Aﬂl
where Q represents the volumetric flow rate in LPM, A,, the
permeable area of the membrane in m” and J the flux through

the membrane in (mol/mZ/s)
J=[yap
Py—P,

where J represents the average flux through the membrane,
f;:]z JdP corresponds to the area under the curve of a plot
between the membrane flux (mol/rn2/s) and pressure (psi).The
term P,—P; corresponds to the trans-membrane pressure drop.
Pore densification during the plating process was defined as the
fractional volume of the pores covered by the deposited metal
and it was expressed as a time dependent expression

PP =77 100

Jo

where Jg represents the average flux through the support and J;

rfip'r_iz_silété OtEei éiéir(ﬁ%i_}iux through the membrane after ith

Table 3
Summary of various cases investigated for the development of low cost
ceramic membranes.

Case Type of support Type of ELP
M, Raw Sonication
M, Raw Surfactant
M; Treated Surfactant
My Treated Sonication

hour of nickel plating. PPD calculations were carried using the
average flux data because they provide appropriate time
dependency as compared to the PPD calculated using the pore
diameter procedure in the literature [12].

4. Results and discussions
4.1. Surface characterization

The major raw materials i.e., kaolin, quartz, feldspar,
sodium carbonate and pyrophylite used for the membrane
fabrication process were characterized using laser particle size
analyzer (Make: Malvern; Model: Mastersizer 2000, UK).
Fig. 1 presents the particle size distribution of the raw materials
which were the building stones for the ceramic support. It was
observed that average particle size of kaolin, quartz, feldspar,
sodium carbonate and pyrophylite were 5.50 pm, 7.72 pm,
3.46 um, 7.59 pm and 20.36 um, respectively.

The BET surface area and pore size of the support material
was determined by N, adsorption desorption isotherm at 77 K
by using a surface area analyzer (Beckman-Coulter; Model:
SA3100). Prior to measurement, the samples were degassed at
200 °C in vacuum for 60 min. The adsorption/desorption
isotherms of the support material was shown in Fig. 2(a). The
isotherms were of type IIl and Hj hysteresis loop was observed
that gave rise to slit-shaped pores according to [UPAC [14]. Based
on BET, the pore size distribution as a function of volume
percentage of pores of the support was shown in Fig. 2(b). The
average pore size as evaluated from Barrett-Joyner—Halenda
(BJH) pore volume distribution was found to be 35 nm which
was close to that evaluated from nitrogen permeation (50—70 nm).
The BET surface area of support was 2.712 m*g and total pore
volume was 0.0156 mL/g with no micropore volume.

The fourier transform infrared spectra recorded from wave
number 4000 to 500 cm™" using IR Affinity—1 spectrometer
as shown in Fig. 3. Characteristic peaks of kaolin were
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms of the ceramic support material (b) Pore size distribution of the ceramic support by BET method.
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Fig. 3. FTIR Spectral analysis of various ceramic supports and raw material.

observed at 3668 cm™' corresponding to the OH™ stretching
vibration for the raw material. After sintering of the raw
material mixture at 900 °C for 4 h, the OH™ vibration peaks at
3668 cm™' decreased suggesting that the calcination of kaolin
to calcined kaolin was not complete [15]. Bands at 2920 cem™!
were assigned to C—H bonds which were visible only after
sintering and peak at 1658 cm™' was attributed to C=C bonds.
Further H,O stretching was seen at 1658 cm™" for the raw material
which disappeared after sintering. Bands at 1041 cm™' and
983 cm™' were assigned to Si—O bonds. Absorption at 486 cm™
was assigned to Si—-O-Al [16].

The X-ray diffractograms were recorded by a Bucker X-ray
D8 advance diffractometer with a Cu-K, radiation
(A=1.54056) at 45 kV and 40 mA, respectively with scan rate
of 0.5 s x step~' with an increment of 0.05. The X-ray
diffractograms were collected in the range of 5-75°. Phase
analyses of the diffraction profiles were done using ICDD-
JCPDS database and the crystallite size of the samples were
calculated using Scherer's formula: d =0.94/fcos 6 where d
signifies the crystallite size, 1 refers to the wavelength of
radiation (1=1.54056), B refers to the full width of half-
maximum intensity of corrected peak and @ the peak position.

Fig. 4(a) presents the XRD patterns of raw material mixture,

_I_.?lr_tiﬁg OriYO%lfB%7S]ntered treated support and the nickel

membrane. The phases for kaolin, quartz and calcium carbo-
nate appeared in the raw material mixture. It was observed that
the peak intensity of the main intense peak of quartz
(20=26.75°) significantly increased with sintering, thereby
indicating that the crystalinity of the quartz increased as
compared to raw material, which was further more significant
after NaOH treatment. The XRD pattern clearly indicated that
NaOH treatment played a vital role in increasing the crys-
talinity of quartz and thereby enhancing the porosity of the
membrane. Further on sintering it was observed that due to the
transformation of kaolinite to metakaolinite the peak corre-
sponding to kaolin disappeared [8].

Similarly the peak corresponding to calcium carbonate also
disappeared on sintering due to thermal decomposition. The
new phases that appeared in the XRD pattern were anorthite
(CaO - AL,O3 - 2S10,) and mullite (3A1,03 - 2S10;).

Fig. 4(b) replicates the XRD pattern of Ni plating to clearly
visualize the nickel peaks. The metallic nickel peaks appeared
at diffraction angle 260=44.6° and 52° due to the diffraction of
(111)and (2 00) plane [Pdf No 00-001-1260] along with the
quartz peaks. It was observed that the peak intensity of quartz
significantly decreased after nickel deposition due to plating of
nickel on quartz particle thereby reducing the crystalinity of
the quartz. The crystal size of the support was calculated based
on the maximum intense peak of the pattern (20=26.75°) and
was observed to be 30 nm.

The surface characterization was also carried out by FESEM
(Make: Zeiss). Fig. 5 presents the surface FESEM micrographs
of the ceramic treated support and SIEP nickel layer deposited
with an initial nickel sulfate concentration (C;) of 0.08 (mol/L).
It can be observed that well-developed nickel layers were existent
for the membrane. Based on the analysis of the FESEM image
using ImageJ software, it was observed that the pores were
distributed over wider pore size values and the average pore size
of the treated support as evaluated from the ImageJ software was
found to be 140 nm which was close to that evaluated from
nitrogen permeation (90-120 nm), respectively.

4.2. Feasibility of the ceramic support

Fig. 6 presents the nitrogen flux profiles for various
combinations of average membrane pore size and effective
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porosity for various cases. As shown, for a nickel dense film
thickness of 1 pm, the feasible combinations of porosity
((¢/¢*) min) varied from 4.5 x 1072 to 1.1 x 10~ for pore
diameter (d,,) variation from 20 nm to 500 nm, respectively.
However, when the nickel film thickness was enhanced 5-fold
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Fig. 4. (a) XRD patterns of raw material mixture, sintered raw support,

sintered treated (NaOH) support and the nickel membrane (b) XRD pattern of
Nickel membrane.

(to 5 pm), (¢/¢%) min varied from 9.1 x 107> to 2.2 x 10~ for
d,, variation from 20 nm to 500 nm, for a film thickness of
10 um, (¢/¢*) min varied from 4.5 x 0> to 1.1 x 107 for d,
variation from 20 nm to 500 nm and for a film thickness of
20 pm, (¢/¢*) min varied from 2.2 x 10~ to 5.6 x 10~ for d,
variation from 20 nm to 500 nm, respectively. The obtained
membrane morphological parameters indicated that the raw
support was feasible for a desired minimal dense nickel film
thickness of 1 pm and the treated support was feasible for a
desired minimal dense nickel film thickness of 5 pm. These
theoretical deductions indicated that irrespective of the fabrica-
tion method, the supports were feasible for very low values of
dense metal film thickness on the supports which was very
difficult to achieve using conventional and novel metal
deposition methods on porous ceramic supports with achieved
morphologies.

4.3. Synchronity for nickel plating (average flux and percent
pore densification)

Fig. 7(a) represents the average flux data trends with respect
to the time of plating. The average flux through the membrane
reduced from 4.1 x 1072 to 2.1 x 1072 (mol/m?/s) in 24 h for
M, (SOEP), 3.0 x 107°=1.5 x 10~ (mol/m?/s) in 24 h for M,
(SIEP), 1.8 x 107'-3.7 x 107> (mol/m%/s) in 24h for M;
(SIEP) and 2.2 x 107'-3.6 x 1072 (mol/m%/s) in 24 h for My
(SOEP), respectively. It was observed that for membranes M,
and M, the initial plating steps increased the average flux
through the membrane. This indicated that for these mem-
branes, morphological modifications (opening of voids/pores)
were dominant as compared to metal deposition inside the
porous structure. Eventually with increment in plating hours it
was observed that morphological modifications became mini-
mal and pore densification gradually improved. Further for the
treated membrane M; (SIEP) it was observed that after 24 h of
plating the ratio of initial flux to the final flux was around 48.8
which was quite higher than the value obtained for My
membrane (6.2).

Fig. 5. Surface FESEM micrographs of (a) treated support (b) SIEP membrane (M3).

TH-1330_10610717
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The time dependent enhancement and reduction in average
membrane flux for membranes M; and M, clearly depicted that
the low cost ceramic supports were not compatible enough to
handle the plating process and therefore, the supports required
further treatment so that the supports could withstand the
corrosive environment that prevailed during the long term
exposure of electroless plating in a highly alkaline environ-
ment. Various possible reasons for opening of pores corre-
spond to surface and pore modifications of the substrate at the
plating conditions. Therefore, the NaOH pretreatment was
regarded to be a viable option to make the supports feasible for
low cost dense metal ceramic composite membrane research.

Fig. 7(b) presents the time dependency with respect to
percent pore densification trends. PPD values varied from 0%
to 46.7% in 24 h for M, (SOEP), 0% to 95% in 24 h for M,
(SIEP), 0% to 98% in 24 h for M3 (SIEP) and 0% to 83.9% in
24 h for M, (SOEP). Further the PPD values for M; and M,
were initially observed to be negative indicating to the fact that
the rate of pore opening was faster than the rate of pore
densification thereby confirming that membrane healing pro-
cess was too slow for the raw supports. However, plating in the
later hours indicated that positive profiles were observed for
M, and M, which clearly indicated that SOEP and SIEP
processes not only repaired the damage morphologies but also
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densified the membranes. But this was not the case with NaOH
treated supports where systematic reduction in flux was
observed with plating time. However, excessive deposition
of nickel in the ceramic matrix is not desired for the functional
supports, as this could lead to higher thermal stresses that
could be induced with temperature cycling phenomena for the
Pd composite membranes.

Even for the raw supports, for the same time of plating
(24 h), SIEP (M,) reduced the PPD twice as compared to
SOEP (M;). Thus it can also be concluded that surfactant
played an important role in reducing the average flux through
the membrane and served better than sonication in achieving
densification both for the raw and the treated supports. There-
fore, more detailed research in process engineering of materials
manufacturing processes involving surfactants is as well
needed.

5. Conclusions

This work presented an integrated experimental and theore-
tical approach for the development of compatible functional
supports towards dense metal ceramic composite membrane
fabrication. The challenging scenario of this study was to work
with laboratory fabricated supports characterized with lower
combinations of average pore size and lower effective poros-
ity. For such supports etching in alkaline medium served to be
favourable in terms of compatibility of the support and
corrosion resistance. NaOH treatment prior to plating enabled
enlargement of the membrane pores to its target diameter such
that the early plating steps does not serve as a treatment steps
for the supports. Further XRD patterns clearly indicated that
NaOH treatment increased the crystalinity of the raw materials
thereby enhancing the pore size and porosity of the membrane.
Moreover the morphological fitness of the ceramic support
clearly indicated that the supports were feasible for very low
values of dense metal film thickness irrespective of the
fabrication technique. The fabricated nickel composite mem-
branes were anticipated to serve as functional supports for
dense palladium membranes. A tentative combination of
optimal support morphological properties and optimal electro-
less plating process as highlighted in this article would be
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Fig. 7. Performance of nickel plated membranes in terms of time dependent (a) average flux and (b) PPD.
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useful to serve as a guideline for the realization of low cost
multi-metal composite membranes.

Nomenclature

Permy;, Maximum hydrogen permeability of the nickel film
reported in the literature (mol/mz/s/PaO'S)

Oiie Critical dense nickel film thickness in the

literature (pm)

ass 10 pm (pm)

Exponent (=0.5 according to Stewart’s law)

Permeable area of the membrane (m?)

Volumetric flow rate (m3/s)

Membrane pressure at permeate side (Pa)

Trans-membrane pressure drop (Pa)

Average pore size (um)

Effective porosity

Average pressure on the membrane (Pa)

Molecular mean velocity of the gas (m/s)

Pore length (m)

Tortuosity

Viscosity of gas (Pas)

Effective permeability factor (m/s)

Flux through the membrane (mol/mz/s)

Average flux through the membrane (mol/m?/s)

Hour of nickel plating (as exponent)

Average flux through the support (mol/m?/s)

Average flux through the membrane after ith hour of

nickel plating (mol/m?/s)

PPD  Percent pore densification (%)

ELP Electroless plating
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Ne& > TS S
S

NS x3S e ~ <
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S

SIEP  Surfactant induced electroless plating
SOEP  Sonication induced electroless plating
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Abstract

Addressing combinatorial plating characteristics for dense metal ceramic composite membranes, this article attempts to identify the most
suitable electroless plating rate enhancement technique. The support morphology considered for this work corresponds to low combinations of
pore size and porosity. Cases considered for comparative assessment include conventional electroless plating (CEP), surfactant induced
electroless plating (SIEP) and sonication induced electroless plating (SOEP). BET, FTIR, XRD, FESEM and nitrogen permeation techniques
were employed for surface and physical characterization. It was observed that with SIEP the average metal film thickness was about 18.3 pm and
with SOEP it was 24.6 pm. Correspondingly it was also observed that for SIEP baths the ratio of percent pore densification (PPD) to metal film
thickness () i.e. PPD/d varied from 11.2 to 5.35 and for SOEP baths PPD/é varied from 3.5 to 4.7 for 8-24 h of sequential plating. Thereby, it
was inferred that SIEP possessed maximum potential towards dense metal ceramic composite membrane fabrication for the realization of

maximum PPD with minimal metal film thickness.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: E. Membrane; Ceramic; Surfactant; Densification

1. Introduction

Metal composite membranes have numerous applications
such as TiO, recovery from waste water streams [1], asym-
metric supports for dense palladium composite membranes [2],
production of ultrapure gases for special applications [3] and
hydrogen separation [4]. Presently companies involved in
fabricating composite membranes for various industrial appli-
cations include Mykron, Entegris and Mott Corporation.

Amongst several fabrication processes, electroless plating (ELP)
offers a good number of advantages such as uniformity in depo-
sition irrespective of shape and size, simple experimental setup,
scalability, minimal usage of electrical power, applicability for
deposition on internal surfaces, edges, irregular and complex
shapes, etc.

The autocatalytic metal electroless plating process is an
extremely slow process and therefore plating rate enhancement

*Corresponding author. Tel.: +91 361 2582260; fax: +91 361 2582291.
E-mail address: ramgopalu@iitg.ernet.in (R. Uppaluri).

techniques were explored to enhance the plating rate. How-
ever, the quality of plating remained a central issue for which
plating rate enhancement techniques and their associated
parameters need to be optimized. Several plating rate enhance-
ment techniques include agitation (in the form of either
membrane stirring [5] or gas sparging [6]), vacuum [7],
hydrothermal [8], sonication [8] and surfactant assisted elec-
troless plating baths [9]. However, amongst these techniques,
from the perspectives of combinatorial plating characteristics
and ease of operation, sonication and surfactant remained
attractive, as industrial scale sonication baths are available and
surfactant assisted electroless plating could be scaled up easily.
Even amongst these two, surfactant induced electroless plating
has significant number of features. The usage of surfactant is
advantageous in two ways—firstly surfactant reduces the
surface tension of the gas bubble and therefore enables the
generation of smaller bubbles on the surface thereby minimiz-
ing the pitting effect. Secondly since gas bubbles are removed
at a faster pace, the redox reaction shifts to the forward
direction and therefore metal plating is enhanced [9]. Further

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Nomenclature

A, permeable area of the membrane, m?

wo dry weight of the membrane before plating, g

w; dry weight of the membrane after ith hour of
plating, g

w total amount of nickel originally available in the
plating bath, g

n number of plating cycles

Vo volume of plating solution in each plating cycle, L

My; molecular weight of nickel metal, g/mol

DPNi density of nickel metal, g/cm’

J flux through the membrane, mol/m? s

J average flux through the membrane, mol/m” s
i hour of nickel plating (as exponent)

i plating rate, mol/L s

t; time of plating for the ith hour, h

PPD  percent pore densification, %

CEP conventional electroless plating

ELP electroless plating

SIEP  surfactant induced electroless plating
SOEP  sonication induced electroless plating

ultrasonic waves in sonication induced electroless plating
account for increased mass transport, interfacial cleaning and
thermal effects [10].

To date, electroless plating research for metal composite
membranes was primarily targeted from a product quality
oriented perspective, but not from process engineering per-
spectives. Combinatorial plating characteristics involving the
simultaneous assessment of plating process parameters (such
as plating rate) and product parameters (such as average pore
size, average pore densification and metal film thickness) are
important areas of research that could drive the efficacy of both
manufacturing processes and materials. From such a perspec-
tive for dense metal composite membranes, the literature is
scarce. Further, time dependency of the plating and process
characteristics and rate enhancement techniques (sonication
and surfactant) for metal composite membranes were not
addressed. Also in the literature, while SIEP has been studied
significantly for stainless steel supports, alumina supports [11]
and palladium deposition, SIEP studies toward nickel compo-
site membranes have not been addressed for ceramic supports.
Such studies are also required from a processing perspective as
well, given the fact that stainless steel membranes are
significantly more expensive than ceramic membranes and
thus the utilization of ceramic membrane could pave the way
for faster research commercialization and scaleup.

Process engineering studies toward materials fabrication need
to first address compatibility of support materials towards the
desired application. Deliberating towards the synchronity of
process—material compatibility, our previous work addressed the
preparation, characterization and optimization of a low cost
ceramic support for the preparation of nickel ceramic composite
membranes [12]. This work is a natural extension of such work
and aims towards a critical examination of electroless plating
process characteristics for the optimized support.

2. Experimental

Laboratory made ceramic substrates with a diameter of
36 mm and thickness of 3.5 mm fabricated at a pressure of
4.9 MPa were used as supports for the electroless plating
experiments. The pore size d,"” and effective porosity (¢/g?)
of the substrates were about 50-70 nm and 10-15% respec-

tifﬁx'lggﬁ_Téaéiiﬁ7iu})Strates were fabricated by the dry

compaction method and sintered at 900 °C and the inorganic
raw materials used for fabrication of ceramic substrate were as
mentioned in Table 1.

Surface and physical characterizations were performed using
a number of techniques. The BET surface area and pore size of
the support material were determined by N, adsorption
desorption isotherm at 77 K by using a surface area analyzer
(Beckman-Coulter; Model: SA3100). Fourier transform infra-
red spectroscopy (FTIR) analysis was done to record the
characteristic peaks of various raw materials. X-Ray diffraction
(XRD) analysis of the inorganic ceramic substrate and metal
membrane was conducted to evaluate the extent of phase
transformations. Field emission scanning electron microscopic
(FESEM) study (Make: Oxford; Model: LEO 1430VP, UK)
was carried out to analyze the presence of possible defects and
estimate the membrane pore size. The estimation of average
membrane pore size from FESEM micrographs was carried out
using ImageJ software. The effective porosity of the membrane
was evaluated by weight gain method with water as the
wetting liquid. Nitrogen permeation experiments were con-
ducted to quantify membrane morphological parameters such
as flux of the composite membranes and average pore size (d,,)
that contribute to the transport and the experimental procedure
was similar to the one as discussed in our previous work [12].

2.1. Electroless plating

Typical composition for nickel electroless plating technique is
summarized in Table 2. Prior to plating, the substrates were
seeded with the conventional procedure of activation and sensi-
tization with palladium seeds. Eight sequential 1 h nickel deposi-
tion steps with a nickel concentration of 0.08 mol/L, loading ratio

Table 1
Composition of raw materials of ceramic membrane supports.

Material Composition on dry basis (wt%)
Kaolin 40
Feldspar 15
Quartz 15
Na2CO3 10
Pyrophyllite 10
Boric acid 5
Sodium metasilicate 5
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of 203 cm?/L, 50% excess hydrazine hydrate (reducing agent) and
plating bath temperature of 80 °C were used to yield the nickel
composite membranes.

Five different membranes as mentioned in Tables 3 and 4
were focused for the development of nickel composite
membranes. Prior to plating, raw membranes M, and M5 were
treated. The treatment involved immersion of the support in an
alkaline (NaOH) solution which modified the support mor-
phology and the pore diameters increased from 50-70 nm to
90-120 nm as discussed in detail in our previous work [12].

2.2. Evaluation of plating characteristics

The process and plating parameters for evaluating the
performance of various electroless plating baths for fabricating
dense nickel membranes are average trans-membrane flux J,
average plating rate (7;), average thickness of the nickel layer
(6) and percent pore densification PPD (%). Average trans-
membrane flux and PPD calculations were similar to our
earlier reported work [12].

Table 2
Typical composition of conventional and surfactant induced nickel electroless
plating baths.

S. no. Component Amount

1 Nickel sulfate 0.08 mol/L
2 Hydrazine hydrate 50% excess
3 Trisodium citrate 0.2 mol/L

4 Sodium hydroxide 10-12

5 Cetyltrimethylammonium bromide 1.2 g/L

Table 3
Summary of various cases investigated for the development of
nickel composite membranes.

Case Type of support Type of ELP

M, Raw Conventional

M, Raw Sonication

M; Raw Surfactant

M, Treated Surfactant

M; Treated Sonication
Table 4

Ratio of plating rate with respect to the base case (CEP).

Type of plating Ratio of plating rate

8h 16h 24h
SOEP (M,) 9.97 6.18 3.82
SIEP (M3) 6.31 322 225
SIEP (M,) 13.98 6.21 341
SOEP (Ms) 16.62 6.97 4.58

Starting taken as 40 h for CEP (M)).

TH-1330_10610717

The theoretical nickel film thickness () was evaluated using
the weight gain method and was expressed as follows:
WwWi—Wwq

= (1)
PilAm

where py; (g/cm3) represents the density of nickel metal
and A,, (m2) the membrane surface area for nitrogen permea-
tion experiments. The plating rate 7; (mol /(L s)) was evaluated
as follows:
_ Wi=wp
o MyinVot;

I

(@)

where ¢; corresponds to the time of plating for the ith hour.

3. Results and discussions
3.1. Surface characterization

The BET surface area of support was 2.712 m*/g and total
pore volume was 0.0156 ml/g with no micropore volume. The
average pore size as evaluated from Barrett-Joyner—Halenda
(BJH) pore volume distribution was found to be 35 nm similar
to our previous addressed work [12]. Similarly the Fourier
transform infrared spectra recorded characteristic peaks of
kaolin for the raw material and after sintering of the raw
material mixture at 900 °C were assigned to C-H bonds,
C—=—C bonds, Si—O-Al and Si—O bonds as discussed earlier in
detail [12].

X-Ray diffraction phase analysis was done using the ICDD-
JCPDS database. Fig. | presents the XRD patterns of raw
material mixture, sintered ceramic support, and the nickel
membrane. The phases for kaolin, quartz and sodium carbonate
appeared in the raw material mixture as reported earlier [12].
Further on sintering it was also observed that the peak
corresponding to kaolin disappeared due to the transformation
of kaolinite to metakaolinite and that corresponding to sodium

Ni (111)

Ni (200)

10 20 30 40 50 60 70
20(Degree)

Fig. 1. XRD patterns for (i) A—raw material, (ii) B—sintered support and (iii)
C—mnickel plated membrane (M,;) where K signifies kaolin, S—sodium
carbonate, Q—quartz, N—Nephiline and Ni—nickel.
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Fig. 2. Surface FESEM micrographs of (a) ceramic treated support, (b) nickel membrane fabricated with SIEP process (M) and (c) nickel membrane fabricated

with SOEP process (Ms).

carbonate disappeared due to thermal decomposition. The new
phase that appeared in the XRD pattern on sintering was
Nephiline (Na,O, Al,O3, 2SiO,) which was produced by the
reaction of sodium oxide (Na,O) and metakaolinite at tempera-
ture around 800 °C [13]. Moreover the diffractogram graphs
after sintering (profile B) indicated no change in the quartz peak
trends thereby implying that quartz phase was not at all affected
by sintering of inorganic materials within the studied tempera-
ture range considered in this work. The metallic nickel peaks for
electroless plating (profiles C) appeared at diffraction angle
20=44.5° and 51.8° due to the diffraction of (111) and (200)
planes [Pdf no. 00-004-0850]. Further, temperature programmed
reduction analysis (Model: Chemisorb 2720; Make: Micro-
metrics) was also conducted for the nickel plated membrane
and no reduction peak was observed indicating that only
metallic nickel was deposited on the ceramic substrate.

Fig. 2 presents the surface FESEM micrographs of the
ceramic substrate and nickel layer deposited with an initial
nickel sulfate concentration (C;) of 0.08 (mol/L) after 12 h of
sequential plating with SIEP and SOEP processes. The nickel
particles were uniformly dispersed as observed on the surface.
Further it was observed that SIEP process showed better

surface finish with af%lomerates, thereby providing faster
TH-1330_ 106107

1.0x107

8.0x10°8

6.0x10°8

4.0x10°8

Plating Rate(mol/L.s)

2.0x10°8

0.0-

8 16 24
Time of plating (hrs)

Fig. 3. Variation of plating rate with time of plating.

densification with lesser pinholes as desired. Average pore
size analysis of the ceramic substrate done using Imagel
software gave an average pore size of 150 nm which was
close to that evaluated from nitrogen permeation experiments
(90-120 nm).
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3.2. Plating rate

Fig. 3 presents the trends for fluctuation in plating rate with
respect to time of plating. It was observed that the plating rates
for M, varied from 6.68 x 10~ to 6.58 x 10~ (mol/L s), for
M, from 6.65 x 107 to 2.54 x 10~% (mol/L s), for M5 from
4.2 x 1078 to 1.5 x 1078 (mol/L s), for M, from 9.3 x 1078 to
22x 108 (mol/Ls) and for Ms from 11.1x10™% to
3.58 x 1078 (mol/L s). Further, Table 3 illustrates the ratio of
plating rate with respect to the base case (CEP). From the data
it was analyzed that for both the cases of treated (Ms) and raw
supports (M,), SOEP membranes gave higher plating rate
when compared to both CEP and SIEP. Such data trends are
also in agreement to Wu et al. [14] who inferred that
introduction of ultrasonic waves during electroless nickel
deposition enhances the plating rate.

As compared to Bulasara et al. [15] who reported a CEP rate
of 1.51 x 107°-9.79 x 107® (mol/L s) for an average pore size
of 275 nm, porosity of 0.44 and varying stirrer speed, our work
indicated a lower plating rate of 6.68 x 10~° (mol/L s). There-
fore, it was inferred that plating rate was strongly influenced
by average pore size and porosity and hence plating rate
enhancement techniques became predominantly significant to
influence the quality of plating characteristic for the supports
considered for this work.

Experimentally it was reported that the plating rate and the
quality of plating were optimal for supports within the pore
size of 250-300 nm and porosity of 35-50% [16]. This work
referred to the performance characteristics of a low cost
ceramic membrane that was characterized with even lower
combinations of pore size (90—120 nm) and effective porosity
(10-15%). From metal film densification perspective, a support
with lower pore size and porosity enabled faster densification
but did not provide good adhesion of the metal film to the
support. On the other hand, a support with higher pore size and
porosity required thicker dense metal films to achieve dense
composite membranes [17] with good adhesion strength.

Therefore, the metal densification perspective shall not be
regarded from the perspective of achieving only thin dense

25 | %M
—o— M,
IS —A— M,
= 20+
A el
2 —— M;
§15—
=
(S
= 10
o)
[
25— /
0 — T T T T T T T T T T T T T T

10 12 14 16 18 20 22 24 26
Time of plating (hrs)

(o)
o -

Fig. 4. Variation of film thickness with time of plating.
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metal film thickness, as the mechanical strength of the film was
also of paramount importance. Therefore, further research was
required to identify optimal membrane pore size and porosity
values that enabled achieving stable dense metal films on the
surface. Nonetheless, the role of plating rate enhancement
techniques to alter the strength related properties could not be
ignored in this context.

3.3. Film thickness

Fig. 4 reports the data trends for increment in metal film
thickness with time of plating. It was observed that for 824 h of
nickel plating, the metal film thickness increased from 0.8 to
5 pm for M; (CEP), 6-20.5 pm for M, (SOEP), 3.7-12.1 pm for
M; (SIEP), 8.4—-18.3 pm for M, (SIEP) and 9.9-24.6 um for M5
(SOEP). Further, it was observed that the nickel film plating rate
was 1 pm/h for the SIEP baths which was 10 times higher than
the value for CEP baths (0.1 pm/h). Subsequently it was
observed that the nickel film plating rate was 1.2 pm/h for the
sonication assisted baths. Literature indicated that the corre-
sponding plating rates for a macroporous support were 1.9, 1.8
and 3.1 pm/h for CEP, SIEP and SOEP respectively [15]. While
the desired objective is to achieve a dense nickel film on the
surface of the porous ceramic support, it was observed that the
first few plating steps enabled the deposition of nickel film
inside the support pores which would facilitate good bonding
between the support and the metal film. In addition, further
insights to gain information related to the uncertainities asso-
ciated to theoretical metal film thickness have not been obtained
using FESEM cross section images, as Bulasara et al. [18] have
indicated that the theoretical thickness values are as good as
those measured using the FESEM image analysis.

Thus sonication resulted in tremendous increase in film
thickness due to simultaneous increase in both deposition rate
and plating efficiency for both the treated and the untreated
supports. These observations are in agreement with Kathirga-
manathan [19] who concluded that sonication enhanced metal
deposition and improved adhesion of the metal to the membrane
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Fig. 5. PPD/6 vs. log(100—PPD) tradeoffs.
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surface. Similar conclusions were inferred by Ilias et al. [20]
through their statement that the same thickness could be
obtained by reducing the plating time if a suitable surfactant
was used during electroless plating.

3.4. Efficacy of mass transfer enhancement

Fig. 5 presents the time dependent variation of (100—PPD)
and PPD/6 values for nickel composite membrane fabricated
by various rate enhancement techniques. The graph corre-
sponds to conceptual extensions of the measured data to
visualize the extent of pore densification (x-axis) with respect
to the amount of metal required to densify the pores (y-axis).
Conceptually, an ideal electroless plating process supplemen-
ted with optimal rate enhancement technique should achieve
maximum PPD/§ and minimal (100—PPD) values and there-
fore should refer to the values closely located to the y-axis.
From the figure, it is observed that PPD values varied from
26% to 90% and PPD/§ from 2.2 to 2.86 in 32-64 h of
rigorous plating experimentation for M. Further, PPD values
varied from 34.9% to 83.9% and PPD/§ values from 3.5 to 4.7
for Ms after 24 h of sequential plating. However, for the same
time of plating, PPD values varied from 24% to 98% and
PPD/5 values from 11.2 to 5.35 were obtained for the
surfactant assisted baths (My). Therefore from membrane pore
densification perspective, surfactant assisted electroless plating
yields the best possible conditions of nickel metal deposition
on the membrane surface and corresponds to a combinatorial
performance characteristics of 98.7% PPD and PPD/§ value of
4.98 for a nickel composite membrane with a film thickness (6)
of 19.8 pm after 32 h of rigorous experimentation.

Further, it was observed that there exists a saturation point
for membrane My, as there was no significant improvement in
the PPD value (from 98% to 98.7%) from 24 to 32 h of
sequential deposition. The saturation phase in the plating
period was represented by a sharp reduction in the length of
the consecutive points. However, the case did not correspond
to 100% saturation, which should have been indicated by a
vertical straight line in the graph. Since PPD could not be
altered much with the prevalent conditions, an interesting issue
for further research was to examine the role of solution
concentrations (metal or reducing agent concentration or both)
as well as the mode of contacting to bypass the saturation
phase and continue the plating process to ensure that 100%
densification could be achieved.

If we consider the case which has comparatively higher
values of PPD and lower time of plating, the only feasible
option was for surfactant induced electroless plating as shown
in Fig. 5. A PPD value of about 98% along with the
experimental inference of porous membranes presumably
indicated that the utilization of supports with lower surface
pore sizes could yield a dense nickel/ceramic composite
membrane in about 24-32 h of sequential electroless plating
steps at lower metal concentration (0.08 mol/L). Further, it can
be stated that although sonication improved the plating rate

%-Tgtéb_ﬁiﬁlﬁ ﬂ]ﬁl?l. ss, it did not provide significant

reduction in pore size as compared to surfactant induced
electroless plating.

The efficient design of electroless plating process needs to
maximize percent pore densification (PPD) and minimize the
metal film thickness (8). This work also recognized the
immediate need to identify suitable mass transfer enhanced
electroless plating processes that could provide good combina-
tions of PPD and film thickness (8). The approach presented in
this work could be used as a new methodology for the
assessment of nickel electroless plating baths with variant
morphological parameters and conditions of operations.

Thus surfactant techniques were observed to be more
effective to enhance the PPD values significantly close to
100% as shown clearly in Fig. 5. This is also in agreement
with the work of Islam et al. [21], who inferred that dense and
thinner films could be formed with shorter deposition time
using SIEP method. A possible reason for not achieving 100%
PPD was that beyond a particular point the solution concen-
tration imposes limitations on the quality of plating.

4. Conclusions

This work elaborated upon engineering research approaches
and experimental methodologies required for the cost effective
fabrication of nickel/ceramic composite membranes for elec-
troless plating processes. It could further be extended towards
palladium composite membranes and multi-metal membranes
that have functional applications as efficient gas separating
devices. Emphasis was primarily towards the efficacy of
various rate enhancement techniques that could be supplemen-
ted to electroless plating process for the fabrication of dense
metal/ceramic composite membranes. Most importantly, this
work showed that sonication did not contribute to 100% pore
densification for the chosen support, even though sonication
contributed to enhanced nickel deposition rate substantially.
This work reported time dependent performance of electroless
plating baths for nickel/ceramic composite membrane fabrica-
tion which promoted further insights in the metal deposition
characteristics such as variation in thickness, PPD and average
pore size with time of deposition. Thereby, this work featured
the minimal number of plating steps required to achieve
desired membrane characteristics. Interesting feature of such
research was to examine the compatibility of nickel films in
terms of adhesion during electroless plating. The conceptual
insights gathered in this work required further refinement and
fine tuning towards assessing the role of better quality porous
supports in combinatorial performance characteristics of elec-
troless plating baths.

The experimental investigation confirmed that nickel deposi-
tion on non-conducting surfaces was an extremely slow
process and efforts were required to enhance the plating rate
as well as the quality of deposition of metal on non-conducting
surfaces. The stagnation of time dependent PPD profiles
needed further experimental investigation and careful contact-
ing of reducing agent with metal precursors to substantially
enhance PPD and could not be ruled out. This was especially
evident from time dependent nickel PPD profiles in the later
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stages of plating. Optimization of conditions that drive away
the achievement of saturation in product quality would require
sophisticated process modification. For example a time depen-
dent variable frequency sonicator may provide better PPD
profiles or good quality of plating. Further, SIEP was
exceptionally good to achieve highest values of PPD/6 for
the membranes. Thus, it could be concluded that SIEP
possessed maximum potential towards metal ceramic compo-
site. membranes and would be investigated substantially to
improve the quality of plating.

This work emphasized upon the criticality of mass transfer
enhancement to accommodate morphological parametric fea-
tures to achieve dense metal ceramic composites. It exclusively
focused upon the quality of deposition (PPD profiles) using
supports with lower pore sizes. It appeared that SIEP was the
most promising action in terms of economics, simplicity, ease
of operation and quality of deposition as the technique enabled
the realization of maximum value of PPD/§. Further research
was anticipated with respect to metal concentration since the
plating rate increased with metal solution concentration and
decreased with loading ratio. Higher conversions without
jeopardizing the PPD variation with SIEP need to be studied
and will be taken up as the future work.
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This article addresses furthering the role of sonication for the optimal fabrication of nickel ceramic com-
posite membranes using electroless plating. Deliberating upon process modifications for surfactant
induced electroless plating (SIEP) and combined surfactant and sonication induced electroless plating
(SSOEP), this article highlights a novel method of contacting of the reducing agent and surfactant to
the conventional electroless nickel plating baths. Rigorous experimental investigations indicated that
the combination of ultrasound (in degas mode), surfactant and reducing agent pattern had a profound
influence in altering the combinatorial plating characteristics. For comparison purpose, purely surfactant
induced nickel ELP baths have also been investigated. These novel insights consolidate newer research
horizons for the role of ultrasound to achieve dense metal ceramic composite membranes in a shorter
span of total plating time. Surface and physical characterizations were carried out using BET, FTIR,
XRD, FESEM and nitrogen permeation experiments. It has been analyzed that the SSOEP baths provided
maximum ratio of percent pore densification per unit metal film thickness (*:2) and hold the key for fur-
ther fine tuning of the associated degrees of freedom. On the other hand SIEP baths provided lower (*2)
ratio but higher PPD. For SSOEP baths with dropwise reducing agent and bulk surfactant, the PPD and
metal film thickness values were 73.4% and 8.4 pm which varied to 66.9% and 13.3 um for dropwise

Keywords:
Sonication
Reducing agent
Densification
Ceramic
Surfactant

reducing agent and drop surfactant case.
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1. Introduction

Electroless nickel deposition occurs due to the accretion of
metal particles on a solid substrate. The autocatalytic nickel elec-
troless plating (ELP) process is a relatively slower process, and thus
several researchers have conceptualized the need for suitable sup-
plements to enhance the rate of metal deposition on the porous
surface without compromising upon the quality of the deposition.
Relevant techniques that have been identified include membrane
agitation [1], vacuum [2], sonication [3], surfactant [4], hydrother-
mal [5] and gas sparging [6]. However, from the perspectives of
combinatorial plating characteristics, ease of operation and scala-
bility, sonication and surfactant induced ELP are the most promis-
ing options that need to be further investigated and examined for
their optimality.

During sonication assisted nickel electroless plating, the ultra-
sonic energy accelerates and improves the chemical reactivity in
the solution as well as on the solid-liquid interface. The origin of
sonochemical effects is cavitation. Cavitation in a sonicator bath

* Corresponding author. Tel.: + 91 361 2582260; fax: +91 361 2582291.
E-mail address: ramgopalu@iitg.ernet.in (R. Uppaluri).
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results in mechanical effects by cavity collapse onto the metal/li-
quid-substrate surface thereby ensuring rapid mass transfer, sur-
face cleaning, particle size reduction, thin film preparation,
agglomeration of crystals and metal activation. It facilitates the
step wise formation, growth, and subsequent implosive collapse
of bubbles in the liquid [7], which thereby influences the metal
depositional characteristics. Many researches have inferred that
sonication assisted metal deposition enables the synthesis of nano
particles and efficient deposition of metals on different substrates
[3,7,8]. On the other hand, the addition of a surfactant during ELP
influences particle dispersion and metal plating rates and thereby
increases the mechanical bonding strength [9].

In the field of metal membrane fabrication, researches have
either explored surfactant [4,10-13] or sonication [14,15] rate
enhancement techniques separately and their coupled effect during
ELP has been investigated for other chemical engineering applica-
tions. Recently our research group carried out a comparative assess-
ment of surfactant and sonication induced electroless plating baths
[16,17] and inferred that surfactant induced electroless plating
(SIEP) baths provide better surface engineering and combinatorial
performance characteristics [16] whereas sonication induced elec-
troless plating (SOEP) baths were favorable in terms of enhancing
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Nomenclature

Am permeable area of the membrane, m?

Q volumetric flow rate, m{

Py Membrane pressure at permeate side, pa
AP trans-membrane pressure drop, pa

average pore size, pm

effective porosity

flux through the membrane, (1)
hour of nickel plating(as exponent)

——a
e
~—

i

10 average flux through the support, (;‘—3;)

Ji average flux through the membrane after ith hour of
nickel plating, (12})

G initial concentration of Ni*? in the plating solution, mol

Cr average Ni*? solution concentration after plating, ‘“L"l

X conversion

n plating efficiency, %

Wo dry weight of the membrane before plating, g

w; dry weight of the membrane after ith hour of plating, g

w total amount of nickel originally available in the plating
bath, g

n number of plating cycles

Vo volume of plating solution in each plating cycle, L

Mn;i molecular weight of nickel metal £,

ONi density of nickel metal, &5

T plating rate, 2l

ti time of plating for the ith hour, hr
PPD percent pore densification, %

ELP electroless plating

CEP conventional electroless plating

SIEP surfactant induced electroless plating
SOEP sonication induced electroless plating

CEP-BR conventional electroless plating - bulk reducing agent

SOEP-BR sonication induced electroless plating - bulk reducing
agent

SIEP-BR-BS surfactant induced electroless plating - bulk reduc-
ing agent-bulk surfactant

SIEP-DWR-BS surfactant induced electroless plating-dropwise
reducing agent-bulk surfactant

SSOEP-DWR-BS coupled sonication and surfactant induced elec-
troless plating-dropwise reducing agent-bulk surfac-
tant

SIEP-DWR-DWS surfactant induced electroless plating-dropwise
reducing agent-dropwise surfactant

SSOEP-DWR-DWS coupled sonication and surfactant induced
electroless plating-dropwise reducing agent-dropwise
surfactant

plating rates. Despite improving the plating rates, the SOEP baths
failed to achieve higher pore densification and have phenomenally
contributed to the layering effect without improving upon the pore
coverage and densification. Since SIEP process also has fundamental
limitations in terms of limited enhancement in the plating rate, a
further enhancement in the plating rate without jeopardizing upon
the pore densification was desired. To achieve the same, it was
hypothesized that a combination of sonication and surfactant
would suffice the purpose of targeting the fabrication of dense metal
composite membranes.

Further, few researchers [3,18,19] have investigated ELP cou-
pled with sonication and surfactant variants for the development
of products other than metal ceramic membranes. But till date,
the literature is scarce on the coupled effect of two most scalable
rate enhancement techniques namely surfactant and sonication
for the fabrication of metal ceramic composite fabrication using
ELP technique.

On the other hand, surfactant induced electroless plating (SIEP)
and combined surfactant and sonication induced electroless plat-
ing (SSOEP) baths can be operated in several ways. As a first alter-
native, all the constituents can be mixed initially and plating could
be initiated. Otherwise, the reducing agent can be added in a phase
wise or continuous mode to the mixture of surfactant and metal
solution in an ELP bath. As a third alternate, both reducing agent
and surfactant can be added in a phase wise and continuous mode
to the ELP baths. While these options may appear naive for the
general application of ELP, they may be of paramount relevance
for dense metal composite membranes. Till date there is no litera-
ture that elaborates upon the role of contacting pattern of the sur-
factant in electroless plating bath for dense composite membrane
fabrication. All relevant literatures [10,11,20] addressed bulk addi-
tion of surfactant for metal deposition using electroless plating.
The bulk addition of surfactant encourages adsorption of surfactant
on the membrane surface which promotes uneven charge distribu-
tions on the surface [4] .This encourages greater metal nucleation
in the solution. Variation in the surfactant contacting pattern is
hypothesized to promote better depositional characteristics and

TirkhB30e 1064 0Fchfification due to lesser adsorption of

surfactants on the substrate surface. Thus to increase the efficacy
of the electroless plating process, there is a need to focus upon
the contacting pattern of the dispersing agent (surfactant).

Also, a reducing agent such as hydrazine hydrate is highly heat
sensitive and maintaining a steady concentration of the same is
highly cumbersome [21]. Conceptually, to overcome the same, a
highly controlled reducing agent addition strategy has to be
adopted in this work. Such an addition of reducing agent to an elec-
troless plating process would be similar to the optimal current
density utilization in an electroplating process. The adopted strat-
egy for controlled addition of the reducing agent in this work cor-
responds to the dropwise addition of the reducing agent during the
SIEP/SSOEP process.

This work addresses various types of SIEP and SSOEP processes
considering options such as bulk addition of surfactant (BS), con-
tinuous (dropwise) addition of surfactant (DWS) and continuous
(dropwise) addition of reducing agent (DWR). This work addresses
two major objectives. Firstly, it elaborates upon the comparative
assessment of SIEP and SSOEP processes supplemented with the
dropwise addition of the reducing agent. Secondly, it focusses upon
the dropwise addition of the dispersing agent (surfactant) for SIEP
and SSOEP baths. The ultimate goal of our experimental investiga-
tions is to identify the best process that can provide maximum per-
cent pore densification (PPD), plating rate (7;), plating efficiency (1)
and minimum metal film thickness (§).

2. Experimental

Low cost circular disk shaped ceramic supports with an average
pore size of 200-250 nm were prepared using the raw materials
presented in Table 1. The laboratory fabricated circular ceramic
substrates possessed a diameter of 36 mm and a thickness of
3.5 mm. The fabrication methodology consists of the following
hierarchical steps: mixing of raw materials; casting of the mixture
into circular moulds; drying of the raw discs at 100 °C; sintering at
900 °C with a controlled heating/cooling rate (1.5 °C/min); polish-
ing of the membranes and finally ultrasonically cleaning the
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Table 1
Composition of raw materials.
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Material Composition (wt.%) Purchased from
Kaolin 40 CDH Ltd., India
Feldspar 15 National Chemicals, India
Quartz 15 Research-lab Fine Chem Industries, India
Na,CO3 10 Merck Ltd., India
Pyrophyllite 10 National Chemicals, India
Boric Acid 5 Merck Ltd., India
Sodium metasilicate 5 SD Fine-Chem Ltd, India
Table 2

Composition of surfactant induced electroless nickel plating bath.

S. No. Component Purpose Amount (mol/L)
1 Nickel sulfate Source of nickel 0.08 mol/L

2 Hydrazine Hydrate Reducing agent 100% excess

3 Trisodium citrate Stabilizer 0.2 mol/L

4 Sodium Hydroxide pH 10-12

5 Cetyltrimethylammonium bromide Dispersion 12¢g/L

Plating temperature 353-363 K
Loading ratio 203 cm?/L

Time for 1 plating step ¥h

membrane in a sonicator bath. The substrates were fabricated by
the dry compaction method using a hydraulic press (Make - Velan
Engineering) at a pressure of 4.9 MPa. The effective porosity () of
the supports was found to be about 10-15% as evaluated %rom
nitrogen permeation experiments.

A number of techniques such as fourier transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller (BET) analysis, X-
ray diffraction (XRD) analysis, field emission scanning electron
microscopic (FESEM), weight gain method, nitrogen permeation
experiments were used for surface and physical characterization.
The FTIR analysis was deployed to observe the characteristic peaks
associated to various functional groups in raw materials. N,
adsorption desorption isotherm was used to evaluate the BET sur-
face area and pore size of the substrate material. Further to evalu-
ate the extent of phase transformations after plating, XRD analysis
was carried out. FESEM study was conducted to analyze the surface
defects and estimate the average membrane pore size. Nitrogen
permeation experiments were conducted to evaluate membrane
morphological parameters such as the average flux of the mem-
brane and percent pore densification.

2.1. Electroless plating

Prior to electroless nickel plating the substrates were sensitized
and activated with palladium. The activation process produced
small Pd metal catalytic sites dispersed on the surface that serve
as active sites for electroless nickel deposition. The optimized elec-
troless Ni plating bath composition and parameters are summa-
rized in Table 2.

The conventional electroless plating (CEP) bath composition (as
shown in Table 2) consisted of nickel sulfate (source of nickel),
hydrazine hydrate (electron source), trisodium citrate (stabilizer),
and sodium hydroxide (to maintain pH) respectively. Plating char-
acteristics were investigated at a loading ratio of 203(%), plating
bath temperature of 80 °C, pH of 10-12 and %: h of plating time
for one deposition. Since the process involves bulk addition of
reducing agent, the CEP process has also been referred to as
CEP-BR (bulk reducing agent). For SIEP baths, the process variation
refers to the alteration in the bath composition to include a cat-
ionic surfactant cetyltrimethylammonium bromide (CTAB) at a
solution concentration of 1.2 g/L. Further, for SSOEP baths, the

C'E]PMB(&QS_ b6 110713Ged with a sonicator bath along with an

addition of the CTAB surfactant. Ultrasonic cleaning bath (EIma S
30 H) that operated at a frequency of 37 kHZ with a power con-
sumption of 280 W was used for SSOEP process studies. The inner
dimensions of the rectangular cleaning bath are 240 mm
(Length) x 137 mm (Width) x 100 mm (Height). Further, the soni-
cator was also facilitated with three different modes of operation
namely auto, degas and sweep.

Typically, the reduction of Ni%* with hydrazine hydrate reducing
agent during ELP involves the following three reactions [22]:

2Ni*" + N,H, + 40H™ = 2Ni | +N, T +H,0 (1)
N,Hs = N, ) +2H, (2)
3N;H4 =N, T +4NHs 7 3)

In the above three reactions, while reaction (1) occurs on the
activated substrate surface and is desired, reactions (2) and (3) oc-
curs in the plating solution and are undesired, as they deplete
reducing agent concentration in the solution. Reactions (2) and
(3) are due to inherent heat sensitivity and instability of hydrazine
at the plating temperature. Therefore, bulk addition of hydrazine is
bound to provide lower plating efficiency due to lower selectivity
towards reaction (1). Hence controlled addition of hydrazine to
the metal electroless plating baths is anticipated to enhance the
selective conversion of hydrazine towards metal plating on the
substrate surface. Thus with efficient contacting pattern for the
reducing agent, the time period for one plating step could be re-
duced by 50% (30 min) which was not the case in our earlier work
[8]. In addition, the controlled addition of surfactant could reduce
stronger adsorption of surfactant on the substrate surface, which
can inturn alter the metal adhesion and removal rate of generated
gas bubbles (reaction (1)). The desired effect of minimal metal
solution nucleation and maximum metal film adhesion strength
is an interesting issue in the context of surfactant contacting pat-
tern. Thus, the efficacy of reducing agent and surfactant contacting
pattern has been investigated for the following cases:

(a) SIEP-DWR-BS baths: The SIEP baths were modified with
dropwise addition of reducing agent (DWR) and bulk addi-
tion of the cationic surfactant (BS).

(b) SIEP-DWR-DWS baths: For these cases, SIEP baths were
supplemented with dropwise addition of reducing agent
(DWR) and dropwise addition of the cationic surfactant
(DWS).
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(c) SSOEP-DWR-BS baths: In these experiments, plating was
carried out in SSOEP baths with dropwise addition of reduc-
ing agent (DWR) and bulk addition of the cationic surfactant
(BS).

(d) SSOEP-DWR-DWS: For these cases, SSOEP baths were sup-
plemented with dropwise addition of reducing agent
(DWR) and dropwise addition of the cationic surfactant
(DWS).

2.2. Evaluation of plating characteristics

Parameters involved for the evaluation of combinatorial nickel
plating characteristics include average trans-membrane flux (J),
plating efficiency (#), average plating rate (7;), metal film thickness
() and percent pore densification PPD(%).

The nitrogen flux through the membrane (J) at varying pressure
was evaluated from the volumetric flow rate data

J=4 @)

where Q represents the volumetric flow rate in LPM, A;, the perme-
able area of the membrane in m? and J the flux through the mem-
brane in (29}

The average membrane flux | was estimated using the
expression

Py

- (5)

P, — Py
where f,f] 2 JdP corresponds to the area under the curve for a plot be-
tween the membrane flux (2¢!) and pressure differential (psi).The
term P, — P; corresponds to the maximum and minimum guage
pressure during a nitrogen permeation experiment.

Pore densification was defined as the fractional volume of the
pores covered by the deposited metal and it was expressed as

follows:

ppD; = 1o =Ji 100 (6)
Jo
where J, represents the average flux through the support and J; rep-
resents the average flux through the membrane after ith hour of
nickel plating.

The theoretical nickel film thickness (5) was evaluated as
follows:

5= Wy — Wy
Prifim

where py;(s5;) represents the density of nickel metal and A, (m?)
the membrane surface area for nitrogen permeation experiments.
In addition, further insights to gain information related to the
uncertainties associated to theoretical metal film thickness have

not been conducted using FESEM cross section images. This is due

(7)
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to the reason that Bulasara et al. [23] have indicated that the theo-
retical metal film thickness values are as good as those measured
using the FESEM image analysis.

The plating rate 7;(22) was evaluated as follows:

P Wy — Wy
liMNanXV()Xt,'

8)

where t; corresponds to the time of plating for the ith hour.
The plating efficiency #(%) was evaluated as follows:
Wy =Wy

= 9
= "x ©)
where x corresponds to the conversion in the plating bath and can
be expressed as:

X ViCi — Vi (;
. viGi
The concentration of nickel ions in the plating baths before (C;)
and after electroless deposition (C;) were estimated from com-

plexometric titration with EDTA using xylenol orange indicator
[23]

(10)

3. Results and discussion
3.1. Surface characterization

Fig. 1 confirms the existence of characteristic peaks for kaolin in
the raw material and peaks corresponding to C-H, C=C, Si-0-Al
and Si-O bonds in the ceramic support. Further details with re-
spect to the FTIR analysis has been elaborated in our earlier work
[16]. Further Fig. 2(a) confirms the existence of Type III isotherm
with Hs hysteresis loop giving rise to slit-shaped pores exist as
per IUPAC [24] using a surface area analyzer(Make: Beckman-Coul-
ter). Fig. 2(b) illustrates the desorption Barrett-Joyner-Halenda
(BJH) pore size distribution of the ceramic substrate material.
The BET surface area of support is 4.130 m?/g and total pore vol-
ume is 0.0325 ml/g with no micro pore volume.

Fig. 3 presents the XRD (Make: Shimadzu Corporation) of nickel
membrane fabricated with various processes. ICDD-JCPDS data-
base was used for the phase analysis of the diffraction profiles.
The XRD patterns of the ceramic support are similar to that
outlined in our previous work [17]. The metallic nickel peaks for
electroless nickel plating for all baths appeared at diffraction angle
20 = 44.5° and 51.8° due to the diffraction of (111) and (200) plane
[Pdf No 00-004-0850]. It is also observed that the quartz peak ex-
ists for SIEP-DWR-BS and SSOEP-DWR-DWS baths at a diffraction
angle 20=26.6° [Pdf No 00-083-2465] suggesting non uniform
deposition. However, for the case of SIEP-DWR-DWS and SSOEP-
DWR-BS baths, no such quartz peaks were observed suggesting
uniform plating, higher metal film thickness and better PPD.

The surface FESEM (Make: Oxford; Model: LEO 1430VP, UK)
micrographs of the nickel films deposited with various baths are
shown in Fig. 4. It can be observed that the FESEM micrographs
are in good agreement with the XRD profiles (Fig. 3) thereby illus-
trating that non-uniform nickel deposition with low PPD occurred
for SIEP-DWR-BS (Fig. 4(a)) and SSOEP-DWR-DWS baths (Fig. 4(c)).
However, this is not the case for SIEP-DWR-DWS baths (Fig. 4(b))
where uniform nickel deposition occurred with metal aggregates
that do not have uniformity in their size. Lastly for SSOEP-DWR-
BS baths (Fig. 4(d)), it has been observed that well developed
similar shaped metal aggregates have been observed. This effect
confirms that the agitation caused by ultrasonic waves during son-
ication has been effective towards uniform metal deposition. The
same has also been confirmed by the XRD spectral profiles pre-
sented for SSOEP-DWR-BS baths in Fig. 3, where a strong peak
for nickel indicates highest crystallinity.
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Fig. 3. XRD patterns of nickel membrane fabricated with SSOEP-DWR-BS, SSOEP-
DWR-DWS, SIEP-DWR-BS and SIEP-DWR-DWS baths.

3.2. Plating characteristics of SIEP-DWR baths

3.2.1. PPD profiles

Fig. 5 presents the variation of PPD with plating time for SIEP-
DWR-BS and SIEP-DWR-DWS baths. It can be observed that the
PPD profiles varied from 30.5% to 71.4% and from 50.4% to 76.5%
for a variation in plating time from 2 to 8 h for SIEP-DWR-BS and
SIEP-DWR-DWS baths respectively. For similar metal concentra-
tion (0.08 mol/L) and plating time (8 h) it was observed that mod-
ifying the contacting strategy of surfactant from bulk to dropwise
increased the PPD by 7%. Hypothetically, dropwise addition of
reducing agent to an ELP plating bath facilitates the availability
of electron source throughout the time of deposition and thus
enhances PPD. Thus the main objective of adding a surfactant i.e.
for the removal of unwanted gas bubbles has been supported by
dropwise contacting pattern of the reducing agent. For any plating
time, if the surfactant concentration is too high it can get adsorbed
on the surface and hinders metal deposition. This was the possible
reason for very low PPD values of SIEP-DWR-BS baths after 2 h of
sequential deposition. However this was not the case for SIEP-
DWR-DWS baths where the controlled addition of surfactant in
the plating bath restricted the surfactant adsorption and hence
did not hinder the metal electroless plating. Another probable rea-
son of lower PPD values with SIEP-DWR-BS baths could also be that
lack of agitation did not reduce the strong adsorption of surfactant
on the substrate surface during bulk addition. Thus, agitation dur-
ing bulk surfactant addition could minimize surfactant adsorption
on the substrate surface and thereby enhance pore densification.

3.2.2. Metal film thickness profiles
Fig. 6 illustrates the time dependent variation of metal film

tﬁTHn&SS&_S_[BGmWR}_]% and SIEP-DWR-DWS baths. As shown,

the nickel film thickness varied from 3.9-9.8 to 6.3-9.4 um for a
variation in plating time from 2 to 8 h for SIEP-DWR-BS and
SIEP-DWR-DWS baths respectively. For SIEP-DWR-BS baths, in
the initial stages (2 h) of plating, the metal film thickness was very
low due to poor densification, and increased significantly after 8 h
of sequential deposition. It was also analyzed that after 8 h of total
plating time, low PPD exists for SIEP-DWR-BS bath in comparison
to the SIEP-DWR-DWS bath. This could be attributed to the unde-
sired phenomena of layering without significant densification. But
for SIEP-DWR-DWS baths, higher PPD with lower metal film thick-
ness was achieved. Thus dropwise contacting pattern of surfactant
maximized densification and minimized layering.

In our earlier reported work [16] with bulk addition of both sur-
factant and reducing agent i.e. for SIEP-BR-BS baths a PPD of 87.7%
and a metal film thickness of 13.8 um on a substrate pore size of
90-120 nm could be obtained after 16 sequential depositions of
1 h each. As compared to it, in this work for SIEP-DWR-DWS baths
could achieve a PPD of 76.5% and a metal film thickness of 9.4 pm
were achieved on the substrate (pore size of 200-250 nm) after 16
sequential depositions in 8 h total plating time. The PPD/s value for
our earlier work were 6.3 whereas for our present work it is 8.1.
Also there has been 50% reduction in total plating time in the pre-
sented work.

3.2.3. Plating rate profiles

Fig. 7 illustrates the variation of metal plating rate with time of
plating. It can be observed that the plating rates decreased with an
increase in plating time. The plating rates varied from 4.1 to
0.65 x 107 and from 6.7 to 0.63 x 1077 mol/L s for SIEP-DWR-BS
and SIEP-DWR-DWS baths respectively. It was observed that for
SIEP-DWR-BS baths, the metal plating rate was lower in the initial
hours of plating. This is probably due to the fact that bulk surfac-
tant addition favors its strong adsorption on the substrate surface
and thereby hinders metal deposition. However, with increasing
plating time, as more and more reducing agent was added into
the bath, the surfactant molecules contributed significantly for
the removal of gas bubbles from the surface. At longer plating time,
the plating rates for both baths matched with one another, thus
indicating that both SIEP-DWR-DWS and SIEP-DWR-BS baths have
similar role of adsorbed surfactant on substrate surface to influ-
ence metal deposition.

In our earlier reported work [16], for bulk addition of both sur-
factant(BS) and reducing agent (BR) i.e. SIEP-BR-BS baths, the plat-
ing rate varied from 9.6 to 3.8 x 1078 mol/Ls for 4-16h of 1h
plating step on a substrate pore size of 90-120 nm. As compared
to it, this work reported a plating rate variation from 6.7 to
0.63 x 107" mol/Ls for 2-8 h of metal deposition on a substrate
pore size of 200-250 nm for SIEP-DWR-DWS baths. This indicates
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Fig. 4. Surface FESEM micrographs of (a) SIEP-DWR-BS, (b) SIEP-DWR-DWS, (c) SSOEP-DWR-DWS and (d) SSOEP-DWR-BS baths.
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Fig. 5. Variation of PPD with plating time for SIEP baths.

that about 40% enhancement in plating rates and 50% reduction in
plating time can be achieved by modifying the process from SIEP-
BR-BS to SIEP-DWR-DWS baths.

These observations are also in agreement with the trends pre-
sented by Kitwan et al. [25]. The authors reported that the plating
rate and the quality of plating were optimal for supports with in
the pore size of 250-300 nm and porosity of 35-50%. This work re-
ferred to the performance characteristics of a low cost ceramic
membrane that was characterized with even lower combinations

T pdB3@el0@LOFATm) and effective porosity (10-15%).
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Fig. 6. Variation of metal film thickness with plating time for SIEP baths.

3.2.4. Plating inefficiency profiles

Fig. 8 demonstrates the variation of plating inefficiency with
plating time. It was observed that the plating inefficiency varied
from 40.3% to 64.5% and from 30.6% to 40.5% for SIEP-DWR-BS
and SIEP-DWR-DWS baths respectively. For SIEP-DWR-DWS baths,
the plating inefficiencies reduced by 35% as compared to SIEP-
DWR-BS baths. The reason for higher plating inefficiency for
SIEP-DWR-BS baths would refer to higher surfactant adsorption
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on the substrate which favored higher metal nucleation in the
solution. For both the cases, the plating inefficiency increased with
plating time. This could be explained by the fact that a controlled

aﬂ'di{i@ﬁ&@_c]g@@ﬂ[@all%ducing agent (DWR) and surfactant
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Fig. 11. Variation of plating rate with plating time for SSOEP baths.

(DWS) could provide a strong metal-substrate bonding resulting
in the restriction of the metal nucleation in the solution and even-
tually lower plating inefficiency. But with increasing plating time,
as more and more active sites are occupied, the metal has to bond
with another metal particle. The metal-metal bond adhesion is not
as strong as compared to metal-substrate adhesion which resulted
in higher metal nucleation in the solution and eventually higher
plating inefficiency at prolonged plating time.

3.3. Plating characteristics for SSOEP-DWR baths

3.3.1. PPD profiles

Fig. 9 presents the time dependent variation of PPD for SSOEP
baths. It can be observed that the PPD profiles varied from 54.6%
to 73.4% and from 33% to 66.9% for a variation in plating time from
2 to 8 h for SSOEP-DWR-BS and SSOEP-DWR-DWS baths respec-
tively. Thus, SSOEP-DWR-BS baths provided faster pore densifica-
tion as compared to SSOEP-DWR-DWS baths. For SSOEP-DWR-BS
baths, the surfactant adsorption on the surface is minimized by
cavitation effect (caused by ultrasonic waves) which favored the
minimization of pitting and metal nucleation in the solution and
hence faster densification. However, for SSOEP-DWR-DWS baths,
the combination of agitation caused by ultrasonic waves and drop-
wise addition of surfactant failed to provide higher densification as
compared to the case with SSOEP-DWR-BS baths. This is due to the
fact that cavitation effect favored faster removal of gas bubbles
adhering to the substrate surface which cause greater metal nucle-
ation in the solution and reduce the PPD. Thus it is interesting to
note that there exists a sensitive dependence of PPD on the con-
tacting pattern of the surfactant and cavitation effect. A compari-
son of PPD profiles for SIEP-DWR-DWS baths (Fig. 5) and SSOEP
baths (Fig. 9) confirm that the SIEP baths perform better than
SSOEP baths in terms of pore densification. These observations
are also in agreement with the results obtained from surface char-
acterization studies.

3.3.2. Metal film thickness profiles

Fig. 10illustrates the profiles for time dependent variation of me-
tal film thickness with plating time. It can be observed that the nickel
film thickness varied from 5.2 to 8.4 pm and from 10.6 to 13.3 um
for a plating time variation from 2 to 8 h for SSOEP-DWR-BS and
SSOEP-DWR-DWS baths respectively. It was observed that for
SSOEP-DWR-BS baths, the variation in metal film thickness was uni-
form with plating time which indicates higher stability and better
adhesion of the metal film. The desired feature of efficient electro-
less plating is higher densification with lower metal film thickness.
These features were better achieved for SSOEP-DWR-BS baths. For
SSOEP-DWR-DWS baths the metal film thickness doubled along
with 9% reduction in pore densification as compared to
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SSOEP-DWR-BS baths. The probable reasons for the same have been
explained in Section 2(b).

Till date, to the best of our knowledge, no literatures are avail-
able for SSOEP baths from the perspective of achieving faster PPD
and quality metal deposition. In our earlier work [16], with bulk
addition of reducing agent for SOEP-BR baths a PPD of 72.8% with
a metal film thickness of 15.5 um on a substrate pore size of
90-120 nm was obtained after 16 sequential depositions of 1h
time duration for each plating step. As compared to it, in this work
for SSOEP-DWR-BS baths, PPD of 73.4% and a metal film thickness
of 8.8 um were achieved on a substrate pore size of 200-250 nm
after 8 h of total plating time. The PPD/s for our earlier work (i.e.
SOEP-BR baths) [16] was 4.7 whereas in the present case (i.e.
SSOEP-DWR-BS baths) it is 8.3.Further a reduction in total plating
by 50% is promising. A comparison of metal thickness growth pro-
files for SIEP-DWR-DWS baths (Fig. 6) and SSOEP baths (Fig. 10)
confirms that lower thicknesses were achieved for SSOEP-BS baths.
The possible reason to achieve lower thickness profiles for this case
is due to the optimality of coupled cavitation and dispersion effect
which were induced by sonication and surfactant respectively.

3.3.3. Plating rate profile

Fig. 11 illustrates the variation of metal plating rate with plating
time. It can be observed that the plating rates decreased with in-
crease in time of plating. The plating rates varied from 1.1 to
0.11 x 10°°mol/Ls and from 1.1 to 0.09 x 10~®mol/Ls for
SSOEP-DWR-BS and SSOEP-DWR-DWS baths respectively. It can
be observed that there was an insignificant difference in plating
rate trends for both cases. This implies to the fact that no matter
what combination of reducing agent and surfactant contacting pat-
tern is used, sonication will finally result in higher plating rates.
This is due to cavitation phenomena which results in increased
plating rate due to subsequent formation and collapse of the bu-
bles. However, due to significantly higher PPD (73.4%) and lower
film thickness (8.4 um) for SSOEP-DWR-BS baths as compared to
SSOEP-DWR-DWS baths (PPD of 66.9% and film thickness of
13.3 um), the SSOEP-DWR-BS baths can be inferred to provide
higher #2 which is highly desired. Compared to SIEP-DWR-DWS
plating baths (Fig. 7), comparatively higher plating rates were ob-
tained for both SSOEP-DWR-DWS and SSOEP-DWR-BS plating
baths (Fig. 11). The parametric profile for best process has been
indicated with a dotted line in Fig. 11. This observation is in accor-
dance with the crystal (Fig. 3) and particle size growth (Fig. 4)
trends. Hence, it is apparent that cavitation effect improved plating
rates.

In our earlier work [16] with bulk addition of both surfactant
and reducing agent i.e. SOEP-BR baths, the plating rate varied from
1.1 t0 0.43 x 10~7 mol/L s for 8-16 h (1 h duration for each plating
step) on a substrate possessing an average pore size of 90-120 nm.
As compared to it, this work reported a plating rate of
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Fig. 13. Variation of PPD/metal film thickness with plating time for SSOEP and SIEP
baths.

step) on a substrate with an average pore size of 200-250 nm
adopting SSOEP-DWR-BS baths. Therefore, even when the sub-
strate pore size is doubled, the plating rates enhanced by about
10 times by altering the process from SOEP-BR baths to SSOEP-
DWR-BS baths.

3.3.4. Plating inefficiency profiles

Fig. 12 demonstrates the variation of plating inefficiency with
plating time. It can be observed that the plating inefficiency varied
from 32.8% to 10.2% and from 37% to 61.6% for SSOEP-DWR-BS and
SSOEP-DWR-DWS baths respectively. It was observed that for
SSOEP-DWR-DWS baths the inefficiency profiles were similar to
the trends discussed in Section 1(d). However, contradictory trend
was observed for SSOEP-DWR-BS baths. This might be due to sig-
nificant surfactant adsorption on the surface at prolonger plating
time periods, which enhanced metal adhesion to the substrate sur-
face and minimized pitting and metal nucleation in the solution. It
is further interesting to note that stronger nickel film adhesion to
the substrate surface could be explored further to deposit a differ-
ent metal (Pt or Pd) and hence provides promising opportunities to
explore further.

3.4. Tradeoffs

3.4.1. PPD/Metal film thickness profiles

Fig. 13 illustrates the variation of 22 with plating time for var-
ious combinations of SIEP and SSOEP baths. It can be observed that
PP varied from 7.9 to 7.3, 8 to 8.1, 3.1 to 5 and 10.5 to 8.8 for a plat-
ing time variation from 2 to 8 h for SIEP-DWR-BS, SIEP-DWR-DWS,
SSOEP-DWR-DWS and SSOEP-DWR-BS baths respectively. In gen-
eral, an efficient electroless plating process must provide faster
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Fig. 14. Variation of PPD/plating rate with plating time for SSOEP and SIEP baths.
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pore densification with minimal metal film thickness i.e. higher 22
values. From P perspective, the most promising option is SSOEP-
DWR-BS baths and the most unfavorable process is SSOEP-DWR-
DWS baths. An undesired feature of reduction in ®2 as observed
for SIEP-DWR-BS baths could be due to the fact that PPD and ¢
did not enhance simultaneously. In this scenario, metal layering
was significant in comparison with the PPD which might be due
to the strong surfactant adsorption on the surface due to its bulk
addition.

3.4.2. PPD/Plating rate profiles

Fig. 14 is a conceptual extension of the experimental findings to
observe clear distinction between metal layering and pore densifi-
cation in terms of PPD vs. 22, Hypothetically, 2 is a measure to
quantify the dominance of pore densification or layering. Higher
value of £ for similar time of plating signifies that the plating fa-
vors better PPD and a lower %2 refers to significant layering. As ob-
served, all cases of SSOEP 'baths provided lower "Ir’—_D thereby
indicating that sonication provided metal layering which is in
agreement with the literatures [15,16]. For a process to be suitable
for commercialization, it is very important that the plating is favor-
able towards pore densification but not metal layering. Thus SIEP-
DWR-DWS baths were the best amongst the four modified electro-
less techniques in terms of PPD but not layering. Thus depending
on objectives and priorities the processes could be deployed. For
cases were layering effect is required (For example interdiffusion
barriers), SSOEP could be recommended.

In summary, the process modification approach presented in
this work can be used as a new methodology for the assessment
of nickel electroless plating baths with desired morphological
parameters. The experimental research findings in this work ex-
tend the conclusions presented by Kathirgamanathan [14] for SOEP
baths and Islam et al. [20] for SIEP baths. While Kathirgamanathan
[14] inferred that SOEP baths enable enhancing the metal film
thickness on the membrane surface, the SSOEP baths with sug-
gested variation (dropwise addition of reducing agent) reduces
the metal film thickness along with the enhancement in PPD. On
the other hand, while Islam et al. [20] inferred that the utilization
of surfactant enhances plating rate and therefore reduce required
total plating time for desired thickness, this work indicated that
the dropwise addition of the reducing agent and surfactant in the
SIEP simultaneously enhanced plating rate and reduced metal film
thickness, which is the most relevant characteristic for metal com-
posite membrane fabrication.

3.4.3. Summary

In conclusion, the optimal order of various baths from the per-
spective of various desired process characteristics is presented as
follows

(a) Maximization of PPD: SIEP-DWR-DWS > SSOEP-DWR-
BS > SIEP-DWR-BS > SSOEP-DWR-DWS.

(b) Maximization of PEB: SSOEP-DWR-BS > SIEP-DWR-DWS >
J

SIEP-DWR-BS > SSOEP-DWR-DWS

(c) Maximization of %z SIEP-DWR-DWS > SIEP-DWR-BS >
SSOEP-DWR-DWS > SSOEP-DWR-BS

(d) Maximization of #: SSOEP-DWR-BS > SIEP-DWR-DWS >
SSOEP-DWR-DWS > SIEP-DWR-BS.

Typically, during dense metal composite membrane fabrication,
case (a) or case (b) are preferred and therefore, the suggested mod-
ifications to SIEP and SSOEP baths assume paramount relevance
and need to be more thoroughly investigated from the perspective

0TH®<3?33@3&0@1€@3 lafge scale fabrication.

4. Conclusions

The chemistry involving the interaction between surfactant,
metal and reducing agent appears to be highly complex. This work
gives good number of insights with respect to possible modifica-
tion to metal ELP for metal composite membrane fabrication. Infer-
ences drawn from this work are presented as follows:

(a) By adopting a controlled mechanism of reducing agent addi-
tion, the total plating time was reduced by 50% in compari-
son to our earlier work [16,17] without compromising upon
the quality of plating.

(b) SIEP-DWR-DWS baths performed better than SIEP-DWR-BS
baths which indicates that stronger adsorption of surfactant
molecules in the latter case hindered pore densification.

(c) SSOEP-DWR-BS baths performed better than SSOEP-DWR-
DWS baths which indicates that cavitation is useful only
when surfactant addition has been facilitated in bulk mode,
which is a very important inference.

Thus the most viable options for metal electroless plating pro-
cess for maximizing P2, PPD, and P2 are SSOEP-DWR-BS, SIEP-
DWR-DWS, and SIEP- DWR DWS baths respectively. This indicates
that the cavitation effect induced by a sonicator bath is compara-
tively effective to achieve thin dense metal films on ceramic sup-
ports which are not the case for SIEP baths. This being the most
important inference of this article thereby requires furthering
studies towards the scale up and cost effective sonication assisted
fabrication of dense metal composites membranes.
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Deliberating upon process modifications for surfactant induced electroless plating (SIEP), this article
highlights the plating bath performance characteristics for two distinct reducing agent contacting modes
(bulk and drop wise). Eventually, the effect of reducing agent concentration (50, 100, 200% excess) suit-
able for electroless plating bath for a nickel concentration of 0.08 mol/L was investigated. Finally, the
compatibility of variation in nickel concentration (0.08-0.24 mol/L) with respect to variation in reducing
agent concentration (50, 100, 200% excess) was investigated. LPSA, BET, FTIR, XRD, FESEM and nitrogen
permeation experiments were used for surface and physical characterization. It was observed that for
the bulk addition of reducing agent, the PPD values were 84.5% which increased to 89.3% for dropwise
addition case. Thus the optimal combinations of SIEP process parameters were identified as 0.08 mol/L of
nickel metal solution concentration with 100% excess drop-wise reducing agent. These conditions pro-
vided a plating rate of 5.5 x 10~> mol/m? s, PPD of 89.3% and a metal film thickness of 15.7 wm respectively
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after 12 h of sequential plating.
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1. Introduction

With the characteristic features of better corrosion and wear
resistance, nickel electroless plating received significant industrial
applications. The autocatalytic nickel electroless plating process
suffers with the basic disadvantage of lower rates of deposition
(1.5wmh~1) and hence rate transfer enhancements to supple-
ment the regular electroless plating process have been addressed
recently. These refer to membrane agitation [1], gas sparging
[2], vacuum [3], sonication [4], hydrothermal [4] and surfactants
[5].

Amongst these techniques, surfactant and sonication tech-
niques are highly attractive from the perspective of ease of
implementation and process scale up. Further, amongst these two,
surfactant induced electroless plating is the most preferred due
to lower energy requirements and cost. Conceptually, the usage
of surfactant is beneficial in two ways. Firstly, in a surfactant
induced electroless plating (SIEP) process, the surfactant reduces
the interfacial tension between the generated gas bubble and plat-
ing solution which enables the generation of smaller bubbles on
the surface and thus minimizes the pitting effect. Secondly, faster
gas bubble removal from the surface (that is facilitated because

* Corresponding author. Tel.: +91 361 2582260; fax: +91 361 2582291.
E-mail address: ramgopalu@iitg.ernet.in (R. Uppaluri).

http://dx.doi.org/10.1016/j.apsusc.2014.09.036
0169-4332/© 2014 Elsevier B.V. All rights reserved.
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of the generation of smaller bubbles and low interfacial tension),
and cationic surfactants taking part in the chemical reaction due to
active sites that participate in the plating reaction, promotes better
plating characteristics [6-8].

For the fabrication of nickel-ceramic composite membranes [9],
the primary emphasis is towards controlling the film characteris-
tics to achieve the desired combinatorial parameters. For the SIEP
process, while plating rates could be enhanced by increasing the
concentrations of reducing agent, surfactant [10] and metal ions
[11] in the plating solution, the quality of plating would signif-
icantly reduce at higher concentrations of these and an optimal
combination exists that favors simultaneously achieving higher
combinations of plating efficiency and pore densification. Further,
higher concentration of reducing agent [12] is as well disadvanta-
geous towards optimizing metal film characteristics.

The addition of reducing agent to an electroless plating process
is similar to the current density utilized in an electroplating pro-
cess. Conceptually, the plating behavior of an efficient SIEP process
attempts to resemble that of the pulse electrodeposition tech-
nique, where the current density is highly programmed to achieve
nano-structured metal deposition [13]. Considering the fact that
electrodeposition techniques could not be efficiently applied for
non-conducting surfaces, it is very important to conceive vari-
ous process modifications to the surfactant enhanced electroless
plating process to substantially improve both process and plating
characteristics.
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Nomenclature

Am Permeable area of the membrane, m?

Q Volumetric flow rate, m3/s

Py Membrane pressure at permeate side, Pa
AP Trans-membrane pressure drop, Pa

dp Average pore size, .m

(¢/q%) Effective porosity

] Flux through the membrane, mol/m? s

J Average flux through the membrane, mol/m?2 s
i Hour of nickel plating (as exponent)

Jo Average flux through the support, mol/m?2 s

i Average flux through the membrane after ith hour
of nickel plating, mol/m?2 s

G Initial concentration of NiZ* in the plating solution,
mol/L

G Average NiZ* solution concentration after plating,
mol/L

X Conversion

n Plating efficiency, %

) Dry weight of the membrane before plating, g

w; Dry weight of the membrane after ith hour of plat-
ing, g

w Total amount of nickel originally available in the
plating bath, g

n Number of plating cycles

Vo volume of plating solution in each plating cycle, L

My Molecular weight of nickel metal, g/mol

PONi Density of nickel metal, g/cm3

T; Plating rate, mol/Ls

ti Time of plating for the ith hour, h

PPD Percent pore densification, %

ELP Electroless plating

CEP Conventional electroless plating

SIEP Surfactant induced electroless plating

SIEP-BR-BS Surfactant induced electroless plating-bulk
reducing agent-bulk surfactant
SIEP-DWR-BS Surfactant induced electroless

dropwise reducing agent-bulk surfactant

plating-

It is well known that reducing agents such as hydrazine are heat
sensitive and disintegrate within a short span of time, when they
are brought in contact with the hot plating solution [12]. In addi-
tion to this, enhanced metal nucleation in the solution due to metal
delamination from the substrate surface substantially contributes
to poor metal deposition efficiency and the availability of excess
hydrazine in the solution further deteriorates the quality of plat-
ing [12]. Along with these physical insights, it is further difficult to
conceive the optimality of the contacting pattern of the reducing
agent and ionic metal in a solution in the presence of a surfac-
tant. Amongst several process alternatives, the controlled addition
of reducing agent during SIEP process is an important option which
did not receive research emphasis till date.

In the literature, while SIEP has been studied significantly for
stainless steel supports and palladium deposition [14] with nickel
inter diffusion barriers [15], SIEP studies towards nickel compos-
ite membranes have not been addressed for ceramic supports.
Such studies are also required from a processing perspective as
well, given the fact that stainless steel membranes are signifi-
cantly expensive than ceramic membranes and the utilization of
low cost ceramic membranes could pave the way for faster research
commercialization and scale up. On the other hand, the plating
characteristics of metal deposition on ceramic supports is dis-
tinct from metal (nickel/palladium) deposition on a metal (stainless
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steel) surface, owing to the fact that the plating rate is significantly
influenced with the type of support and metal supports provide
higher plating rate for Ni/Pd.

In summary, this work addresses two major objectives. Firstly, it
elaborates upon the performance characteristics of SIEP processes
supplemented with drop wise addition of the hydrazine as reduc-
ing agent. Secondly, it targets towards optimizing the quantity of
the reducing agent and metal concentration in an SIEP process (in
terms of % excess) for the optimal membrane fabrication. The bias
towards the selection of optimal SIEP process parameters are maxi-
mum combinations of pore densification, conversions, plating rates
and efficiency to achieve minimal metal film thickness.

2. Experimental
2.1. Raw materials

The raw materials used for the fabrication of ceramic membrane
substrates are kaolin, feldspar, quartz, sodium carbonate, pyro-
phyllite, boric acid and sodium metasilicate. Kaolin was obtained
from CDH Ltd., India; feldspar and pyrophyllite from National
Chemicals, India; quartz from Research-lab Fine Chem Industries,
India; sodium metasilicate from SD Fine-Chem Ltd., India and the
other inorganic precursors (sodium carbonate and boric acid) were
obtained from Merck Ltd., India. Composition of various above
mentioned raw materials with their major functional attributes is
presented in Table 1.

2.2. Membrane preparation and characterization

Laboratory fabricated circular ceramic substrates with a diame-
ter of 36 mm and a thickness of 3.5 mm was used as supports in this
work. The fabrication methodology consists of the following hier-
archical steps: mixing of raw materials to make a paste; casting
of the paste into circular moulds; drying of the raw discs; sinter-
ing; polishing of the membranes and ultrasonically cleaning. All
membranes were prepared by sintering at 900 °C with a controlled
heating/cooling rate (1.5°C/min). The substrates were fabricated
at pressure of 4.9 MPa using a hydraulic press (Make-Velan Engi-
neering) using the dry compaction method. The sintered membrane
support possessed a pore size d;“p and effective porosity (s/qz) of
about 200 nm and 10-15% as evaluated from nitrogen permeation
data respectively. Such lower combinations of pore size and poros-
ity were opted because experimentally it has been reported that
membranes with similar pore size and porosity are favorable for
metal plating [16]. A detailed summary of the prepared membranes
and the operating parameters are as listed in Table 2.

Surface and physical characterization were performed using
several techniques. Laser particle size analysis (LPSA) (Make:
Malvern; Model: Mastersizer 2000, UK) was carried out to evalu-
ate the average particle size of the raw material. Fourier transform

Table 1
Composition of raw material along with their functional attributes.

Material Composition Functional attributes
(wt.%)
Kaolin 40 Low plasticity and high refractory
properties
Feldspar 15 Improves chemical and physical stability
Quartz 15 Mechanical and thermal stability
Na,COs3 10 Pore forming agent and colloidal agent
Pyrophyllite 10 Increased fired strength and reduced
shrinkage
Boric acid 5 Colloidal agent and increases mechanical
strength

Sodium metasilicate 5 Binding agent
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Table 2
Membranes investigated along with variation of plating parameters.

Membrane no. Reducing agent (%Excess)

Method of contacting

Nickel concentration (mol/L) Abbreviated name

M; 100 Bulk

M, 100 Drop wise
M3 50 Drop wise
My 200 Drop wise
Ms 50 Drop wise
Ms 100 Drop wise
My 50 Drop wise
Mg 100 Drop wise

0.08 SIEP-BR-BS

0.08 SIEP-DWR-BS
0.08 SIEP-DWR-BS
0.08 SIEP-DWR-BS
0.16 SIEP-DWR-BS
0.16 SIEP-DWR-BS
0.24 SIEP-DWR-BS
0.24 SIEP-DWR-BS

infrared spectroscopy (FTIR) analysis was conducted to record the
characteristic peaks of various raw materials (Make: Shimadzu
Corporation). The Brunauer-Emmett-Teller (BET) surface area and
pore size of the support material was determined by N, adsorp-
tion desorption isotherm at 77 K by using a surface area analyzer
(Make: Beckman-Coulter; Model: SA3100). X-ray diffraction (XRD)
analysis of the inorganic substrate and metal membrane was con-
ducted to evaluate the extent of phase transformations (Make:
Bruker). Field emission scanning electron microscopic (FESEM)
study (Make: Oxford; Model: LEO 1430VP, UK) was carried out to
analyze the presence of possible defects and estimate the mem-
brane pore size. The estimation of average membrane pore size
(dsup) from FESEM micrographs was carried out using Image] soft-
ware. Room temperature nitrogen permeation experiments were
conducted to quantify the extent of pore densification using the
experimental setup fabricated by Bulasara et al. [11].

2.3. Electroless plating

Prior to electroless nickel plating the substrates were sensitized
and activated with palladium seeds. The activation produced small
Pd catalytic sites dispersed uniformly on the surface serving as the
nuclei for electroless nickel deposition. The optimized electroless
Ni plating bath composition (as shown in Table 3) consisted of
nickel sulfate as a source of nickel, hydrazine hydrate as an electron
source, trisodium citrate as a stabilizer, cetyltrimethylammonium
bromide (CTAB) as the cationic surfactant and sodium hydroxide as
a pH maintaining agent respectively. Plating characteristics were
investigated at a loading ratio of 203 cm?2/L, plating bath tempera-
ture of 80°C, pH of 10-12 and 1/2 h of plating time for one plating
step.

The reduction of Ni2* by reducing agent hydrazine hydrate in
solution comprises of the following three reactions [17]:

2Ni%* 4+ NyHy + 40H™ = 2Ni | +N; 1 +4H,0 (1)
NyHg =Ny + +2H; (2)
3N;H4 = Ny 1 +4NH3 4 3)

In the above reactions, reaction (1) occurs on the activated sub-
strate surface and is desired. However, reactions (2) and (3) which
correspond to decomposition and disproportionation respectively
occur primarily in the plating solution and are undesired reactions.
These reactions follow from the heat sensitivity and instability
of hydrazine at the conditions of the metal electroless plating.

Table 3
Typical composition of surfactant induced nickel electroless plating baths.

S.No. Component Formula Amount/Conditions
1. Nickel sulfate NiSO4-7H,0 0.08, 0.16, 0.24 mol/L
2. Hydrazine hydrate H,NNH,-H,0 50, 100, 200% excess
3. Trisodium citrate Na3;CgHs07-2H,0 0.2 mol/L

4. Sodium hydroxide NaOH 10-12 (pH)

5 Cetyltrimethylammonium  (C;gH33)N(CH3)3Br  g/L

bromide
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Therefore, bulk addition of hydrazine is bound to provide lower
selectivities towards reaction (1) when compared to reaction (2)
and reaction (3) and hence controlled addition of hydrazine to the
metal electroless plating baths is anticipated to enhance the selec-
tivities towards reaction (1). Thus with efficient contacting pattern
for the reducing agent, the time period for one plating step has been
reduced to 30 min which was not the case in our earlier work [8].
Thus, the efficacy of reducing agent contacting pattern has been
investigated for the following cases:

(a) SIEP-DWR-BS baths: The SIEP baths were modified with drop
wise addition of reducing agent (DWR) and bulk addition of the
cationic surfactant (BS).

(b) SIEP-BR-BS baths: For these cases, SIEP baths were supple-
mented with bulk addition of reducing agent (BR) and bulk
addition of the cationic surfactant (BS).

2.4. Evaluation of plating characteristics

Parameters involved in evaluating the performance assessment
of nickel plating include average trans-membrane flux J, plating
inefficiency, average plating rate (7;), metal film thickness (6) and
percent pore densification PPD(%). Details with respect to the equa-
tions for evaluating the combinatorial plating characteristics are
discussed elsewhere [8].

3. Results and discussion
3.1. Structural characterization:

The particle size distribution curve of the raw materials evalu-
ated from LPSA indicated that the particle size varied from 0.955 to
34.674 pum, 1.259-39.811 pm, 0.822-15.31 wm, 1.905-52.81 pm
and 0.955-316.28 pm for kaolin, quartz, feldspar, sodium carbon-
ate and pyrophylite respectively.

FTIR analysis (shown in Fig. 1) indicates the existence of the
characteristic peaks of kaolin for the raw material and after sin-
tering of the raw material mixture the corresponding peaks were
assigned to C—H, C=C, Si—0—Al and Si—0 bonds as discussed earlier
in details [8].

Nitrogen adsorption-desorption experiment at 77 K performed
by using a surface area analyzer for the substrate material con-
firmed the presence of meso and macro pores with no micropores.
Type Il isotherm with H3 hysteresis loop were observed (Fig. 2) that
indicates slit-shaped pores according to [UPAC [18]. The inset graph
shows the desorption Barrett-Joyner-Halenda (BJH) pore size dis-
tribution of the substrate material. The BET surface area of support
is 4.130m?/g and total pore volume is 0.0325 mL/g with no micro
pore volume.

Fig. 3 presents the XRD patterns of raw material mixture,
sintered ceramic support, and the nickel membranes fabricated
with SIEP-BR-BS and SIEP-DWR-BS baths. 100% reducing agent
concentration were used to prepare these membranes. ICDD-JCPDS
database was used for the phase analysis of the diffraction profile.
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Fig. 1. FTIR spectral analysis of ceramic support and raw material.
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Fig. 2. Nitrogen adsorption-desorption isotherms of the substrate material. Inset:
pore size distribution from BJH analysis.

As outlined in our earlier work [19], the XRD patterns for raw
material mixture and sintered ceramic support (profiles A and
B) in summary indicates: (a) the presence of phases for kaolin,
quartz and sodium carbonate in the raw material mixture (b) the
disappearance of the peaks corresponding to kaolin after sintering
and (c) the appearance of nephiline phase after sintering.

Ni (111)

Ni (200)

Ni
Ni
Q
N U
QN
Q N aaqa a6B
KK . A
10 20 30 40 50 60 70
20(Degree)

Fig. 3. XRD patterns for (i) A - raw material (ii) B - sintered support (iii) C - plating
with bulk addition of reducing agent (iv) D - plating with drop-wise addition of
reducing agent.

Where K - kaolin, S - sodium carbonate, Q - quartz, N - nephiline, Ni - nickel.
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The metallic nickel peaks for electroless nickel plating with SIEP-
BR-BS (profile C) and SIEP-DWR-BS baths (profile D) appeared at
diffraction angle 260 =44.5° and 51.8° due to the diffraction of (111)
and (2 00) plane [Pdf No 00-004-0850]. For plating with bulk wise
addition of reducing agent it was observed that the peak intensity
of quartz significantly decreased after nickel deposition due to plat-
ing of nickel on quartz particle thereby reducing the crystallinity of
the quartz. But the quartz peak did not vanish completely suggest-
ing poor densification and non-uniform plating. However this was
not the case for nickel plating with drop wise addition of reduc-
ing agent. Diffraction profiles for drop wise addition of reducing
agent (profile D) suggested simultaneous increase of nickel crys-
tallinity as compared to profile C along with the formation of a
uniform metal film. Thus from the XRD analysis it can be concluded
that drop wise addition of reducing agent served better to promote
uniformity of metal deposition on the substrate surface.

The surface FESEM micrographs of the ceramic support and the
nickel layer deposited with an initial nickel sulfate concentration
(C;)of 0.08 mol/L are as shown in Fig. 4. It can be observed that well-
developed nickel layers were existent for the membrane. Based on
the Image] analysis of the FESEM image for the ceramic support,
it was observed that the pores were distributed over wider pore
size values and the average pore size of the support was found to
be 300 nm which was close to that evaluated from nitrogen perme-
ation (200 nm) respectively. FESEM images were in good agreement
with XRD patterns which showed that dropwise addition of reduc-
ing agent gave better surface finish with agglomerates thereby
providing the desired faster densification with lesser pinholes.

3.2. Efficacy of the contacting pattern of the reducing agent

Fig. 5 corresponds to the variation in the time dependent plat-
ing inefficiency and plating rate for SIEP-BR-BS and SIEP-DWR-BS
baths during nickel electroless plating. The results presented in
the figure correspond to the case of 0.08 mol/L nickel solution
concentration, 100% excess reducing agent and 1.2 g/L of CTAB sur-
factant solution concentration. For a sequential nickel plating time
of 12h, the plating inefficiencies varied from 64 to 72% for the
SIEP-BR-BS case (M; ), which reduced significantly to 46.9-52.2%
SIEP-DWR-BS case (M,). On the other hand, the average plating
rate varied from 3.8 to 0.85 x 107 mol/Ls for M; which enhanced
to 5.7-0.94 x 10-7 mol/Ls for M, thus indicating that drop wise
addition of the reducing agent enhances plating rate by about 1.5
times in comparison with the bulk addition case. Further for the
plating time period in the range of 4-12 h, it was observed that the
PPD for the M; membrane (SIEP-BR-BS) varied from 41 to 84.5%,
which enhanced to 57.4-89.3% for the M, membrane (SIEP-DWR-
BS).Hence, it can be inferred that the dropwise contacting pattern of
the reducing agent reduced plating inefficiency and enhanced both
plating rate and PPD, which are all desired features of an efficient
ELP process.

The better performance of the SIEP-DWR-BS in comparison with
the SIEP-BR-BS is due to the prolonged availability of electrons
during the slow plating reaction in the former case due to continu-
ous addition of the reducing agent, which favored better PPD. This
indicates that during SIEP-DWR-BS, the removal of N, gas bubbles
(reaction (1)) from the membrane surface did not provide signifi-
cant delamination which in turn reduced metal nucleation in the
solution (reactions (2) and (3)). On the other hand, during SIEP-
BR-BS, the decomposition of hydrazine available at higher solution
concentrations favored poor metal deposition on the membrane
surface and greater metal nucleation in the solution.

The observed data trends for the SIEP-DWR-BS are in agreement
with that provided by Yeung et al. [20] who also inferred that metal
nucleation reduced with phase wise addition of the reducing agent.
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Fig. 4. Surface FESEM micrographs of (a) ceramic support (b) membrane with bulk addition of 100% excess reducing agent (c) membrane with drop wise addition of 100%

excess reducing agent.

The next section elaborates upon the effect of excess reducing
agent concentration for the SIEP-DWR-BS baths.

3.3. Optimality of reducing agent concentration

Fig. 6 illustrates the time dependent variation of nickel
electroless plating characteristics namely plating inefficiency, plat-
ing rate, PPD and film thickness respectively for various cases
of reducing agent concentration (50, 100 and 200% excess)
with SIEP-DWR-BS baths. It was observed that, for 50% excess

Drop wise

Fig. 5. A 3D graph showing time of plating vs. plating inefficiency vs. plating rate
with 100% excess reducing agent (a) membrane with bulk addition of reducing agent
(M) (b) membrane with drop wise addition of reducing agent (M, ).
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case (M3), these parameters varied as 64-79.2% (plating ineffi-
ciency), 3.9-0.62 x 10-7 mol/Ls (plating rate), 49.8-77.1% (PPD)
and 7.3-10.6 wm (metal film thickness) respectively. Enhancing
the reducing agent concentration to 100% excess (M, ) corresponds
to the variation in these parameters as 46.9-52.2% (plating inef-
ficiency), 5.7-0.94 x 10~7 mol/Ls (plating rate), 57.4-89.3% (PPD)
and 10.6-15.7 pm (film thickness). A further enhancement in the
reducing agent concentration to 200% excess (My) corresponds
to the variation in these parameters as 17-43.6% (plating ineffi-
ciency), 5.9-1.2 x 10~7 mol/Ls (plating rate), 64.7-95% (PPD) and
10.9-20.2 pm (film thickness). For the case of 50% excess reducing
agent, the nickel plating rate was low due to availability of less num-
ber of free electrons in the bath. This eventually resulted in lower
metal deposition on the surface which could indicate an unstable
nickel film. Thereby, the stronger bonding of the surfactant with
the support could weaken the physical bonding of the metal and
promote metal delamination [21], unwanted metal nucleation in
the solution, and higher plating inefficiencies.

However, for higher concentration of reducing agent (100% and
200% excess), nickel plating rates are significantly higher due to
availability of greater number of free electrons for metal reduction
in the surface. In such a scenario, the metal-support adhesionis high
and the surfactant adsorption on the surface will not be able to pro-
mote pitting effect. Thereby, less metal nucleation in the solution
occurs which translates into higher plating efficiencies.

The enhancement in plating efficiency with higher concen-
trations of reducing agent is indicative towards the complexity
involved in the surface phenomena involved during SIEP. Typically
in a conventional nickel electroless plating bath, higher concentra-
tions of the reducing agent are not favorable to enhance the plating
characteristics which is exactly opposite to the trends obtained in
this work. Thus, the generalized rules of thumb that are often pre-
sented for regular electroless plating baths are not applicable for
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the SIEP baths. The reduction of metal efficiency at lower reduc-
ing agent concentrations is solely attributed to the fact that for
SIEP baths stronger metal-support adhesion is required to achieve
desired plating characteristics. Thereby, these observations that
have been verified at least twice indicate that the reducing agent
concentration also needs to be studied with respect to its contri-
bution towards the adhesion strength of the metal film during the
nickel electroless plating.

With respect to the time dependency of several plating charac-
teristic parameters, it can be observed for all cases, the variables
namely plating inefficiency, PPD and thickness increased with
increasing plating time. The film thickness was strongly affected
with the variation in the concentration of reducing agent. It can be
observed that the non-linearity in the variable variation is signifi-
cant at highest concentration of the reducing agent (200% excess).
An enhancement in the reducing agent concentration from 100 to
200% excess enabled significant enhancement in the film thick-
ness by 22% with insignificant PPD enhancement of 5% after 12 h of
plating. Therefore, it is apparent that 100% excess reducing agent
concentration is the optimal choice due to the fact that the PPD
variation is not significant for the case of 200% excess reducing
agent concentration. Itis anticipated that for the case of 100% excess
reducing agent concentration, a further increment of plating time
to 16 h gave a higher PPD (>94.9%) and lower metal film thickness
(<20.2 pm). The reduction in the PPD at higher reducing agent con-
centrations (about 200% excess) is indicative to the fact that higher
reducing agent concentrations do not favor pore densification and
contribute to layering of films which is a highly undesired feature
in the fabrication of dense metal composite membranes.
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A comparison of observed plating characteristics with those
available in the literature are presented as follows. Bulasara et al.
[22] reported a plating rate of 7.6 x 10~ mol/Ls and a PPD of 91.1%
for a high surfactant concentration (1.5 g/L) and a higher pore size of
the support (275 nm). The optimal case in their work corresponds
to a plating rate of 5.7 x 10~7 mol/Ls and a PPD of 89.3% which is
slightly lower than that reported by the authors, for the utilization
of a support with a lower average pore size (200nm) and lower
surfactant concentrations (1.2 g/L) but with a controlled contac-
ting pattern of the reducing agent. However, it shall be noted that
the PPD calculation procedure reported in this work is better than
that reported by Bulasara et al. [22], given the fact that they have
evaluated PPD in terms of average pore size which is not the same
as PPD evaluated with average flux.

3.4. Optimality of metal solution concentration

3.4.1. Plating in-efficiency tradeoffs

Table 4 summarizes the plating characteristics that correspond
to various cases of nickel solution concentrations (0.08, 0.16 and
0.24 mol/L) and excess reducing agent concentrations (50, 100 and
200%). As presented, the plating inefficiencies for 0.08 mol/L nickel
solution concentration varied from 64 to 79.2% for M3 (50% excess),
46.9-52.2% for M, (100% excess), and from 17 to 43.6% for M4 (200%
excess). Similarly for 0.16 mol/L nickel solution concentration, plat-
ing inefficiencies varied from 48.1 to 54.6% for M5 (50% excess),
from 37.3 to 11.1% for Mg (100% excess) and for 0.24 mol/L nickel
solution concentration it varied from 68.5 to 82.8% for M; (50%
excess)and 55.7-52.5% for Mg (100% excess) respectively for4-12 h
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Table 4

Table showing a comparative study with variations in both process (metal and reducing agent concentration) and plating (inefficiency, rate, PPD, film thickness) parameters.

Reducing agent 50% excess

100% excess

200% excess

Time of plating 4h 8h 12h 4h 8h 12h 4h 8h 12h

Metal concentration Plating inefficiency (%)

0.08 64 73.6 79.2 46.9 49.7 52.2 17 37.2 43.6

0.16 48.1 51.5 54.6 37.3 334 11.1 - - -

0.24 68.5 78.6 82.8 55.7 54.2 52.5 - - -
Plating rate x 107 (mol/Ls)

0.08 3.9 1.2 0.62 5.7 1.9 0.94 5.9 23 1.2

0.16 5.5 24 14 6.7 2.5 1.3 - - -

0.24 11.2 34 1.8 12.9 5.6 34 - - -
Percent pore densification (%)

0.08 49.8 54.2 771 574 69.5 89.3 64.7 89.7 95.0

0.16 57.8 78.8 89.7 76 88 94.4 - - -

0.24 67.1 84.2 92.7 84.7 90 97.1 - - -
Metal film thickness (m)

0.08 7.3 8.9 10.6 10.6 14.3 15.7 109 16.9 20.2

0.16 9.24 18.8 25.2 125 19 293 - - -

0.24 20.9 25.2 30.2 243 41.5 57.8 - - -

of nickel plating. This indicates that there exists an optimal metal
solution concentration and excess reducing agent concentration
that minimizes plating inefficiency. In general, all experimental
data can be analyzed for five cases namely:

(a) Case A: Lower combinations of metal (0.08 mol/L) and reducing
agent concentrations (50% excess).

(b) Case B: Moderately high metal concentration (0.16 mol/L) and
lower reducing agent concentration (50% excess).

(c) Case C:Moderately high combinations of metal (0.16 mol/L) and
moderate reducing agent concentration (100% excess).

(d) Case D: Higher metal concentration (0.24 mol/L) and moderate
reducing agent concentration (100% excess).

(e) Case E: Moderate and high metal solution concentration (0.16
and 0.24 mol/L) and higher reducing agent concentration (200%
excess).

The chemistry involving the interaction between surfactant,
metal and reducing agent appears to be highly complex. For
instance, when the nickel solution concentration is enhanced from
0.08 to 0.24 mol/L, it was observed that the plating inefficiency
reduced from 49.7% (M>) to 33.4% (Mg) which further increased
to 54.2% (Mg) after 8 h of plating. Typically higher metal concen-
tration enables higher combinations of plating rate, pitting, and
nucleation and hence higher plating inefficiencies. Also, the varia-
tion in the reducing agent concentration alters the net amount of
free electrons that are available for the reduction of metal ion both
in the solution (unwanted) and on surface (desired).

The hypothesis for case Ai.e.lower nickel solution concentration
(0.08 mol/L) has already been addressed in our previous subsection.
Further, for case B (0.16 mol/L, 50% excess) the plating inefficiency
trends are in agreement with the trends observed for lower metal
concentration. The only variation that was observed was in the
reduction in the plating inefficiencies from 79.2% to 54.6%. This
could be explained with the fact that at moderately higher metal
concentration, the metal plating rate will be higher and surfactant
adsorption to the support surface will not be able to control the
surface bonding of the nickel metal, thereby reducing nucleation in
solution and enhancing the plating efficiency.

Conceptually it is hypothesized that for a given metal and reduc-
ing agent concentration the plating inefficiency increases with time
of plating. But for case C (0.16 mol/L Ni concentration and 100%
excess reducing agent) it was observed that with time the plat-
ing inefficiencies decreased from 37.3% (4 h) to 11.1% (12 h). This is
possibly due to compatibility of moderate concentrations of metal
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and reducing agent that favored metal deposition and adhesion on
the support surface thereby minimizing metal delamination and
eventually plating inefficiencies. Again for case D, (0.24 mol/L, 100%
excess) it was observed that with time the plating inefficiencies
decreased from 55.7% (4h) to 52.5% (12h) and the values were
quite higher as compared to the previous case. This is due to the
reason that at higher metal concentration the conversion of nickel
ion to nickel metal is very fast due to the availability of large number
of free electrons from the reducing agent [21]. Thus, faster metal
deposition on the surface favors higher rates of metal delamina-
tion that enhances nucleation in the solution which has also been
confirmed during the physical examination.

Lastly for case E (0.16 mol/L and 0.24 mol/L metal concentra-
tion, 200% excess reducing agent) data was not reported because of
the fact that nickel precipitates were observed at the bottom and
corners of the reaction vessel. At high concentrations of metal and
reducing agents, the conversion of metal ion to metal on the sub-
strate surface is very high. Thus the metal grains loosely adhered
to the substrate provided maximum delamination from surface
and metal nucleation in the solution and eventually higher plat-
ing inefficiency. At such higher metal conversions, the inability for
surfactant to minimize nucleation and pitting and maximize PPD is
evident due to the gas bubbles not being effectively removed from
the substrate surface.

In summary, plating inefficiencies reduced with moderately
high metal solution concentrations (0.16 mol/L) but not for higher
metal concentrations (0.24 mol/L). This indicates the fact that the
film stability and inefficient plating are strong functions of metal
solution and reducing agent concentrations. Considering plating
inefficiency as the sole tradeoff, the optimal case corresponds to
0.16 mol/L with 100% excess reducing agent that provided an inef-
ficiency of 11.1% after 12 h of nickel plating.

3.4.2. Tradeoffs associated to membrane morphological
parameters

In addition to the complexity in the plating inefficiency pro-
files, profiles for all other variables namely plating rate, PPD and
metal film thickness increased with increasing metal solution
and reducing agent concentrations. As presented in Table 4, the
plating rates for 0.16 mol/L metal solution concentration varied
from 5.5 to 1.4 x 10-7 mol/Ls for M5 (50% excess) and from 6.7
to 1.3 x 10~7 mol/Ls for Mg (100% excess). Similarly for a higher
metal solution concentration of 0.24 mol/L the plating rate varied
from 1.1 to 0.18 x 10-% mol/Ls for M7 (50% excess) and from 1.3 to
0.34 x 1076 mol/Ls for Mg (100% excess) respectively.
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The efficient design of electroless plating process needs to visu-
alize the maximum extent of pore densification with respect to
minimum amount of metal required to densify the pores i.e. to
achieve maximum PPD/§ value. It was observed that for 12h of
sequential deposition, for membrane M, (100% excess reducing
agent and 0.08 mol/L metal solution concentration) the PPD was
89.3% with a metal film thickness of 15.7 um, whereas for Mg (100%
excess reducing agent and 0.16 mol/L metal solution concentra-
tion) the PPD was 94.4% with a metal film thickness of 29.3 pm.
Thus PPD/§ for M, is evaluated to be 5.7 whereas for Mg it is 3.2
respectively. Thus for Mg, it was observed that for a little increment
of PPD (5%) the metal film thickness increased 100% and there-
fore these conditions are not favorable from the process-product
perspective. The insignificant enhancement in PPD with a signifi-
cant enhancement in metal film thickness suggests the undesired
feature of layering during membrane fabrication for the cases of
moderate and higher metal concentrations. In conclusion, from the
perspective of minimal metal film thickness for the desired PPD
the optimal process parameters refer to lower nickel solution con-
centration (0.08 mol/L), moderate reducing agent concentrations
(100% excess) along with suggested contacting pattern of the reduc-
ing agent in an SIEP process.

3.5. Conclusion

The process modification approach presented in this work can
be used as a new methodology for the fabrication of dense nickel
membranes with desired morphological parameters. The exist-
ing gap in the literature with respect to the role of reducing
agent in affecting both nickel electroless process and membrane
characteristics has been successfully addressed in this work. Sev-
eral insights have been obtained with the combinatorial plating
characteristics achieved for wider combinations of nickel solution
(0.08-0.24 mol/L) and reducing agent (50-200% excess) which can
be presented as follows:

1. The experiments successfully inferred that the time period of 1 h
for a single plating step as reported in our earlier work [8,19] can
be reduced by 50% by adopting SIEP-DWR-BS baths.

2. From the combinatorial perspectives of plating efficiency and
PPD, the performance characteristics of SIEP-DWR-BS baths are
significantly better than those obtained for SIEP-BR-BS.

3. The solution concentrations of lower nickel (0.08 mol/L) and
reducing agent (100% excess) have been identified to be opti-
mal from the perspective of the ratio of pore densification per
unit metal film thickness.

4. The observed phenomena of lower plating efficiency with mod-
erate nickel solution concentration (0.16 mol/L) and reducing
agent (100% excess) needs further examination for the deposi-
tion of noble metals such as highly expensive metals such as Pd
and Pt using ELP.

5. Based on the inferences drawn in this work as well as those
presented in our earlier work for conventional (CEP), sonica-
tion assisted (SOEP) and surfactant induced (SIEP) ELP baths
[8,19], the combinatorial plating characteristics of various baths
is as per the following order: CEP-BR-BS < SOEP-BR-BS < SIEP-BR-
BS < SIEP-DWR-BS.

The generalization of above inferences towards Pd composite
membrane fabrication needs to be addressed in the near future. All
in all, the addressed rigorous experimentation and methodology
involving inexpensive nickel SIEP-DWR-BS baths provided several
insights for the further improvement in the fabrication character-
istics associated to low cost dense metal composite membranes.
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Abstract
This article addresses the effect of varying palladium solution concentration (0.005-0.015
mol/L) on the cost effective fabrication of dense palladium composite membranes.
Laboratory fabricated clay (kaolin) based ceramic disc were used as substrate along with
a modified electroless plating technique consisting of a coupled effect of ultrasound and
surfactant. Further to increase the efficacy of the process controlled addition of reducing
agent was opted for all baths. It was analyzed that the optimal concentration that provided
higher plating efficiencies (95.9%), higher transport efficiency (41.3%), higher plating
rates (1.5 x 10 mol/m?s), minimal total plating time (10.5 h) and maximum pore

densification (99.7%) corresponds to 0.01mol/L.

KEYWORDS: Ceramic; Sonication; Surfactant; Electroless plating; Membrane

INTRODUCTION

With the rise of energy costs, membrane technology is growing up as an emerging field

for the production of purified hydrogen due to continuous operation, scalability,
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simplicity, modularity and reduced costs. Dense palladium composite membranes have

been extensively studied due to their ability for higher H, separation capabilities.

The high cost of material and fabrication remains an important obstacle for
commercialization, and drives research and innovation in membrane fabrication from
certain perspectives. The significant reduction in dense Pd membrane cost can be targeted
by (a) considering kaolin based ceramic membrane support (b) identifying and
developing a rate enhanced Pd ELP process that utilizes minimal combinations of total

plating time and total Pd precursor quantity.

Amongst all the support materials, ceramic membranes with their ability to endure high
temperature and pressure conditions and lower cost make them a suitable option for
industrial processes [1]. Further, amongst the ceramic membranes specifically natural
clay based raw materials, kaolin is one of the cheapest membrane raw materials easily

available in India.

The most important perspective for efficient fabrication of low cost palladium
membranes is the usage of minimal metal concentration along with maximum utilization
of the expensive metal. Fabrication efficacy should also take into account the amount of
metal converted along with plating efficiency. Amongst the available literatures for dense
palladium ceramic composite membrane fabrication, maximum of the studies are either
directed towards high usage of palladium metal concentration or towards expensive

fabrication technique.

TH-1330_10610717 2
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Collins et al. inan U.S. Patent No. 5652020 A [1], adopted conventional electroless
plating (CEP) at a Pd solution concentration of 0.03 mol/L to achieve 10 — 20 um thick
dense Pd composite membranes on tubular porous ceramic supports. Further, Rhoda
Richard [2] in an U.S. Patent No. 3274022 A, adopted CEP process at a Pd solution
concentration of 0.028 — 0.056 mol/L with asymmetric addition of dimethylhydrazine

(concentration of 0.05 — 0.45 g/L) reducing agent.

Further, Ilias et al. [3] disclosed details with respect to CEP.to achieve dense Pd ceramic
membranes. For an alumina support pore size of 150 nm, the authors used a Pd solution
concentration of 0.03 mol/L. Zhang Ke et al.[4] reported CEP supplemented with SDS
anionic surfactant to be effective to achieve Pd composite membranes. On an a- alumina
support of 270-280 nm average pore size, the authors used a Pd solution concentration of
0.189 mol/L to achieve a dense Pd metal film thickness of 2 um after a total plating time

of 8—12h.

In a work by Islam et al. [5], the authors reported a Pd solution concentration of 0.015
mol/L and DT AB surfactant concentration of 4 CMC to achieve a dense Pd composite
membrane. Based on the available literatures, one can conclude that higher Pd solution
concentrations (0.03 — 0.28 mol/L) have been deployed to achieve dense Pd-alumina
composite membranes in comparison with the Pd-stainless steel membranes (0.015
mol/L). The utilization of higher Pd solution concentrations for Pd ceramic composite

membranes indicates that the raw material (especially Pd chemicals) cost is high. Further,

TH-1330_10610717 3
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alumina substrate supports are always moderately expensive due to higher cost of
alumina and sintering temperatures. Considering all these issues, the cost competitiveness

of Pd ceramic composite membranes needs further research emphasis.

Several prominent fabrication techniques have been elaborated to achieve dense Pd
composite membranes. Amongst all these techniques electroless plating (ELP).is
particularly advantageous due to several promising features such as (a) simpler
construction (b) ease to control process parameters (c) ability to achieve Pd-deposition on
non-conducting surfaces and low process cost. Thus, ELP appears to be the most relevant
technique for the large scale cost effective fabrication of Pd composite membranes.
Major limitations of the ELP process that require further research emphasis are slow
metal deposition rates (1 — 1.5 um) and lower process yield (10 — 25%).Thus to
circumvent lower metal deposition rates (about 1 - 2 um/h) and achieve better plating
yield and efficiency, rate enhancement techniques are supplemented to the contemporary

electroless plating.

Prominent rate enhancement techniques refer to stirring/agitation, vacuum, sonication [6]
and surfactants [7]. Amongst the mentioned techniques, surfactant and sonication are two
distinct rate enhancements to supplement Pd electroless plating for dense Pd membrane
fabrication from the perspective of easy operatibilty, scalability and simplicity. The
addition of a suitable surfactant (cationic) enables plating rate enhancement and achieves
good surface finish due to the reduction of interfacial tension between the emanating gas

bubbles and the membrane surface [7] whereas sonication promotes mass transport,
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agglomeration of crystals and metal activation due to cavitation at the substrate-

electrolyte surface [8].

Till date, there are no literatures available for coupled sonication and surfactant induced
ELP (SSOEP) process for Pd ceramic composite membrane fabrication. In this regard,
the efficacy of SSOEP process is highly relevant from the context of process operability,
simplicity and scale up. Further, as major emphasis in the mentioned literatures is
focused towards achieving dense Pd composite membrane, details with respect to optimal
combinatorial plating characteristics have been only superficially: mentioned in few prior
articles. Given the fact that ceramics are non-conducting surfaces and plating will be
more challenging and difficult on such surfaces, it would be an interesting research
problem to investigate upon the role of optimal palladium solution concentration for

dense Pd ceramic composite membrane fabrication using SSOEP baths.

MATERIALS AND METHODS
The ceramic substrates were fabricated using kaolin (40 wt%), feldspar (15 wt%), quartz
(15 wt%), sodium carbonate (10 wt%), pyrophyllite (10 wt%), boric acid (5 wt%)and
sodium metasilicate (5 wt%) in laboratory. The circular ceramic substrates were
fabricated by the dry compaction method, details of which are discussed elsewhere. The
ceramic substrates possesed a diameter of 36mm, thickness of 3.5mm, pore size in the

range of 150-250nm and a porosity of 10-15% respectively.
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Downloaded by [Indian Institute of Technology Guwahati] at 20:19 28 December 2014

The concentration of palladium solution is varied from 0.005 - 0.015 mol/L as shown in
Table 1. The cationic surfactant used is cetyl trimethyl ammonium bromide (CTAB) at a
solution concentration of 2 times its critical micelle concentration (CMC). Optimal
cavitation strategy refers to sonication with an ultrasonic cleaning bath operated with
degas mode of operation. Controlled (dropwise) addition of reducing agent (hydrazine
hydrate) was used for all ELP baths. Thus for all experiments a coupled sonication and
surfactant induced electroless plating (SSOEP) with dropwise reducingagent(DWR) and
bulk surfactant (BS) addition i.e. SSOEP-DWR-BS baths were used for all-the
experiments. The optimality of SSOEP-DWR-BS baths with respect to other baths has

been discussed elsewhere [9].

Parameters involved for evaluating the performance assessment of palladium plating

include average trans-membrane flux J plating efficiency 7 , average plating rate

(Fi), percent pore densification PPD , conversion (x) and transport efficiency. Apart

from transport efficiency-all other calculations are similar to that described in details in

our previous work [10].
Further transport efficiency is defined as the product of plating efficiency and conversion
of the plating bath expressed as:

Transport efficiency = n x X

RESULTS & DISCUSSIONS
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Effect Of Pd Solution Concentration On The Combinatorial Pd Plating
Characteristics For SSOEP Plating Baths

(A) PPD Profiles

Fig. 1 illustrates the time dependent variation of percent pore densification for variant Pd
solution concentration. It has been evaluated that the time dependent PPD values varied
from 19.5-96.3% (1.5-15h), 23.6- 99.7 % (1.5-10.5h) and 17.4-47.9% (1.5-6h) for.a Pd
solution concentration of 0.005, 0.01 and 0.015mol/L respectively. In general, as
concentration increases, the PPD values should increase. But that is not always the case.
The possible reason for reduction of PPD for a higher Pd solution.concentration could be
probably due to either insitu de-lamination of palladium film from the membrane surface
or bulk precipitation [11]. Analyzing bath samples physically, the bulk precipitation of
metal has been ruled out and insitu delamination is the most probable reason for the
evaluated reduction in PPD. Therefore, there exists an optimal Pd solution concentration
at which the desired process features could be achieved. From the evaluated PPD
profiles, moderate Pd solution concentration of 0.01mol/L has been referred to be optimal

in achieving higher PPD for the chosen total plating time.

(B) Plating Rate Profiles

Fig. 2 presents the effect of time dependent variation of average noble metal plating rate
for a variation in Pd solution concentration. It has been evaluated that the plating rates
varied from 1.19 — 0.66 x 10#(1.5-15h), 1.50 — 0.79 x 10 (1.5-10.5h) and 1.60 — 0.81 x
10 (1.5-6h) mol/m?.s respectively for a Pd solution concentration of 0.005, 0.01 and

0.015mol/L. It can be observed that for a higher metal concentration of 0.015mol/L, the
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plating rate were higher initially which reduced significantly at higher plating times. Such
significant reduction in plating rate is an unfavorable feature of the SSOEP baths. In
general, higher metal concentration corresponds to higher metal plating rate. But that
might not always be the case. However, for a moderate Pd solution concentration of 0.01
mol/L, apart from the initial hour of plating, it was evaluated that the plating rates were

higher during the entire plating period.

Hypothetically, higher concentration enhances plating rate. However, adhesion of the
newly formed Pd film is dependent upon solid - liquid interface properties. While higher
concentrations could enable higher metal deposition rates, they can significantly enhance
metal delamination due to the shear stress induced by the faster evolution of gas bubbles
[7]. In this regard, it should be noted that the usage of surfactant can only reduce but not
eliminate shear stresses. Therefore, an optimal Pd solution concentration exists that

provides highest combinations of plating rates and PPD.

(C) Efficiency Profiles

Fig. 3(a) and (b) illustrates the effect of Pd solution concentration on the time dependent
variation.of plating and transport efficiency for SSOEP baths. It can be observed that the
plating efficiency varied from 81.6 -61% (1.5-15h), 95.9 - 60.6% (1.5-10.5h), 95.6-57.8%
(1.5-6h) and the transport efficiency varied from 32.9 -18.1% (1.5-15h), 41.3-21.7% (1.5-
10.5h), and 44-22.3% (1.5-6h) respectively for a Pd solution concentration of 0.005, 0.01
and 0.015mol/L. Higher transport efficiency could be achieved from two perspectives: In

the first case, the plating efficiency could be high and bath conversions could be
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moderate. In the second case, bath conversions could be high and plating efficiency could
be low. Among these, the first case is desired and the second case is undesired. As
illustrated in Fig. 3, for the SSOEP baths, higher Pd solution concentration (0.015mol/L)
enabled the achievement of highest combinations of plating and transport efficiency
during initial plating time. However, as time progressed a sharp decline in both the
parameters illustrates incompatibility of the chosen higher metal concentration to achieve
the desired process parameters in terms of PPD and plating rates. Thus, 0:01mol/L Pd
solution concentration can be concluded to provide optimal combinations.of process and

membrane characteristics.

Literature Comparison

Ina U.S. Patent by Collins and Way [1], the authors fabricated dense Pd tubular ceramic
composite membranes by CEP process using a Pd solution concentration of 0.03 mol/L to
achieve 10 — 20 um metal film thickness. In another U.S. patent by Rhoda [2], the author
fabricated dense Pd ceramic composite membranes by CEP process used a Pd solution
concentration of 0.028 — 0.056 mol/L with asymmetric addition of dimethyl hydrazine

(concentration of 0.05— 0.45 g/L) reducing agent.

Further llias et al. [3] disclosed details with respect to CEP to achieve dense Pd ceramic
membranes. For an alumina support pore size of 150 nm, the authors used a Pd solution

concentration of 0.03 mol/L to achieve a dense metal film thickness of 12 um. In similar
context Zhang et al. [4] reported CEP supplemented with SDS anionic surfactant to be

effective to achieve Pd composite membranes. On a a- alumina support of 270-280 nm
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average pore size , the authors used a Pd solution concentration of 0.189 mol/L to achieve

a dense Pd metal film thickness of 2 um after a total plating time of 8 — 12 h.

Thus, this work clearly indicated that by modifying the plating process from CEP to
SSOEP, many times lower palladium solution concentration could suffice for the

fabrication of dense palladium ceramic composite membranes.

Lack of performance characteristics during composite membrane fabrication research is
indicative to the fact that combinatorial plating characteristics has not been studied in
details and this work elaborates on the same. One recent literature from our research
group by Pujari et al. [12] elaborates on combinatorial plating characteristics of
palladium on PSS supports. Their work reported a dense Pd membrane for SSOEP baths
with a plating rate of 4.38x10° mol/m?.s for a palladium solution concentration of
0.005mol/L and a surfactant concentration of 2 CMC. The plating rate in the present
work is 7.9x10 °mol/m?.s for a palladium solution concentration of 0.01 mol/L and a
surfactant concentration of 2 CMC. In the present work a similar surfactant and
palladium concentration delivered a plating rate of 6.6x10 °mol/m?.s but with a PPD of

96.3%.

Thus it could be inferred that ceramic supports could deliver similar or higher plating
rates than PSS supports for similar Pd precursor concentration but at the cost of higher

plating time. In other words if similar plating time is to be used for both the supports that
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the concentration of palladium ought to be doubled for ceramic supports as compared to

PSS supports.

Membrane Characterization

(A) XRD Analysis

The XRD pattern for dense Pd ceramic membrane fabricated by coupled sonication and
surfactant induced electroless plating using a palladium solution concentration of 0.01
mol/L are presented in Fig. 4. Phases of the diffraction profiles were analyzed using the
ICDD-JCPDS database. It was analyzed that metallic Pd peaks appeared at diffraction
angle 20=40.1°, 46.6°, 68.1°, 82.1° and 86.6°due to the diffraction of (111), (200),
(220), (311) and (222) plane [Pdf No 00-005-0681].The peaks clearly confirmed the
presence of uniform palladium deposition after 10.5h of plating during coupled

sonication and surfactant based electroless plating.

(B) FESEM Analysis

FESEM surface and cross sectional micrograph of Pd-ceramic composite membrane
fabricated with SSOEP baths are shown in Fig. 5. Further Fig. 5(a) clearly indicates that
the agitation caused by ultrasonic waves in a sonicator baths led to uniform dispersion
throughout the substrate surface. Further Fig. 5(b) depicts the FESEM cross sectional
image of the dense palladium membrane fabricated with a palladium solution
concentration of 0.01 mol/L. It was observed that the palladium dense metal film

thickness varied in the range of 10-12um respectively.
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Tradeoffs

Fig. 6 illustrates the tradeoffs associated with PPD/Plating rate Vs. PPD for SSOEP baths
with variant Pd solution concentrations (0.005 — 0.015mol/L). Hypothetically,
PPD/Plating rate is a measure to quantify the dominance of pore densification or layering.
Higher value of PPD/Plating rate for similar time of plating signifies that the plating
favors better PPD and lower metal layering. It has been evaluated that for a particular
plating time (say 6h), both PPD and PPD/Plating rate values were higherfora Pd solution
concentration of 0.01mol/L. Thus 0.01mol/L Pd solution concentration is.the optimal
concentration for the mentioned bath composition on porous ceramic supports. Thus, the
results disclosed in this work indicate the potential of the SSOEP process to effectively
achieve dense Pd ceramic composite membranes with lower palladium solution

concentration.

CONCLUSIONS
The work is directed to a scalable low cost method for rapidly fabricating dense Pd
membranes on porous kaolin based ceramic substrates. The critical aspects/findings of

this work are:

@) It utilizes a moderately low Pd solution concentration which refersto 0.01 mol/L.
(b) A unique optimal combination of sonication and surfactant as a potential rate
enhancement to Pd electroless plating is the most sublime feature of the article.

(© For the Pd ceramic composite membrane, SSOEP process involves best process

characteristics that provides higher plating efficiencies (95.9%), higher transport
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efficiency (41.3%), higher plating rates (1.5 x 10™* mol/mZ?.s), minimal Pd solution
concentration (0.01 mol/L), lower surfactant concentration (2 CMC), minimal total
plating time (10.5 h) and maximum pore densification (99.7%).

(d) The method is simple, fast, easy to use and scalable for large scale fabrication of
Pd ceramic composite membranes.

(e) It provides good quality noble metal deposition (higher combinations of plating

rate and PPD rate) on non-conducting porous surfaces.
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Table 1. Composition of conventional palladium electroless plating baths.

S. Component Amount Amount Amount
No. (mol/L) (mol/L) (mol/L)
1. Palladium Chloride 0.005 0.01 0.015

2. Hydrazine Hydrate (1M) 0.02 0.02 0.02

3. Ethylene di-amine tetra acetic | 0.04 0.08 0.12

acid
4. Liguor Ammonia (25%) 0.001 0.002 0.004
TH-1330_10610717 16
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Figure 1. Time dependent variation of percent pore densification with variation in Pd

solution concentration (0.005-0.015 mol/L) for SSOEP baths.
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Figure 2. Variation of noble metal average plating rate for a variation in Pd solution

concentration (0.005-0.015 mol/L) of SSOEP baths
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Figure 3(a) and (b). Time dependent variation of plating and transport efficiency for

SSOEP baths for a variation in palladium solution concentration (0.005-0.015 mol/L)
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Figure 4. XRD profile of Pd-ceramic composite membrane fabricated using SSOEP baths
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Figure 5. FESEM (a) surface (b) cross-sectional micrograph of Pd-ceramic composite

membrane fabricated using SSOEP baths
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Figure 6. PPD/Plating rate Vs. PPD tradeoffs for SSOEP baths at various Pd solution

concentrations (0.005-0.015 mol/L)
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