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Figure 2.1: Schematic representation of a charged particle of diameter, dp, experiencing 

electrophoretic motion inside an electrolyte under an externally applied electric field 

potential,
1 , inside a microfluidic channel of diameter d and length l. Distribution of 

co-ions and counter-ions  has been shown by the respective signs around a positively 

charged particle.                                                                                                            21                                                                                                                                                                                                                                                                  

 

Figure 2.2: Plot (a) shows the variation in up with external potential (ϕ1). The triangular 

symbols with a solid line are obtained from the nonlinear CFD simulations and the 

square symbols with dashed line are form the proposed analytical model. Particle 

diameter (dp), surface potential (ϕ2), channel length (lc), channel confinement (d/dp), 

initial concentration of ions (ci0) are kept as 2 μm, -50 mV, 15 μm , 5, 0.001 mM/lt 

respectively. Plot (b) shows the comparison of particle speeds in a microchannel 

experimental results with CFD simulation for a particle ~10 μm diameter and other 

parameters as taken by experimental article.                                                                26                                                                                                                                                                                                                                

 

Figure 2.3: Plot (a) shows the nonlinear distribution of co-ion (c2, red broken line), 

counter-ion (c1, traffic green dash dot line), and difference of co- and counter-ions (Δc, 

blue solid line) around the charged particle of diameter 2 µm with a surface charge of -

50 mV. Other simulation parameters involved are listed in Table.2.2. Plot (b) shows 

the profile of ζ-potential around the charged particle of diameter 1 µm and surface 

potential -50 mV. The solid line represents the profile obtained by solving PNP 

equation and the red dotted line shows the Debye Hückel profile.                              28                                                                                                                                                                                  

 

Figure 2.4: Image set (a) shows the contours of the co-ion concentration (c2), image 

set (b) shows distribution of counter-ion concentration (c1), and image set (c) shows 

distribution of the difference of concentration ( c ) around a microparticle of 2 μm 

diameter undergoing electrophoretic migration inside a microchannel of 5 μm width 

and 15 μm length. The contours are plotted at different time intervals as shown on the 

images. The viscosity coefficient, relative permittivity of the electrolyte, ζ-potential at 

the EDL, and externally applied field are, 0.023 Pa s, 80, 0.05 V, and 1 V, respectively.                                    
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Figure 2.5: Frames (i) to (vi) in the image set (a) show the position of the moving 

particle at different time intervals when the diameter (dp) is 2 µm and surface potential 

is -50 mV.  Frames (i) to (vi) in the image set (b) show the respective distribution of 

stress on the solid particle undergoing electrophoresis. Plots (c) – (e) show the 

variations in the displacement (s), velocity (up), and acceleration (a) with time (t) of the 

particle undergoing electrophoresis under the influence of the externally applied 

electric field. The other parameters employed in the simulations are enlisted in the 

Table 2.2.                                                                                                                      30                                                                                                                                                    
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Figure 2.6: Shows the development of the potential distribution, hence the EDLs, 

around the charged particle from unsteady to the steady state. The potential distribution 

surrounding the particle is plotted at different time steps, as mentioned in  the figure 

legend. The particle having diameter 1 μm is kept inside a microfluidic channel of 

diameter 5 μm and length 15 μm. The bulk electrolyte concentration is kept at 0.001 

mol/m3.                                                                                                                          31                                                                                                                                  

 

Figure 2.7: Image (a) shows the velocity contours around a charged microparticle of 

diameter 2 µm and a ζ-potential of -50 mV, undergoing electrophoretic motion. Image 

(b) shows the typical electric field potential (ϕ2) contour around the charged particle 

while the particle is in motion. Image (c) shows the fluid velocity (uf) surrounding the 

particle along the sections 11', 22', 33', and 44', as shown in the image (a) through the 

solid cut lines. Image (d) shows variation in the electric field potential (ϕ2) in the fluid 

surrounding the particle along the cut lines 11', 22', 33', and 44'. Solid line in pink color 

shows the Debye Hückel profile for electric field potential (ϕ2) . The other parameters 
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Figure 2.8: The frames (i) – (vii) in the image set (a) show displacement of particles of 

varying size, 0.2 µm, 0.6 µm, 1.0 µm, 1.4 µm, 1.8 µm, 2.2 µm, and 2.6 µm having 

surface potential of – 50 mV. The frames (i) – (vii) in the image set (b) show the stress 

on the moving particle. The plot (c) shows the steady state velocity (up) of the particles 

of different diameter (dp). The plot (d) represents the contribution of viscous drag, 

electrophoretic force and the resultant of two forces. All other parameters used for the 

calculations are enlisted in the Table.2.2.                                                                    34                                                                   

 

Figure 2.9: Schematic images (a) to (d) show different kinds of chemical heterogeneity 

on the surface of the particle of diameter 1 µm. The surface potentials for different color 

codes are also shown on the figures. The image (e) shows the steady state velocity (up) 

of the particles (a) to (d) with the variation in the ϕ2 on the red-lobe.                                                                                                                        
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Figure 2.10: The plots (a) – (f) show the variation in up with surface potential (ϕ2), 

external electric field potential (Vext), the viscosity of the electrolyte (µ), and initial 

molar concentration of the solute (c0), diameter of the particle (dp), and the confinement 

in the microchannel (d/dp), respectively. The triangular symbols are obtained from the 

nonlinear CFD simulations, the solid box symbols are calculated from Henry law, the 

square symbols are form the Smoluchowski’s equation, and the circular symbols are 

from the proposed analytical model. The necessary dimensional parameters used in the 

simulations are enlisted in Table 2.2.                                                                           37                                                                                      
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Figure 2.11: The plot shows the variation in up when d = 5 μm and l is changed from 

15 μm to 50 μm. The ϕp, dp, and c0 considered in these simulations are, -0.05 V, 1 μm, 

and 0.001 mol/m3, respectively. All other simulation parameters are enlisted in Table 

2.2.                                                                                                                                39                                                                                                                               

 

Figure 2.12: Plot (a) shows the position of a particle under electrophoretic migration 

after 0.006 s when surface potentials at the confining walls are, ϕw = - 0.01 V while the 

surface potential on the particle is, ϕp = - 0.05 V. The colour map shows the contours 

of the fluid velocity surrounding the particle. The plots (b) and (c) show the spatial 

contours of the electric field potential (ϕ) near the particle surface and the confining 

wall when ϕp = - 0.05 V and ϕw = - 0.01 V. Plot (d) shows the variation in the particle 

speed (up) with ϕw. The ϕp, dp, d, l, and c0 considered in these simulations are, -0.05 V, 

0.6 μm, 5 μm, 15 μm, and 0.001 mol/m3, respectively. All other simulation parameters 

are enlisted in the Table 2.2.                                                                                         40                                                                                                               

 

Figure 3.1: Schematically shows an EO flow inside a microchannel of diameter d and 

length lc. The surface charges on the channel walls are shown by encircled negative 

sign. The channels with chemical patches on the walls are shown by yellow (lighter 

shade) marks and associated symbols, ‘ζ’ with positive and negative signs. The groves 

directing inward of the channel walls represent physical patterns. The groves having 

yellow (lighter shade) marks and associated symbol ‘ζ’ represent physicochemical 

patterns. The flexibility of the channel walls is shown by inward curvature on the walls 

with the arrows signifying the direction of flexibility.  The directions of the driving EO 

force ( e E ) and the resistive viscous force are shown by the arrows. The notations X 

and Y (x and y) represent dimensionless (dimensional) Cartesian coordinates.                                                                                                                   

47                                                                                                                                                 

 

Figure 3.2: Shows comparison between dimensionless velocity profiles (Y vs. U) 

obtained from analytical (solid blue line) and CFD simulations (dotted red line) 

solutions. Diameter of channel (d), length of the channel (lc), Debye length (λ), viscosity 

of the fluid (μ), density of the fluid (ρ), ζ-potential are kept as 10 µm, 50 µm, 305 nm, 

0.001 Pa s, 1000 kg m-3, – 100 mV, respectively.                                                        51                                                                                                                      

 

Figure 3.3: Plot (a) shows unsteady EO flow profiles for developing flows at time 

intervals 0 s (dash-dot-dot), 0.04 s (dash-dot), 0.08 s (broken), 0.1 s (dash dot dot with 

black) and 0.2 s (solid) for λ = 0.1 μm. Plot (b) shows steady EO flow profiles (Y vs. U) 

in the channels of diameters, 4.5 μm (dash-dot), 9.7 μm (broken), and 30 μm (solid). 

Plot (c) shows steady EO flow profiles for Debye lengths, λ = 0.1 μm (dash-dot-dot), 

0.2 μm (dash-dot), and 0.3 μm (solid). Plot (d) shows the variation in the electric field  
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potential (
 ) along the vertical direction of the channel (Y vs. ζ) for the channels in the 

plot (b).  The channel diameter (d), length (lc), surface charge 
 at wall, applied external 

voltage (V), Debye length (λ) are kept as, 30 μm, 150 μm, – 50 mV, 5 V, and 300 nm, 

respectively.                                                                                                                   52                                                                                                                                                                                                                    

 

Figure 3.4: Plot (a) shows the variation in the average velocity (uavg) with the diameter 

of the channel (d) at a fixed 
 . Plot (b) shows the subsequent variation in the 

volumetric flow rate (Q). The walls are kept at, w

 = – 25 mV with applied external 

potential of 5 V. The aspect ratio of the channels (lc /d) is kept same for all the 

simulations.                                                                                                                      53                                                                                                     

 

Figure 3.5: Plot (a) shows a chemically heterogeneous microchannel with alternating 

positive and negative w

  on the walls. The zones A, B, C, and D show the places where 

the velocity and pressure gradient profiles are reported. The contour shows the variation 

in 
 across the channel. Plot (b) shows the variation in the pressure gradient (– /dp dx

) along the x-direction across the cut-line D. Plot (c) shows the contour of ‘u’ with 

streamlines and arrows symbolizing fluid velocity. Plots (d), (e), and (f) show the 

velocity profiles at the cut-lines A (heterogeneity with positive w

 ), B (heterogeneity 

with negative w

 ), and C (homogeneous positive w

 ), respectively, as shown in the 

plot (a). The solid, dash, dash-dot, and dash-dot-dot represent profiles at 1 V – 4 V, 

respectively. The dp, lc, w

 , V, λ, μ, and ρ are kept as, 30 μm, 150 μm, –25 mV, 4.25 

V, 300 nm, 0.001 Pa s, and 1000 kg m-3, respectively. The width of each patch is kept 

as 15 µm.                                                                                                                       55                                                                                                                                                                                                                                                 

 

Figure 3.6: Plot (a) shows a physicochemically heterogeneous microchannel. The cut-

lines A, B, C, and D show the zones where the velocity and pressure profiles are 

reported. The contour shows the variation in 
 across the channel. Plot (b) shows the 

variation in – /dp dx  along the x-direction across the cut-line D. Plot (c) shows 

streamlines at the middle of the channel (heterogeneous portion) overlaid on x 

directional velocity (u) and the arrows signify velocity vector.  Plots (d) – (f) show the 

velocity profiles at the cut-lines A (physicochemical heterogeneity with positive w

 ), 

B (physicochemical heterogeneity with negative w

 ), and C (physicochemical 

heterogeneity with negative w

 ). Solid, dash, dash-dot, and dash-dot-dot represent 

profiles at 1 V – 4 V, respectively. The dp, lc, w

 , V, λ, μ, and ρ are kept as, 30 μm, 150 

μm, – 25 mV, 4.25 V, 300 nm, 0.001 Pa s, 1000 kg m-3, respectively. The width of each 

patch is kept as 15 µm and the height of the physical patterns is 3 μm.                        58                                                                                                                                
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Figure 3.7: Plots (a) and (c) show the variations in the vorticity (ω) of the recirculation 

patterns near the chemical patches shown in the Fig. 3.5(d) (cut-line A in Fig. 3.5(a)) 

and near the physicochemical patches shown in the Fig. 3.6(d) (cut-line A in Fig. 

3.6(a)). The plots (b) and (d) show the corresponding velocity profiles across the 

microchannel. The other parameters such as dp, lc, w

 , and λ are kept as, 30 μm, 150 

μm, – 25 mV,  and 100 nm, respectively.                                                                     59                                                                                        

 

Figure 3.8: Shows the EO velocity profile at the middle of a flexible microchannel 

compressing and expanding periodically with a sinusoidal wave motion.                  60                                                                              

 

Figure 3.9: Image set (i) – (vi) in the plot (a) show streamlines overlaid on velocity 

contours at different time intervals 0, 2, 4, 6, 8, and 10 s for a physicochemically 

patterned flexible channel having a full contraction ((i) – (iii)) and expansion cycle ((iv) 

– (vi)). Plots (b) and (c) show velocity profiles at the cut-line taken in zones A and B in 

plot (a) and subsequent variation in vorticity (ω) with time have been shown in the plots 

(d) and (e). The solid (broken) lines represent compression (expansion) cycle. The 

channel diameter and length are kept as 10 μm and 50 μm. The magnitudes of w

  at 

the walls and external applied field are, 25 mV and 5 V, respectively.                        62                                                                                                                                                           

 

Figure 3.10: The plots (a), (b), and (c) show the variations in the total electric field 

potential ( ), current density (J), and x-component of velocity (u), respectively. The 

variables are plotted along the cut-line of a chemically heterogeneous microchannel at, 

y = 29.75 μm, similar to the line D shown in Fig. 3.5(a). The plots (d), (e), and (f) show 

the same for a physicochemically heterogeneous microchannel. The d, lc, w

 , ρ, μ, V, 

are kept at 30 μm, 150 μm, +/– 25 mV, 1000 kg/m3, 0.001 Pa s, 4.2 V, respectively. 

The solid, broken, dash-dot, dash-dot-dot represent the parametric study of applied 

external voltage (1, 2, 3, and 4 V).                                                                                63                                                                                    

 

Figure 3.11: Plot (a) shows schematic representation of the proposed potential 

measurement set up. Plot (b) shows relative current density (J/J0) profiles near the wall 

at a cut-line of, y = 29.75 μm, similar to the line D shown in Fig. 3.5(a). Plot (c) shows 

a calibration curve (J/J0  vs.  ) to determine unknown potential of the test object.                                                                                                                           
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Figure 4.1: Image (a) shows the profile for the net electric field potential (ψnet) between 

a pair of electrodes representing a Helmholtz electrical double layer (EDL). Image (b) 

illustrates the equivalent circuit derived from the system shown in the image (a) using 

two capacitor model (TCM). Image (c) shows the distribution of ions in a diffuse layer 

following the Gouy-Chapman model. Image (d) represents the Gouy-Chapman-Stern 
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(GCS) model consisting of an immobile Stern layer and mobile diffuse layer in the 

EDL.                                                                                                                              69                                                                                       

                                                                                                                                            

Figure 4.2: The steps to assemble the supercapacitors (SCs) are shown schematically. 

Images (a) and (b) show the pre-processing of a Cu electrode wherein the plate was 

roughened using a sand paper. The insets in the images (a) and (b) show the FESEM 

micrographs of the surface before and after roughening. Thereafter, the roughened plate 

was sputter-coated with Pt, as shown in the image (c). Image (d) shows the masking of 

a part of the Pt coated Cu plate using a commercially available tape. The drop casting 

of the active material – slurry of rGO mixed with carbon black and PTFE, its coating 

on the Pt coated Cu plate, and subsequent drying have been shown in the images (e) 

and (f). Image (g) shows the removal of the mask and subsequent surface morphology 

at the FESEM inset. Image (h) shows the final PPS arrangement wherein a pair of 

electrodes shown in the image (g) was assembled with a separator in the middle as 

shown. The separator was composed of a filter paper or a tissue paper, or PVDF (SEM) 

soaked with electrolytes such as aqueous solutions of KOH and H2SO4 having different 

ionic strengths. Images (i) and (j) show the cross-sectional schematic images of the 

parallel (PPS) and curved (CPS) plate SCs. The scales shown on the FESEM images 

are of 20 μm.                                                                                                                     73                                                                                                                       

 

Figure 4.3: Raman spectra of active material deposited on the Cu surface.               75                               

 

Figure 4.4: The FESEM images of different separators used in PPS. Image (a) – (d) 

show filter paper (FP), tissue paper, electro-spun PVDF fibres, and perforated filter 

paper (PFP), respectively. The scale bars on the images (a) and (b) are of 20 μm while 

the scale bars on the images (c) and (d) are 5 μm and 500 μm, respectively.              76                                                                                     

 

Figure 4.5: Shows the schematic representation of the (i) PPS and (ii) CPS, including 

its parameters and initial boundary conditions used during the simulations.               77                                              

 

Figure 4.6: Cyclic voltammetry (CV) measurements associated with the different 

supercapacitor arrangements such as PPS and CPS, as shown in the previous figure.  

Images (Ia) and (Ib) show the variations in the specific current, IS, with the applied 

electric field potential, φ, when the electrode separation distance was, de = 100 µm. 

Here, IS = I0/m, where I0 is the measured current from CV and m is the mass of the 

active material. The images (Ia) and (Ib) correspond to the scan rates, ν = 50 mV/s and 

100 mV/s, respectively. The radius of curvature (κ) were measured, as shown in the 

inset of the image (Ia) where κ = 0 m-1 represents PPS while κ = 0.035 m-1, 0.123 m-1, 

and 0.2 m-1 show different CPS configurations. Images (IIa) and (IIb) show the CV 

when κ = 0.035 for de = 100 µm and 500 µm, and scan rates, ν = 50 mV/s and 100 

TH-2253_146107009



List of Figures 

x 

 

mV/s, respectively. The separator used for all the experiments was filter paper (FP) 

soaked in 4M KOH.                                                                                                      79                                                                                               

 

Figure 4.7: Electrochemical impedance spectroscopy (EIS) measurements associated 

with the PPS having different electrolytes and separator materials. Image (a) shows the 

high-frequency region (> 10 kHz) of Nyquist plots (real (Z') versus imaginary 

impedance (-Z")) obtained from EIS analysis of PPSs with two different electrolytes 

4M KOH (circular symbols) and 1M H2SO4 (square symbols). Image (b) illustrates the 

same for different separators, namely, filter paper (FP), tissue paper (TP), perforated 

filter paper (PFP), and polyvinylidene fluoride (PVDF). In all the experiments, de = 100 

µm.                                                                                                                                 81                                                                                                                                                                                       

 

Figure 4.8: Images (Ia) and (IIa) represent the Nyquist and Bode (imaginary 

impedance (-Z") versus frequency (f)) plots obtained from the EIS of a PPSs with 

different KOH concentrations (4M, 2M, 1M, and 0.5M) in which de = 100 µm. Images 

(Ib) and (IIb) represent the Nyquist and Bode plots for de = 100 µm - 500 µm when the 

electrolyte was 4M KOH. Images (Ic) and (IIc) represent the Bode plots for the PPS 

when 4M KOH and 1M H2SO4 were used as electrolytes and de =100 µm. In all the 

experiments FP was used as the separator material.                                                      84                                                                                          

 

Figure 4.9: The schematic diagram in image (a) shows the directions of the electric 

fields, Ep – the applied field leading to the polarization of electrodes and Eh – electric 

field generated due to the formation of EDL. The diagram also shows the variation in 

net electric field potential, ψnet (solid line) across the SC and the thicknesses of the 

EDLs (dh1 and dh2) near the electrodes. Images (b)-(f) represents the results obtained 

using simulation studies. Image (b) shows the time-dependent variation in Eh along de 

during the formation of EDL at their respective electrodes in PPS, image (c) shows 

profiles of concentration of cations (ξ+) and anions (ξ-), and ψnet, with the electrode 

distance (xe). Image (d) shows the variation in capacitance (C₀) with time (t). The inset 

image shows the gradient of the electric potential due to ions (ψ1) at x = 0 μm, taken for 

calculating the capacitance according to Eq. 4.10.. Image (e) shows the variation in C0 

with KOH concentration (ξKOH) obtained from experiments and simulations (lines) for 

ε = 3, 4, and 5.  Image (f) shows the variation in C0 with radius of curvature (κ) of CPS 

from experiments (symbols, Fig. 4.6) and simulations (lines) for ε = 3, 4, and 5.                                                                                                         

89                                                                                                  

 

Figure 4.10: Comparison between theoretical and experimental specific capacitance 

(CS) values. Image (a) shows the comparison among the experimentally calculated CS 

from CV curves of Fig. 4.2 and the theoretically calculated CS from TCM using Eqs. 

Eqs. (4.16) and (4.17). The line with asterisk symbols represents the values calculated 

from TCM and the two lines having triangular and box symbols represent experimental 
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values at two different scan rates, 50 mV/s, and 100 mV/s, respectively.  The 

experimental values of CS were obtained for angles, κ = 0.035 m-1, 0.123 m-1, and 0.2 

m-1 at scan rates, ν = 50 mV/s and 100 mV/s. Image (b) represents a similar comparison 

for κ = 0.034 m-1 and electrode separations, de = 100 μm and 500 μm.                         93                                                             

 

Figure 4.11: Images shows profiles of Ep, Eh, and Enet (Ep- Eh) in (a) PPS, and (b) CPS 

(for κ = 0.035) configurations. The normalized distance between the electrodes in the 

x-axis is, xN = x/de, where x is the distance from the electrode. The separation distance 

is 100 μm for PPS and 25 μm for CPS. Image (c) shows the variation in dielectric 

constant (ε) with time (t) for the PPS.                                                                           94                                                                                    

 

Figure 5.1: Schematically shows a CNT-bot composed of a –COOH functionalized 

MWCNT cluster doped with a ferrous (Fe2+) salt and magnetite nanoparticle (FeONPs) 

before coated with a Mg film. The CNT-bot was capable of undergoing two reactions 

in acidic and alkaline water (e.g. Mg + H2O → Mg(OH)2 + H2, Mg + HCl → MgCl2 + 

H2 and NaHCO3 + MWCNT-COOH → MWCNT-COONa+ H2O + CO2) and Fenton 

reaction (in absence of light) and Photo Fenton reaction (in presence of UV light) in the 

peroxide fuel (Fe+2 + H2O2 → Fe+3 + H2O + O2), as shown on the image. Subsequently, 

the motor moved by the ejection of hydrogen bubbles in acidic water, carbon-dioxide 

propulsion in the alkaline water, and oxygen bubbles in the peroxide fuel. The motors 

could show directionality in the motion under acid and alkali gradients leading to acid- 

and alkali-taxes, as shown on the images. The scheme also shows that hydrogen and 

oxygen serve as fuels of PEM Fuel cell and the CNT-bot can also perform dye 

degradation function.                                                                                                    99                                                                                                                                                                                               

 

Figure 5.2: Shows the particle locomotion under varied conditions. Image sets (a) – (c) 

show the trajectory of the random motions of the CNT-bot at different time intervals 

(shown on the image) in a hydrogen peroxide bath (12%, v/v), water, and 0.5M 

hydrochloric acid bath, respectively. Image set (d) shows trajectory of the CNT-bot 

inside a 0.5M aqueous solution of sodium bicarbonate. Image sets (e) - (g) show the 

trajectory of the directional motion of the CNT-bot at different time intervals when a 

concentration gradient was established by dripping acid in a water bath, alkali in a 

peroxide bath, and bicarbonate dripping in a bath of water, respectively. The arrow 

heads in these images indicate the direction of the movement of the motor. The 

concentration gradient is indicated by the bromophenol blue, phenolphthalein, and 

indicators in the image sets (e) – (g), respectively. Image set (h) shows particle 

trajectory at different time intervals driven by an externally applied magnetic field. In 

these experiments, the motor size was of ~180 μm to ~300 μm.                               101                                                                                                                                                                                          

 

Figure 5.3: Shows the speeds of CNT-bots of size range ~180 to 300 μm under different 

conditions. Plot (a) shows the variation in the speed of the CNT-bot (uP) in the aqueous 
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peroxide bath for which the concentration of peroxide (CPer) was increased from 1% 

(v/v) to 12% (v/v). Plot (b) shows the variation in uP in a 5% (v/v) peroxide bath when 

the pH of the bath was varied. Plot (c) shows the variation in uP when the pH of the 

water bath was varied. Plot (d) shows the variation in uP of at different NaHCO3 

loading, in pure water, and for a Mg free swimmer. Plot (e) shows variation in uP with 

different applied magnetic field strength (H) for a particle of size 220 μm. Plot (f) shows 

variation in uP with the intensity of UV LEDs for photo-active CNT-bots.                                                                                                                   

104                                                                                                                                                                                                                      

 

Figure 5.4: Image (a) shows PEM fuel cell set up for electricity generation using the 

CNT-bots. The containers 1 (filled with CNT-bots and peroxide) and 2 (filled with 

acidic water and CNT-bots) generated pure O2 and H2 gases in real time, which were 

supplied to the fuel cell (3) through gas tubing (4), as shown. The current generated was 

measured by a digital multimeter (5).  Images (a) and (b) show progressive increase in 

the potential with time. Image (c) shows the potential developed against amount of 

CNT-bots fed in the fuels and image (d) shows transient potential output across PEM 

fuel cell.                                                                                                                        106                                                                                             

 

Figure 5.5: Plot (a) shows the UV-Vis absorption of methylene blue solutions of 

different known concentrations, from 0.01 mM to 0.10 mM. Image (b) shows color of 

0.1 mM methylene blue solution before and after degradation using CNT-bot. Image 

(c) shows the decay of methylene blue solution in the presence of CNT-bots (red 

triangular symbols), and Photo-active CNT-bots (traffic green diamond symbols).                                                                                                                         

                                                                                                                                    108 

Figure 5.6: Schematically shows different steps of CNT-bot fabrication.                111                                    

 

Figure 5.7: Images (a) and (c) show the Raman spectroscopy and FESEM images of 

pristine –COOH substituted MWCNT. The images (b) and (d) show the same of Fe2+ 

doped –COOH substituted MWCNTs.                                                                       112                                                                                                                         

 

Figure 5.8: The FESEM images of CNT-bot at different stages. Image (a) shows the 

pristine –COOH functionalized MWCNT at 100 k magnification with the inset showing 

the same at a higher magnification. Image (b) shows the Fe2+ doped MWCNT at 30 k 

magnification with the inset showing the same at 105x. Image (c) shows the FeONP 

doped MWCNT at 30 k magnification with the inset showing the same at 105x. Image 

(d) shows the FeONP and Fe2+ doped MWCNT at 30 k magnification with the inset 

showing the same at 105x. Images (e) and (f) show, at lower magnification, the 

morphology of the Janus-CNT-bot in which one side was FeONP/Fe2+ doped MWCNT 

while the other side was magnesium coated FeONP/Fe2+ doped MWCNTs.                                                                                  

113                                                                                                                                                                            
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Figure 5.9: Plots (a) – (c) show the gas-chromatographs (GC) of the gases issued out 

when the CNT-bot reacted with 5% aqueous hydrogen peroxide, 0.05M aqueous HCl, 

and 0.5M aqueous sodium bicarbonate, respectively.                                                114                                                                                                 

 

Figure 5.10: Image (a) shows the UV-Vis spectra of different known iodine solutions 

in the presence of excess iodide. Image (b) shows calibration curve, absorbance vs. 

peroxide concentration (C0) for peroxide concentration ranging from 1% (v/v) to 10% 

(v/v) aqueous peroxide solutions. Plot (c) shows UV-Vis spectra of different iodine 

solutions generated at different time intervals of reaction. Plot (d) shows C0 vs. time (t) 

plot for reaction between ferrous sulphate present in CNT bot and hydrogen peroxide 

solution.                                                                                                                       116                     

 

Figure 5.11: The plot shows the variation in the concentration of hydrochloric acid in 

water (Cacid) with time (t) during the reaction of aqueous acid solution with the CNT-

bots.                                                                                                                            117       

 

Figure 5.12: Shows magnetic hysteresis loops from vibrational scanning 

magnetometry (VSM) of pure magnetite (red line) and CNT-bots (blue line), 

respectively.                                                                                                                117                                                                                                          

 

Figure 5.13: Plots (a) to (c) show Raman shifts of pristine MWCNT-COOH, TiONP, 

and the composite TiONP-FeSO4 doped MWCNT-COOH.                                     118                                                                         

 

Figure 5.14: Images (a) and (d) show FESEM images of pristine –COOH substituted 

MWCNT, TiO2, TiO2 and ferrous sulphate doped MWCNT-COOH, and the ultimate 

photo-active CNT-bots after magnesium deposition.                                                119                                                                                        

 

Figure 5.15: Shows the cyclic voltammetry plots of an electrochemical cell having ~ 

10% H2O2 taking Ag/AgCl and Pt as the reference and counter electrodes while the 

CNT-bots on carbon tape as the working electrode. The black curve indicates CV of 

carbon tape electrode without CNT-bots and red curve signifies CV with carbon tape 

electrode with CNT-bots.                                                                                           120                                  

 

Figure 5.16: Images (a) – (d) show the EDXS spectra of pristine carboxylated 

MWCNT, magnetite doped MWCNTs, ferrous sulphate treated and magnetite doped 

MWCNTs, and CNT-bots after final magnesium coating, respectively.                   121                                                                                          
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Figure 5.17: Image (a) shows XRD spectra of pristine magnetite nanoparticles. Image 

(b) shows magnetite doped and ferrous sulphate treated MWCNTs. Image (c) shows 

XRD spectra of the CNT-bots after the deposition of magnesium layer.                  121                                                                         

 

Figure 6.1: Schematically shows chemophoretic movement of an elliptical particle 

inside a liquid filled microchannel as a result of local osmotic pressure imbalance. An 

assymetric catalytic chemical reaction is taking place on the particle surface with 

different reaction kinetics at the two different halves of the particle. There are two 

reactants, which give two products following reaction stoichiometry, 

aA bB cC dD   .                                                                                                   129                                                                                                                 

 

Figure 6.2: Image (a) shows the comparison of concentration profile, at the left side of 

the moving particle, obtained from CFD numerical simulation and analytical solution. 

Image (b) shows a similar comparison for the right side of the moving particle. A first-

order reaction is undergoing having rate constants kL = 1.75 and kR = 8.9 s-1 in the left 

and right halves of the particle, respectively.                                                              134                                                                                                                                                

 

Figure 6.3: Shows automated chemophoretic motions of particles with different shapes 

inside a channel of diameter (d) 250 μm and length (lc) 500 μm. For all the cases 

perimeter of the particle is kept 56 μm. Plot (a) shows developed average osmotic 

pressure difference across the particle, taking the average along with a line extended up 

to 10 μm both sides from the particle surface. Plot (b) compares and contrasts the speed 

of the particles with different shapes.                                                                          135                                                         

 

Figure 6.4: Shows the chemophoretic motion of a Janus particle moving inside a 

microfluidic channel of diameter (dp) 5 μm and length of the channel (l) 15 μm in 

presence of a constant concentration Dirichlet condition at the left side of the channel. 

The semi-major and semiminor axis length of the elliptical particle is 1 μm and 0.7 μm, 

respectively. Image set (i) to (vi) of column A show the position of the particle inside 

the channel at different time intervals.  Image sets of column B show a reactant 

concentration (cr1) at all the respective frames. Image set of column C represents the 

concentration profile of a product (cp1) around the particle at respective time intervals. 

Images (i) to (vi) of column D show the osmotic pressure profile around the particle, 

across the channel.                                                                                                      137                                                                                                                                                           

                                                                                                                                          

Figure 6.5: shows the concentration profile along the channel axis of reactants taken 

in the right and left-hand side of the particle. Blue lines (lighter shade) represent 

concentration of the reactant A, whereas grey (darker shade) denotes concentration of 

reactant B. Image (b) shows the concentration of the products, again blue (lighter shade) 

represents the concentration of product C and grey (darker shade) shows concentration 

TH-2253_146107009



List of Figures 

xv 

 

of product D. Plot (c) shows the osmotic pressure profiles in the right and left half of 

the particle. Particle surfaces are taken as the starting point and from the particle –l, and 

+l represents left and right distance along the axis. Solid lines denote for left side 

profiles and the dotted lines denote the right side profiles.                                         138                                                                     

 

Figure 6.6: Image set (i) to (vii) of plot (a) represent motion of the particle inside a 

microchannel having diameter (dp) 5 μm with varying length (l) 20, 24, 28, 30, 32, 36, 

46 μm respectively. Plot (b) shows average pressure drop (∆𝑝) across the particle for 

different channel lengths. Plot (c) shows particle velocity for different channel lengths. 

Image set (i) to (vi) of column (d) shows the motion of a particle of diameter having 

different rate kinetics at the left side of the particle as shown in the figure keeping rate 

constant of the right-hand side and all other physical parameters unchanged.                                                                                                                  

140                                                                                                              

 

Figure 6.7: Shows the average concentration vs time profile (taken across a line along 

the axis away from the particle surface) of the reactants (cri) and products (cpi) at the 

left-hand side of the particle. Plot (b) shows the same average concentration of reactants 

(cri) and products (cpi) at the right-hand side of the particle. Plots (c) and (d) show the 

developed osmotic pressure (π) vs time profile for the left and right side of the particle 

respectively.                                                                                                                    141                                              

 

Figure 6.8: Shows the contour of the osmotic pressure, surrounding a particle having a 

higher reaction rate (k1) at the right-hand side, with a particle moving from right to the 

left hand side. Images (b) and (c) show contours of concentration of a reactant and a 

product for the situation as shown in Fig. 6.7(a). Plot (d) shows the contour of osmotic 

pressure, surrounding a particle having a higher reaction rate (k1) at the left-hand side, 

with a particle moving left to right. Plots (e) and (f) show the concentration of contours 

of a reactant and a product surrounding the particle, respectively.                               143                                                                                                                                             

 

Figure 6.9: Images (a) to (c) show the reactant concentration, product concentration, 

and osmotic pressure vs distance from the particle surface (l) plots for a particle having 

a higher reaction kinetics on the right half of the particle. Images (d) to (f) show the 

reactant concentration, product concentration, and osmotic pressure vs distance from 

the particle surface (l) profiles for a particle having higher reaction rate constant on the 

left half of the particle.                                                                                                 144                                                                                 

 

Figure 6.10: Images (a) to (d) show the osmotic pressure distribution taken on a line 

along the axis of the channel near the particle. The distance ‘l’ is measured from the 

surface of the particle. Images (a) and (c) have higher diffusivity of product components 

(Dpi) than reactant components (Dri) with alternating reaction rates at both sides as 
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commented in the images.  Images (b) and (d) have higher diffusivity of the reactant 

components (Dri) than product components (Dpi) with alternating higher and lower 

reaction rates as indicated in the diagrams.                                                                  145                                

 

Figure 6.11: Plot (a) and (b) show the particle velocity against the ratio of (Dp/Dr) and 

(Dr/Dp) respectively. The right-hand side of the particle has a higher reaction rate (kR = 

8.80 M-1s-1) compared to the left-hand side (kL = 0.88 M-1s-1) of the particle. Image (c) 

shows the particle velocity against a coefficient defined as ([kL-kR]/[Dr-Dp]). Image (d) 

shows the variation of particle velocity for a reaction where there is an increase of 

entropy with respect to stoichiometric coefficient c. The stoichiometry of the reaction 

is aA bB cC dD   .                                                                                                 147                                      
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Synopsis 

Field Induced Motions of Microparticles and Fluids for 

Mixing, Dye-degradation, Energy Harvesting 

 

S1. INTRODUCTION 

The research on autonomously moving particles and fluid motions at the micro and 

nanoscale have gained considerable importance owing to their futuristic applications in 

nanotechnology, biotechnology, medical science, microfluidics, and many more. In 

such small-scale confinements, the flow of liquids and particles is often hindered by 

severe resistance due to the frictional forces. Hence, the flows inside such environments 

are mostly laminar and require augmented external force field for a faster movement. 

Thus, motions of fluids or particles at the micro or nanoscale are largely engendered by 

various external fields like a magnetic field, electric field, light intensity, chemical 

gradient, Marangoni force, and capillary force, among others.  

In particular, the motions of microparticles or fluids inside microfluidic channels 

are also important because of various advantages such as availability of high surface to 

volume ratio, the proximity of interactions, and enhanced transport capabilities. For 

example, the microfluidic motions find multifarious applications in fields like 

microreactors, micropumps, microseparation, or hosting of various flows in biological 

systems. On the other hand, microscale particle movements, especially the self-

propulsions, have diverse applications in the futuristic fields of micro-surgery, drug 

delivery, cargo transport, energy harvesting, chemical and biological sensing, and 

environmental remediation.  

Among the various kinds of motions, over the years the electrokinetic flows of the 

fluids and particles have gained a lot of interest owing to its frequent appearance in 

various living and non-living systems. The thesis emphasizes on a host of electrokinetic 

motions of both microscale particles and fluids targeting directional transport, delivery, 

mixing, and energy storage applications. The electrokinetic phenomena are always 

concurrent with the formation of electrical double layer (EDL), which is a preferential 
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distribution of ions surrounding a charged surface. A charged surface in an electrolyte 

often attracts counter-ions due to electrostatic interaction leading to the formation of an 

immobile Stern layer. The mobile counter-ions ions near the immobile Stern layer form 

a diffuse layer, which is together termed as the EDL. Helmholtz was the first to report 

the presence of the same while Gouy introduced the concept of the diffuse layer 

surrounding the particle. Later, Chapman gave Maxwell-Boltzmann statistics before 

Stern combined the propositions from Helmholtz and Gouy-Chapman to elucidate the 

‘inner’ immobile Stern layer and ‘outer’ mobile Gouy-Chapman diffuse layer in EDL. 

More recently, the Bockris-Devanathan-Müller (BDM) model for EDL included the 

influence of the solvent while the electrochemical behavior of the EDLs as capacitors 

has been extended further with the discoveries of the supercapacitor and pseudo-

capacitance.  

Among the other electrokinetic flows, electroosmosis is the motion of EDL near a 

charged surface under an externally applied electric field to engender movement in the 

bulk electrolyte. On the other hand, electrophoresis is the motion of charged particles 

under an externally applied electric field due to the formation of the EDLs surrounding 

the same. Both the phenomena are very frequently observed in most of the various 

biological systems undergoing in vivo and in vitro motions. Apart from the 

electrokinetic motions, the microparticles also show bubble propulsion, 

diffusophoresis, magnetophoresis, chemotaxis, phototaxis, or sonotaxis under the 

influence of chemical potential gradient, magnetic field, electric field, light or acoustic 

fields. Such self-propulsions often emulate the motility of many living species such as 

amoeba, bacteria, or sperm. The future vision in this regard is to translate the artificial 

self-propelling micro or nanobots for targeted drug delivery or surgical applications 

under in vivo condition.  

In view of this background, the present thesis focuses on deciphering some 

fundamental aspects of the movements of microparticles under electric field, chemical 

potential gradient, and light sources. In this regard, the thesis explores the roles of 

surface heterogeneity and finds suitable applications in the area of transportation, dye-

degradation, and energy harvesting. The thesis also explores the fundamental aspects 

of an electroosmotic flow inside a microfluidic channel before exploring its capability 

in micromixing applications. Further, an EDL based energy storage application has also 
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been attempted while exploring the fundamentals of the charging and discharging of a 

supercapacitor. During this exploration, all three important handles such as the 

analytical, computational, and experimental have been used. The objectives of the 

present thesis are summarized chapter wise as follows, 

(i) modulations in the speed and direction of the electrophoretic motion of a ‘Janus’ 

micro or nanoparticle with the variation in the chemical heterogeneities on the surface.; 

(ii) micromixing in the electroosmotic flows inside rigid to flexible channels having 

physical and physicochemical patterns; (iii) charge storage abilities inside EDL of 

parallel and curved supercapacitors; (iv) fabrication of multifunctional and multimodal 

3G CNT bots capable of showing chemo-, magneto- and photo-taxis along with the 

capability of energizing a fuel cell and environmental remediation; (v) the origin of the 

chemotactic motion of a Janus particle undergoing a differential chemical reaction 

across the surface. The thesis is composed of following five technical chapters with an 

introductory Chapter 1 in the beginning and a tight summery as Chapter 7 at the end. 

S2. TECHNICAL CHAPTERS 

S2.1. Chapter 2 

 

Figure S1: Schematic representation of a charged particle of diameter (dp), 

experiencing electrophoretic motion inside an electrolyte under an externally applied 

electric field potential (ϕa), inside a microfluidic channel of diameter d and length lc. 

Distribution of co-ions and counter-ions (cations and anions) has been shown by the 

respective signs around a positively charged particle. 

In this chapter, a comprehensive theoretical model has been proposed to analyze the 

electrophoresis of a charged microparticle under the influence of an externally applied 
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electric field in an electrolyte filled microchannel. Figure S1 schematically describes 

the theoretical set up. The Poisson-Nernst-Planck equations for ion-transport are 

coupled with the mass and momentum balances before solving them numerically 

employing finite element method with appropriate boundary conditions. The numerical 

model includes the efficacies of the moving-deforming-mesh and fluid-structure 

interaction to uncover the most accurate picture of such motions. A simple analytical 

model has been developed alongside the Smoluchowski’s equation to compare and 

contrast the numerical results. The simulations reveal that the electrical double layer 

(EDL) develops dynamically surrounding the particle when it is immersed in an 

electrolyte and exposed to the external electric field. During the development stage of 

the EDL, an unsteady motion of the particle is observed before a steady electrophoretic 

migration is established. Even during the steady migration, an asymmetric EDL 

surrounding the particle is observed. The electrophoretic velocity obtained from the 

simulations is found to be consistently lower than the existing and proposed analytical 

models. The influence of the formation of the asymmetric EDL, the fluid-structure 

interaction, and particle-inertia are found to be some of the major reasons for the 

deviations. The particle size, fluid viscosity, applied field intensity, and surface 

potential is found to influence significantly the speed of the particles. The drag around 

the particle, the wall-drag near the confinement, and the variation in the electrophoretic 

thrust owing to the variation in the size of the particle are found to be some other 

influential parameters in this regard. Interestingly, the speed and direction of the 

electrophoretic motion of the ‘Janus’ particles can be tuned with the variation in the 

chemical heterogeneities on the surface. 

This chapter focuses on the comprehensive numerical simulations of a single-phase 

electroosmotic flow in the patterned and flexible microfluidic channels. Figure S2 

schematically shows different kinds of channel heterogeneities along with theoretical 

setup taken for present electroosmotic work. A finite element based solver has been 

employed to solve the Poisson equation in the limit of Debye-Hückel approximation, 

which is coupled with momentum and continuity equations for fluid flow and the 

Laplace equation for the external field to uncover the detailed flow features. The study 

shows the variations in the nature of the base-state velocity profiles with the, (i) physical 

and chemical heterogeneities on the walls, (ii) the ratio of the Debye length to the 
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channel diameter, (iii) physical properties of the fluid in microfluidic channels of 

diameter ranging from 1 μm to 30 μm, and (iv) the effects of the channel deformability.  

S2.2. Chapter 3 

 

Figure S2: Schematically shows an EO flow inside a microchannel of diameter d and 

length lc. Surface charges on the channel walls are shown by an encircled negative 

sign. Channels with chemical patches on the walls are shown by yellow marks and 

associated symbols, ‘ζ’ with positive and negative signs. The groves directing inward 

of the channel walls represent physical patterns. The grooves having yellow marks and 

associated symbol ‘ζ’ represent physico-chemical Patterns. The flexibility of the 

channel walls is shown by inward curvature on the walls with two arrows signifying to 

and fro motion. The directions of the driving EO force and the resistive viscous force 

are shown by arrows. X and Y represent dimensionless coordinates, whereas x and y 

represent dimensional Cartesian coordinates. 

Interestingly, the study reveals that the flow rates and the flow patterns are closely 

related to the flexibility and deformability of the channel walls owing to the 

deformation of the EDLs near the channel walls. On the other hand, the chemical 

heterogeneity present on the channel wall facilitates the variation in the ζ-potential of 

the channel wall, which in turn locally modulate the flow rate inside the channel to 

cause intermixing of the layers during the fluid flow. The physical patterns present on 

the walls also influence the flow patterns leading to the formation of the mixing patterns 

in the microchannel. Stream lines for different situations have been analyzed to evaluate 

the extent of internal mixing due to the deformability and physicochemical 

heterogeneity of the microchannel. The results presented decipher various unknown 

flow profiles that are possible in case of an electroosmotic flow, which can be employed 

for augmented fluid mixing inside the microfluidic devices. The variation of current 
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density along the channel having heterogeneous channel walls has also been explored 

mentioning its probable application in the field of ζ-potential measurements. 

S2.3. Chapter 4 

 

Figure S3: Plot (a) shows profile for the net electric field potential (ϕnet) between a pair 

of electrodes representing a Helmholtz electrical double layer (EDL). Plot (b) shows 

equivalent circuit derived from the system shown in (a) using two-capacitor model 

(TCM). Plot (c) shows distribution of ions in a diffuse layer following the 

Gouy−Chapman model. Plot (d) shows the Gouy−Chapman−Stern (GCS) model 

consisting of an immobile Stern layer and mobile diffuse layer in the EDL. 

In the fourth chapter, the study reveals various unexplored pathways to energy 

storage in parallel and curved plate supercapacitors (SCs). Plot (a) to (d) of Fig. S3, 

schematically represents Helmholtz layer on SC plates, model circuit diagram of the 

SCs set up, distribution of solvated ions following Gouy-Chapman, and following 

Gouy-Chapman-Stern theory. The spatiotemporal variations in the electric field 

intensity of such SCs were found to have a significant influence on their performance. 

The observations unearth the limitations associated with the previous theoretical 

models, which are routinely employed to analyze the performance of SCs by 

considering electrical double layers (EDLs) as capacitors near the electrodes. The time-

dependent electrochemical behaviors of SCs obtained from the Nyquist and Bode 

diagrams of electrochemical impedance spectroscopy showed (i) electrode polarization 

at the higher-frequency sweeps, (ii) immobile Helmholtz layer formation at the mid-

frequency zone, and (iii) formation of diffuse layer of EDL in the low-frequency 

regime. 
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The results suggest that charge storage of SCs heavily depends on electrode 

geometry, type of electrolyte, electrolyte concentration, electrode separation, separator 

type, and dielectric relaxation of the electrolyte. A theoretical model composed of 

Poisson−Nernst−Planck equations for the electric field in electrolyte and Laplace 

equation for the electric field in electrodes coupled with Navier-Stokes equations for 

the fluid flow was numerically solved with appropriate boundary conditions to uncover 

the pathways to supercapacitance during the experiments. The experimental and 

theoretical studies together reveal that the use of the potential drop across the EDL 

originating from the opposing electric fields due to electrode polarization and EDL 

formation could provide more accurate pathways to supercapacitance of such SCs. 

S2.4. Chapter 5 

 

Figure S4: Schematically shows a CNT-bot composed of a –COOH functionalized 

MWCNT cluster doped with a ferrous (Fe2+) salt and magnetite nanoparticale 

(FeONPs) before coated with a Mg film. The CNT-bot was capable of undergoing two 

reactions in acidic and alkaline water (e.g. Mg + H2O → Mg(OH)2 + H2, Mg + HCl → 

MgCl2 + H2 and NaHCO3 + MWCNT-COOH → MWCNT-COONa+ H2O + CO2) and 

Fenton reaction (in absence of light) and Photo Fenton reaction (in presence of UV 

light) in the peroxide fuel (Fe2+ + H2O2 → Fe3+ + H2O + O2), as shown on the image. 

Subsequently, the motor moved by the ejection of hydrogen bubbles in acidic water, 

carbon-dioxide propulsion in the alkaline water, and oxygen bubbles in the peroxide 

fuel. The motors could show directionality in the motion under acid and alkali gradients 

leading to acid- and alkali-taxes, as shown on the images. The scheme also shows 

that hydrogen and oxygen serve as fuels of PEM Fuel cell and the CNT-bot can also 

perform dye degradation function. 
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In this chapter, we report the development of a 3G microswimmer, namely CNT-

bot, capable of undergoing acid-, alkali-, magneto- and photo-taxis inside the acidic or 

alkaline baths of peroxide fuel and/or water. In Fig. S4, we schematically describe the 

summary of the entire work. The use of carboxyl functionalized multi-walled-carbon-

nanotubes (MWCNT) facilitated a propulsion of the CNT-bot in the alkaline water by 

ejecting of carbon-dioxide bubbles. Further, the doping of magnetite nanoparticles 

(FeONPs), ferrous ions (Fe2+), and titanium dioxide nanoparticles (TiONPs) instigate 

the magnetic, chemical, and photonic handles for propulsions. While the FeONPs 

stimulated magneto taxis as high as ~10 body lengths per second under the influence of 

a bar magnet, the chemotaxis in the peroxide fuel of similar speed was achieved by 

bubble-propulsion of oxygen gas originating from the Fenton reaction. 

In addition, light stimulated Photo-Fenton reaction led to the phototaxy of the CNT-

bot. A thin coating of magnesium imparted a half-faced Janus look to the CNT-bot, 

which helped in the motions inside normal or acidic water mediums through the ejection 

of hydrogen gas bubbles. The chemotaxes could be transformed into pH stimulated 

directional motion by establishing a concentration gradient of acid or alkali across the 

peroxide and/or water baths. The capacity of the CNT-bots to produce oxygen 

(hydrogen) bubbles in the peroxide (acidic water) fuel was exploited to power a PEM 

fuel cell to generate electricity. The pure oxygen and hydrogen gases generated by the 

CNT-bots in separate chambers were fed directly to the fuel cell in which the incessant 

motions of the particle facilitated the creation and release of the pure gases for the on-

demand electricity generation. The motor could also perform dye degradation through 

advanced oxidation owing to production of intermediate hydroxyl radicals from 

Fenton’s reaction. 

S2.5. Chapter 6 

This chapter deciphers motion of a Janus particle, which undergoes catalytic reaction 

on its surface showing two different rate kinetics at its two ends inside a liquid medium 

containing suitable reactants. Figure S5 schematically represents the summary of this 

chapter. A second order reaction, with the stoichiometric equation, aA + bB = cC + 

dD, has been considered. The particle is driven by chemical potential gradient across it 

and the same is occurred either as a result of differential rate kinetics around the particle 
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or because of the application of external concentration gradient. The problem is 

modeled using hydrodynamics, reaction-convection-diffusion equations, and fluid-

structure interaction equations. 

   

Figure S1: Schematically shows that an elliptical particle undergoing chemotaxis 

motion inside a microchannel of diameter d and length lc. A catalytic chemical reaction, 

which develops a local osmotic pressure gradient, is taking place on the particle 

surface, which has different reaction kinetics at different halves of the particle. 

Finite element based CFD simulations have been used to solve the governing 

equations and acquire numerical solutions. Owing to different reaction kinetics and also 

because of the difference in diffusivities of the constituent reactants and products, an 

osmotic pressure gradient appears across the particle. Despite a very small osmotic 

pressure build-up across the particle, the micro-sized particle can actually exhibit 

motion under the influence of this developed osmotic pressure. Diffusivities of the 

components play a crucial role in determining the speed and direction of motion of the 

particle. For reactions with no entropy change with respect to stoichiometry, 

diffusivities of the components actually determine the fate of the particle motion and 

reaction rate accelerates the motion of the particle. Components surrounding the 

particle having equal diffusivities for both reactants and products, with no 

stoichiometric change, cannot exhibit any motion as no osmotic pressure builds up in 

this particular situation. However, it has been shown that if there is an entropy change 

with respect to the stoichiometry of the reaction, the particle can actually exhibit motion 

with or without any difference in diffusivity of the constituent reactants and products. 

Conditions for particle motion directions have also been summarized and reported in 

this chapter. 
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S3. Summary and Future Scope  

In summary, this thesis focuses on the fundamentals and applications of the,  (i) 

modulations in the speed and direction of a ‘Janus’ motor under electric field.; (ii) 

micromixing in the electroosmotic flows inside rigid, flexible, and physicochemically 

heterogeneous microchannels; (iii) charge storing EDL of supercapacitors; (iv) 

multifunctional and multimodal 3G CNT bots capable of showing chemo-, magneto- 

and photo-taxis; (v) chemotactic motion of a Janus particle undergoing a differential 

chemical reaction across the surface. In the process, various applications are shown 

related to directional transport, mixing, energy harvesting, energy storage, and dye 

degradation. During this exploration, all three important handles such as the analytical, 

computational, and experimental have been used. The phenomena uncovered in the 

present work can be extended to the following works as future scopes: 

 Experimental studies on the electroosmotic flow inside rigid, flexible, and 

physicochemically heterogeneous microchannels 

 Theoretical and experimental studies on the electroosmotic flow inside rigid, 

flexible, and physicochemically heterogeneous nanotubes 

 Use of micro/nanobots for drug delivery under in vivo and in vitro conditions 

 Improvement of the efficiency and power density of the charge storing EDL of 

supercapacitors and microbot based fuel cells. 
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INTRODUCTION 

The motions of the mesoscale particles1-6 or fluids7-10, especially inside low 

dimensional channels, conduits, and confinements, have fascinated a large group of 

scientists and technologists in the recent years owing to their emergence in a variety of 

interdisciplinary areas of research, which include nanotechnology, biotechnology,11 

medical science,12, 13 or microfluidics.14, 15 With the advent of nanotechnology and 

microfluidics the use of particle and fluid motion in the presence of external fields have 

become an important phenomenon. In one direction, the studies related to the micro or 

nanofluidic motions are elementary in the design and development of state-of-art 

microreactors,16 micropumps,17 micromixers,18, 19 microseparator,20, 21 or 

biomicrofluidics.22 All these devices/instruments mentioned here have found frequent 

applications in pharmaceutical, healthcare, fine chemicals, biomedical, environmental 

and food technology related fields. On the other hand, motions of micro or nanoscale 

particles find diverse applications in the futuristic fields of micro surgery,23 drug 

delivery,24-26 cargo transport,27-29 energy harvesting,30-32 chemical and biological 

sensing,33-35 and environmental remediation36, 37 among many others. Targeted drug 

delivery, micro-surgery using robots, artificial wound healing, and instant 

environmental remediation are few of the future generation. Scientists and 

technologists are in the process of improving these fields to come up with innovative 

solutions. All those applications are discussed in more detail in the upcoming chapters 

of this thesis.  Interestingly, at the mesoscale, the motions of liquids and particles are 

often dictated by the intermolecular, surface tension, or frictional forces while the 

forces due to inertia38-40 or gravity become increasingly unimportant. Importantly, 

flows inside such environments are mostly in the low speed diffusion dominated 

laminar regime and thereby require the additional external fields to expedite the same.7, 

41, 42 For example, the prior-art suggests motions of fluids or particles at the micro or 

nanoscale engendered by an electric field,43-46 magnetic field,47-49 chemical potential 

gradient,50, 51 acoustic vibrations,52, 53 photonic excitation,54 surface tension gradient55-

57 or capillary force.58, 59 Thus, in the past few decades, extensive research efforts have 

been observed in exploring the fundamentals and applications of the motions of the 

fluids and particles, especially at the micro to nano length scales. In all the 
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aforementioned literatures a chronological development of field driven flows were 

observed targeting simple to complicated applications with the progress of time.  

In particular, the motions of microparticles or fluids inside microfluidic channels 

are also found to be important because of various advantages such as availability of 

high surface to volume ratio,60-62 the proximity of interactions,63-65 and enhanced 

transport capabilities.66, 67 Droplet splitting, specific surface area enhancement in 

various unit operations with the help of micro and nanotechnology has become recent 

generations’ trends for targeting enhanced efficiencies of processes like micro heat and 

mass transfers, enhanced reaction rate kinetics, fast response of sensors, and actuators. 

In this direction, among the various other kinds of motions, the electrokinetic flows of 

the fluids and particles have gained a considerable interest owing to their applicability 

at the mesoscale. One of the major objectives of the present thesis is to explore a few 

novel features of the electrokinetic motions of both microscale particles and fluids 

targeting directional transport,68-71 delivery, mixing,72 and energy storage71, 73 

applications. A detailed explanation of electrokinetics are further given in the 

introduction sections of the second and third chapters of this thesis.  

The electrokinetic phenomena are always concurrent with the formation of 

electrical double layer (EDL), which is a preferential distribution of ions surrounding a 

charged surface. The formation of EDL happens when a charged surface is immersed 

inside a weak electrolyte, which helps in electrostatically attracting counter-ions to 

form an immobile Stern layer. Subsequently, a layer of mobile counter-ions ions near 

the immobile Stern layer form a diffuse layer, which is together termed as the EDL.74-

77 Helmholtz was the first to report the presence of the same while Gouy introduced the 

concept of the diffuse layer surrounding the particle. Later, Chapman gave Maxwell-

Boltzmann statistics before Stern combined the propositions from Helmholtz and 

Gouy-Chapman to elucidate the ‘inner’ immobile Stern layer and ‘outer’ mobile Gouy-

Chapman diffuse layer in EDL.78-80 More recently, the Bockris-Devanathan-Müller 

(BDM) model for EDL included the influence of the solvent while the electrochemical 

behavior of the EDLs as capacitors has been extended further with the discoveries of 

the supercapacitor and pseudocapacitance.80-82 

Among the other electrokinetic flows, electroosmosis (EO) is the motion of EDL 

near a charged surface under an externally applied electric field to engender movement 

in the bulk electrolyte.83, 84 On the other hand, electrophoresis (EP) is the motion of 
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charged particles under an externally applied electric field due to the formation of the 

EDL surrounding the same.85 Both the phenomena are very frequently observed in 

various in vivo and in vitro biological systems.86-89 In recent days, application of 

electrokinetic phenomena to target some in vivo applications are being thought of. Most 

of the biological cells and tissues have surface potential and the same have the potential 

to form EDL around the same with the ions which are present in intra or extra cellular 

matrix of the cells. In the presence of inherent or external electric fields those EDL can 

show movements along with the movements of cells and cellular matrix. Further, the 

EO flows have recently been employed for diverse applications, which include 

micropumps,17 flow microcontrollers,90 or flow FETs.91, 92 In addition, various 

fundamental aspects of the EO flows have been extensively studied employing the 

theoretical93-97 and experimental98-100 frameworks since the discovery of the 

phenomenon in the early 19th century by Reuss101, 102 and Porrett.103, 104 A number of 

recent developments have shown the usage of state-of-art experimental and theoretical 

tools at the micro to nanoscale in exploring the unknown features of EO flows,30-40 like 

the exploration of the details of the steady,96 unsteady,97 and temperature105 profiles. 

The EP flows have also been employed extensively over the years in protein 

separation,106, 107 gel electrophoresis,108, 109 ζ-potential analysis,110-113 particle size 

analysis,109, 114, 115 or dynamic light scattering116-118 applications. 

Apart from the EP motions, the microparticles also show diverse field driven 

motions such as induced electrophoresis,119-122 dielectrophoresis,123, 124 

magnetophoresis,125, 126 sonotaxis,52, 53 phototaxis,54 marangoni flow55-57 under the 

influence of electric field, magnetic field, light or acoustic fields. All those kinds of 

motions of the particles and charged objects have applications in various chemical, 

biological, and biotechnology related applications. Separation of proteins, blood cells, 

nucleus are few of the applications. On the other hand, for the self-propellers, a weak 

driving force is inherently generated in the vicinity of the micro or nanobots owing to 

various reasons, like development of ζ-potential,127-129 chemical potential,130, 131 surface 

tension55-57or temperature gradients,132-134 to mention a few. Such self-propulsions 

often emulate the motility of many living species such as amoeba, bacteria, or sperm. 

The prior-art suggests that the chemically-powered self-propellers achieve motility by 

the conversion of chemical energy into the mechanical one. They acquire motion by 
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ejecting a stream of gas microbubbles for bubble-recoil propulsion135-138 or from a 

differential fuel concentration gradient.4, 139, 140  

Among other chemical propulsions, the hydrogen peroxide (H2O2) fuel based141, 142 

bubble propulsion has been the most extensively reported system for the motility of 

artificial micro or nano systems. Of late, along with the peroxide fuel, many of such 

kind of bots have also been fabricated, which are capable of showing self-propulsion in 

water,143, 144 hydrazine,145 inorganic acids, alkali, citric acid, sodium borohydride, 

acetylene, urea,146 glucose,147 halogens, and alcohol.148 Notably, the self-propelling 

objects have gained importance over field driven flow due to their capability of 

autonomous motion.149 Conversely, the field driven propulsion gained considerable 

interest because of their capability to remotely control the self-propelling motions.150, 

151 In particular, these remotely controlled self-propelling objects are envisioned to be 

deployed as chemical and biological sensing agents as drug/gene drug delivery,24-26 fuel 

cell energy harvester,59, 61 surface patterning bots, non-invasive surgery tools, cell 

manipulation to environmental remediation36, 37 agents, among many other 

applications. One of the long-standing future visions in this regard has been to translate 

these artificial field driven or self-propelling micro or nanobots for targeted drug 

delivery or surgical applications under in vivo condition. 152, 153 

Besides the motions of the particles, the charge storage exploiting EDL formation 

on highly porous surface-active materials is one of the very attractive research topics. 

Such EDL based capacitors (EDLCs) are expected to mitigate the future energy storage 

challenge with the vision of a greener world154-156 using high quality renewable energies 

replacing the popular fossil or nuclear fuels.157, 158  EDL capacitor is an arrangement 

where a large amount of charge can be stored exploiting the active material that is 

present on the electrode surface which has high porosity and tortuosity and the same 

facilitates charge storage. In this direction, the renewable power generators are often 

integrated with the supercapacitors (SCs).159 Among the many other types of SC 

available, the most popular choice has been the usage of the EDL based SCs. According 

to the current understanding of charge storage mechanism of the SCs, the energy is 

stored at the electrode-electrolyte interface due to the accumulation of opposite charges 

in the electrode surface and EDL. In this situation, the capacitance per unit square area 

of the charge separation at the electrode-electrolyte interface is defined as the intrinsic 

capacitance of an SC. 
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In view of this background, the present thesis focuses on exploring some uncharted 

fundamental aspects of the movements of microparticles under electric field, chemical 

potential gradient, and light sources. In this regard, the thesis uncovers the roles of 

surface heterogeneity and finds suitable applications in the area of self-propelling 

motions, dye-degradation, and energy harvesting. The thesis also unearths some of the 

fundamental aspects of an electroosmotic flow inside a microfluidic channel before 

exploiting their capability in micromixing applications. Further, an EDL based energy 

storage application has also been attempted while studying the fundamentals of the 

charging and discharging of a SC. During this exploration, all three important handles 

such as the analytical, computational, and experimental have been used.  

The thesis is composed of following five technical chapters with an introductory 

Chapter 1 in the beginning and a tight summery as Chapter 7 at the end. The technical 

objectives of the present thesis are summarized chapter wise as follows, Chapter – 2: 

modulations in the speed and direction of the electrophoretic motion of a ‘Janus’ micro 

or nanoparticle with the variation in the chemical heterogeneities on the surface; 

Chapter – 3: micromixing in the electroosmotic flows inside rigid to flexible channels 

having physical and physicochemical patterns; Chapter – 4: charge storage abilities 

inside EDL of parallel and curved supercapacitors; Chapter – 5: fabrication of 

multifunctional and multimodal 3G CNT bots capable of showing chemo-, magneto- 

and photo-taxis along with the capability of energizing a fuel cell and environmental 

remediation; and Chapter – 6: the origin of the chemotactic motion of a Janus particle 

undergoing a differential chemical reaction across the surface.  
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Chapter 2 

Effects of Fluid-Structure-Interaction and Surface 

Heterogeneity on the Electrophoresis of Microparticle 

ABSTRACT 

A theoretical model is proposed to analyze the electrophoresis of a charged 

microparticle in an electrolyte filled microchannel. The Poisson-Nernst-Planck 

equations are coupled with the mass and momentum balances before solving them 

numerically with appropriate boundary conditions. The model includes the efficacies 

of moving-deforming-mesh and fluid-structure interaction to uncover the accurate 

picture of such motions. An analytical model has also been developed to compare with 

the numerical results. The simulations reveal that the electrical double layer (EDL) 

develops dynamically surrounding the particle when it initiates electrophoresis. An 

unsteady motion of the particle is observed during the development stage of the EDL 

before a steady electrophoretic migration is established. Even during the steady 

migration, an asymmetric EDL surrounding the particle is observed. The 

electrophoretic velocity obtained is found to be consistently lower than the existing 

models. The influences of formation of the asymmetric EDL, the fluid structure 

interaction, and particle-inertia are found to be some of the major reasons for the 

deviations. The particle size, fluid viscosity, applied field intensity, and surface 

potential is found to influence significantly the speed of the particles. The drag around 

the particle, the wall-drag near the confinement, and the variation in the electrophoretic 

thrust owing to the variation in the size of the particle are found to be some other 

influential parameters. Interestingly, the speed and direction of the electrophoretic 

motion of the ‘Janus’ particles can be tuned with the variation in the chemical 

heterogeneities on the surface. 
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Name Symbol 

Diameter of channel d  

Length of channel 
cl  

Diameter of particle 
pd  

Distance from particle surface L 

Surface potential ζw 

External potential V 

Diffusivity of cation D+ 

Diffusivity of anion D- 

Density of fluid   

Viscosity of fluid   

Permittivity of the vacuum   

Faraday constant F 

Bulk concentration 
0c  

Charge of ions z / z  

Relative permittivity 
r  

Universal gas constant R 

Absolute temperature T 

Nernst-Einstein mobility umi 

 

Table 2.1: Nomenclature of the symbols used in this chapter. 
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2.1. INTRODUCTION 

The physics associated with various electrokinetic processes21, 120, 160-162 such as 

electroosmosis,96, 163, 164 diffuisophoresis,165, 166 electrophoresis,119-122 or streaming167-

170 ,and sedimentation171, 172 potentials have fascinated the researchers for ages owing 

to their links with various naturally occurring phenomena. Arguably, the understanding 

of them has become more important in the various domains of microfluidic applications 

with the advancements in mesoscale fabrication and characterization techniques. For 

example, the electroosmotic pumps17, 173 and gel or capillary electrophoretic devices174  

are now commercially available. Further, dielectrophoresis has been widely used for 

cell sorting175-177 and membrane control.178 The streaming potential has also been 

employed for energy harvesting30-32 while electroosmosis has been employed for 

micromixing applications.179, 180 In particular, the electrophoretic migrations181-183 of 

the colloidal objects are found to be of utmost importance in super-capacitors184, 

analysis of nucleic acids21, 185-188 and proteins,189-191 self-propulsion192-194 migrations of 

proteins across cell membrane,195-197 and testing of drugs.198, 199 Thus, in the recent 

years, a lot of research activity has been observed to identify the finer aspects of the 

electrophoretic migrations of different types of micro to nanoscale particles. 

The theoretical understanding of the electrophoretic migration has also evolved 

progressively during the past few centuries.200-202 For example, Smoluchowski 

balanced the viscous and electric field forces to analytically evaluate the electrophoretic 

speed of a particle as,  0U E  203, wherein ζ, ε, μ,  and E represent ζ-potential of 

the EDL, the dielectric constant of the electrolyte, dynamic viscosity fluid medium, and 

the electric field, respectively. While the Smoluchowski’s equation was found to be 

appropriate for the situations where the thickness of the EDL was much smaller than 

the particle dimension,204 the expression provided by Hückel, 2

02RT c F  was 

found to be far more appropriate for the situations with thicker EDL. These expressions 

have widely been used in the past few decades to characterize the various properties of 

the micro or nanoscale particles such as size, size-distribution, ζ-potential, mobility, 

and electrostatic forces of attraction.205 Importantly, these formulations neglected the 

effects of particle inertia, fluid structure interaction, dynamics of the formation of the 

EDL around the particle during migration, surface heterogeneities, and effects of 

confinement.206  
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Thus, of late, extensive research activities have been observed to integrate these 

aspects into the theoretical formalisms. For example, Dukhin and co-workers, showed 

the effect of high surface charge density in determining the electrophoretic speed while 

Schnitzer and co-workers207 studied the effect of Dukhin number on electrophoretic 

mobility integrating the effects of the related nonlinearities. The distortion of ionic 

equilibrium and EDL due to the high surface charge density was numerically simulated 

by O’Brien and White208 to obtain an electrophoretic speed much smaller than the same 

predicted by Smoluchowski’s model. Subsequently, the expressions for electrophoretic 

mobility for a dielectric charged particle having a finite but polarized double layer 

surrounding the particle were derived. The studies on the effects of proximity122, 209-213 

or channel confinement210 predicted very different electrophoretic velocity than the 

same predicted by Smoluchowski. 

However, there are a number of questions that remain still unaddressed. For 

example, most of the previous studies ignore the, (i) effects of the movement of particle 

on the flow of the electrolyte and EDL; (ii) fluid-structure interaction; (iii) development 

of charge distributions in the EDL; (iv) distortion of the EDL; (v) size and the shapes 

of the particles; and (vi) presence of chemical or physical heterogeneities on surface. In 

view of this background, we perform computational fluid dynamic (CFD) simulations 

to analyze the aforementioned attributes of the electrophoretic migrations of a charged 

particle. The unsteady transitions of the EDL have been considered in the model 

through the widely accepted Poisson-Nernst-Planck (PNP) equations,214-216 which are 

numerically solved along with the mass and momentum balance equations to uncover 

the detailed spatiotemporal dynamics of the EDL surrounding a charged particle. The 

uses of the moving deforming mesh along with the fluid structure interactions have 

helped in uncovering the influence of these aspects on the electrophoretic mobility of 

the charged particle. In particular, we focus on electrolytes with lower salt loading,5, 217-

220 which gives rise to thick EDLs in the limit of 0.1 to 0.3 μm under infinite dilution.221-

223 The study uncovers that the size of the particle, confinement effects, surface 

heterogeneities, and the dynamics of the EDL formation have significant influences on 

the electrophoretic mobility of a charged particle, which leads to significant deviations 

from the predictions made by previous theoretical models. 
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2.2. PROBLEM FORMULATION 

2.2.1. Governing Equations: 

 

Figure 2.1: Schematic representation of a charged particle of diameter, dp, 

experiencing electrophoretic motion inside an electrolyte under an externally applied 

electric field potential,
 1 , inside a microfluidic channel of diameter d and length l. 

Distribution of co-ions and counter-ions (cations and anions) has been shown by the 

respective signs around a positively charged particle. 

Figure 2.1 schematically shows the two-dimensional (2-D) geometry employed for 

the numerical and analytical modeling of the electrophoretic movement of a charged 

particle inside an electrolyte under the influence of an external electric field. The figure 

indicates that the effects of the flow of the electrolyte, the electric field around the 

charged particle, the externally applied field and subsequent transport of ions from bulk 

to the particle surface or vice versa are mutually coupled. In what follows, we present 

a theoretical model, which comprehensively considers all these aspects. A mixed 

coordinate system has been employed to solve the governing equations with the 

boundary conditions. The region surrounding the particle is modeled in the polar 

coordinate system (r, θ) considering the center of the particle as, r = 0, as shown on the 

image. However, the hydrodynamic equations and the equations for the ionic 

concentrations are solved in the entire channel employing a Cartesian coordinate system 

(x, y), as shown on the figure. 

In this formulation, the bold variables are vectors, the bold variables with double 

overbar are tensors, partial derivative is denoted as  ,   represents gradient operator, 

D is material derivative, I is identity tensor, and the superscript T is transpose. The 
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bracketed variables denote components, e.g., u(u,v) and v(us,vs) represent fluid velocity 

and displacement of the solid particle, respectively. The concentration of ith ion is 

denoted by ci. The notations, ϕ1 and ϕ2 denote externally applied electric field potential 

and the ζ-potential around the charged particle surface, respectively. The total electric 

field potential is the algebraic sum of the pair of aforementioned potentials represented 

as, 1 2    . 

The governing equation for the externally applied electrostatic field on the bulk 

electroneutral electrolyte has been obtained from the Gauss’s law as 0 E , where 

E is the electric field vector. The irrotational ( 0 E ) nature of such fields helps in 

obtaining the electric field in terms of the potential as,  E , which eventually leads 

to the following Laplace equation, 

2

1 0  . 

 

(2.1) 

The electrostatic field and the ions distribution in the EDL surrounding the charged 

particle surface is governed by the following PNP equation,  

2

2    i iz c
.
 

 

(2.2) 

The distribution of the ions surrounding the charged particle is governed by the 

following scalar transport equations, 

2/i i i i i i mi ic t u c D c z F u c         . 

 

(2.3) 

In this equation, the last term appears due to the ion migration under electric field. The 

term umi represents Nernst-Einstein mobility224, and this is equal to  mi iu D RT . In 

Eq. (2.3), the last term incorporates the effects of the electrophoretic migration. The 

electrolyte is considered to be incompressible, immiscible, and Newtonian while 

flowing inside the microchannel. It may be noted here that since the applied direct 

current (DC) electric field on the particle is overwhelmingly strong, we neglect the 

force arising from the dielectric mismatch between the particle and electrolyte.  

The Laplace and Poisson equations for the electric, as shown in the Eqs. (2.1) and 

(2.2) along with the scalar transport equations for the co- and counter-ions in the Eq. 

(2.3) have been coupled with the continuity and Navier-Stokes equations of motion to 

comprehensively model the electrophoretic migration of a charged particle inside an 

electrolyte under the influence of an externally applied electric field,  
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0 u , (2.4) 

 2

e

D
p

Dt
      

u
u E . (2.5) 

Here, 2

2e     is the charge density in the EDL. The electrophoretic force in the 

momentum equation originates from the Maxwell stresses, (  2

0 0.5i i i M E E E  due 

to the combination of external electric field and potential around the charged particle. 

The formalism used here has been followed by a number of previous theoretical 

works.225The inertial effect of the particle migration has been taken into account 

through the implementation of the fluid structure interaction,  

 2 2/ 0s s t    v σ , (2.6) 

 Tp     σ I u u . (2.7) 

Here the symbols, s , σ , p, and   represent the density of the solid, hydrodynamic 

stress tensor, fluid pressure, and viscosity of the electrolyte, respectively.  

2.2.2. Boundary Conditions: 

In order to solve the Eq. (2.1) constant potential boundary conditions have been 

applied across the channel length as, 1 extV   at x = 0 and 1 0   at x = l. The electric 

field for EDL is obtained by solving the Eq. (2.2) with the boundary conditions as the 

surface potential, ϕ2 = ζ at r = R. The Eq. (2.3) is solved with a constant inflow 

condition, ci = ci0, at the inlet of the channel, x = 0, and normal flux condition,

0i iD c  n , at the outlet, x = l. The initial condition to solve the Eq. (2.3) is, ci = ci0 

at t = 0. In order to solve the continuity and Navier-Stokes equations, no slip (u = 0) 

and impermeable (v = 0) boundary conditions are enforced at the walls. The pressure is 

kept constant at inlet and outlet of the channel to arrest the fluid flow except for 

electrophoretic migration. For the fluid structure interaction, the two-way coupling is 

enforced along with the particle. For this purpose, continuity of velocity boundary 

condition, 𝐮 = 𝐮𝑠̇, have been enforced on the particle surface while a no-slip condition 

is enforced along the inner wall of the tube. Zero displacement (us = 0) and zero speed 

(𝐮𝑠̇= 0) of the particle at initial time (t = 0) have been enforced to meet the two boundary 

conditions necessary two solve the Eq. (2.6). The hydrodynamic stress, which is being 

imparted on the particle surface is taken from the coupled momentum equations. Thus, 
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the fluid flow applies force on the particle while the particle displacement also enforces 

the fluid movement. A moving deforming mesh with dynamic refinement and 

regeneration of the mesh-elements has been used to track the particle migration.  

Table 2.2: Parameters used in the Simulations 

Name Symbol Value Unit 

Diameter of channel d  5 µm 

Length of channel l  15 µm 

Diameter of particle 
pd  2.0 µm 

Surface potential ζw 50 mV 

External potential V 0.5 V 

Diffusivity of cation D+ 2×10-9 m2/s 

Diffusivity of anion D- 4×10-9 m2/s 

Density of fluid   1000 Kg/m3 

Viscosity of fluid   0.0023 Pa s 

Bulk concentration 
0c  0.001 mM/lt 

Charge of ions z / z  1/-1 - 

Relative permittivity 
r  78.3 - 

2.2.3 Analytical Solution: 

A simple analytical model has been proposed here to complement the CFD results. 

For this purpose, a spherical coordinate system has been chosen. A charged particle of 

radius r has been taken in an electrolytic solution having cations and anions. The 

electric field, which is generated near the particle surface owing to the surface charge, 

and the formed electrical double layer near the charged surface, is governed by the 

Poisson equation,  

2 2

2 2   
.
 (2.8) 

Here,

 

 2 2 , ,r     , i.e. the potential is function of radial, angular and azimuthal 

directions. For the simplicity of the model, we neglected the dependence of the potential 

on angular and azimuthal directions. Here, k is the reciprocal of the Debye length. In 

this analytical model, we have incorporated the Debye-Hückel approximation where 
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1 2

02RT c F   . The symbols used in this expression and their typical values 

employed for the calculations have been provided in the Table 2.2. The Eq. (2.8) has 

been solved by using Wolfram MathematicaTM subject to the boundary conditions, at r 

= R,

 

2  ; and at r = R+ λ,

 

2 0  . The obtained solution is very cumbersome and 

for the sake of brevity, the expression is not shown here. 

The analytical method employed to obtain the electrophoretic speed has been employed 

in a number of previous works 205, 226 wherein the Stokes drag force is equated with the 

electric field force. The electrophoretic force is evaluated by doing a volume integral 

around the particle from the surface (R) until the EDL thickness ( R  ) as,  

2

2 2

0 2

0 0

sin

R

E

R

F E r d d dr

  

     


    . (2.9) 

Where the externally applied electric field intensity, 𝐸 = 𝑉𝑚 𝑙⁄  and Vm is the average 

potential of the applied field, 

  1
0

1
l

mV l dx  . (2.10) 

It may be noted here that while the solution for the potential near the particle is done 

by taking spherical polar coordinate system, the solution for the external field has been 

done by taking a Cartesian reference frame as the channel in 2D has a shape of a 

rectangle. Equating the electrophoretic body force with the drag force for a spherical 

particle we obtain the analytical electrophoretic speed of the particle as,  

2

2 2 2

0 2

0 0

sin

6

R

R
p

E r d d dr

u
R

  

     








  

. 

(2.11) 

The above integration is performed using the commercial package MathematicaTM. 

2.2.4. Numerical Solution Methodology: 

The most accurate finite element method (FEM) has been employed to numerically 

discretize and solve the coupled set of Eqs. (2.1) – (2.7) with the mentioned boundary 

conditions employing the COMSOL MultiphysicsTM software. The software uses 

Galerkin least-square (GLS) method along with the second order elements for velocity 

and first order elements to discretize the equations. The segregated predictor-corrector 
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method with incremental pressure correction led to the velocity and pressure profiles 

for the flow. A second-order backward difference method led to consistent initialization 

and time-marching with an optimal time step size of ~10-4 s. The data obtained from 

the solver file is extracted and after appropriate post processing are reported as the 

results. Numerical convergence for this finite element based solution has been reached 

at ~ 50000 mesh elements with additional refinements of the meshes near particle 

surfaces, where EDLs are formed.  

 

2.3. VALIDATION 

 

Figure 2.2: Plot (a) shows the variation in up with external potential (ϕ1). The triangular 

symbols with a solid line are obtained from the nonlinear CFD simulations and the 

square symbols with dashed line are form the proposed analytical model. Particle 

diameter (dp), surface potential (ϕ2), channel length (l), channel confinement (d/dp), 

initial concentration of ions (ci0) are kept as 2 μm, -50 mV, 15 μm, 5, 0.001 mM/lit 

respectively. Plot (b) shows the comparison of particle speeds in a microchannel when 

the experimental results are compared with CFD simulations for a particle ~10 μm 

diameter and other parameters as taken by an experimental article. 

The Eq. (2.11) is employed to validate the simulated results obtained from this 

work.  Further, we also have validated the simulated results with the existing analytical 

methods in order to prove the accuracy of the simulated results. We validated the order 

of magnitude of particle velocity, moving under the electrophoretic force, obtained 

from the finite element based computational fluid dynamics results against the 

analytical particle velocity as obtained from the Eq. (2.11) and other methods. Figure 

2.2 shows particle velocity plotted against different external potential having 

considerable match between analytical and numerical profile and hence validates the 

authenticity of the numerical simulation.  However, with a very small external potential, 

the particle cannot undergo any motion not being able to overcome the particle inertia 
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to have a motion. Moreover, with increasing velocity we find a considerable match in 

both the velocities obtained numerically and analytically. 

The deviation of the simulated to the analytical velocity is found because of particle 

inertia, non-uniform profile of ζ-potential surrounding the particle, and channel 

confinement.  However, in the asymptotic limit, with less channel confinement, small 

particle size, and electrolyte with lower solute concentration, we observe a considerable 

match between analytical and CFD simulation results. Moreover, we also compare the 

particle speed with the Henry model available in literature. Although there is no one to 

one map of the particle speeds obtained by CFD simulation with both proposed 

analytical and the Henry model69, the simulation can give nearly match at said 

asymptotic limits. The reasons for deviation are elaborately discussed in the results and 

discussion of this chapter. Moreover, we compared the simulation results with a similar 

experimental work.  The parameters given in the plot are taken for the simulation and 

all other parameters are kept equal as much as practicable. In such a scenario, although 

we did not get exact match between experimental and simulation results the comparison 

is quite good as we get a complete order of magnitude similarity and an equal trend. 

 

2.4. RESULTS AND DISCUSSION 

When a charged particle is placed in a solution, it preferentially develops an EDL 

around the surface because of differential affinity towards the cations and anions in the 

solution. Thus, the attraction and repulsion of counter- and co-ions helps in developing 

concentration profiles of the cations and anions surrounding the particle. Figure 2.3(a) 

shows the concentration profiles of the co-ions (c1), counter-ions (c2), and the difference 

of concentration between co- and counter-ions (Δc) with the distance away from the 

particle (l). The unevenly (evenly) broken line suggests that in the EDL the counter-ion 

(co-ion) concentration diminishes (increases) gradually away from the charged surface 

before asymptotically reaching bulk concentration after a finite distance away from the 

particle. The solid line shows the profile of the Δc, which shows a diminishing trend 

away from the particle surface.  
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Figure 2.3: Plot (a) shows the nonlinear distribution of co-ion (c2, red broken line), 

counter-ion (c1, traffic green dash dot line), and difference of co- and counter-ions (Δc, 

blue solid line) around the charged particle of diameter 2 µm with a surface charge of 

-50 mV. Other simulation parameters involved are listed in Table 2.2. Plot (b) shows 

the profile of ζ-potential around the charged particle of diameter 1 µm and surface 

potential -50 mV. The solid line represents the profile obtained by solving PNP 

equation and the red dotted line shows the Debye Hückel profile.  

As mentioned in the previous section, the PNP equation has been solved to obtain 

the electric field potential developed around the charged particle owing to the charge 

distribution of the ions in the electrolyte, as shown in the Fig. 2.3(a). Figure 2.3(b) 

shows that the distribution of the ions in the EDL, which eventually develops a variation 

in the electrical potential around the particle. The figure shows the development of the 

ζ-potential profile (solid green line) in the EDL, which is the effective potential of the 

charged microparticle in the electrolyte. In this plot, we also have provided a 

comparison by analytically evaluating the electric field potential from the Poisson 

equation under the Debye Hückel approximation, as shown by the broken line. In this 

regard, the Debye length (λ) is calculated from the expression, 2

02RT c F   for 

which the magnitudes of the variables employed are listed in Table 2.2. The plots in 

the Fig. 2.3(b) suggests that the PNP profile shows considerable non-linear 

characteristics of the electric field potential across the particle as compared to the 

profile obtained from the analytical model with Debye Hückel approximation. Further, 

the values obtained under the Debye Hückel matches with the PNP profile only near 

the surface of the particle while they deviate significantly away from the particle. The 

profile for the electric field potential obtained from the PNP equations is expected to 

be more accurate and has a significant influence on the particle velocity, as can be 

observed in the later part of the chapter. Importantly, when the particle is in 
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electrophoretic motion the charges may redistribute around the particle with time. In 

what follows, we show such variations of the ionic concentration profiles around a 

particle undergoing electrophoresis with the help of comprehensive CFD simulations. 

The use of moving deforming mesh and fluid structure interaction in the CFD model 

helps in the analysis of the spatiotemporal variation in the particle position and 

subsequent change in the ions in the electrolyte during its migration. 

 

Figure 2.4: Image set (a) shows the contours of the co-ion concentration (c2), image 

set (b) shows distribution of counter-ion concentration (c1), and image set (c) shows 

distribution of the difference of concentration ( c ) around a microparticle of 2 μm 

diameter undergoing electrophoretic migration inside a microchannel of 5 μm width 

and 15 μm length. The contours are plotted at different time intervals as shown on the 

images. The viscosity coefficient, relative permittivity of the electrolyte, ζ-potential at 

the EDL, and externally applied field are, 0.023 Pa s, 80, 0.05 V, 1 V, respectively.  

Figure 2.4(a) shows the contours of the concentration of the co-ions in the EDL 

surrounding the microparticle with time as the particle migrates toward the downstream 

of the microchannel under the influence of the external electrostatic field. Subsequently, 

the Figs. 2.4(b) and 2.4(c) show contours of the concentration of the counter-ions (c1) 

and Δc around the particle at different time intervals. The concentration profiles shown 

in this figure uncover that the proposed computational model can accurately predict the 

dynamic change in the distributions of the co- and counter-ions during the movement 

of the particle. This phenomenon is found to have a serious influence on the electric 
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field potential surrounding the particle and subsequently on the electrophoretic 

mobility. 

 

Figure 2.5: Frames (i) to (vi) in the image set (a) show the position of the moving 

particle at different time intervals when the diameter (dp) is 2 µm and surface potential 

is -50 mV.  Frames (i) to (vi) in the image set (b) show the respective distribution of 

stress on the solid particle undergoing electrophoresis. Plots (c) – (e) show the 

variations in the displacement (s), velocity (up), and acceleration (a) with time (t) of the 

particle undergoing electrophoresis under the influence of the externally applied 

electric field. The other parameters employed in the simulations are enlisted in the 

Table 2.2. 

Figure 2.5 shows dynamics of the microparticle undergoing electrophoresis in a 

microchannel under the influence of an externally applied electric field. The stress 

developed due to the fluid-particle interaction during the motion of the particle is shown 

in the image set (b). Plots (c) – (e) show the variations in the displacement (s), velocity 

(up), and acceleration (a) with time (t) of the particle undergoing electrophoresis under 

the influence of the externally applied electric field. The figure suggests that any 

electrophoretic migration initiates with an unsteady motion with the variations in the 

velocity and acceleration before reaching a steady state value, as shown on the plots (c) 

– (e). At the onset, there are fluctuations in the velocity and acceleration, which become 

constant after a time interval. Further, the figure uncovers that the fluid velocity 

surrounding the particle is rather non-uniform, which generates a non-uniform stress on 
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the particle owing to the fluid-particle interaction. Interestingly, the particles take about 

a few milliseconds to reach the steady state velocity, which suggests that the transient 

time scale is governed by the time of formation of the EDL. In general, EDLs are 

developed as a result of diffusion of counter-ions towards the charged particles, which 

leads to a diffusion time scale,  
2

D p id D  . The Table 2.2 suggests that D

~millisecond up to which the particle velocity increases before assuming the steady 

state velocity. Now, the following part shows the detail of EDL formation with time by 

showing the potential distribution profile against distance from the particle surface at 

different time intervals until it reaches equilibrium. 

 

Figure 2.6: Shows the development of the potential distribution, hence the EDLs, 

around the charged particle from unsteady to the steady state. The potential 

distribution surrounding the particle is plotted at different time steps, as mentioned in 

the figure legend. The particle having diameter 1 μm is kept inside a microfluidic 

channel of diameter 5 μm and length 15 μm. The bulk electrolyte concentration is kept 

at 0.001 mol/m3. 

We have done a transient analysis on the current physical phenomenon. As 

discussed in the discussion of the Fig. 2.3 tells the particle acquires steady state motion 

after around ~0.01 s. The time scale of the process is governed by the EDL formation 

time scale of the process and the same is quantified by, 
2

D pd D  . Using the present 

physical parameters, the time scale has been found to fall in the range of 1-20 ms, and 

the transient time scale for EDL formation has also found to be falling in the same 

range. Figure 2.6 shows the profiles of ζ-potential plotted at different time steps. It is 

found that there is no significant change of potential as we change the time step from 

0.005 to 0.01 s. Hence, the EDL formation saturates at a time somewhere between 5ms 
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to 10 ms. The same transient is also observed in the particle motion transient 

phenomenon.  

The dynamic development of the concentration profiles of the co- and counter-ions 

surrounding the particle undergoing electrophoresis (as shown in the Fig. 2.3) causes 

the initial fluctuations of velocity in the unsteady regime. After a time-interval, once 

the distribution of the co- and counter-ions surrounding the particle attains a steady 

profile, the velocity and acceleration become constant. Interestingly, most of the 

previous studies 213 report the steady state electrophoretic velocity and unable to predict 

the time dependent fluctuations of the concentration of the ions, velocity, and 

acceleration owing to the limitations associated with the theoretical model and solution 

technique. The use of the PNP and ion transport equations with the mass and 

momentum balance equations help us in uncovering the entire spectrum of the motion 

undergone by a microparticle during electrophoresis. Further, the use of moving 

deforming mesh and the fluid-particle interaction in the computational model helps in 

revealing the real picture associated with the electrophoresis of a particle moving under 

the influence of the externally applied electric field. In the following sections, we focus 

on the steady state concentration of the ions and velocity evaluated from the CFD 

simulations to uncover a host of interesting aspects associated with the electrophoresis 

of a particle. 

Figures 2.7(a) and 2.7(b) show the typical contours of fluid velocity (uf) and the 

electric field potential (ϕ2) surrounding the particle when it is under a steady 

electrophoretic migration after the unsteady part is over. The contours clearly suggest 

that both of these parameters are rather asymmetrically distributed around the 

microparticle undergoing electrophoresis inside a microchannel, which is unlike most 

of the analytical models proposed so far. 46, 227, 228 In order to elaborate on this issue, 

the Fig. 2.7(a) shows different cut lines around the particle taken at different angles 

along with the variations in profiles of the fluid velocity (uf) and the electric field 

potential (ϕ2) surrounding the particle has been plotted in the Figs. 2.7(c) and 2.7(d). 
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Figure 2.7: Image (a) shows the velocity contours around a charged microparticle of 

diameter 2 µm and a ζ-potential of -50 mV, undergoing electrophoretic motion. Image 

(b) shows the typical electric field potential (ϕ2) contour around the charged particle 

while the particle is in motion. Image (c) shows the fluid velocity (uf) surrounding the 

particle along the sections 11', 22', 33', and 44', as shown in the image (a) through the 

solid cut lines. Image (d) shows variation in the electric field potential (ϕ2) in the fluid 

surrounding the particle along the cut lines 11', 22', 33', and 44'. Solid line in pink color 

shows the Debye Hückel profile for electric field potential (ϕ2). The other parameters 

employed for the simulations are listed in Table.2.2.  

Figure 2.7(c) shows that although the fluid velocity near the particle is almost 

nearly same in every direction, away from the particle, uf diminishes faster in the 

vertical direction (cut line 11') than in the axial direction (cut line 33'). The fluid 

velocity surrounding the particle is found to be around 200 to 700 µm/s for a 

microparticle of diameter 2 µm when the surface potential is about –50 mV and an 

applied external potential of 1 V. Subsequently, the Fig. 2.7(d) shows the variation in 

ϕ2, which also confirms the non-uniformity of the ion concentration in the direction of 

the particle migration and normal to the same. While the simpler Debye Hückel (solid 

pink line) predicts a linear uniform distribution of the ions surrounding the particle, the 

theoretical model presented here shows a non-linear trend of the same with the variation 

in different directions of the particle. Certainly, the formalism proposed in this study 
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shows a more realistic picture of the development of the EDL surrounding the 

electrophoresis of a microparticle inside a microchannel, the subsequent fluid velocity 

surrounding the same, and the ion concentrations in the electrolyte. 

 

Figure 2.8: The frames (i) – (vii) in the image set (a) show displacement of particles of 

varying size, 0.2 µm, 0.6 µm, 1.0 µm, 1.4 µm, 1.8 µm, 2.2 µm, and 2.6 µm having 

surface potential of – 50 mV. The frames (i) – (vii) in the image set (b) show the stress 

on the moving particle. The plot (c) shows the steady state velocity (up) of the particles 

of different diameter (dp). The plot (d) represents the contribution of viscous drag, 

electrophoretic force and the resultant of two forces. All other parameters used for the 

calculations are enlisted in the Table.2.2.  

Importantly, most of the previous theoretical studies could not include the effect of 

the size of a particle on its electrophoretic migration. We calculated different average 

body forces (Favg) over the entire region of the channel in order to show the contribution 

of the electrophoretic force (Fep) and the viscous drag force and the resultant total force 

(Ftot) acting on the particle. In the Figs. 2.8(a) and 2.8(b), we show the migrations of 

the particles after 5 ms of diameter ranging from 0.2 µm to 2.6 µm and subsequent 

stress (σ) developed on the surface of the particles. Figure 2.8(c) shows the variation 

in the steady state electrophoretic velocity (up) of the particle with the diameter (dp). 

The plots suggest when the electric field intensity is kept constant, the increase in dp 
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leads to the enhancement of body force due to the electric field, as shown by the 

triangular symbols in the plot (d). However, the drag force also increases 

simultaneously with dp, as shown by the square symbols in the Fig. 2.8(d). The drag 

force eventually prevails over the electrophoretic force to cause a decline in the net 

force (Ftot) acting on the bigger sized particles, as shown by the filled circular symbols 

in the plot (d). Electrophoretic body force and the resistive inertial force of the particle 

are contrasting and both depends on particle size following different functions. As a 

result, the net force passes through a maxima at a critical particle size resulting a 

maxima in particle speed as well. The electrophoretic force is calculated numerically, 

across the EDL from the obtained CFD simulation results, whereas the drag force is 

calculated from the formula, 6 avgu R . Again avgu  signify the average fluid speed along 

horizontal direction calculated along a line, which remains inside EDL and the same is 

obtained from CFD simulation results. In a way, for smaller size nanoparticles Ftot 

increases with size owing to the increase in the electrophoretic body force leading to an 

increase in up. However, if we further increase the size of the particle the particle speed 

again starts decreasing after passing through a maxima due to the dominance of drag 

force in that domain.   

 

Figure 2.9: Schematic images (a) to (d) show different kinds of chemical heterogeneity 

on the surface of the particle of diameter 1 µm. The surface potentials for different color 

codes are also shown on the figures. The image (e) shows the steady state velocity 

(up) of the particles (a) to (d) with the variation in the ϕ2 on the red-lobe. 

Further, we investigate the variation in the steady state electrophoretic velocity with 

the heterogeneity in the charge, ϕ2, on the particle surface. Figures 2.9(a) to 2.9(d) 

schematically show some typical ‘Janus’ particles having different ϕ2 on the side-lobes 

of the particle as mentioned on the image. For example, image (a) shows a particle with 

a negative charge (red portion) at the 75% surface and rest 25% positive (green portion). 
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Further, images (b) and (c) show the variation in the surface fraction of the red to blue 

lobes from 50% until 25%. Image (d) shows a Janus particle with hemispherical lobes 

and opposing charges. A set of simulations are performed with these chemically 

heterogeneous Janus particles wherein we vary the surface potential of the red colored 

zone from – 10 mV to – 60 mV and plotted the variation in the steady state 

electrophoretic speed (up) with the same, as shown in the Fig. 2.9(e). 

For the (a) – (c) type particles we observe that up increase with the increase in the 

ϕ2 of the red lobe. These plots also show that when in the red part ϕ2 is smaller than the 

blue one, the up increases with the increase in the surface fraction of the blue part from 

50% and 75% for the particles (b) – (c). However, when both the red and blue zones 

have similar potential the up becomes nearly same. Particle (a) starts with a negative 

velocity and then changes its direction to positive velocity, as 25% of the particle has 

+50 mV whereas rest changes from +10 to +60 mV. Interestingly, type (d) particle 

moves in the opposite direction (up < 0) owing when the red-lobe has –10 mV and the 

green-lobe has 50 mV of surface charge. However, when the red-lobe attains a – 60 mV 

of surface charge the particle again shows up > 0. The figure suggests that the speed and 

directionality of the electrophoretic migration can be tuned by changing the surface 

potentials of a Janus particle. 

Plots (a) – (f) in the Fig. 2.10 show a parametric study of the variation in up with 

surface potential (ϕ2), external electric field potential (Vext), the viscosity of the 

electrolyte (µ), and initial molar concentration of the solute (c0), diameter of the particle 

(dp), and the clearance area in the microchannel (d/dp), respectively. In the plots, the 

results obtained from the nonlinear CFD simulations, Smoluchowski’s equation, 

Henry’s law, and the analytical model proposed in the section 2.3 are compared and 

contrasted. The particle speed is calculated and compared with the simulation result 

from Henry’s law 205 as the region we are operating is low to high ‘ka’. Here ‘k’ is the 

reciprocal of the Debye length and ‘a’ is the characteristic length, which is the diameter 

of the particle. The plots (a) – (c) show that up increased with increase in ϕ2 and Vext and 

reduction in µ.  
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Figure 2.10: The plots (a) – (f) show the variation in up with surface potential (ϕ2), 

external electric field potential (Vext), the viscosity of the electrolyte (µ), and initial molar 

concentration of the solute (c0), diameter of the particle (dp), and the confinement in 

the microchannel (d/dp), respectively. The triangular symbols are obtained from the 

nonlinear CFD simulations, the solid box symbols are calculated from Henry law 205, 

the square symbols are form the Smoluchowski’s equation, and the circular symbols 

are from the proposed analytical model. The necessary dimensional parameters used 

in the simulations are enlisted in Table 2.2. 

Interestingly, although the analytical models predict a linear increase in up with ϕ2 

and Vext, the CFD simulations uncover a nonlinear increase. Further, the plot (d) shows 

that although the proposed analytical model predicts an increase in up with c0, however 

the Smoluchowski’s model and the CFD results predict very less variation in this 

regard. It is well known that the Debye length is highly sensitive to the bulk 

concentration because, 
1 2

02RT c F   . Thus, the particle speed obtained from the 

analytical profile is effected by the change of Debye length. However, the CFD 

TH-2253_146107009



Chapter 2 

38 

 

simulations show the formation of a much mode diffused EDL, which is affected 

marginally with the variation in the initial concentration of the solute in electrolyte. 

More importantly, the electrophoretic velocity obtained from the CFD simulations 

is consistently found to be lower than the Smoluchowski’s and the proposed analytical 

model. The influence of the dynamic development of EDL, formation of the 

asymmetric EDL surrounding the particle, the fluid structure interaction during the 

particle motion, inertial force of the particle, and the difference in the drag force 

surrounding the particle while it is under motion are some of the important reasons for 

these deviations from the analytical models, which have been more accurately captured 

by the CFD simulations. The plots (e) and (f) show that even the size of the particle and 

the clearance inside the channel due to the confinements can also influence the 

electrophoretic mobility of a particle, which has been theoretically uncovered by very 

few previous works. The interplay of the drag around the particle and the wall drag due 

to confinement with the electrophoretic body force plays a major role in these 

variations. For example, a smaller particle in a channel with bigger diameter may 

undergo a smaller wall and surface drag, however, may also experience a smaller 

electrophoretic thrust. In comparison, a bigger particle in a narrower channel may 

experience both surface and wall drag at a much higher scale although it may experience 

a larger electrophoretic thrust. Concisely, the Figs. 2.9 and 2.10 together uncover that 

the particle size, fluid viscosity, applied external field intensity, surface potential, 

heterogeneity in the surface potential, and confinement effects are some very important 

parameters to influence the electrophoretic migrations of the micropartiles, which have 

not been explored theoretically so far employing a comprehensive model. 

It may be noted here that, for all the simulations shown here, we have neglected the 

surface potential of the channel wall owing to the assumption that the walls bear 

insignificant amount of charge. At the same time, the channel length was taken very 

small in order to reduce the computational cost. Dielectric mismatch of the particle and 

the fluid has also been neglected. Here, in the next part, we justify all the assumptions 

taken for the simulation along with their contribution to changing the electrophoretic 

migration inside microfluidic channels. Point wise justifications of all the assumptions 

are as given in the following section.  
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Figure 2.11: The plot shows the variation in up when d = 5 μm and l is changed from 

15 μm to 50 μm. The ϕp, dp, and c0 considered in these simulations are, -0.05 V, 1 μm, 

and 0.001 mol/m3, respectively. All other simulation parameters are enlisted in Table 

2.2. 

Channel length is one of the parameters that may affect the particle speed and hence 

a parametric study is made changing the channel length. Figure 2.11 shows that when 

we vary the channel length (l) maintaining other parameters constant there is hardly any 

influence on up. Thus, in all the simulations, we have kept the channel length three times 

of the channel diameter in order to lower computational time at an acceptable mesh 

resolution. 

In the present study, we assume that the electric field potential on the confining 

walls (ϕw) is very less compared to the same on the particle (ϕp). Thus, the effects of ϕw 

have been neglected in all the results. Figure 2.12 shows effects of ϕw on the 

electrophoretic speed of the particle (up). The plot (a) in this figure shows the position 

of the particle after 0.006 s when ϕw = - 0.01 V and ϕp = - 0.05 V. The color map shows 

the contours of fluid velocity. The plots (b) and (c) show the variations in the electric 

field potentials (ϕ) across the EDLs near the confining walls and particle surface. These 

figures suggest that, while the EDL on the particle surface is responsible for the 

electrophoretic migration under the influence of the externally applied electric field, the 

EDL near the confining walls can cause electroosmotic flows across the channel under 

similar circumstances. 

It is well known that when the charges of the EDLs are similar (dissimilar) for the 

particle surface and the confining wall, the electroosmotic flow is expected to facilitate 

(retard) electrophoretic velocity (up). For example, when the particle has a surface 
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potential of, ϕp = - 0.05 V, a similar potential at the confining wall, ϕw = - 0.01 V 

engender an electroosmotic flow towards the direction of the electrophoresis, as shown 

in the plot (a). 

 

Figure 2.12: Plot (a) shows the position of a particle under electrophoretic migration 

after 0.006 s when surface potentials at the confining walls are, ϕw = - 0.01 V while the 

surface potential on the particle is, ϕp = - 0.05 V. The color map shows the contours of 

the fluid velocity surrounding the particle. The plots (b) and (c) show the spatial 

contours of the electric field potential (ϕ) near the particle surface and the confining 

wall when ϕp = - 0.05 V and ϕw = - 0.01 V. Plot (d) shows the variation in the particle 

speed (up) with ϕw. The ϕp, dp, d, l, and c0 considered in these simulations are, -0.05 V, 

0.6 μm, 5 μm, 15 μm, and 0.001 mol/m3, respectively. All other simulation parameters 

are enlisted in the Table 2.2. 

Plot (d) shows that when ϕw is varied from 0 V to -0.02 V a progressively stronger 

electroosmotic flow surrounding the particle led to a larger up when ϕp = - 0.05 V. 

Interestingly, when ϕs > 0, the up drops sharply because now the direction of the 

electroosmotic flow is against the direction of the particle motion. A larger length of 

the walls ensures that the drop in up with increase in ϕs is sharper when ϕs > 0. The 

simulations uncover that the length, and the type and magnitude of ϕw can affect the 

particle speed only when ϕw > 0.1 ϕs, otherwise it can be neglected. The analysis reveals 

that same potential on particle and wall may accelerate the particle motion whereas an 

opposite charge can retard or eventually reverse the motion of the particle. A detailed 

analysis of the same we keep as a future scope of research work. 

The dielectric mismatch at the solid-fluid interface often leads to dielectrophoresis 

under the influence of a non-uniform electric field surrounding a particle. In particular, 
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when an AC field is applied on a particle, this aspect becomes more pronounced owing 

to the generation of the additional force due to the mismatch in dielectric constant 123, 

229, 

2
32

2

p m

DEP m rms

p m

F r Re E
 

 
 

 
  

  

. 

Here r, εp, εm, Re, Erms represent particle radius, particle dielectric constant, medium 

dielectric constant, Reynolds Number, and root mean square electric field, respectively. 

In the present study, since we have DC field and also since we assume the dielectric 

mismatch between the particles is not large, we have neglected this effect. However, 

under a DC field, the gradient of dielectric constant at the solid-liquid interface due to 

the dielectric mismatch between the particle (εp) and the electrolyte (εm) can also lead 

to the force,  
2

00.5  εF E , alongside the electrophoretic body force, 
e 

ep
F

. The simulations uncover that the body force ( ep
F  ~ 108 N/m3) is a few orders of 

magnitude stronger than the force due to dielectric mismatch ( εF  ~ 105 -106 N/m3) 

because of which we neglect the inclusion of this force too. 

 

2.5. CONCLUSIONS 

In this chapter, we develop an all-inclusive theoretical model to analyze the 

electrophoresis of a charged microparticle under the influence of an externally 

applied electric field in an electrolyte filled microchannel. The major conclusions 

are, 

(i) The Poisson-Nernst-Planck equations for ion-transport coupled with the mass 

and momentum balances have been solved numerically employing finite element 

method with appropriate boundary conditions including the efficacies of the 

moving-deforming-mesh and fluid-structure interaction. The numerical results 

obtained from the proposed theoretical model uncover the most accurate picture of 

such motions. A simple analytical model has been developed alongside the 

Smoluchowski’s equation to compare and contrast the numerical results. The 

electrophoretic velocity obtained from the simulations are found to be consistently 
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lower than the existing and proposed analytical models, which is presently 

employed to explain the experimental results.  

(ii) The simulations reveal that the EDL develops dynamically surrounding the 

particle at the initial stages of the electrophoretic motion leading to an unsteady 

motion of the particle. Later, although a steady electrophoretic migration is 

established under the externally applied electric field, an asymmetric EDL 

surrounding the particle is observed. The influence of formation of the asymmetric 

EDL, the fluid structure interaction, and particle-inertia are found to be some of the 

major reasons for the deviations of the results from the existing analytical models.  

(iii) The particle size, fluid viscosity, drag on the particle and the fluid, applied field 

intensity, and surface potential are found to influence significantly the speed of the 

particles, which has not been explored so far. The drag around the particle, the wall 

drag near the confinement, and the variation in the electrophoretic thrust owing to 

the variation in the size of the particle are found to be some other influential 

parameters. For example, a smaller particle in a wider channel with bigger diameter 

may undergo a smaller wall and surface drag, however, may also experience a 

smaller electrophoretic thrust. In comparison, a bigger particle in a narrower 

channel may experience both surface and wall drag at a much higher scale although 

it may experience a larger electrophoretic thrust.  

(iv) Examples are shown where the speed and direction of the electrophoretic 

motions of the ‘Janus’ particles can be tuned with the variation in the chemical 

heterogeneities on the surface. The magnitude of the surface charge on the lobes of 

the Janus particle, the surface fraction of the lobes, and the type of the surface 

charge on the lobes are found to be some important parameters in this regard. 

Concisely, the study reports some very interesting aspects of micro or nanoscale 

electrophoretic migrations, which can be useful in improving the understanding 

and applications in a variety of fields such as DNA or protein migration, 

sedimentation, super-capacitors and batteries, self-propulsion of microrobots, and 

testing of vaccines or antibiotics, among others. 
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Chapter 3 

Electroosmosis with Augmented Mixing in Rigid to 

Flexible Microchannels with Surface Patterns 

 

ABSTRACT 

We explore the salient features of a single-phase electroosmotic flow inside 

patterned and flexible microfluidic channels. A finite element based simulator has been 

developed to solve the coupled system of, Poisson equation in the limit of Debye-

Hückel approximation for the electrolyte, Laplace equation for the externally applied 

electric field, and continuity and momentum equations for fluid flow, with appropriate 

boundary conditions. The study uncovers some exceptional unsteady and steady flow 

profiles with the variations in the, (i) ratio of the Debye length to the channel diameter, 

(ii) dimensions and locations of the physical and chemical heterogeneities decorated on 

the walls, (iii) the strength of the external field and (iv) the extent of deformability of 

the channel walls. Interestingly, the flow profiles are found to be closely related to the 

deformability of the channel walls owing to the deformation of the electrical double 

layers. Further, the surface heterogeneities present on the channel walls are found to 

facilitate the variation in the ζ-potential, which in turn can locally modulate the flow 

rate inside the channel to cause intermixing of the layers. The extent of mixing due to 

the deformability and physicochemical surface heterogeneity of the microchannel has 

been critically analyzed to decipher the usage of these electroosmotic flows for the 

augmented microfluidic mixing in the laminar flow regime. The variations of current 

densities along the channel walls with diverse surface patterns have also been explored 

for the probable application in the field of differentiating ζ-potentials of bio-surfaces.  
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Stands for Symbol 

Cartesian coordinate directions x, y 

x component speed of fluid u 

Diameter of channel d 

Length of channel lc 

Chemical patch width p
w
 

Physical patch thickness h 

Viscosity μ 

Density ρ 

ζ-potential 
  

External potential 
a  

Total potential   

Debye length λ 

Displacement of flexible channel s 

Amplitude of sinusoidal displacement 
0a  

Initial amplitude of sinusoidal 

displacement 

0ia  

 

Table 3.1: Nomenclature of the symbols used in this chapter.
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3.1. INTRODUCTION 

The studies related to the microfluidic devices have gained considerable momentum 

over the past few decades owing to their diverse applications in the areas of medical 

diagnostics,230-233 biotechnology,234-236 analytical sciences,237, 238 and separation 

processes.176, 239, 240 In particular, the usage of diverse microscale electrokinetic flows 

such as electroosmosis,95, 241, 242 electrophoresis,243, 244diffusiophoresis,245 streaming246, 

247 or sedimentation248, 249 potentials have become one of the major foci because they 

have opened up the possibility of remotely guided transport of electrolytes,250 energy 

harvesting, and storage,251, 252 separation of bio molecules253, 254 among others. In 

addition, over the years, the researchers have also been intrigued by the complex 

fundamental aspects of electrokinetic flows.255, 256 For example, the details of the 

dynamics of the formation of the electrical double layers (EDLs) in the electrolyte near 

the electrodes,202, 257-264 their movement under the externally applied electric field,265, 

266 the consequences of the formation and movement of the EDLs in the transport of 

fluids or particles,96, 244, 245, 253, 260, 261, 267 or influence of the various electrolytic, fluidic, 

or particle properties in these phenomena are among the areas where a number of 

fundamental aspects are still not very well understood. Especially, the multiscale nature 

of the problem starting from the ionic movement in an electrolyte under an electric field 

to the formation of nanoscale EDL and then to the emergence of the various microscale 

electrokinetic phenomena pose a lot of difficulties in setting up the theoretical and 

experimental frameworks for an exact scientific analysis. Thus, of late, extensive efforts 

have been invested to uncover the salient unexplored features of the microscale 

electrokinetic flows. 

The characteristics of the Electroosmotic (EO) flows have been extensively studied 

employing diverse theoretical93-97 and experimental98-100 frameworks since its 

discovery in the early 19th century by Reuss101, 102 and Porrett.103, 104 However, since the 

literature is very large we only discuss the relevant works, which are attempted in this 

chapter. For example, a lot of recent developments have shown the usage of state-of-

art experimental and theoretical tools at the micro to nanoscale in exploring the 

unknown features of EO flows.30-40 In the process, the details of the steady,96 

unsteady,97 and temperature105 profiles of EO flows have been theoretically explored. 

Further, the influence of the interfacial Maxwell Stresses on the single268 and two-
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phase269-273 EO flow profiles have also been reported recently. A few attempts have also 

been made to achieve micromixing at the highly confine low Reynolds number systems 

undergoing EO flows.164, 274 A few experimental works267, 275, 276 have studied the effects 

of surface roughness on the EO flows inside microchannels. Importantly, patches of 

changing surface potential are found to create a significant amount of mixing in EO 

microflows.93 Interestingly, although there are a number of studies related to mixing 

inside flexible microfluidic channels,277 there is hardly any study, which extends the 

same towards the domain of EO flows. 

In view of this background, the current study focuses on a rigorous theoretical 

analysis on micromixing of EO flows inside the microfluidic channels with 

physicochemical heterogeneity and flexibility at the boundaries. For this purpose, a 

computational fluid dynamics (CFD) simulator has been developed to solve the 

coupled, Poisson equation for the electrolyte and Laplace equation for the external 

electric field along with the continuity equations and equations of motion for the fluid 

flow with appropriate boundary conditions. The simulations uncover interesting and 

unexplored steady and unsteady EO flow profiles inside the microfluidic channels with 

heterogeneous and flexible channel walls. Subsequently, the simulations show the 

formation of local vortices inside such channels, which opens up the possibility of 

designing micromixers employing the EO flows. We also report the variation in the 

current density inside such EO flows having different kinds of physical and chemical 

patterns on the flexible walls. Such systems emulate the flow of electrolytes through 

the flexible biological micropores having a charged surface with physicochemical 

heterogeneities. Thus, the results reported here are not only important for futuristic 

applications like micromixing or microreactors but also may improve the understanding 

of electrokinetic flows inside the various biological systems. 

 

3.2. PROBLEM FORMULATION 

The single phase EO flow in a microchannel has been modeled assuming the fluid 

to be isothermal, Newtonian, and incompressible. Figure 3.1 schematically shows 

different kinds of patterns on various microchnanels that are considered in this study 

such as homogeneous, chemically heterogeneous, physically heterogeneous 

physicochemically heterogeneous, and channels with flexible walls. The figure also 
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shows the direction of the electric field applied for the flow and the charges at the walls 

for the respective geometries. 

 

Figure 3.1: Schematically shows an EO flow inside a microchannel of diameter d and 

length lc. The surface charges on the channel walls are shown by encircled negative 

sign. The channels with chemical patches on the walls are shown by yellow (lighter 

shade) marks and associated symbols, ‘ζ’ with positive and negative signs. The groves 

directing inward of the channel walls represent physical patterns. The groves having 

yellow (lighter shade) marks and associated symbol ‘ζ’ represent physicochemical 

patterns. The flexibility of the channel walls is shown by inward curvature on the walls 

with the arrows signifying the direction of flexibility.  The directions of the driving EO 

force ( e E ) and the resistive viscous force are shown by the arrows. The notations X 

and Y (x and y) represent dimensionless (dimensional) Cartesian coordinates.  

A two-dimensional (2D) Cartesian coordinate system has been used to model the 

physical problem in which the velocity components along x- and y-directions are 

represented by the symbols, u and v. The variables represented in uppercase signify 

dimensionless parameters while any parameter in bold represents a vector quantity. The 

dimensionless diameter is represented by the notation, cD , in order to avoid confusion 

with the notation, D, which stands for material derivative operator. Any variable with 

a suffix ‘avg’ represents spatial average of the parameter. The density, viscosity, 

dielectric permittivity, zeta-potential, and externally applied potential are represented 

by the symbols, ρ, µ, ε, ζ, and V, respectively. The electric field potentials due to the 

surface charge and applied potential are denoted by  and a , respectively. The overall 

potential is assumed to be the algebraic sum of these two and is represented by . The 

operator, D, stands for material derivative and the gradient operator is represented by 
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the standard symbol,  . It may be noted here that for all the simulations the length of 

the channel is kept 2.5 times the channel diameter. The patch length of heterogeneity is 

always kept as half of the channel diameter. 

In this formulation, there are two types of electric field potentials in which one is 

due to the charged boundaries confining the channel while the other is due to the applied 

electric field along the direction of the flow. The former is governed by the Poisson 

equation as,  

2

e    . (3.1) 

Where, e is the charge density of the electrolyte near the channel wall. Applying the 

Debye-Hückel approximation, Eq. (3.1) has been reduced to the following form, which 

has an analytical solution,  

2 2

     .     (3.2) 

Here, λ is the Debye length. The external field in the direction of the EO flow has been 

governed by Laplace equation, 

2 0a  .                                                                       (3.3) 

Thus, the total electric field potential ( ) is modeled as the algebraic sum of the pair of 

individual potentials as, 

a    . (3.4) 

The overall electric field has been obtained as the gradient of the total electrical 

potential as, 

 E . (3.5) 

The electric field equations are coupled with the continuity and Navier-Stokes 

equations as,  

0 u , (3.6) 

2

e

D
p

Dt
      

u
u E . 

(3.7) 

The boundary conditions employed to solve the Eq. (3.2) are, at y = 0,   , and at 

y = λ, 0  . The Eq. (3.3) has been solved by enforcing the boundary conditions, at x 
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= 0, maxa a  and at x = lc, mina a  . In order to solve the set of Eqs. (3.6) and (3.7) 

we use no-slip and impermeable boundary conditions at the walls of the channel u (u, 

v) = 0 while the pressure is kept at atmospheric pressure at both the inlet (x = 0) and 

outlet (x = lc) of the channel. 

 

3.3. SOLUTION METHODOLOGIES 

3.3.1. Analytical Solution: 

In this section, initially, we convert the equations for the EO flow into their 

dimensionless forms before solving them analytically. For this purpose, time, t, 

pressure, p, velocity, u, and electric field potential,   are made dimensionless 

employing the parameters d2/ν, ρν 2/d2, ν/d and Eeld, respectively, where ν is the 

kinematic viscosity and Eeld = V/lc. Following this, Debye-Hückel approximation has 

been made to reduce Poisson equation in the following form, 

2

2 2

d

dY De

  
 . 

(3.8) 

The following solution of the Eq. (3.8) is obtained by enforcing the boundary 

conditions, 
     at Y = – Dc/2 and Dc/2 

2

cDY
Cosh Sech

De De
 

  
  

  
 


 . 

(3.9) 

Similarly, the following solution of the Laplace equation for the applied field is 

obtained by enforcing the boundary conditions, at X = 0, a am    and at X = Lc, 0a 

, 

 1a am X    .       (3.10) 

The set of Eqs. (3.6) and (3.7) can be reduced to the following forms under lubrication 

approximation after making them dimensionless,179 

 2 2 2 2

0 Rd U dY E E De   , (3.11) 

where E0 = (ϵ Eel d ζs)/ (ρν2) and ER = ζs /(Eeld) are a pair of dimensionless numbers. 

Eq. (3.11) has the following analytical solution wherein the no-slip and impermeability 
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boundary conditions are enforced at confining walls, which is the analytically obtained 

EO flow profile,179 

 0 2
2 2

c
R

c

c
am cE E Sech ZSinh D Sinh

De De

D D Z

De
U

D De



      
        

      . 

(3.12) 

 

3.3.2. Numerical Methodology: 

Finite element based CFD software COMSOL MultiphysicsTM has been employed 

to solve the dimensional Eqs. (3.2) – (3.7) with the boundary conditions mentioned 

previously. The Galerkin least-square (GLS) method, 2nd order elements for velocity, 

and 1st order elements for pressure gradient calculations have been employed to 

discretize the set of coupled nonlinear partial differential equations. The segregated 

predictor-corrector method with incremental pressure correction led to the velocity and 

pressure profiles for the flow wherein an adaptive physics controlled mesh is employed 

for increased accuracy. The Multiphysics solver PARDISO has been used for a faster 

computing power. A second-order backward difference method is chosen for time-

marching with an optimal time step size of ~10-4 s. A mesh size of 50,000 elements 

provides grid independent solution while convergence of the solutions has been ensured 

through the monitoring of process parameters. Standard inlet, outlet, wall, and pressure 

boundary conditions are chosen for the CFD models to obtain the unique solutions. For 

the deforming channel simulation, the deforming geometry module of COMSOL 

MultiphysicsTM has been employed. In this module, the channels are made to deform 

following a sinusoidal geometrical function, which depends on both space and time. 

For this purpose, we have taken a complex sinusoidal function, s (x, t) = a0 sin (2π 100 

t) where a0 is the amplitude of the sinusoidal displacement, ai0 sin(πx/lc). 
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3.3.3. Validation: 

The steady state velocity profiles obtained from the analytical and CFD models are 

compared in the Fig. 3.2. The figure shows a significant match between the numerical 

and analytical results. Conditionally, the numerical results are found to be within the 

range of 99% accuracy of the analytical results, which also suggests the accuracy of the 

numerical methodology. Thus, the CFD model has been extended for further work with 

heterogeneous and flexible microchannels, which cannot be done employing the 

analytical tools.  

 

Figure 3.2: Shows comparison between dimensionless velocity profiles (Y vs. U) 

obtained from analytical (solid blue line) and CFD simulations (dotted red line) 

solutions. Diameter of channel (d), length of the channel (lc), Debye length (λ), viscosity 

of the fluid (μ), density of the fluid (ρ), ζ-potential are kept as 10 µm, 50 µm, 305 nm, 

0.001 Pa s, 1000 kg m-3, – 100 mV, respectively.  

 

3.4. RESULTS AND DISCUSSION 

3.4.1. Homogeneous Channels: 

When an electrolyte undergoes an EO flow inside a microfluidic channel with 

confining charged surfaces, the development of the EDL and the fluid flow takes place 

simultaneously. Thus, in the initial stages of the evolution, an unsteady developing EO 

flow profile is expected before attaining the steady state. Figure 3.3(a) shows one such 

incidence where an initial plug flow is progressively converted into a steady state EO 

flow profile. It may be noted here that the flow profiles shown here are taken at the far 
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downstream of the channel to avoid the entrance effects in the CFD simulations. The 

unsteady profiles suggest that, in short time, the EDLs near the channel walls move 

faster than the bulk fluid at the central part of the channel under the externally applied 

electric field. Subsequently, a pair of parabolic ‘cup’ shaped flow profiles near the 

channel wall proximity is observed. However, with the progress in time, the flow profile 

tends to become more like a parabolic profile with a flat front, as observed in the 

pressure driven turbulent flows.278 Importantly, the unsteady279, 280 and steady281, 282 

state EO flow profiles have already been predicted previously by a host of analytical 

and experimental works.283, 284 Arguably, this may be the first report wherein these flow 

profiles are obtained by comprehensively solving the coupled equations for the electric 

field and motions. 

  

Figure 3.3: Plot (a) shows unsteady EO flow profiles for developing flows at time 

intervals 0 s (dash-dot-dot), 0.04 s (dash-dot), 0.08 s (broken), 0.1 s (dash dot dot with 

black) and 0.2 s (solid) for λ = 0.1 μm. Plot (b) shows steady EO flow profiles (Y vs. U) 

in the channels of diameters, 4.5 μm (dash-dot), 9.7 μm (broken), and 30 μm (solid). 

Plot (c) shows steady EO flow profiles for Debye lengths, λ = 0.1 μm (dash-dot-dot), 

0.2 μm (dash-dot), and 0.3 μm (solid). Plot (d) shows the variation in the electric field 

potential (  ) along the vertical direction of the channel (Y vs. ζ) for the channels in 

the plot (b).  The channel diameter (d), length (lc), surface charge  at wall, applied 

external voltage (V), Debye length (λ) are kept as, 30 μm, 150 μm, – 50 mV, 5 V, and 

300 nm, respectively.  

(d) 
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Previous studies suggest that in the EO flows, the steady profile has significant 

influence on the thickness of the EDL to the diameter of the channel.285, 286 The Fig. 

3.3(b) depicts different steady EO flow profiles with the variation in the diameter of 

the channel at a fixed EDL thickness or Debye length (λ) while Fig. 3.3(c) shows steady 

EO flow profiles with the variation in the Debye length at a fixed channel diameter. 

Fig. 3.3(d) shows the subsequent variation in the electric field potential (  ) 

corresponding to the Fig. 3.3(b).The plots suggest that with the increase in d and 

reduction in λ (i.e, decrease in Debye length to diameter ratio, λ/d) the EO flow profile 

flattens towards the center of the microchannel. Concisely, the plots in the figure 

suggest that the unsteady nature of the EDL development and λ/d have significant 

influence on the EO flow profiles and hence on the throughput. Thus, these parameters 

can be important in the design and the development of EO pumps in near future.  

 

Figure 3.4: Plot (a) shows the variation in the average velocity (uavg) with the diameter 

of the channel (d) at a fixed  . Plot (b) shows the subsequent variation in the 

volumetric flow rate (Q). The walls are kept at, 
w

 = – 25 mV with applied external 

potential of 5 V. The aspect ratio of the channels (lc /d) is kept same for all the 

simulations. 

In this line, the plots (a) and (b) in the Fig. 3.4 shows the variations in the average 

velocity (uavg) and flow rate (Q) of the EO flow with d. It may be noted here that in 

these simulations we have kept the aspect ratio of the channels (lc/d) to be same, which 

ensures that the electric field intensity reduced (V/lc) with the increase in the diameter 

of the channel. Interestingly, the plots highlight that for the thinner channels a 

predominant viscous force leads to a smaller uavg while for a thicker channel a 
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progressively weaker field intensity (V/lc) again leads to a smaller uavg. The maximum 

uavg is found to happen at some intermediate d when the channel diameters are 

essentially in the submicron regime.  

For example, plot 3.4 (a) shows that, under the given conditions, up to ~ 400 nm 

channel diameter the uavg of the EO flow increases with d with the reduction in viscous 

influence. However, with further increase in d, uavg reduces as the field intensity also 

reduces with the increasing length of the channel for a given applied voltage. 

Importantly, in such a scenario, the flow rate (Q) is always found to monotonically 

increase as the cross-sectional area of the channel increases by the magnitude 

proportional to d2. Concisely, the simulations suggest that the strength of the EO flows 

has been decided by lots of factors such as the electrolyte strength, surface charge, 

applied field intensity, viscosity of the fluid, channel dimensions, and the thickness of 

the EDL, which may be important for the design and development of EO pumps or 

mixers in near future. Figures 3.3 and 3.4 together help in inferring the variations in 

the flow profiles and throughput with the EDL thickness and channel diameter. Further, 

it is well known that flow reversal is an easy possibility in the EO flows either by 

reversal of the electric field or by the reversal of the surface charge.95, 287, 288 

Interestingly, these concepts can be brought in together for the fabrication of an EO 

channel with periodic physical and chemical patches of positive and negative surface 

potentials, which can manifest facile mixing inside the microfluidic channels. 

Surprisingly enough, although the use of surface patterns for micromixing has been 

tried for the pressure driven flows, there is hardly any report on the same for the EO 

flows especially employing the theoretical tools.  

3.4.2. Mixing in Heterogeneous Channels: 

The following Figs. 3.5 and 3.6 show a few example cases of such flows and 

possible flow profiles inside the microfluidic channels. In particular, Fig. 3.5 shows an 

EO flow where the entrance and exit walls are patched with, 
w

 =  – 25 mV, while in 

the middle of the channel a pair of alternate patches of 
w

 =  – 25 mV and 
w

 =  25 mV 

are made, as shown in Fig. 3.5(a).  
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Figure 3.5: Plot (a) shows a chemically heterogeneous microchannel with alternating 

positive and negative 
w

  on the walls. The zones A, B, C, and D show the places 

where the velocity and pressure gradient profiles are reported. The contour shows the 

variation in  across the channel. Plot (b) shows the variation in the pressure gradient 

(– /dp dx ) along the x-direction across the cut-line D. Plot (c) shows the contour of ‘u’ 

with streamlines and arrows symbolizing fluid velocity. Plots (d), (e), and (f) show the 

velocity profiles at the cut-lines A (heterogeneity with positive 
w

 ), B (heterogeneity 

with negative 
w

 ), and C (homogeneous positive 
w

 ), respectively, as shown in the 

plot (a). The solid, dash, dash-dot, and dash-dot-dot represent profiles at 1 V – 4 V, 

respectively. The dp, lc, 
w

 , V, λ, μ, and ρ are kept as, 30 μm, 150 μm, –25 mV, 4.25 V, 

300 nm, 0.001 Pa s, and 1000 kg m-3, respectively. The width of each patch is kept as 

15 µm. 

In such a channel, when an EO flow takes place from left to right, we observe a 

spatial variation in  , as shown by the contours in the Fig. 3.5(a). In general, the EDL 
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assumes the opposite charge to that of the wall. The direction of the applied electric 

field used for all the simulations has already been shown in the Fig. 3.1. Thus, the 

external field drives the positively charged EDL near the negatively charged wall (
w



< 0) towards the positive x-direction whereas a reverse flow is observed in the locations 

of the negatively charged EDL near the positively charged wall (
w

 > 0). The plot (b) 

shows the variation in, – /dp dx , along the x-direction across the cut-line D, which 

suggests that the major reason behind the flow reversal, has been the variation of 

pressure gradient from negative to zero to positive in the locations of heterogeneities. 

The plots (d) – (f) show the velocity profiles at the cut-lines A (a patch with 
w

 =  

25 mV), B (a patch with 
w

 =  – 25 mV), and C (downstream with 
w

 =  – 25 mV), 

respectively, as depicted in the plot (a). The plots show that the EO flow in the EDL 

enhances with the increase in the field intensity, as shown by the different solid, broken, 

dash-dot, and dash-dot-dot lines. Interestingly, different kinds of velocity profiles are 

observed owing to the presence of the chemical patterns on the channel walls. In a way, 

the patterns create a non-uniform variation in the pressure across the channel, which 

leads to a variation in the pressure gradient across the locations with chemical patches, 

as shown in the plot (b). The streamlines overlaid on velocity contour is plotted in the 

Fig. 3.5(b) suggest that such variations in the pressure gradient lead to localized 

recirculation flow patterns near the patches, which can be suitable for micromixing 

applications. 

The zone A in the Fig. 3.5(c) shows a back flow near the walls while the fluid flow 

near the center of the channel is towards the direction of the flow. In contrast, the flow 

profiles of the zone B in the Fig. 3.5(d) shows a unique EO flow profile with three 

humps with a profoundly higher velocity near the bulk. In this case, a higher velocity 

near the center of the channel in the zone where the wall is patched with a positive ζ-

potential is rather counterintuitive. This happens due to the back flows at the EDLs in 

the surrounding patches with negative ζ-potential. Fig. 3.5(e) shows the velocity profile 

at cut-section C where the flow profiles resemble the unsteady developing one shown 

previously in the figure 3 for the homogeneous channels. The results suggest that the 

TH-2253_146107009



   Chapter 3 

57 

 

strength of the vortices can be modulated by tuning the patch length, periodicity of the 

patches, patch locations, and the charge on the patches, among other parameters. 

Figure 3.6 shows another interesting EO flow pattern where the entrance and exit 

walls are patched with a surface charge of  = –25 mV (i.e. positive ζ-potential near 

the wall) while in the middle of the channel a pair of alternate patches of positive and 

negative   are made, as shown in the image (a) of Fig. 3.6. Further, in contrast to Fig. 

3.5, physical patterns pointing inward to the channel walls are put with a thickness of 

10 percent of the channel diameter, dp = 30 μm. Subsequently, an applied external field 

drives the positively charged EDL near the negatively charged walls along the positive 

x-direction whereas a revere flow is observed in the location of the negatively charged 

EDL near the positively charged walls. The contours of   have also been shown in 

the Fig. 3.6(a). Further, near the constricted spaces of the channel, the velocity profile 

is supposed to change than the space where the cross-section is higher. In such a 

scenario, the plot (b) shows the variation in – /dp dx  along the x-direction across the 

cut-line D, which suggests that the major reason behind the flow reversal has been the 

change in the sign of the pressure gradient. The plots (d) – (f) show the velocity profiles 

show at the cut-lines A – physicochemical patch with a negative ζ-potential in a 

constricted zone, B – physicochemical patch with a positive ζ-potential in an expanded 

zone, and C – a physicochemical patch with a positive ζ-potential in a constricted zone, 

respectively, as depicted in the plot (a). 
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Figure 3.6: Plot (a) shows a physicochemically heterogeneous microchannel. The cut-

lines A, B, C, and D show the zones where the velocity and pressure profiles are 

reported. The contour shows the variation in  across the channel. Plot (b) shows the 

variation in – /dp dx  along the x-direction across the cut-line D. Plot (c) shows 

streamlines at the middle of the channel (heterogeneous portion) overlaid on x 

directional velocity (u) and the arrows signify velocity vector.  Plots (d) – (f) show the 

velocity profiles at the cut-lines A (physicochemical heterogeneity with positive 
w

 ), B 

(physicochemical heterogeneity with negative 
w

 ), and C (physicochemical 

heterogeneity with negative 
w

 ). The solid, dash, dash-dot, and dash-dot-dot 

represent profiles at 1 V – 4 V, respectively. The dp, lc, 
w

 , V, λ, μ, and ρ are kept as, 

30 μm, 150 μm, – 25 mV, 4.25 V, 300 nm, 0.001 Pa s, 1000 kg m-3, respectively. The 

width of each patch is kept as 15 µm and the height of the physical patterns is 3 μm. 
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The Figs. 3.6(c) and 3.6(d) show the velocity profiles at the constricted and 

expanded cut-sections A and B where the flow profiles resemble the unsteady 

developing as shown previously in the Fig. 3.3 for the homogeneous channels. The plot 

also shows that the flow in the EDL enhances with the increase in the field intensity. 

The zone C in the Fig. 3.6(d) shows a back flow near the walls while the fluid flow 

near the center of the channel is towards the direction of the flow. In contrast to the 

flow profiles of the zones A and B, again Fig. 3.6(d) shows a unique EO flow profile 

with back flow near the walls and a forward flow neat the central portion of the channel. 

Interestingly, in the upstream and downstream of the channel also we observe formation 

of the recirculation near the central part of the microchannel owing to the change in the 

diameter of the physically heterogeneous channel during the EO flows. 

 

Figure 3.7: Plots (a) and (c) show the variations in the vorticity (ω) of the recirculation 

patterns near the chemical patches shown in the Fig. 3.5(d) (cut-line A in Fig. 3.5(a)) 

and near the physicochemical patches shown in the Fig. 3.6(d) (cut-line A in Fig. 

3.6(a)). The plots (b) and (d) show the corresponding velocity profiles across the 

microchannel. The other parameters such as dp, lc, 
w

 , and λ are kept as, 30 μm, 150 

μm, – 25 mV,  and 100 nm, respectively. 

The results suggest that the strength of the vortices can be modulated by tuning the 

patch length, periodicity of the patches, patch locations, and the charge on the patches, 
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which may lead to more efficient mixing. The plots (a) and (c) in the Fig. 3.7 shows the 

variations in the vorticity (ω) of the recirculation patterns near the chemical patches 

shown in the Fig. 3.5(d) (cut-line A in Fig. 5(a)) and near the physicochemical patches 

shown in the Fig. 3.6(d) (cut-line A in Fig. 6(a)). The plots (b) and (d) show the 

corresponding velocity profiles. The vorticity plots suggest the presence of adequate 

recirculation for mixing near the patches and walls, which increase with the reduction 

in the diameter of the channel and increase in the intensity of the applied electric field. 

Briefly, the Figs. 3.5 – 3.7 show some exciting non-invasive pathways to promote 

recirculation and mixing inside the microfluidic channels, which are not explored so far 

from both theoretical and experimental perspectives.  

3.4.3. Mixing in Flexible Channels: 

Alongside the decoration of chemical or physicochemical patterns on the charged 

surface, constructing flexible microchannels for the EO flows can be another alternative 

to enhance mixing. The EO flows inside flexible biological capillaries are also an 

emerging and exciting field of research.289, 290  

 

Figure 3.8: Shows the electroosmotic velocity profile at the middle of a flexible 

microchannel compressing and expanding periodically with a sinusoidal wave motion.  

In this case, we consider a microchannel of diameter 10 µm undergoing a sinusoidal 

compression and expansion following a wave, s (x, t) = a0 sin(2πnt), where a0 is the 

amplitude of the wave evaluated as, ai0 sin(πx/lc). Here, ai0 and n are taken to be, 1 µm 

and (2π/10) s-1, respectively, which ensures that the middle of the channel to undergo 

TH-2253_146107009



   Chapter 3 

61 

 

maximum deflection. The Fig. 3.8 shows the velocity profile at the middle of the 

channel at different time instances when the position of the channel walls is different 

based on deformation. The solid lines in the figure legend show velocity profiles during 

compression cycle of the walls whereas the symbols show the profiles during the 

expansion cycle of the channel. 

We have provided  the details of the EO flows inside a flexible channel alongside 

showing the steady EO flow profiles in a flexible but homogeneous microchannel. The 

study suggests an enhancement (reduction) in the maximum velocity near the center of 

the channel with the contraction (expansion) of the homogeneous channels walls. This 

phenomenon can further be exploited for the enhancement of mixing. The image set (a) 

in the Fig. 3.9 shows the velocity contours and streamlines of an EO flow inside a 

physicochemically patterned microfluidic channel with flexible walls. The images (i) – 

(iii) show the variation in the streamlines and velocity contours during the contraction 

cycle while the same for the expansion cycle is shown in the images (iv) – (vi). The 

plots (b) and (c) show the variations of EO flow profiles with time during the 

contraction (solid line) and expansion (broken line) of the channel in the zones A and 

B, as depicted in Fig. 3.9(a). The plot (b) clearly shows the variation in EO flow profile 

with time during the contraction of the channel, which is reflected in the increase in the 

strength of the recirculation contour with the contraction of the channel walls due to 

localized reverse flow. 

The subsequent variation in vorticity (ω) with time at the zones A and B in the plots 

(d) and (e) confirms an augmented mixing due to the flexibility of the channels having 

physicochemical patterns. In a way, the EO flow reported here is very similar to the one 

discussed with Fig. 3.9 with one exception of having flexible walls. The results shown 

here highlight the importance of channel flexibility in the micromixing of fluids in the 

EO flows with patterned and flexible surfaces.   
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Figure 3.9: Image set (i) – (vi) in the plot (a) show streamlines overlaid on velocity 

contours at different time intervals 0, 2, 4, 6, 8, and 10 s for a physicochemically 

patterned flexible channel having a full contraction ((i) – (iii)) and expansion cycle ((iv) 

– (vi)). Plots (b) and (c) show velocity profiles at the cut-line taken in zones A and B in 

plot (a) and subsequent variation in vorticity (ω) with time have been shown in the plots 

(d) and (e). The solid (broken) lines represent compression (expansion) cycle. The 

channel diameter and length are kept as 10 μm and 50 μm. The magnitudes of 
w

  at 

the walls and external applied field are, 25 mV and 5 V, respectively.
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3.4.4. Current Density Profiles: 

 

Figure 3.10: The plots (a), (b), and (c) show the variations in the total electric field 

potential ( ), current density (J), and x-component of velocity (u), respectively. The 

variables are plotted along the cut-line of a chemically heterogeneous microchannel 

at, y = 29.75 μm, similar to the line D shown in Fig. 3.5(a). The plots (d), (e), and (f) 

show the same for a physicochemically heterogeneous microchannel. The d, lc, 
w

 , ρ, 

μ, V, are kept at 30 μm, 150 μm, +/– 25 mV, 1000 kg/m3, 0.001 Pa s, 4.2 V, 

respectively. The solid, broken, dash-dot, dash-dot-dot represent the parametric study 

of applied external voltage (1, 2, 3, and 4 V). 

The results discussed so far highlight that the physical, chemical or 

physicochemical patterns on the surface of an EO flow lead to the distortion of 

streamlines and forms local recirculation zones. This phenomenon can be also 

employed to map the charge density of the EDLs. For example, the plots (a), (b), and 

(c) in the Fig. 3.10 shows the variations in  , current density (J), and x-component of 

velocity (u) respectively, along the cut-line of a chemically heterogeneous 

microchannel at, y = 29.75 μm. Further, the plots (d), (e), and (f) show the same for a 

physicochemically heterogeneous microchannel. The plots suggest that the current 

density profiles follow the variation in the electric field potential near the channel walls 

TH-2253_146107009



   Chapter 3 

64 

 

at the zone of EDL with chemical or physicochemical heterogeneity whereas they 

remain rather constant near the place where the channel is homogeneous. Such 

variations in the current density near the chemical and physicochemical patches can be 

employed to distinguish surfaces having different surface potentials.  

 

Figure 3.11: Plot (a) shows schematic representation of the proposed potential 

measurement set up. Plot (b) shows relative current density (J/J0) profiles near the wall 

at a cut-line of, y = 29.75 μm, similar to the line D shown in Fig. 3.5(a). Plot (c) shows 

a calibration curve (J/J0 vs.  ) to determine unknown potential of the test object. 

In fact, the biological cells with chemically heterogeneous surfaces are found to 

have variations in the ζ-potentials when immersed inside the diverse electrolytes.111, 291, 

292 Any disorder in the biological systems is also reflected as the variation in the surface 

charge, for example, the cancerous cells have a different surface potential than the 

healthy somatic cells. The numerical experiments shown in Fig. 3.10 indicates that for 

such cell surfaces can be distinguished with an EO setup having chemically 

heterogeneous surface. In order to prove this hypothesis, we simulate a simple proof-

of-concept to set up a device proposition in the Fig.3.11. Figure 3.11(a) schematically 

shows an arrangement where a microchannel with charged confining surfaces has been 

chemically patched in the location shown by the blue or dark color. Figure 3.11(b) 

shows the relative current density (J/J0) profile near the patch and its variation with the 
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variation in  of the patch. Here the actual current density (J) is normalized by the 

current density of the homogenous channel (J0) to obtain the relative current density.  

Fig. 3.11(c) shows the calibration of J/J0 with  . In this setup, a pair of surfaces 

having different surface potentials, e.g. a healthy somatic and a cancerous cell, flowing 

with the EO flow may cause deviations of different extent from the calibration when 

they come near the patch. The extent of such deviations can be accounted for the sorting 

of the different types of cells.  

 

3.5. CONCLUSIONS 

In this study, a CFD simulator has been employed to solve coupled Poisson equation 

for the electrolyte, Laplace equation for the applied electric field, and continuity and 

momentum equations for fluid flow. The simulations uncover a host of steady and 

unsteady flow profiles of EO flow profiles inside homogeneous, chemically or 

physicochemically heterogeneous, and flexible microchannels. Importantly, the 

unsteady279, 280 and steady281, 282 state EO flow profile has already been predicted 

previously by a host of analytical and experimental works.283, 284 Arguably, this may be 

the first report wherein these flow profiles are obtained by comprehensively solving the 

coupled equations for the electric field and fluid motion. Further, the strategic use of 

periodic patches of chemical and physicochemical patterns on the surface of the channel 

shows the emergence of the localized back flows which in turn facilitates the formation 

of the zone of recirculation inside the channel. The strength of the recirculation can be 

increased by enhancing the intensity of the applied field, changing the locations and 

dimensions of the patches, tuning the surface charge of the patches, reducing the 

channel diameter, and imparting flexibility to the channel walls. In the process, we 

show some simple and non-invasive pathways to promote recirculation and mixing 

inside the highly confined microfluidic channels employing the EO flows, which are 

not explored thus far. Once correlated and calibrated, the variation in the current density 

in the EDL near the chemical patches is found to be useful in the measurement of the 

variations in the ζ-potentials on the biologicalsurfaces.
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Chapter 4 

Unexplored Pathways to Charge Storage in 

Supercapacitors 

 

ABSTRACT 

The study reveals various unexplored pathways to energy storage in the parallel and 

curved plate supercapacitors (SCs).  The spatiotemporal variations in the electric field 

intensity of such SCs were found to have a significant influence on their performance. 

The observations unearth the limitations associated with the previous theoretical 

models, which are routinely employed to analyze the performance of SCs by 

considering electrical double layers (EDLs) as capacitors near the electrodes. The time-

dependent electrochemical behaviors of SCs obtained from the Nyquist and Bode 

diagrams of electrochemical impedance spectroscopy showed, (i) electrode polarization 

at the higher frequency sweeps, (ii) immobile Helmholtz layer formation at the mid-

frequency zone, and (iii) formation of diffuse layer of EDL at low-frequency-regime. 

The results suggest that charge storage of SCs heavily depend upon electrode geometry, 

type of electrolyte, electrolyte concentration, electrode separation, separator type, and 

dielectric relaxation of the electrolyte. A theoretical model composed of Poisson-

Nernst-Plank equations for the electric field in electrolyte and Laplace equation for the 

electric field in electrodes were coupled with Navier-Stokes equations for the fluid flow 

was numerically solved with appropriate boundary conditions to uncover the pathways 

to supercapacitance during the experiments. The experimental and theoretical studies 

together reveal that the use of the potential drop across the EDL originating from the 

opposing electric fields due to electrode polarization and EDL formation could provide 

more accurate pathways to supercapacitance of such SCs. 

  

TH-2253_146107009



   Chapter 4 

68 

 

 

Name Symbol 

Cartesian coordinates x, y 

Polar coordinates r, θ 

x component fluid speed u 

y component fluid speed v 

Distance between two plates ed  

ζ-potential 1  

External potential   

Total potential net
 

Applied electric field Ep 

Resistive EDL electric field Eh 

Diffusivity of cation D+ 

Diffusivity of anion D- 

Cation concentration    

Anion concentration    

Density of fluid   

Viscosity of fluid   

Permittivity of the vacuum   

Faraday constant F 

Bulk concentration 0c  

Charge of ions z / z  

Relative permittivity r  

 

Table 4.1: Nomenclature of the symbols used in this chapter. 
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4.1. INTRODUCTION 

A number of recent works report that the integration of super capacitors (SCs) with 

energy generators can achieve higher device efficiency,293, 294 suitable for futuristic 

portable295 or large scale296 applications. In particular, one of the major focus of 

research related to SCs has been directed towards the invention of materials for 

electrode preparation297, 298, which possesses superior surface-to-volume ratio and 

electrical conductivity than the existing ones.299-304 In this direction, among the other 

materials, graphene and its derivatives have been extensively used as the active material 

because they have the capacity to achieve a theoretical intrinsic capacitance up to 21 

µF/cm2. Further, extensive research efforts have been observed in optimizing the 

electrical conductivity and ion transport properties of the electrolyte between the SC 

electrodes.305 The design of separators between the electrodes for more efficient ion 

transport is found to be another important aspect in this regard.306 

 

Figure 4.1: Image (a) shows the profile for the net electric field potential (ψnet) between 

a pair of electrodes representing a Helmholtz electrical double layer (EDL). Image (b) 

illustrates the equivalent circuit derived from the system shown in the image (a) using 

two capacitor model (TCM). Image (c) shows the distribution of ions in a diffuse layer 

following the Gouy-Chapman model. Image (d) represents the Gouy-Chapman-Stern 

(GCS) model consisting of an immobile Stern layer and mobile diffuse layer in the EDL. 

Importantly, efforts have also been made to uncover the underlying physics 

associated with the charging and discharging of the SCs, which may enable further 

improvements in their performance.307 For example, according to the current 

understanding of charge storage mechanism of the SCs, the energy is stored at the 
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electrode-electrolyte interface due to the accumulation of opposite charges in the 

electrode surface and formation of electrical double layer (EDL).308 In this situation, 

the capacitance per unit square area of the charge separation at the electrode-electrolyte 

interface is defined as the intrinsic capacitance of an SC. The performance of the SCs 

are experimentally characterized with the help of the electrochemical impedance 

spectroscopy (EIS), which helps in evaluating the equivalent series resistances, charge 

transfer resistance, Warburg resistance309 alongside providing the real and imaginary 

capacitances.310 

Traditionally, the charge separations at the electrodes are theoretically analyzed by 

the ‘two capacitor model’ (TCM), as schematically shown in Fig. 4.1(a) and in the 

equivalent circuit diagram in the Fig. 4.1(b). The subsequent variation in the electric 

field potential (ψ) across the SC is also depicted in the figure. The TCM considers two 

immobile layers of opposite charges at the electrode-electrolyte interfaces, analogous 

to a solid state capacitor. The TCM also assumes the pristine Helmholtz model of EDL 

to be valid. Further, the TCM shows that the theoretical capacitance of an SC can only 

be the function of electrode surface area and Helmholtz layer thickness. However, 

experimental EIS studies in the prior-art309 suggest that the capacitance of the SCs can 

also vary with scan rate, frequency of electric field, electric field potential, type of 

electrolyte, current discharge rates, and pressure between electrodes, among other 

parameters.305, 311 Certainly, a better physical model interpreting the data obtained from 

the EIS during the charging and discharging cycles of SCs is the need of the hour.312 

In this direction, the initial attempt was to use the Gouy-Chapman model for the 

EDL in the TCM having only one mobile layer of ionic distribution following the 

Maxwell-Boltzmann statistics near the electrodes, as shown in the Fig. 4.1(c). The 

major drawback of this model was found to be the lack of ionic interactions, which is 

significant for the SCs using higher electrolyte concentration.313, 314 The present 

understanding of the formation of EDL85 around the electrodes is most 

comprehensively explained by the Gouy-Chapman-Stern (GCS) model,315 as shown in 

the Fig. 4.1(d). This model combines the Helmholtz and Gouy-Chapman models and 

suggests that the EDL consists of an immobile Stern layer near the electrode and a 

diffuse layer. Thus, the most recent works explain all the EIS data related to the SCs 

employing the details of the EDL through the GCS model while considering 

interactions between the solvated ions inside the electrolyte.316 However, most of these 
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studies employ a parameter differential capacitance,317 to account for most of the non-

idealities associated with capacitance measurement. Clearly, a quantitative SC 

performance based on the time-dependent parameters is missing in the prior-art owing 

to the complexities associated with the dynamics of the ion transport near the electrode-

electrolyte interface during charge-discharge cycles. A recent seminal theoretical work 

on the evaluation of the electrode, electrolyte and diffuse layer resistances from the 

Nyquist plot of EIS is directed toward this end.318 Further, significant efforts have been 

made to study the characteristics of a metal-electrolyte interfaces in a SC and batteries 

using EIS.319, 320 These studies underline the importance of time-dependent analysis to 

evaluate the performance of electrochemical devices.   

In view of this background art, the present study uncovers the physical mechanisms 

of ion transport in parallel plate (PPS) and curved supercapacitors (CPS) with the help 

of EIS supplemented by a set of analytical and numerical models to describe these 

experimental behaviors. Initially, the EIS has been employed to uncover the charge 

storage mechanisms at different time-scales or frequencies321 for different electrode 

geometries, electrode separation distances, electrolyte concentrations, types of 

electrolytes, and separators. The Nyquist and Bode diagrams obtained from EIS 

uncovered that the electrode polarization for SCs took place at smaller time scales, 

which was followed by the formation of the immobile Stern layer of the EDL at the 

intermediate time scales. Finally, the diffuse layer was formed at larger time scales. The 

time dependent ionic movements during the charge separation and subsequent dielectric 

relaxation of the electrolyte is found to play a significant role in the performance of the 

SC. The proposed analytical and numerical models evaluate the spatiotemporal 

escalation in the capacitance of the SCs based on difference between the electric fields 

due to, (i) polarization at the electrodes under the applied field and (ii) subsequent 

generation of the electric field in the electrolyte during the formation of the EDL during 

dielectric relaxation. The theoretical models proposed here is found reasonable to 

explain the experimental observations in a more comprehensive manner than previously 

reported ones. 

4.2. MATERIALS 

The graphite flakes (99.99%) were obtained from Alfa Aesar. The other necessary 

chemicals such as ethanol (C2H5OH, 99.99%), ethylene glycol (C2H6O2), 
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dimethylformamide (DMF), potassium hydroxide (KOH) pellets, sulphuric acid 

(H2SO4), hydrochloric acid (HCl, 37%), hydrogen peroxide (H2O2, 50%), potassium 

permanganate (KMnO4), ortho-phosphoric acid (H3PO4, 84%) poly-tetrafluoroethylene 

binder (60% (w/v) PTFE dispersion in water) and polyvinylidene difluoride (PVDF) 

were obtained from Merck, India. The chemicals were of analytical grade and used for 

the experiments without further purification. The Whatman filter paper (grade 1) and 

Kimtech tissue paper were used for the experiments while the Milli-Q grade water was 

used for varying the concentration of electrolytes. 

 

4.3. METHODS 

4.3.1. Preparation of Active Material: 

Graphene oxide (GO) was synthesized following modified Hummer’s method.1,2 A 

10 mg of dried GO was mixed with 50 ml of ethanol through ultrasonication (ASP, 

Telsonic) for ~2 h before adding another 50 ml of ethylene glycol in this solution. 

Thereafter, this mixture was heated under a sealed condition at 180°C and stirred 

continuously for thermal reduction. The uniform black mixture thus obtained was 

filtered to obtain the reduced graphene oxide (rGO). The rGO residue was then dried 

overnight under vacuum in a furnace (SNS, India) at 100°C before further use for 

electrode fabrication. 

4.3.2. Electrode fabrication:  

Figure 4.2 schematically demonstrates the fabrication steps of the proposed 

supercapacitors (SCs). In the first step, a 1 cm × 1.5 cm Cu substrate was cut before 

rubbing it with a sandpaper, as shown in the Figs. 4.2(a) and 4.2(b). The FESEM (JEOL 

7610F, Japan) micrographs at the inset of images (a) and (b) show the typical surface 

morphologies of the initial and roughened Cu plates. Following this, a thin film (~5 Å) 

of Pt was deposited on the rough Cu plate using JEOL JEC-3000 FC sputtering system, 

as shown in the Fig. 4.2(c). The thickness of the Pt layer was obtained from the 

calibration provided with the instrument. The Pt sputter coating on the Cu surface was 

performed to inhibit oxidation of Cu during cyclic voltammetry (CV) experiments. 
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Figure 4.2: Shows the steps to assemble the supercapacitors (SCs) are shown 

schematically. Images (a) and (b) show the pre-processing of a Cu electrode wherein 

the plate was roughened using a sand paper. The insets in the images (a) and (b) 

show the FESEM micrographs of the surface before and after roughening. Thereafter, 

the roughened plate was sputter-coated with Pt, as shown in the image (c). Image (d) 

shows the masking of a part of the Pt coated Cu plate using a commercially available 

tape. The drop casting of the active material – slurry of rGO mixed with carbon black 

and PTFE, its coating on the Pt coated Cu plate, and subsequent drying have been 

shown in the images (e) and (f). Image (g) shows the removal of the mask and 

subsequent surface morphology at the FESEM inset. Image (h) shows the final PPS 

arrangement wherein a pair of electrodes shown in the image (g) was assembled with 

a separator in the middle as shown. The separator was composed of a filter paper or 

a tissue paper, or PVDF (SEM) soaked with electrolytes such as aqueous solutions of 

KOH and H2SO4 having different ionic strengths. Images (i) and (j) show the cross-

sectional schematic images of the parallel (PPS) and curved (CPS) plate SCs. The 

scales shown on the FESEM images are of 20 μm. 

4.3.2. Preparation and characterization of SC: 

Graphene oxide (GO) was synthesized using modified Hummer’s method. The 

detailed methodology of thermally reducing graphene oxide to produce reduced 

graphene oxide (rGO) and subsequently using it for preparing the active material. The 

active materials were coated on processed Cu plates, acting as the current collectors, to 

fabricate functional electrodes for parallel plate (PPS) and curved plate (CPS) 

supercapacitors. During the study, separators were soaked with an electrolyte, and then 

the electrode-separator-electrode configuration led to the formation of the proposed 

PPS. The edges of a PPS were bent against the graph paper to maintain a constant radius 

of curvature (κ) for the CPS.  
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4.3.3. Design of Separators: 

Whatman filter paper (FP), Kimtech tissue paper (TP), and PVDF were used as the 

separator materials between the electrodes of PPS and CPS. PVDF nanofibers were 

prepared using electrospinning device (ESPIN NANOTECH - Super ES2) with 16% 

wt./vol. PVDF polymer in DMF and Acetone solvent (2:3 ratio). The operating voltage 

and distance between the ejection tip and collector drum were maintained at 20 kV and 

15 cm respectively. The thicknesses of FP, TP, and PVDF surface after wetting with 

the electrolyte were found to be ~100 µm, ~45 µm, and 100 µm respectively, which 

were measured under optical microscope (Leica DM 2500). The variations in separation 

distance between the electrodes of the PPS and CPS were achieved by inserting 

different numbers (1-5) of wet FP layers. In order to keep the distance between the 

electrodes (de) similar for the PPS with different separators, we employed two layers of 

TP (de ~90 µm) for a PPS when compared with the PPS with one layer of FP or PVDF 

(de ~ 100 µm). Although, in most of the experiments we employed single layer of a 

separator or multilayers of the same separator, we also performed experiments with 

composite separators. For example, a comparative study was carried out with two TP 

layers or layers of FP, PFP, and PVDF as the composite separator. 

4.3.4. Electrochemical analysis: 

The electrochemical studies were performed using a potentiostat (CH-Instruments, 

600C). Cyclic Voltammetry analysis was performed for the PPS and CPS with KOH 

electrolyte in the range of electric field potential ( ) of, 0 V to -0.3 V. The CV analysis 

was not performed in the high voltage range because there was a possibility of Cu-

corrosion in the basic medium, which could lead to an excess current during charging 

cycle and an asymmetric CV curve. The Electrochemical Impedance Spectroscopy 

(ESI) was performed in frequency range from 100 kHz to 0.1 Hz with an electric field 

potential amplitude of 0.01 V. 

 

 

4.3.5. Supercapacitor Arrangement: 

A portion of the Pt coated Cu plate was masked before the active material was drop 

cast on the unmasked zone, as shown in the Figs. 4.2(d) – (e). The mass loading of 

active material was kept ~2 mg/cm2 on each electrode. The electrodes were dried 
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overnight under vacuum at 120°C, as shown in the Fig. 4.2(f). The mask was removed 

subsequently (Fig. 4.2(g)) for making electrical connections (not shown here). The 

electrodes coated with active layer were pressed at 10 MPa pressure for a better 

adhesion of the active material before wiring of the circuits were initiated. A pair of 

electrodes were stacked in such a manner that the active regions faced each other, as 

shown in the Fig. 4.2(h). Porous surfaces such as filter paper (FP), tissue paper (TP), 

or polyvinylidene difluoride (PVDF) soaked with electrolytes such as aqueous solutions 

of KOH and H2SO4 were used as a separator between the electrodes, as shown in the 

Fig. 4.2(h). The planar SCs are termed as parallel plate supercapacitors (PPS) while the 

PPS were pressed from the sides to obtain the curved plate supercapacitors (CPS). The 

cross sectional views of the PPS and CPS are shown in Figs. 4.2(i) and 4.2(j), 

respectively. 

 

4.4. CHARACTERIZATIONS 

 

Figure 4.3: Raman spectra of active material deposited on the Cu surface. 

4.4.1. Raman Spectroscopy: 

Characterization of the active material deposited on Cu electrode was done using 

Raman spectroscopy, as shown in the Fig. 4.3. The characteristic D and G bands (at 

1584 and 1352 cm-1) in the Raman spectra show the presence of rGO in the active 

material.  

4.4.2. Surface Morphology: 
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Figure 4.4: The FESEM images of different separators used in PPS. Image (a) – (d) 

show filter paper (FP), tissue paper, electro-spun PVDF fibres, and perforated filter 

paper (PFP), respectively. The scale bars on the images (a) and (b) are of 20 μm while 

the scale bars on the images (c) and (d) are 5 μm and 500 μm, respectively. 

The surface morphology of different separator materials, namely filter paper (FP), 

tissue paper (TP), perforated filter paper (PFP) and electro-spun polyvinylidene 

fluoride fibres (PVDF) was investigated by FESEM. The images are illustrated in Fig. 

4.4 and a summary of their particle retention or porosity values are provided in Table 

4.2.   

Table 4.2. Properties of different electrolytes and separators 

No. Properties Values 

1 Ionic conductivity of 4M KOH (2.244 mg/l)  570 mS/cm 

2 Ionic conductivity of 1M H2SO4 (0.98 mg/l)  372 mS/cm 

3 Particle retention of Whatman filter-paper (Grade-1) 11 μm 

4 Particle retention of Kimtech tissue paper ~30 μm 

5 Particle retention of electro-spun PVDF membrane ~2 μm 

6 Particle retention of perforated filter-paper 500 μm 

7 Average diameter of the nanofiber 158 nm 

 

4.5. THEORETICAL FORMULATION 
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Figure 4.5: Shows the schematic representation of the (i) PPS and (ii) CPS, including 

its parameters and initial boundary conditions used during the simulations. 

In this section, a theoretical model was developed and numerically solved to analyze 

the experimental results. In this formulation, we used two-dimensional (2D) Cartesian 

coordinate (x, y) system for the PPS configuration while for the CPS, we employed 

polar coordinate system (r, θ). We assumed that the applied surface potentials on the 

electrodes enable the formation of the EDL near the electrode-electrolyte interface. The 

dynamics of the formation of the EDL in the electrolyte was simulated by solving the 

Poisson-Nernst-Planck (PNP) equation coupled with the Navier-Stokes and ion 

transport equations for the fluid flow with appropriate boundary conditions. Further, 

the external electric field applied on the electrodes is obtained solving the Laplace 

equation with appropriate boundary conditions. In this formulation, we have assumed 

the electrolyte to be incompressible and Newtonian. All the variables in bold represent 

a vector, a bold variable with double overbar represents a tensor. Components placed 

inside bracket after a bold variable represent the components of that vector, e.g. in the 

expression u (u,v) the components of the vector u are denoted by u and v. The physical 

parameters viscosity, density, Faraday constant, concentration of the ith ion, diffusivity 

of the ith ion, relative dielectric permittivity of the medium is represented by the symbols 

μ, ρ, F, ξi, Di, ε, respectively. Here ‘i’ represents different ions (cations and anions). The 

symbols, , D Dt , 2 represent gradient, material derivative, and Laplacian operators, 

respectively. Time is represented by the variable ‘t’. 
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The Navier-Stokes equations, 

    
2

eD Dt p      u u E ,                       (4.1)           

along with the continuity equation, 0 u , were solved for the flow field in between 

the electrodes for both PPS and CPS. The last term in the Navier-Stokes equations, e E

, represents the body force owing to the electric field. The symbols ρe and E represent 

charge density and the electric field vector, respectively. The electric field is expressed 

as,  E , where   is the electric field potential. No slip ( 0u  ) and impermeable 

( 0v  ) boundary conditions were enforced at both the electrodes. The transport of the 

ions in the salt solution to develop the EDL was governed by Poison Nernst Planck 

(PNP) equation, 

     
2

1 i iz     .                                (4.2)                                                    

Here the term ξi represents the concentration of the ith ion in the medium, which was 

obtained by solving the ion transport equation,  

    2/ ii i ii i iit D z F D RT            u .                      (4.3) 

We employed constant surface potential boundary conditions to solve the PNP 

equation. The external field was obtained by solving the Laplace equation, 

    
2 0  ,                                                                   (4.4) 

with constant potential boundary conditions at the electrodes. The overall potential is 

taken as the algebraic sum, 1net    , of these potentials. The ion transport equations, 

  
2/ i i i ii i ni i ett D z F            u u ,                                (4.5) 

were solved with the help of the initial concentration, _i bulk , constant in the entire 

solution domain while zero-flux boundary conditions, 

    0i iD  n ,                                                          (4.6) 

for the ions enforced at the electrodes. Here, n is the unit vector normal to the surface 

of the capacitor plate, along x-direction as shown in the Fig. 4.5.  

It is to be noted that the numerical simulations for this chapter is made taking initial 

guess values for a few parameters like specific surface area of the active material, 

electrode surface area, diffusivities of the ions, along with other related parameters as 
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the exact values are difficult to obtain. As a result, exact quantification of errors with 

respect to the results obtained from experiment is difficult to judge and has not been 

mentioned in the current study.  

 

4.6.  RESULTS AND DISCUSSION  

4.6.1. Electrode geometry and distance: 

 

Figure 4.6: Shows cyclic voltammetry (CV) measurements associated with the 

different supercapacitor arrangements such as PPS and CPS, as shown in the 

previous figure.  Images (Ia) and (Ib) show the variations in the specific current, IS, with 

the applied electric field potential, φ, when the electrode separation distance was, de = 

100 µm. Here, IS = I0/m, where I0 is the measured current from CV and m is the mass 

of the active material. The images (Ia) and (Ib) correspond to the scan rates, v = 50 

mV/s, and 100 mV/s, respectively. The radius of curvature (κ) were measured, as 

shown in the inset of the image (Ia) where κ = 0 m-1 represents PPS while κ = 0.035 

m-1, 0.123 m-1, and 0.2 m-1 show different CPS configurations. Images (IIa) and (IIb) 

show the CV when κ = 0.035 for de = 100 µm and 500 µm, and scan rates, v = 50 mV/s 

and 100 mV/s, respectively. The separator used for all the experiments was filter paper 

(FP) soaked in 4M KOH. 

At the beginning of this section, we discuss the effects of the electrode geometry 

and distance on the capacitance of the PPS and CPS. Towards that end, a series of CV 

analysis was performed for the supercapacitors (SCs) with different radius of curvatures 

(κ ), ranging from 0 m-1  (PPS) to 0.2 m-1 (CPS) with same mass loading (2 mg/cm2) of 

active material and electrode separation distance, de = 100 µm. Figures 4.6(Ia) and 
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4.6(Ib) display the typical CV characteristics, that is the variations in specific current, 

0sI I m , with the applied electric potential,  . The results were obtained at two 

separate scan rates,   = 50 mV/s and 100 mV/s, respectively, for the different PPS and 

CPS configurations. A smaller area under the discharge current curve in the positive y-

axis confirmed a significant decrease in capacitance as κ increased from 0 m-1 (PPS) to 

0.2 m-1 (CPS). This observation was true for both the number of scan rates out of which 

two are reported in this work. 

It may be noted here that previously employed two-capacitor model (TCM) is in 

general unable to predict this reduction in capacitance as the curvature of the SCs 

increase from PPS to CPS. This is because, in TCM, the EDLs near the electrodes are 

modeled like a pair of infinitely long parallel plate capacitors. In this regard, the areas 

and thicknesses of the EDLs correspond to the surface areas of electrodes and the 

thicknesses of the Helmholtz layers, respectively.322 This assumption also holds good 

in the case of CPS, since the Helmholtz layer thickness is of the order of micro to 

nanometer323 while the electrode dimensions are in centimeter. Subsequently, the TCM 

assumes the same surface area and Helmholtz layer thickness for both PPS and CPS, 

which is the major reason behind its limitation to differentiate the capacitance of these 

configurations. However, the experiments shown in the Fig. 4.6 uncovered that the 

capacitance in the PPS and CPS were different. We anticipated that the electric field in 

the different SC configurations varied with the change in the geometry of the electrodes 

which in turn influenced the variation in the capacitance.  

In order to identify the other limitations of the TCM model, we further explored the 

effects of de for the CPS. As anticipated, the Figs. 4.6(IIa) and 4.6(IIb) uncovered that 

for all scan rates the capacitance of the CPS decreased when de was increased. Again, 

the reduction in the capacitance of the CPS with increase in de could not be explained 

by the TCM because it did not account for de in the calculations of capacitance. The 

experiments corroborated that the TCM was insufficient to provide a comprehensive 

understanding of the charge storage of the SCs considered. In the PPS configuration, 

the electric field and its intensity were not expected to vary significantly across the 

electrodes owing to their planar geometry and constant separation distance. In contrast, 

for the CPS, the electric field intensity in between curved electrodes was expected to 

vary for a given applied electric field potential, φ (inset of Fig. 4.11 in the later part). 

TH-2253_146107009



   Chapter 4 

81 

 

Thus, the theoretical model proposed later consider the electric field and its intensity to 

evaluate the capacitance of the SCs. 

4.3.2. Frequency dependent PPS performance: 

In order to prove our hypothesis further, we attempted to understand electrochemical 

performance of the SCs more comprehensively. For this purpose, the key mechanisms 

at the molecular scale during the charging process were explored in detail. In this 

regard, we anticipated that the polarization of the current collector electrodes and the 

formation of the EDL near the electrode-electrolyte interface were the two important 

events during charge storage process in the SC. Since these events happen at different 

time scales, it was also important to analyze them with respect to time. Thus, we 

employed EIS, which emulates a pair of sinusoidal charging-discharging cycles at 

different frequencies (time-scale) to uncover these spatiotemporal characteristics 

during charge storage.  

 

Figure 4.7: Electrochemical impedance spectroscopy (EIS) measurements associated 

with the PPS having different electrolytes and separator materials. Image (a) shows 

the high-frequency region (> 10 kHz) of Nyquist plots (real (Z') versus imaginary 

impedance (-Z")) obtained from EIS analysis of PPSs with two different electrolytes 4M 

KOH (circular symbols) and 1M H2SO4 (square symbols). Image (b) illustrates the 

same for different separators, namely, filter paper (FP), tissue paper (TP), perforated 

filter paper (PFP), and polyvinylidene fluoride (PVDF). In all the experiments, de = 100 

µm. 

A typical Nyquist plot obtained from the EIS of SCs consists of a semicircle at high-

frequencies followed by a line with nearly 45° slope at the mid-frequency level and a 

vertical line at the lower frequencies302. In general, the EIS data obtained for various 

SCs are employed to evaluate the C1, C2, R1, R2, and R3, as shown in the Fig. 4.7(b) 

after fitting the same with an equivalent circuit obtained from TCM. However, as we 

argued in this study that the TCM303, 321 has limitations in predicting the capacitance in 
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the situations where the electric field intensity varies between the electrodes. The major 

reasons behind these variations in the electric field can be the polarization of the 

electrodes and subsequent formation of the EDL at molecular level during the charge 

storage cycle.  The frequency dependent EIS analyzes shown in the following section 

gives a more accurate interpretation of those parameters.  

4.3.2.1. High-frequency EIS (>10 kHz) 

An EIS study of otherwise identical SCs having 1M H2SO4 and 4M KOH as 

electrolytes is shown in Fig. 4.7(a). In this regard, the x-intercept, the real part of 

impedance (Z') at high-frequency, is traditionally termed as the equivalent series 

resistance (ESR) of the SCs.16 Figure 4.7(b) shows that the x-intercept was similar for 

both the cases. However, it may be noted here that the ESR includes all the resistances 

due to the current collector, active material, binder, electrolyte, and separator.24,26,35,50 

Importantly, since we used two different electrolytes of different electrical resistivity, 

as shown in the Table 4.2, the ESR must be different for the two cases analyzed. A 

similar observation was made when different separator materials with different porosity 

were used keeping electrode separation, electrolyte, and other parameters constant as 

shown in Fig. 4.7(b). Again, the figure suggests that the ESR was independent of the 

separator, which was quite unlikely owing to the use of different materials as separators. 

Surely, these experimental observations contradict the traditional method of estimating 

the ESR, which has been frequently employed to evaluate the electrochemical 

performance of SCs at high-frequency.  

In this direction, we made an attempt to identify the origin of the SC parameters 

based on the high-frequency results of EIS after a careful analysis of the dynamics of 

the charging and discharging processes. It is well known that during the charging 

process, the observed current is a consequence of the accumulation of free charges on 

the metallic electrodes. Subsequently, an electric field is almost instantaneously 

established between the electrodes. However, the formation of EDL due to the drifting 

of ions of the electrolyte in response to this electric field is a much slower process. For 

example, the typical characteristic time-scale of charge relaxation for an electrolyte can 

be evaluated from, D ed D , where D  is Debye length, de is electrode separation 

distance, and D is diffusivity.54 Thus, for the experiments reported in the present work, 

the theoretical time scales for the aqueous electrolytes ( D ~ 1 – 100 nm, D ~ 103 µm2/s, 
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and de ~ 100 µm)54 we obtained the time scales in the range of, 10-4 to 10-2 s. The 

frequency at which the EIS intersect Z'-axis was 105 H< equivalent to 10-5 s, which was 

at least one order of magnitude smaller than the theoretically predicted ones.  

Thus, a smaller experimental time scale in the high-frequency EIS analyzes charge 

relaxation time highlighted in the following mechanism. It is well known that the 

electrolyte resistance arises owing to the restriction in the movement of ions of an 

electrolyte under an electric field. At smaller time scales (i.e. at higher frequencies) 

these movements are minimal and contribute marginally to the effective electrical 

resistance. At the same time, the weakness of the ionic movement also rules out the ion-

separator interaction. This again leads to the separator’s meager contribution towards 

the net electrical resistance. Subsequently, we obtain identical electrical resistances at 

high-frequency EIS when the separator or the electrolytes were varied, as shown in the 

Fig. 4.3. In fact, the variations in the electrolyte strength (e.g. 0.5M to 4M KOH) led to 

marginal variations in the EIS response, as shown in the Fig. 4.8(Ia).  

However, the Fig. 4.8(Ib) shows that when de was increased while keeping other 

parameters same, the x-intercept of Z' in the EIS kept shifting towards higher electrical 

resistances. These experiments highlighted that indeed the electric field intensity 

between the electrodes had major influence in determining the real impedance (Z') or 

the electrical resistance of the PPS.  In this situation, the increase in the electrical 

resistance of the PPS was attributed to the polarization of the electrodes due to lower 

electric field intensities. The EIS at the high-frequency zone corroborated that the 

electrical resistance of the PPS would depend on electrode resistance318 and their 

polarization, which would vary with the applied electric field intensity. In fact, the mid-

frequency region of EIS also showed the importance of electrode polarization charge 

storage mechanism, as discussed in the following section. 

In a Nyquist plot, the semi-circular region in the mid-frequency zone indicates the 

concurrent dissipation (Z') and storage (-Z") of electrical energy.324 An equivalent 

circuit of such a system could be envisaged as a resistor and a capacitor connected in 

parallel.325 While the resistor dissipates the electrical energy, the capacitors stores the 

same. For such a system, the magnitude of real impedance, ΔZ', equaling the horizontal 

spread (or diameter) of the semi-circular region (Fig. 4.8(Ib)), is in general termed as 

the charge transfer resistance.300, 305, 326 Previous studies associated ΔZ' with the charge 

transfer resistance only when there is a redox reaction at the electrode-electrolyte 
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interface. For example, in the cases of pseudo-capacitors ΔZ' provides the information 

on the amount of electrical energy is dissipated during the redox reactions.327  

 

Figure 4.8: Images (Ia) and (IIa) represent the Nyquist and Bode (imaginary 

impedance (-Z”) versus frequency (f)) plots obtained from the EIS of a PPSs with 

different KOH concentrations (4M, 2M, 1M, and 0.5M) in which de = 100 µm. Images 

(Ib) and (IIb) represent the Nyquist and Bode plots for de = 100 µm - 500 µm when the 

electrolyte was 4M KOH. Images (Ic) and (IIc) represent the Bode plots for the PPS 

when 4M KOH and 1M H2SO4 were used as electrolytes and de =100 µm. In all the 

experiments FP was used as the separator material.  

4.3.2.2 Mid-frequency EIS (10 Hz-10 kHz): 

Importantly, the charge storage in most of the SC configurations, such as the PPS 

shown here, is non-Faradaic type.321 Thus, we expect that there is no redox reaction 

near the electrodes of a PPS, except during the dielectric breakdown or electrode 

corrosion. However, the experiments here uncover that Z' of the EIS spectra in the mid-

frequency zone can also be an important parameter for the non-Faradaic SCs even in 

absence of any redox reactions between the electrodes and electrolyte. Figure 4.8(1b) 

shows that, although the electrolyte concentration and overpotential were kept similar, 

the width of semi-circular regions increased with de for a PPS. The experiments 

suggested that even in absence of a redox reaction between the electrodes and 

electrolyte the magnitude of ΔZ' increased. Certainly, the variation in the electrical 

resistance with de in the mid-frequency zone of the EIS had some other physical 

significance at ionic level. 
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In order to reveal the underlying mechanism of this phenomenon, we put up the 

following set of hypotheses: (i) during the electrode polarization, marginal ionic 

movements were observed in the PPS, which was previously established with the help 

of higher frequency results of EIS; (ii) the counter-ions in the electrolyte ‘drifted’ 

towards electrodes with the variation in the electric field to cause counter-charge 

accumulation near the polarized electrodes to initiate the formation of EDL with the 

progressive reduction in the frequency of the EIS; (iii) in the mid-frequency zone, a 

stronger ionic drift as compared to ionic diffusion ensured the formation of the Stern or 

immobile Helmholtz layer of EDL near the electrodes; (iv) subsequently, an electric 

field (Eh) was generated due to the formation of EDL near the electrodes, which was 

opposite to the one established due to electrode polarization (Ep); (iv) in the process, 

the bound charges and the ions present in the electrolyte underwent a frequency 

dependent dielectric relaxation, which led to a temporal increase in the frequency 

dependent dielectric constant of the electrolyte. In order to establish these arguments, 

we studied the resistive (Z' vs. f) and capacitive (-Z" vs. f) Bode plots of the EIS for the 

PPS considered in the Fig. 4.8.(a). Figures 4.8(Ic) and 4.8(IIc) show that in high-

frequency region, as anticipated there was no ionic movement and the electrochemical 

responses were similar for both electrolytes. However, the responses started bifurcating 

for the different electrolytes in the mid-frequency range of 100-1000 Hz. The plots 

show that different ionic mobility and charge densities of 4M KOH and 1M H2SO4 led 

to different resistive and capacitive properties, respectively. In fact, the Bode plots 

uncovered that the experimentally observed dielectric relaxation starts in the time range 

of 10-3-10-2s, which was of the same order of the theoretically calculated characteristic 

time-scale for charge relaxation, which is discussed in Fig 4.11(a) in the later part of 

this chapter. 328 

Importantly, the bifurcation of the resistive and capacitive Bode plots also indicated 

a variation in the intrinsic property of the electrolytes after ~10-3-10-2s. For example, as 

the counter-ions move towards the electrodes, the dissipation and storage of electrical 

energy initiated owing to the movement of ions and subsequently the formation of the 

EDL. These two processes can be thought of as a resistor and capacitor in parallel, 

which resulted in the semi-circular nature of the Nyquist plot shown in the Fig. 4.8(Ib). 

324, 325 As a result of this ionic movement, Fig. 4.8(Ic) shows an increase in resistance 
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due to energy dissipation while Fig. 4.8(IIc) illustrates the energy storage due to the 

EDL formation. 

The plots in the Fig. 4.8(Ib) also indicates that, at the initial stages of the charge 

storage of the PPS, the concentration gradient of the counter ions near the unshielded 

electrode surface was rather insignificant. For example, when de = 100 μm the plot 

shows, Z' = 0.5 Ω while -Z” ~ 0. With the progress in time, the applied field drifted the 

counter-ions in the electrolyte more towards polarized electrodes. At this stage, the drift 

of the ions was expected to be stronger than the diffusion, which enabled the formation 

of a compact and immobile counter-ionic layer on the electrodes.  The end of the semi-

circular region of the Nyquist plot signified the completion of the immobile Helmholtz 

or Stern layer formation due to ion drift. For example, when de = 100 μm the plot shows 

that the formation of the immobile layer of EDL was complete at 686.6 Hz (0.0014 s) 

when Z' = 0.75 Ω while -Z" ~ 0.3 Ω. Following this, the formation of the diffuse layer 

of the EDL started, which are analyzed by the Warburg element in EIS plots at the low-

frequency range where diffusional ionic movements are significant, as discussed later. 

329  

Importantly, before analyzing the low-frequency data of EIS, we investigated the 

effects of applied electric field intensity (Ep) and electrolyte concentration on the 

dynamics of EDL formation, in the mid-frequency range of EIS. Previously, Fig. 

4.8(Ib) pointed out that the width of semi-circular region increased when the electric 

field intensity between the electrode reduced. This observation is similar to the case for 

Li-ion batteries where diffusional resistance of electrolyte increases with electrode 

separation distance. 320 The frequencies of the inflection points (fc) at which semi-

circular region completed are indicated by arrows on the figure. The plot suggests that 

fc reduced from 686.6 Hz for de = 100 µm to about 175.8 Hz for de = 500 µm. As 

completion of semi-circular region marks the end of the Stern layer formation, 

decreasing frequency of inflection points suggested that the requirement of more time 

for the formation of Stern layer at a smaller Ep. This observation was in accordance 

with the predictions from the proposed theoretical model discussed later, 329, 330 which 

considered the flux of drifting ions to be the function of the applied electrostatic field. 

In a way, ∆Z' could be associated with the ionic resistance faced during the formation 

of Stern layer, which in turn would be the functions of electrolyte resistance and Ep. 
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Furthermore, the experimental observations in the Bode plot on the imaginary 

impedance (-Z") in Fig. 4.8(IIb) suggests steady state concentration of counter-ions in 

the Stern layer did not vary with Ep. 
329 In contrast, Fig. 4.8(IIa) suggests that the steady 

state concentration of counter-ions in the Stern layer increased with the concentration 

of KOH. Importantly, the Figs. 4.8(Ia) and (IIa) show that although the electrochemical 

responses were same for all electrolyte concentrations at the higher frequency EIS zone, 

the response varied with the molarity of the electrolyte KOH in the mid-frequency 

region. Thus, the capacitance increased with the concentration of KOH owing to the 

accumulation of the larger concentration of the counter-ions in the Stern layer. 

Concisely, the response of PPS in the mid-frequency EIS could uncover the dynamics 

of the formation of the Stern Layer in an EDL with the variations in the Ep and 

electrolyte strength. 

4.3.2.3. Low-frequency EIS (<10 Hz): 

After the completion of a semi-circular region of a Nyquist plot, the 45° line depicts 

the Warburg resistance observed in the frequency range of 1 Hz – 10 Hz.16 In this 

regime, the plots in the Fig. 4.8(Ib) indicates that the real and imaginary impedances 

increased with equal magnitudes with the reduction in frequency. In this situation, 

previously, we identified that the formation of the immobile Helmholtz layer was 

complete. This ensured that there is a concentration gradient between the immobile 

Helmholtz layer and the bulk of the electrolyte. In such a situation, a dynamic 

equilibrium was expected to be established in the EDL where the ions would 

simultaneously diffuse out of the electrode as well as drift in towards the electrode. In 

Gouy-Chapman-Stern Model, this loosely bound mobile layer outside the immobile 

Helmholtz layer is termed as ‘diffuse layer’, which is also known as the ‘space charge 

region’.61 The equal increment in magnitude of real and imaginary impedances with 

frequency suggested drift and diffusional movements of ions in the equal and opposite 

directions at the low-frequency EIS. The drift (diffusion) movement during the EDL 

formation (shedding) also corresponded to the increased capacitance (resistance) across 

the polarized electrodes. The Nyquist plots shown in the Fig. 4.8(Ib) also show that 

after the formation of the diffuse layer, the capacitance of SC became constant, which 

was reflected in a nearly vertical line with increasing " 1Z C  below 1 Hz where 

only, 2 f  was changing at C. 
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4.3.3. Charge storage mechanism: 

The experiments shown above helped us in understanding the charge storage 

mechanisms of the SCs having PPS and CPS configurations. The experiments 

uncovered that at high-frequencies, the SCs behaves like a parallel plate capacitor 

because, in such a situation, only polarization of electrodes took place. This leads to an 

electric field of Ep, as shown later in the Fig. 4.9(a). After the electrodes are polarized, 

in the mid-frequency domain, the charge relaxation of the electrolyte starts due to the 

drifting of ions. This led to the accumulation of the counter-charges on the polarized 

electrodes, leading to the formation of the immobile Helmholtz layer of the EDL.  

Further, in the low-frequency domain, the diffuse layer of the EDL forms owing to the 

simultaneous drifting and diffusion of the counter ions near the polarized electrode. The 

formation of the EDL develops an electric field Eh in the opposite direction of the Ep 

having nearly equal strength. At this stage, the dielectric relaxation of SC is expected 

to be completed. Subsequently, an exceptional increase in the capacitance (C = Q/ ΔV) 

of SCs was observed because for any given amount of charge on the electrodes (Q) 

reduction in the net electric field (Ep - Eh) led to reduction in the potential difference 

across the electrodes (ΔV). In such a scenario, the charge could be stored in the 

electrodes until they reach a ΔV at which charge leakage takes place due to dielectric 

breakdown. 
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Figure 4.9: The schematic diagram in image (a) shows the directions of the electric 

fields, Ep – the applied field leading to the polarization of electrodes and Eh – electric 

field generated due to the formation of EDL. The diagram also shows the variation in 

net electric field potential, ψnet (solid line) across the SC and the thicknesses of the 

EDLs (dh1 and dh2) near the electrodes. Images (b)-(f) represents the results obtained 

using simulation studies. Image (b) shows the time-dependent variation in Eh along de 

during the formation of EDL at their respective electrodes in PPS, image (c) shows 

profiles of concentration of cations (ξ+) and anions (ξ-), and ψnet, with the electrode 

distance (xe). Image (d) shows the variation in capacitance (C₀) with time (t). The inset 

image shows the gradient of the electric potential due to ions (ψ1) at x = 0 μm, taken 

for calculating the capacitance according to Eq. (4.10). Image (e) shows the variation 

in C0 with KOH concentration (ξKOH) obtained from experiments and simulations (lines) 

for ε = 3, 4, and 5.  Image (f) shows the variation in C0 with radius of curvature (κ) of 

CPS from experiments (symbols, Fig. 4.6) and simulations (lines) for ε = 3, 4, and 5. 

With this charge storage mechanism in mind, subsequently, we made an attempt to 

evaluate the experimentally measured capacitance of SCs with the help of analytical 
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and numerical models. For this purpose, in Fig. 4.9(a), we show a typical geometry of 

a PPS in which an electric potential profile is drawn assuming EDL of thickness dh1 and 

dh2, having charges equal and opposite to their respective electrodes. We assume that 

the EDL completely shields the charges at their respective electrodes, which establishes 

the electric field only due to EDL (Eh) of equal magnitude of electric field due to 

polarized electrodes (Ep). For such a system, the capacitance for a PPS can be 

analytically calculated as, 

.
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(4.9) 

 

Although Eq. (4.8) holds a resemblance with the widely employed TCM, however, 

from Eq. (4.9) we observe that in the case of CPS, capacitance would vary with the 

change in curvature radius, as experimentally observed in the Fig. 4.6. Therefore, 

physical interpretation of charge storage should not be drawn using TCM because it 

fails to account for the variation in Ep and Eh with electrode geometry. This is due to 

the reason that TCM considers electrodes having separate existence and calculates 

specific capacitance (CS)  of individual electrodes. 331 

In contrast, we propose that the charge storage initiates with the polarization of 

electrodes and then the electric field between the electrodes plays a crucial part in 

determining the performance of the SC. Hence considering separate capacitance for 

each electrode for symmetric electrolytic SC would not be prudent. To experimentally 

calculate the capacitance of an SC, widely used method for capacitance calculation 

using CV and Galvanostatic charge-discharge curve would remain the same except the 

calculation would be done for all the components of the SC and not for the EDL 
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formation at the single electrode. In such a situation, the CS calculated using CV would 

be given by

 

1

0

/ ,

V

SC Id m     where I is the discharge current from scan rate 0 V to 

V1, v is the scan rate,  applied electric field potential difference during the scan, and 

m is total mass loading on both of the electrodes. While calculating a specific 

capacitance of an individual electrode for a pseudocapacitor or asymmetric 

supercapacitor using three electrode systems is necessary because individual electrode 

contributes differently to the overall capacitance of the device. 329 In order to calculate 

the capacitance analytically, certainly the Eqs. (4.8) and (4.9) could be very handy for 

simple calculations, however, they were unable to provide the accurate picture of the 

charge storage mechanism.  

Thus, in order to further prove the hypothesis proposed here, numerical simulations 

were performed for PPS and CPS configurations to obtain the profiles of Ep and Eh. 

Figure 4.9(b) shows the developing Eh profile near the electrode surface with time (t). 

The time for EDL formation or dielectric relaxation was around 1 s, which was found 

to be similar to the experimentally observed frequency of ~1 Hz. Figure 4.9(c) shows 

the steady state profile of concentration of cations (ξ+) and anions (ξ-) leading to a net 

electric potential profile (ψnet) in between the electrodes. The steady state profiles of Ep, 

Eh and Enet (Ep - Eh) have also been shown in Fig. 4.9.                                                     

Figure 4.9(d) shows the capacitance (C0) variation with t, which signifies that the C0 

reached maximum value after dielectric relaxation was complete in the electrolyte. The 

inset of the plot shows the way we numerically evaluated the electric field potential 

gradient near the electrodes. For lower concentration of electrolyte, we assumed 

dielectric constant of the Stern layer (ε) to be constant, its value has no effects on the 

behavior of diffuse layer. 332 However, for the present system since the KOH 

concentration (ξKOH) is of high value, we experimentally calculated C0 for different ξKOH 

stimulated values of ε for theoretical C0 calculation. Figure 4.9(f) shows that 

calculating C0 while considering the variation in ψnet with κ, can indeed captur the 

trends observed during our experimental studies. 

The numerical solution of the aforementioned coupled system composed of, (i) PNP 

equation for the electrolyte, (ii) Laplace equation for the applied electric field through 

the electrodes, (iii) continuity equation, (iv) equations of motion, and (v) ion transport 
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equations, with the mentioned boundary conditions provided the distribution of ions 

surrounding the electrodes in the electrolyte.  

The Bode diagrams shown in the Fig. 4.8(c) helped us tracking the EDL formation 

experimentally. In this line, numerical simulations were also performed to study the 

time lag associated with the charge separation in the electrolyte or the EDL formation. 

Figure 4.9(b)  shows the profiles for the electric field potential at different time 

intervals, which were obtained from the numerical analysis. The temporal development 

of the EDL could also be correlated to the dielectric relaxation of the electrolyte by 

tracking the variation in dielectric constant ε of the same with time. The dielectric 

constant of the electrolyte (εa) at any time (t1) can be calculated using the following 

expression: 

 
 

 
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a t t
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


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


  
(4.14) 

The capacitance at any given time is shown in Fig.4.9(d). Figure 4.9(c) shows the 

variation in εa of the electrolyte between the electrode with t. The figure uncovers a 

typical picture of the dielectric relaxation during the EDL formation near the electrodes 

of the SC. The figure shows that the magnitude of εa increased with time before it 

became nearly constant at ~1.1 s. From the Eq. (4.10), it is evident that the charge at 

the electrode also increased with time till t = 1.1 s. The image suggests that the time lag 

was around 1.1 s after which the capacitance reached a maximum possible value. This 

time lag was also observed in the experimental data presented before. 

4.4.4. Capacitance from TCM and CV analysis: 

Capacitance calculation using two capacitance model (TCM) was done by employing 

the following expression, 

2
TCM

A
C

d


 . (4.15) 

Where the dielectric permittivity of EDL, 12

0~ 6 ~ 6 8.854 10    F/m,  electrode surface 

area, A ~ 0.6 m2, considering average surface area of rGO to be ~300 m2/gm,7 and EDL 

thickness, d ~ 1 nm.8 Thus, the capacitance of the device (C0) with 2 mg/cm2 mass 

loading and an electrode surface area of 1 cm2, was evaluated to be around 15.93 mF. 

We did an electrochemical CV analysis to measure the specific capacitance of the PPS 

and CPS, as shown in the Fig 4.2. The specific capacitance (Cs) plotted in the Fig. 4.10 
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was calculated from the following expression where ‘m’ is the total mass available on 

the electrode, calculated from by multiplying mass loading (2 mg/cm2) with the 

electrode surface area (1 cm2), 

TCM
s

C
C

m
 . (4.16) 

The experimental capacitances were obtained from the cyclic voltammetry analysis as, 

 
1

1

0

V

oC I d   


  . (4.17) 

Where 0I  is the measured discharge current,   is the scan rate, and   is the applied 

electrical potential difference between the electrodes.  

 

Figure 4.10: Comparison between theoretical and experimental specific capacitance 

(CS) values. Image (a) shows the comparison among the experimentally calculated CS 

from CV curves of Fig. 4.6 and the theoretically calculated CS from TCM using Eqs. 

(4.16) and (4.17). The line with asterisk symbols represents the values calculated from 

TCM and the two lines having triangular and box symbols represent experimental 

values at two different scan rates, 50 mV/s, and 100 mV/s, respectively.  The 

experimental values of CS were obtained for angles, κ = 0.035 m-1, 0.123 m-1, and 0.2 

m-1 at scan rates, ν = 50 mV/s and 100 mV/s. Image (b) represents a similar comparison 

for κ = 0.034 m-1 and electrode separations, de = 100 μm and 500 μm. 

The comparison of SC  evaluated from CV experiments and TCM has been shown 

in the Fig. 4.10. In this regard, we evaluated the specific current, s sI I m , from the 

Fig. 4.6 and  V1 was taken as -0.3 V because the CVs were conducted for the voltage 

sweeps from 0 V to -0.3 V. Figure 4.10(a) depicts that SC  remains unchanged with the 
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bending angle for TCM consideration. However, for both ν = 50 mV/s and 100 mV/s, 

the capacitances were lower and at the same time, they also reduced with more and 

more bending (from κ  = 0.034 m-1 to 0.2 m-1). Thus, TCM was unable to predict the 

experimental observations. A similar comparison between two CPS with different 

electrode separations (de = 100 μm and 500 μm) at a particular bending (κ  = 0.034 m-

1) is illustrated in Fig. 4.10(b), which also highlights the limitation of TCM.  

 

Figure 4.11: Images shows profiles of Ep, Eh, and Enet (Ep- Eh) in (a) PPS, and (b) CPS 

(for κ = 0.035) configurations. The normalized distance between the electrodes in the 

x-axis is, xN = x/de, where x is the distance from the electrode. The separation distance 

is 100 μm for PPS and 25 μm for CPS. Image (c) shows the variation in dielectric 

constant (ε) with time (t) for the PPS. 

All the equations were solved in a computational fluid dynamic software, COMSOL 

MultiphysicsTM, employing the finite element method. The solution domains of CPS 

and PPS were divided into 60,000 to 90,000 triangular mesh elements before obtaining 

a grid independent solution. The inbuilt solver direct PARDISO was employed taken 

to numerically solve the set of unsteady coupled equations along with the boundary 

conditions. COMSOL MultiphysicsTM determined the intermediate time steps (∆t) by 

Newton’s backward time interpolation method. Figures 4.11(a) and 4.11(b) show the 

profiles for the applied electric field (Ep), the electric field generated in the electrolyte 

during the EDL formation (Eh) and the net electric field (Enet = Ep – Eh) for PPS and 

CPS, respectively. The variations in Ep, Eh, and Enet with time have been shown in the 
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Fig. 4.11. The plots shown here show the steady state profiles, which suggests that there 

was significantly high Enet near the electrodes owing to the presence of surface charges 

while towards the bulk of the electrolyte the electric field potential progressively 

diminished to a constant value. Importantly, while Ep for PPS was constant the same 

for CPS varied linearly, as shown in the insets. 

The spatial variation in Ep owing to the change of the geometry led to the variation 

in the EDL formed around the electrode, which eventually altered the capacitance of 

CPS. The variations of the capacitance in the simulations were evaluated by initially 

calculating the charge per unit area on the electrodes as,  

for PPS   

     
0net x

Q x  
   ,                            (4.10) 

and for CPS 

     
1

net r R
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Thereafter, the capacitance per unit area was obtained as,  

for PPS 
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and for CPS 
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(4.13) 

Here the symbol C  signifies overall capacitance of the system and ε represents the 

dielectric constant of the Stern layer at the electrode surface. It is to be noted that, since 

for PPS applied electric field potential, φ, doesn’t vary with distance. Hence gradient 

of electric field potential due to ionic charges (ψ1) can also be used instead of ψnet, as 

shown in inset of Fig. 4.9(d). 

 

4.4. CONCLUSIONS 
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 A host of rGO based parallel and curved plate SCs have been fabricated to uncover 

the unexplored pathways of charge storage. Experiments uncovered electrode 

polarization at smaller time scales, Stern layer formation at the intermediate ones, and 

the formation of the diffuse layer at a much larger time scales. A physical model 

composed of Poisson-Nernst-Plank equations for the electric field in electrolyte and 

Laplace equation for the electric field in electrodes were coupled with Navier-Stokes 

equations for the electrolyte was numerically solved with appropriate boundary 

conditions to corroborate the spatiotemporal experimental behaviors observed for the 

SCs. The use of net electric field originating from the, (i) electrode polarization due to 

the applied field and (ii) opposing field in the electrolyte during the EDL formation, 

during the evaluation of capacitance has been found to be more accurate in explaining 

the experimental results. The theoretical and experimental results together suggest that 

charge storage of SCs heavily depend upon electrode geometry, type of electrolyte, 

electrolyte concentration, electrode separation, separator type, and dielectric relaxation 

of the electrolyte. The existing physical models were unable to take into account all 

these parameters while elucidating the performance of an SC. The theoretical model 

proposed can be a significant step forward in analyzing the performance of the SCs in 

near future.  
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Chapter 5 

Multimodal Chemo-Magneto-Photo-Taxes of 3G CNT-

bots to Power Fuel Cells 

 

ABSTRACT 

We report the design and development of a 3G microswimmer, namely CNT-bot, 

capable of undergoing acid, alkali, magneto and photo taxes inside the acidic or alkaline 

baths of peroxide fuel and/or water. The use of carboxyl functionalized multi walled 

carbon nanotubes (MWCNT) facilitated a propulsion of the CNT-bot in the alkaline 

water by ejecting of carbon-dioxide bubbles. Further, the doping of magnetite 

nanoparticles (FeONPs), ferrous ions (Fe+2), and titanium dioxide nanoparticles 

(TiONPs) in the CNT-bot instigate the magnetic, chemical, and photonic handles for 

propulsions under magnetic field, peroxide fuel, and light, respectively. While the 

FeONPs stimulated magneto taxis as high as ~10 body lengths per second, the 

chemotaxis in the peroxide fuel of similar speed was achieved by bubble-propulsion of 

oxygen gas originating from the Fenton reaction. Further light stimulated Photo-Fenton 

reaction led to the phototaxy of the CNT-bot. A thin coating of magnesium imparted a 

half-faced Janus look to the CNT-bot, which helped in the motions inside normal or 

acidic water mediums through the ejection of hydrogen gas. Further, the chemotaxes 

could be transformed into pH stimulated directional chemotaxis by establishing a 

concentration gradient of acid or alkali across the peroxide and/or water baths. The 

capacity of the CNT-bot to produce oxygen (hydrogen) bubbles in the peroxide (acidic 

water) fuel was exploited to power a Proton Exchange Membrane (PEM) fuel cell to 

generate electricity. The pure oxygen and hydrogen gases generated by the CNT-bots 

in separate chambers were fed directly to the fuel cell in which the incessant motions 

of the particle facilitated the creation and release of the pure gases for the on-demand 

electricity generation. The motor could also perform dye degradation through advanced 

oxidation owing to production of intermediate hydroxyl radicals from Fenton’s 

reaction.  
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5.1. INTRODUCTION 

The recent advent of biomimetics of diverse natural products and processes inspire 

the usage of carbonaceous materials for a host of state-of-art applications.333, 334 For 

example, the synthesis of artificial self-propelling objects for drug-delivery,24-26 

environmental remediation,36, 37 or health care335 applications not only emulate various 

cellular or subcellular processes86, 130, 336-339 but often employ carbon derivatives for 

synthesis.340, 341 Importantly, the natural processes also motivate the judicious usage of 

inorganic materials alongside carbon for improved efficiency and functionality. For 

example, over the past few decades, a host of organic,342, 343 inorganic,25, 344-346 and 

composite self-propellers have shown improved propulsion behaviours under various 

excitations such as photon,347 concentration gradient,348, 349 surface tension gradient,350, 

351 and electric352, 353 or magnetic49 or acoustic354, 355 fields. In this regard, the previous 

works also suggest that, while the first-generation (1G) motors were synthesized to 

identify the roles of materials,356 size reduction, and transport properties357 on diverse 

locomotive behaviors, the major focus during the fabrication of second-generation (2G) 

locomotives has been the functionality, directionality,358 and biocompatibility.359 The 

recent thrust of the design and development of third-generation (3G) motors are 

directed towards achieving controls over the multimodal directional transports suitable 

for scalable diverse energy,360 environmental,37, 73, 359-361 and health care applications.86, 

362  

For example, a number of previous studies have shown the utility of carbon 

nanotubes (CNTs), 363, 364 graphene,365, 366 and their derivatives as 3G self-propellers, 

which have been employed as proofs-of-concept for dye decomposition, drug 

delivery,89, 367 enzymatic propulsions,368 and healthcare applications.359, 362 On the other 

hand, a number of studies have shown the importance of 3G microswimmers for various 

energy applications. For example, iron (Fe)71, 369 or magnesium (Mg)359 based motors 

have shown their utility in the production of pure hydrogen (H2) suitable for fuel cell 

applications. A few seminal contributions have also demonstrated the capacity of the 

Mg motors to decompose hazardous matters370 and other in vivo applications.346, 370 It 

may be noted here that a few previous works have attempted using iron nanoparticles 

to catalyze the organics such as formic49 and citric50 acids to cause bubble-propulsion 

of motors through hydrogen production. Subsequently, a number of works have also 

shown that the hydrogen produced from such sources and oxygen produced from the 
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decomposition of peroxide fuel using iron nanoparticles can directly be fed to fuel cells 

for real time energy harvesting.35,47,48,50 However, the prior-art suggests that the use of 

carbonaceous materials in achieving the multimodal self-propulsion alongside 

performing a multitude of applications has not been attempted so far. In particular, the 

alkali-, acid-, and photo-taxes of such self-propellers through the chemical 

decomposition of water has been considered to be a long standing challenge so far.  

 

Figure 5.1: Schematically shows a CNT-bot composed of a –COOH functionalized 

MWCNT cluster doped with a ferrous (Fe2+) salt and magnetite nanoparticle (FeONPs) 

before coated with a Mg film. The CNT-bot was capable of undergoing two reactions 

in acidic and alkaline water (e.g. Mg + H2O → Mg(OH)2 + H2, Mg + HCl → Mg(Cl)2 + 

H2 and NaHCO3 + MWCNT-COOH → MWCNT-COONa+ H2O + CO2) and Fenton 

reaction (in absence of light) and Photo Fenton reaction (in presence of UV light) in 

the peroxide fuel (Fe+2 + H2O2 → Fe+3 + H2O + O2), as shown on the image. 

Subsequently, the motor moved by the ejection of hydrogen bubbles in acidic water, 

carbon-dioxide propulsion in the alkaline water, and oxygen bubbles in the peroxide 

fuel. The motors could show directionality in the motion under acid and alkali gradients 

leading to acid- and alkali-taxes, as shown on the images. The scheme also shows 

that hydrogen and oxygen serve as fuels of PEM Fuel cell and the CNT-bot can also 

perform dye degradation function. 

In view of this background, we report the design and development of a 3G self-

propeller, namely CNT-bot. Figure 5.1 shows that, in a single embodiment, the 3G 

CNT-bot show multimodal directional propulsion in the form of alkali-, acid-, magneto-

, and photo-taxes under chemical, magnetic or photonic stimuli inside multiple fluidic 
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mediums such as water, bi-carbonate, and hydrogen peroxide solutions. For this 

purpose, we initially dope the –COOH functionalized multiwall-CNT (MWCNT) with 

magnetite nanoparticles (FeONP) and ferrous (Fe2+) salt to infuse catalytic and 

magnetic properties. The presence of FeONPs ensures that the motor can undergo 

magnetotaxis inside any fluidic medium in presence of a magnet while the presence of 

Fe2+ ensures the motor can undergo chemotaxis inside a peroxide medium through the 

ejection of O2 bubbles. Following this, a thin layer of Mg was coated on the FeONP-

Fe2+ doped CNT-bot to exploit the capacity of Mg to decompose acidic-water and 

stimulate an acid-taxis through the ejection of H2 bubbles. Further, the presence of –

COOH functionalization on the surface empowers the same CNT-bot to eject carbon-

dioxide (CO2) bubbles in the alkaline-water to stimulate alkali-taxis. Interestingly, the 

CNT-bot can also show directional acid- and alkali-taxes inside aqueous and peroxide 

mediums when a pH gradient is established. Further, doping of CNTs with TiO2 

nanoparticles (TiONPs) leads to the formation of photo-active CNT-bots, which show 

self-propulsion by Photo-Fenton reaction.  

Importantly, the production of pure H2 and O2 gases from the acidic-water and 

alkaline-peroxide mediums can directly be fed to a PEM fuel cell for real time power 

generation. In such a scenario, the incessant self-propulsion of the CNT-bot facilitates 

the production and release of H2 and O2 gases owing to the generation of local 

turbulence. This helps in the generation ~150 mV in the PEM fuel cells using ~100 mg 

of CNT-bots. Further, the motor can also perform dye degradation through advanced 

oxidation owing to production of intermediate hydroxyl radicals from Fenton’s 

reaction. Concisely, the reported phenomena are not only important from the 

fundamental point of view owing to the capacity of the carbon-based CNT-bots in 

showing an unprecedented quintuple handles locomotion in a single embodiment but 

they can also be translated as energy harvester, dye degrader, and pH sensor. 
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5.2. RESULTS AND DISCUSSION 

5.2.1. CNT-bot Locomotion: 

 

Figure 5.2: Shows the particle locomotion under varied conditions. Image sets (a) – 

(c) show the trajectory of the random motions of the CNT-bot at different time intervals 

(shown on the image) in a hydrogen peroxide bath (12%, v/v), water, and 0.5M 

hydrochloric acid bath, respectively. Image set (d) shows trajectory of the CNT-bot 

inside a 0.5M aqueous solution of sodium bicarbonate. Image sets (e) - (g) show the 

trajectory of the directional motion of the CNT-bot at different time intervals when a 

concentration gradient was established by dripping acid in a water bath, alkali in a 

peroxide bath, and bicarbonate dripping in a bath of water, respectively. The arrow 

heads in these images indicate the direction of the movement of the motor. The 

concentration gradient is indicated by the bromophenol blue, phenolphthalein, and 

indicators in the image sets (e) – (g), respectively. Image set (h) shows particle 

trajectory at different time intervals driven by an externally applied magnetic field. In 

these experiments, the motor size was of ~180 μm to ~300 μm. 

The details of the characterizations of such a self-propeller have been discussed in 

the sections 5.3. The experiments uncovered that, in the same embodiment, the 3G 
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CNT-bot was capable of showing different types of motion in various fuels, such as 

hydrogen peroxide, acidic or normal water, and aqueous sodium bicarbonate solutions. 

In addition to these chemotactic behaviors, the motor could show magnetic propulsions 

owing to the presence of FeONPs in the matrix. In every fuel, the particle underwent a 

specific reaction, which led to the ejection of the gas bubbles causing the motion of the 

motor. For example, the CNT-bot was capable of undergoing two reactions in acidic 

(e.g. Mg + HCl → MgCl2 + H2) or normal water (e.g. Mg + H2O → Mg(OH)2 + H2) 

while it could also undergo the following reaction in alkaline water, NaHCO3 + 

MWCNT-COOH → MWCNT-COONa+ H2O + CO2. Further, the CNT-bot could also 

catalytically decompose peroxide fuel, H2O2 + Fe+2 → Fe+3 + H2O + O2 owing to the 

presence of Fe2+, more popularly known as Fenton’s reaction. 

In order to establish these facts, we have shown a detailed GC characterization of 

the gases generated during the course of movement in various fuels in the 

characterization part later on in Section 5.3. The chemotactic motions observed for the 

CNT-bot was largely due to the ejection of the H2, O2, and CO2 gas-bubbles in acidic 

water, peroxide fuel, and alkaline water, respectively. A detailed study on the kinetics 

of the decomposition reactions the hydrogen peroxide, water, acidic water, and alkaline 

water in presence of the CNT-bots have been presented in the Section 5.3. The diverse 

propulsions achieved for the CNT-bots have been summarized in the Fig. 5.2. It may 

be noted here that in these experiments the particle size was kept in the range of ~180 

μm to ~300 μm. Image set (a) shows the random trajectory of the particle moving at an 

average speed of ~400 µm/s in 12% (v/v) peroxide solution. Image set (b) shows the 

locus of a CNT-bot in a water bath where the speed was found to be little bit sluggish 

~20 μm/s, as compared to the hydrogen peroxide solution. However, in 0.5M HCl 

solution speed was enhanced by three times to ~ 60 μm/s, as shown in the image set (c). 

Further, the image set (d) shows the random motion of the CNT-bot in a sodium 

bicarbonate bath where the speed was found to be ~20 μm/s.   

Importantly, the motions shown in the images (a) – (d) were rather random, which 

could be made directional with the help of establishing a concentration gradient inside 

the bath, as indicated by the arrows in the image sets (e) – (g). Thus, we dripped aqueous 

solutions of 1M HCl, 1M NaOH, and 0.5 M NaHCO3 with the help of cotton threads at 

the center of the petri dish, which established the necessary concentration gradient. The 

images show the presence of the concentration gradient with the help of the indicators. 
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The image set (e) shows the trajectory of the directional motion of the CNT-bot when 

an external concentration gradient was established by dripping acid in a water bath, 

indicated by the bromophenol blue indicator. Image set (f) shows the trajectory of the 

directional motion of the CNT-bot when an external concentration gradient was 

established by dripping alkali in a peroxide bath, which was indicated by the 

phenolphthalein indicator. Further, the image set (g) shows a directional transport under 

a NaHCO3 drip.  

It is well known that alkali acts as a homogeneous catalyst for the decomposition of 

H2O2. Thus, the dripping of the alkali at the center of the peroxide bath created a 

peroxide lean zone near the thread as compared to a peroxide rich zone at locations 

away from the thread. This was indicated by the color gradient of the phenolphthalein. 

In such a scenario, the depletion of the peroxide on the surface of the CNT-bot was also 

non-uniform. For example, the surface of the CNT-bot, which was closer to the thread, 

depleted less peroxide than the surface away from the thread. Subsequently, the 

difference in the decomposition of peroxide across the surface of the CNT-bot led to 

the directional transport, as shown in the image set (e). A similar experiment was 

performed in the water bath when 1M HCl was dripped from thread establishing a pH 

indicated by the yellow coloration of the bromophenol blue indicator, as shown in the 

image set (f). In this situation, a lower (higher) pH in the side near (far from) the thread 

of the CNT-bot could decompose more (less) water into H2. Subsequently, a larger 

bubble propulsion on the thread side of the motor led to its movement away from the 

thread, as indicated by the arrow in the image set (f). Similarly, when dripping of 

NaHCO3 established an alkali rich zone near the thread as indicated by the 

phenolphthalein indicator in the image set (g). In this case, a higher (lower) pH in the 

side near (far from) the thread of the CNT-bot could decompose more (less) NaHCO3 

into CO2. Subsequently, a larger bubble propulsion on the thread side of the motor led 

to its movement away from the thread, as indicated by the arrow in the image set (g).  

The image set (h) shows the magnetic propulsion, which was possible to generate 

in any of the aforementioned setups. In the case reported, the speed of the CNT-bot was 

found to be ~2.0 mm/s when the magnetic field was ~155 G. Apart from the remotely 

guided magnetic propulsion, the photo active CNT-bot loaded with TiONPs could also 

show propulsion under the remote guidance of the UV light, as shown in the image set 
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(i). Concisely, the Fig. 5.2 shows the diverse propulsive behaviors of the CNT-bot 

synthesized in a single embodiment. 

 

Figure 5.3: Shows the speeds of CNT-bots of size range ~180 to 300 μm under 

different conditions. Plot (a) shows the variation in the speed of the CNT-bot (uP) in the 

aqueous peroxide bath for which the concentration of peroxide (CPer) was increased 

from 1% (v/v) to 12% (v/v). Plot (b) shows the variation in uP in a 5% (v/v) peroxide 

bath when the pH of the bath was varied. Plot (c) shows the variation in uP when the 

pH of the water bath was varied. Plot (d) shows the variation in uP of at different 

NaHCO3 loading, in pure water, and for a Mg free swimmer. Plot (e) shows variation 

in uP with different applied magnetic field strength (H) for a particle of size 220 μm. Plot 

(f) shows variation in uP with the intensity of UV LEDs for photo-active CNT-bots. 

A parametric study on the speed of the particles under different stimuli has been 

summarized in the Fig. 5.3. The plot (a) shows speeds of the CNT-bots (uP) in the 

aqueous peroxide bath of size range ~180 to 300 μm. The plot suggests that uP 
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progressively increased from ~60 µm/s to 400 µm/s with an increase of concentration 

of peroxide (CPer). The plot (b) shows that for a given bath of 5% (v/v) peroxide loading, 

uP could increase from ~100 µm/s to ~1100 µm/s when the pH of the bath was increased 

from 1 to 8. Apart from the peroxide bath we also performed a sensitivity test of uP in 

the water bath. 

Plot (c) of Fig. 5.3 shows that uP shot up from ~20 µm/s to 80 µm/s in a water bath 

when the pH was reduced from 7 to 0. Interestingly, uP was found to be higher in 

bicarbonate solution compared to the speed in normal water. A few previous studies 

have reported that bicarbonate could remove oxide layers from the top of Mg layer, 

which may be the reason for this enhancement.359 In order to find out the probable 

mechanism for this phenomenon we varied the bicarbonate loading in water. Plot (d) of 

Fig. 5.3 shows that the particle speed enhanced almost 1.5 times in the bicarbonate 

solution as compared to normal water. However, the concentration of bicarbonate had 

hardly any effect on the particle speed. It may be noted here that the Mg free CNT-bot 

reported in this plot is the one with Fe2+ doped MWCNT in which we did not add any 

magnesium coating for the H2 bubble propulsion. This CNT-bot showed uP ranging 

between 3 to 6 μm/s, which originated due to the CO2 bubble propulsion.  

Addition of FeONPs in the CNT-bot provided the magnetic handle for the 

propulsion. Plot (e) of Fig. 5.3 shows the increase in uP to as high as ~12 mm/s with 

the increase in the magnetic field strength (H) for a particle of size ~220 μm. In these 

experiments, initially, the CNT-bot was placed inside the petri dish between two poles 

of an electromagnet before the magnetic field was applied. The field strength was 

evaluated by a built-in Gauss meter while the speed was evaluated from the image 

analysis of the video recorded. The magnetic and hysteresis properties of the CNT-bot 

were also studied with the help of the Variable Scanning Magnetometry (VSM), which 

is summarized in the Section 5.3. The photo-active CNT-bots showed a progressive 

increment in the particle speed with the increase of UV light intensity. An experiment 

was performed with varying light intensity, as shown in the plot (f) of Fig. 5.3. The 

detailed characterizations of the photo-active CNT-bot have been summarized in the 

Section 5.3. Interestingly, the particle speed went as high as ~ 2.5 mm/s in the presence 

of UV light source. The lifetime of the CNT-bots is another important aspect to be 

discussed. In peroxide medium, the CNT-bots could swim ~ 180 s without slowing 

down whereas the same motor could swim as long as ~500 s in 0.1M HCl with the 
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reported speed. In water medium, the same CNT-bots showed motion up to ~ 1000 s 

before it stopped. 

5.2.2. Fuel Cell Application: 

 

Figure 5.4: Image (a) shows PEM fuel cell set up for electricity generation using the 

CNT-bots. The containers 1 (filled with CNT-bots and peroxide) and 2 (filled with acidic 

water and CNT-bots) generated pure O2 and H2 gases in real time, which were supplied 

to the fuel cell (3) through gas tubing (4), as shown. The current generated was 

measured by a digital multimeter (5).  Images (a) and (b) show progressive increase 

in the potential with time. Image (c) shows the potential developed against amount of 

CNT-bots fed in the fuels and image (d) shows transient potential output across PEM 

fuel cell. 

The oxygen gas generated due to the Fenton reaction between the CNT-bots and 

hydrogen peroxide and the hydrogen gas during the reaction between CNT-bots and 

acidic water medium opened up the opportunity of using them in the fuel cells to 

produce real time electrical energy. Figure 5.4 shows the setup having a PEM fuel cell 

in which the electricity was generated with the help of the CNT-bots. In the container 

1, 10% (v/v) peroxide fuel was filled with 50 mg of CNT-bots to generate O2 gas while 
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the container 2 was filled with 0.1M aqueous HCl along with 50 mg of CNT-bots to 

produce H2 gas. The gases thus generated were fed to the PEM fuel cell (3) through the 

gas tubing (4) as shown in Fig. 5.4. The current generated was measured by a digital 

multimeter (5). The images show a progressive increase in the electric field potential 

with time to arrive at a value as high as ~150 mV. The incessant movement of the CNT-

bots in the container facilitated the mixing and de-gassing of the liquids, which helped 

in generating more voltage with time.  

The details of the electrochemical characterization of the CNT-bots through a cyclic 

voltammetry (CV) study have been summarized in the Section 5.3, which clearly 

showed ~ 1.5-fold increase of current when the working electrodes were decorated with 

the CNT-bots. Figure 5.4(c) shows a significant increase in the electric field potential 

across the PEM fuel cell with the increase in the amount of motor fed in the reservoirs 

containing hydrogen peroxide and acidic water as fuels. The experiments uncover that 

when ~100 mg of CNT-bots were fed in each of the reservoirs, containing ~ 10% 

hydrogen peroxide, and 0.1M HCl, a potential output of ~150 mV was generated. In 

these experiments, the thickness of magnesium layer on the CNT-bots was ~1 µm and 

the average size of the bots was ~180 to 300 µm. Roughly, the magnesium content of 

the motor was ~ 1% to 2%. Thus, with the increase in the amount of CNT-bots, the 

increment in the production of pure hydrogen and oxygen led to the eventual increase 

in the potential. However, for a given loading of CNT-bots in the reservoirs, the electric 

field potential across the fuel cell varied with time, as shown in the Fig. 5.4(d). The 

plot shows that the potential reached a maximum in short time of ~200 s before started 

reducing at a much slower rate. 

5.2.3. Dye Degradation Application: 

The CNT-bots were also capable of producing hydroxyl radicals by Fenton’s reaction 

during the course of their motion, which could also be used for dye degradation and 

waste water treatment. In order to prove this point, initially in a petri plate, 6 ml of 

~50% hydrogen peroxide was mixed with 30 ml of 0.1 mM methylene blue (MB) 

solution before adding a 20 mg of CNT-bots. The experiments initially uncovered self-

propulsion of the CNT-bots before blue color of the solution progressively became 

colorless to the advanced oxidation reaction by the hydroxyl radicals. Figure 5.5 (b) 

also shows the color of methylene blue dye before and after degradation. 
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Figure 5.5: Plot (a) shows the UV-Vis absorption of methylene blue solutions of 

different known concentrations, from 0.01 mM to 0.10 mM. Image (b) shows color of 

0.1 mM methylene blue solution before and after degradation using CNT-bot. Image 

(c) shows the decay of methylene blue solution in peroxide fuel in the presence of 

CNT-bots (red triangular symbols), and Photo-active CNT-bots (traffic green diamond 

symbols). 

In order to study the dye degradation kinetics, initially, a set of known amounts of 

MB solutions were prepared in the range of 0.01 mM to 0.1 mM before obtaining the 

UV-Vis spectra at 675 nm for them, as shown in Figure 5(a). Figure 5 (b) shows the 

color of methylene blue dye before and the same petri plate after degradation by CNT-

bots. Following this, the decay kinetics of 30 ml of 0.1 mM of MB in 50% H2O2 and 

20 nm of CNT-bots were studied. For this purpose, a known amount of sample was 

collected from this bath after every 20 s for a time span of 500 s. The moment CNT-

bots were poured into the bath was considered to be 0 s after with the UV-Vis spectra 

of the pipetted out samples were taken. Figure 5(c) shows the decay of MB solution in 

peroxide fuel in the presence of CNT-bots (red triangular symbols), and photo-active 

CNT-bots (traffic green diamond symbols). The photo-active CNT-bots showed a faster 

degradation because of the possibility of additional Photo-Fenton reaction, which had 

higher rate kinetics than the ordinary Fenton reaction.  
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5.3. EXPERIMENTAL SECTION 

5.3.1. Materials and methods: 

5.3.1.1. Materials: 

Carboxylic group substituted multiwall carbon nanotubes (MWCNT, purity 98%, 

diameter = 6 - 13 nm, length = 2.5 - 20 μm), magnetite nanoparticles (size 50 to 100 

nm), ferrous sulphate, magnesium ribbon, hydrogen peroxide (50% v/v), sodium 

bicarbonate, hydrochloric acid (33% v/v), sodium hydroxide, phenolphthalein, 

bromothymol blue, potassium iodide, sulphuric acid, and sodium fluoride, were 

procured from Sigma Aldrich, India. The chemicals were of analytical grade and were 

used without further purification. Millipore water (resistivity 18.2 MΩ cm and TOC< 

5 ppb) was employed to prepare the solutions and wash the products synthesized. 

5.3.1.2. Methods: 

About 2 mg of carboxylic group (-COOH) substituted MWCNTs and 2 mg of 

magnetite nanoparticles (FeONPs) were mixed with 1 ml 0.05M ferrous sulphate 

(FeSO4) solution before it was sonicated for 30 min to make a colloidal suspension. The 

resulting suspension was dispensed on a glass slide with the help of micropipette before 

the slide was gently warmed to evaporate water from the suspension. In the process, 

MWCNTs were doped by FeONP/Fe2+ wherein the experimental conditions ensured 

that the interactions between the FeONP/Fe2+ and MWCNT were largely physical. 

Following this, the glass substrate coated with islands of FeONP/Fe2+ doped MWCNTs 

was coated with magnesium using a thermal evaporator (Make: HHV, India, Model: 

Lab Coater Auto 500). The deposition was performed for five times to coat a thin layer 

(~750 nm) of Mg on one side of the FeONP/Fe2+ doped MWCNTs. Each time the 

thermal evaporator deposited ~150 nm thick Mg layer, which eventually led to the 

thickness of ~750 nm after five stages of coating. The thickness of the film was 

measured using quartz crystal thickness monitor integrated with the thermal evaporator. 

The resulting 3G CNT-bots were preserved in an air tight vacuum desiccator. During 

the experiments, the CNT-bots were lifted by scraping the glass slide surfaces with the 

help of a sharp needle. Subsequently, the freshly prepared motors were employed to 

perform the experiments reported in the present study. 
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For the photo-active CNT-bots, initially, 15 mg CNT and 30 mg TiO2 were 

sonicated in 2.5 ml of ~0.05M FeSO4. The sonicated material was then dried at ~60o C 

on a pre-cleaned glass slide. After that, Mg was deposited on top of this material using 

a thermal evaporator. Each deposition in thermal evaporator makes a thickness of 

around ~200 nm and hence the total thickness of the deposited magnesium layer became 

~ 1 µm after 5 repetitions. This deposited material was scrapped out with the help of a 

sharp needle before using them as microswimmers. 

The instruments used to carry out different fabrication and characterization studies 

are,  thermal evaporator (Make: HHV, India, Model: Lab Coater Auto 500), video 

recorder (Make: Sony, Model: FDR AX40), gas chromatograph (Make: Agilent Model: 

7890A & Make: Thermo Fisher Scientific Trace Model: 1110), PEM fuel cell (Vendor: 

Fuel Cell Store, Product Code: 632000), field-emission scanning electron microscopy 

(FESEM, Make: JEOL Model: JSM-7610F), energy dispersive x-ray spectroscopy 

(EDXS, Make: GEMINI 300), XRD (JCPDS 06-0696), Raman spectroscopy (Make: 

JEOL Moldel: CPX100), vibrating sample magnetometry (VSM, Make: JEOL Model: 

JES-FA200 ), UV-Vis spectrophotometer (Make: PerkinElmer Model: Lambda 35), 

electromagnet (Make: SES Instruments Model: DPS 50), Gauss meter (Make: SES 

Instruments Model: DGM 102), pH meter (Make: HANNA Model: EDGE pH), 

Potentiostat (Make: GAMRY, Model: Reference 6000+) and digital multimeter (Make: 

MASTECH Model: M92A (H)). 

Figure 5.6 shows the detailed steps for the fabrication of the CNT-bots. Initially, in 

the step 1, 15 mg of MWCNT-COOH was mixed with 15 mg of Fe3O4 nanoparticles 

(FeONPs) and/or 30 mg of TiO2 nanoparticles (TiONPs) before pouring them into ~ 

2.5 ml of 0.5M aqueous FeSO4 solution. The solution was then sonicated for around 45 

min to disperse the nanoparticles in the CNT matrix. Following this, the sonicated 

material was spread on a cleaned glass slide before drying at ~60oC for 2 h. Thereafter, 

the resulting materials on the glass slide were coated with Mg using a thermal 

evaporator to deposit Magnesium film on the exposed side of the CNT-bots. This 

procedure imparted ‘Janus’ nature to the CNT-bots fabricated. 
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5.3.1.3. Synthesis of CNT-bots: 

 

Figure 5.6: Schematically shows different steps of CNT-bot fabrication.  

Thereafter, the thin layer was broken into tiny particles with the help of a sharp 

scraper and stored for the use of CNT-bots. The presence of FeONPs ensured that the 

motor could undergo magnetotaxis inside any fluidic medium in presence of a magnet 

while the presence of Fe2+ ensured the motor could undergo chemotaxis inside a 

peroxide medium through the ejection of O2 bubbles. The coating of Mg facilitated 

decomposition of acidic-water and stimulated an acid-taxis through the ejection of H2 

bubbles. Further, the presence of –COOH functionalization on the surface empowers 

the same CNT-bot to eject carbon-dioxide (CO2) bubbles in the alkaline-water to 

stimulate alkali-taxis. Interestingly, the CNT-bot could also show directional acid- and 

alkali-taxes inside aqueous and peroxide mediums when a pH gradient was established. 

Further, doping of CNTs with TiONPs enabled phototaxy of the CNT-bots through 

Photo-Fenton reaction. 

5.3.2. Characterization: 

5.3.2.1. FESEM and Raman Spectroscopy of MWCNT-COOH and Fe+2 doped 

MWCNT-COOH 

The doped ferrous ions on the CNT-bot was the major reason behind the motion of 

the particles inside hydrogen peroxide. In order to confirm the doping, we did Raman 

TH-2253_146107009



   Chapter 5 

112 

 

spectroscopy and FESEM characterizations to follow the difference before and after the 

doping. The images (a) and (c) in the Fig. 5.7 shows the Raman spectroscopy and 

FESEM of pristine –COOH functionalized MWCNT. The images (b) and (d) show the 

Raman spectroscopy and FESEM of Fe2+ doped –COOH substituted MWCNTs. The 

Raman plots show the D (1332 cm-1) and G (1594 cm-1) bands, which were attributed 

to disorder in sp2 carbons and sp2 vibration of carbon atoms. The plots uncover that the 

ratio of ID/IG of Raman spectra increased from 1.290 to 1.401 due to the doping of the 

MWCNT, which could be because of the loading of the Fe2+ ions on the MWCNT 

matrix. This observation was further verified by the FESEM Figs. 5.7(c) and 5.7(d), 

before and after doping of MWCNT matrix. Image (d) clearly shows the presence of 

the nanocrystals of ferrous sulphate on the MWCNTs. The spot EDXS plots of FESEM 

shown in the latter part of Section 5.3 also confirmed the presence of –COOH 

functionalized MWCNT and their doping with magnetite and ferrous sulphate in the 

CNT-bot. 

 

Figure 5.7: Images (a) and (c) show the Raman spectroscopy and FESEM images of 

pristine –COOH substituted MWCNT. The images (b) and (d) show the same of Fe2+ 

doped –COOH substituted MWCNTs. 
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5.3.2.2. FESEM images at different stages of synthesis: 

 

Figure 5.8: Shows the FESEM images of CNT-bot at different stages. Image (a) shows 

the pristine –COOH functionalized MWCNT at 100 k magnification with the inset 

showing the same at a higher magnification. Image (b) shows the Fe2+ doped MWCNT 

at 30 k magnification with the inset showing the same at 105x. Image (c) shows the 

FeONP doped MWCNT at 30 k magnification with the inset showing the same at 105x. 

Image (d) shows the FeONP and Fe2+ doped MWCNT at 30 k magnification with the 

inset showing the same at 105x. Images (e) and (f) show, at lower magnification, the 

morphology of the Janus-CNT-bot in which one side was FeONP /Fe2+ doped MWCNT 

while the other side was magnesium coated FeONP /Fe2+ doped MWCNTs. 

Images (a) to (f) in the Fig. 5.8 show the FESEM images of the CNT-bot at the 

different stages of synthesis. Image (a) shows the pristine –COOH functionalized 

MWCNT, image (b) shows the Fe2+ doped MWCNT, image (c) shows the FeONP 

doped MWCNT, and image (d) shows the composite FeONP-Fe2+ doped MWCNT. 

Images (b) and (c) suggest that ferrous sulphate and magnetite were able to individually 

penetrate into the MWCNTs matrix (image (a)) due to the electrostatic interactions. 

Similarly, image (d) shows the morphology of the composite of FeONP-Fe2+ doped 

MWCNTs. The images (e) and (f) show the surface morphology of the CNT-bot, which 

suggest the morphology of motor somewhat resembled the previously reported Janus 

motors, as schematically shown on the image In this case, one side of the Janus CNT 

bot could be imagined as the FeONP-Fe2+ doped MWCNT ‘red’ part while the other 

‘green’ side was magnesium coated FeONP-Fe2+ doped MWCNTs, as schematically 

depicted on the image. It may be noted here the brightest portions in the images were 

magnesium while the portions having higher contrast was MWCNT composites.  
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5.3.2.3. Gas Chromatography: 

 

Figure 5.9: Plots (a) – (c) show the gas-chromatographs (GC) of the gases issued out 

when the CNT-bot reacted with 5% aqueous hydrogen peroxide, 0.05M aqueous HCl, 

and 0.5M aqueous sodium bicarbonate, respectively.  

The gas chromatography (GC) characterization was done to confirm the gases issued 

out during the bubble propulsion of the CNT-bots. Figures 5.8(a) – 5.8(c) show the GC 

of the gases issued out when the CNT-bot reacted with 5% aqueous hydrogen peroxide, 

0.05M aqueous HCl, and 0.5M aqueous sodium bicarbonate, respectively. For these 

experiments, in three separate stoppered culture tubes, we initially mixed 5 ml of 

respective fuels and 5 mg of the CNT-bots before the culture tubes were sealed. 

Following this, the gas accumulated at the empty space of the tube was withdrawn with 

the help of a GC syringe before injecting the same into the GC column. In the plot 
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5.8(a), the most intense peak was obtained for the oxygen gas, which was generated 

due to the Fenton reaction of CNT-bot with peroxide fuel. The presence of a little 

amount of hydrogen is also indicated in the same plot. This is because, as the hydrogen 

peroxide decomposed into water, the magnesium coating of the CNT-bot reacted with 

water to produce hydrogen. 

The peak of nitrogen also appeared because we were unable to remove air from the 

culture tube. The Fig. 5.9(b) shows an intense peak of hydrogen when CNT-bots 

reacted with 0.05M HCl. In this case, the magnesium layer deposited on the CNT-bot 

reacted with acidic water to produce hydrogen. The plot 5.9(c) shows the peaks of 

oxygen, nitrogen, and carbon dioxide in which the intensity was high for the carbon 

dioxide owing to the reaction of carboxylic proton of the -COOH functionalized CNT-

bots with sodium bicarbonate. 

5.3.2.4 Chemical Kinetics  

5.3.2.4.1 Peroxide Decomposition by Fe+2 in CNT-bot 

The study of the chemical kinetics of the reaction between ferrous ion and hydrogen 

peroxide was studied iodometrically and with the help of UV spectrophotometry. It is 

well known that hydrogen peroxide reacts with iodide to give iodine, which can take 

up excess iodide ions to form triiodide in water. Thus, at the initial stage, known 

concentrations of aqueous peroxide solutions ranging from 1% to 10% (v/v) were 

prepared. Following this, we added 1:4 sulphuric acid to each peroxide solution before 

a stoichiometric excess of potassium iodide was added into the solutions, to facilitate 

the reaction, H2O2 + H2SO4 + 2KI → K2SO4 + I2 + 2H2O. Thus, addition of potassium 

iodide in the solution of hydrogen peroxide and potassium iodide liberated iodine. The 

iodine concentrations were observed to be higher for higher concentration of peroxide, 

as suggested by the stoichiometric equation. The samples were diluted with the same 

ratio as it was done for making the calibration curve, as shown with the help of Figs. 

5.10(a) and 5.10(b). Figure 5.10(c) shows the absorption vs. time plot for reaction 

between ferrous sulphate and hydrogen peroxide solution, which was obtained from the 

absorbance values at different time intervals and calibration curve, as shown in 

Fig.5.10(d). 
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Figure 5.10: Image (a) shows the UV-Vis spectra of different known iodine solutions 

in the presence of excess iodide. Image (b) shows calibration curve, absorbance vs. 

peroxide concentration (C0) for peroxide concentration ranging from 1% (v/v) to 10% 

(v/v) aqueous peroxide solutions. Plot (c) shows UV-Vis spectra of different iodine 

solutions generated at different time intervals of reaction. Plot (d) shows C0 vs. time (t) 

plot for reaction between ferrous sulphate present in CNT bot and hydrogen peroxide 

solution.    

5.3.2.4.2. Acidic Water Decomposition by Mg in CNT-bot: 

The motion of the CNT-bots in water was due to bubble propulsion of hydrogen gas 

issuing out of the surface of the motor. In order to study the kinetics of this reaction, 

~60 mg of CNT-bots was put in a bath of 0.01M HCl containing measured amount (50 

ml) of HCl. The reaction started as soon as the CNT-bots were added and we took 

samples of 500 μl at every 60 s time interval. The concentration of the taken samples 

was measured by acid base titration method. Thus, an aliquot of 0.002M standard 

NaOH solution was prepared before the strength of the solution was measured against 

standard oxalic acid solution. All the samples withdrawn at different time intervals were 

diluted and titrated against standard 0.002M NaOH. From the titre values, the 

concentration of acid was calculated at different time intervals. Figure 5.11 shows the 

variation of (Cacid) with time (t) due to the reaction, Mg + 2HCl = MgCl2 + H2. 
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Figure 5.11: The plot shows the variation in the concentration of hydrochloric acid in 

water (Cacid) with time (t) during the reaction of aqueous acid solution with the CNT-

bots.  

5.3.2.5. Magnetic Hysteresis of CNT-bot: 

 

Figure 5.12: Shows magnetic hysteresis loops from vibrational scanning 

magnetometry (VSM) of pure magnetite (red line) and CNT-bots (blue line), 

respectively. 

The ferromagnetic nature of the CNT-bots was characterized by vibrational 

scanning magnetometry (VSM). The CNT-bots were made magnetic by doping with 

magnetite nanoparticles with the MWCNTs in ~1:1 ratio. Figure 5.12 shows the 

magnetic hysteresis loop of pure magnetite and CNT-bots. The minimum enclosed area 

of the loop indicates minimum magnetic loss and acceptable ferromagnetic nature of 
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magnetite and CNT-bot particles. The plots also indicate that the dipole moment of the 

CNT-bots was nearly half of the pure magnetite owing to the non-magnetic MWCNTs. 

5.3.2.6. Raman Spectroscopy of photo active CNT-bot: 

 

Figure 5.13: Plots (a) to (c) show Raman shifts of pristine MWCNT-COOH, TiONP, 

and the composite TiONP-FeSO4 doped MWCNT-COOH. 

Photo-active CNT-bots were prepared by doping TiONPs and ferrous sulphate in 

the template of MWCNT. Figure 5.13 shows Raman spectra of TiO2, MWCNT-

COOH, and the composite material before magnesium deposition. Figure 5.13(a) 

shows the appearance of a prominent peak at 1323 cm-1 (D band), which is attributed 

to disorder in sp2 carbons available on the surface of MWCNTs. The peak at 1584 cm-

1 (G band) is corresponding to the sp2 vibration of carbon atoms on the graphitic surface 

of MWCNT.341, 371 Similarly, Fig. 5.13(b) show three distinct characteristic peaks of 

TiONPs at 380 cm-1, 447 cm-1 and 612 cm-1 indicating rutile structure of TiO2.
372 

Figure 5.13(c) shows that, in the composite material all the peaks were present, which 

also indicate a homogeneous mixture of MWCNT and TiONPs.  
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5.3.2.7. FESEM of Photo-CNT-bots:  

 

Figure 5.14: Images (a) and (d) show FESEM images of pristine –COOH substituted 

MWCNT, TiO2, TiO2 and ferrous sulphate doped MWCNT-COOH, and the ultimate 

photo-active CNT-bots after magnesium deposition. 

The doped ferrous ions on the photo-active CNT-bot was the major reason behind 

the motion of the particles inside H2O2. FESEM images 5.14(a) – (d) show COOH 

substituted MWCNTs, TiONPs, Fe+2 and TiONP doped MWCNTs, and photo-active 

CNT-bots after magnesium deposition.  In Fig. 5.14(c) presence of all the materials 

such as MWCNT-COOH, TiO2, and ferrous sulphate crystals were observed in the 

composite material. Figure 5.14(d) shows the presence of crystals of magnesium in the 

CNT-bots. 

5.3.2.8. Electrochemical Study: 

A carbon tape was pasted on an ITO coated glass (1 cm × 2 cm) covering around 

80% of the surface area while the rest 20% was kept vacant for connection purposes. 

Thereafter, the CNT-bots were dispersed on the carbon tape exploiting the presence of 

the adhesive layer. A cyclic voltammetry (CV) study of this working electrode was 

made by using ~10% H2O2 as electrolyte, Ag/AgCl electrode as reference electrode, 
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and Pt as counter electrode from -3 V to +3 V with a scan rate of 50 mV/s. The 

experiments were also performed with the working electrodes of carbon tape without 

the CNT-bots as a control. Figure 5.15 clearly shows ~ 1.5-fold increase of current in 

the case of electrode fabricated with CNT-bots. The reaction of the CNT-bots with ~ 

10% H2O2 generated excess electrons near the electrode surface and caused an 

enhancement of current passing through the counter electrode. 

 

Figure 5.15: Shows the cyclic voltammetry plots of an electrochemical cell having ~ 

10% H2O2 taking Ag/AgCl and Pt as the reference and counter electrodes while the 

CNT-bots on carbon tape as the working electrode. The black curve indicates CV of 

carbon tape electrode without CNT-bots and red curve signifies CV with carbon tape 

electrode with CNT-bots. 

5.3.2.9 EDX Spectroscopy  

Presence of different elements in the CNT-bots was confirmed by Electron 

Dispersive X-ray Spectroscopy (EDXS). Figures 5.16(a) – 5.16(d) show the EDXS 

spectra of pristine carboxylated MWCNT, magnetite doped MWCNTs, ferrous 

sulphate treated and magnetite doped MWCNTs, and CNT-bots after final magnesium 

coating, respectively. The plot (a) shows the peaks of carbon and oxygen. The plots (b) 

and (c) show the peaks of carbon, oxygen, iron, and sulphur, which indicated magnetite 

and ferrous sulphate doping.  Plot (d) shows the presence of all carbon, oxygen, iron, 

sulphur, and magnesium on the CNT-bot. 
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Figure 5.16: Images (a) – (d) show the EDXS spectra of pristine carboxylated 

MWCNT, magnetite doped MWCNTs, ferrous sulphate treated and magnetite doped 

MWCNTs, and CNT-bots after final magnesium coating, respectively. 

5.3.2.10. XRD Analysis: 

 

Figure 5.17: Image (a) shows XRD spectra of pristine magnetite nanoparticles. Image 

(b) shows magnetite doped and ferrous sulphate treated MWCNTs. Image (c) shows 

XRD spectra of the CNT-bots after the deposition of magnesium layer. 
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The XRD spectra of the pristine magnetite and MWCNT and subsequent 

composites after doping and depositions were also performed. Figure 5.17(a) shows 

the XRD pattern of pristine magnetite nanoparticles with the characteristic peaks at, 

220, 311, 400, 442, and 511 for magnetite. Figure 5.17(b) shows the XRD spectra of 

magnetite doped and ferrous sulphate treated MWCNTs before deposition of 

magnesium. In this case, both the peaks for magnetite and ferrous sulphate were 

observed at 220, 311, 400, 442, and 511 for magnetite1 and  ferrous sulphate373 at 110, 

020, 112, 130,310, 222, and 242. The Fig. 5.17(c) shows the XRD spectra of the CNT-

bot after the addition of the layer. In addition to the previous peaks, we observed the 

presence of peaks at, 100, 002, 101, and 103, corresponding to magnesium. 

 

5.4. CONCLUSIONS 

We report the design and development of a 3G CNT-bot capable of showing four 

different types of acid and alkali taxes inside peroxide and water baths in a single 

embodiment. The movement of the motor could also be remotely controlled with the 

help of the magnetic field. The Janus type CNT-bots were fabricated by doping 

magnetite and ferrous ions on the carboxyl functionalized MWCNTs before coating 

one side of them with a thin magnesium layer. While the Fenton reaction facilitated the 

motion of the CNT-bot inside the acidic and alkaline peroxide mediums through the 

ejection of the oxygen bubbles, the motor could decompose in both normal or acidic 

water to produce bubble propulsion by issuing out hydrogen gas. The motor could also 

show carbon-dioxide bubble propulsion in an alkaline bicarbonate solution. The motor 

movement could be enhanced by increasing the concentration and pH of the peroxide 

fuel whereas the speed of the motor increased in the water bath by reducing the pH. The 

chemotaxis in the peroxide medium was found to be as high as ~10 body lengths per 

second at an optimal pH and peroxide loading while the same was found to be ~1 body 

length per second in water at a very low pH. The movement of the motors could be 

remotely guided at a speed of as high as ~10 body length per second with the help of a 

bar magnet. Establishing a gradient of alkali in the peroxide bath, acid in the water bath, 

and alkali in the water bath, the movement of the motors could be made directional. In 

the process, the CNT-bots showed directional acid and alkali taxes emulating the 

movements of the cellular and subcellular processes.20-26, A proof-of-concept prototype 

for real time energy harvesting has been demonstrated in which the CNT-bots have 
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been employed to generate pure oxygen and hydrogen gases for a PEM fuel cell to 

generate an electric field potential as high as ~150 mV. The self-propelling CNT-bots 

facilitated the mixing and de-gassing of the liquids, suitable for a real-time voltage 

generation as demonstrated. Concisely, the study highlights the potential of the 

multimodal carbon based 3G CNT-bots for energy harvesting when functionalized with 

some inorganic materials in meager amount. 
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Chapter 6 

Chemotaxis of a Janus micro-swimmer undergoing 

differential catalytic reactions on the surfaces  

 

ABSTRACT 

We computationally explore the chemotaxis of a Janus particle capable of 

undergoing a second order chemical reaction, aA bB cC dD   , on the surface at 

different rates at the sides, when flown inside a microfluidic channel. Such motions are 

simulated considering the full descriptions of hydrodynamic equations, reaction-

convection-diffusion equations, and fluid-structure interaction equations with 

appropriate boundary conditions. The simulations under a finite element framework 

uncover that the differential rate kinetics on the surfaces of a Janus particle helps in 

building up an osmotic pressure gradient across the particle owing to the variations in 

the concentrations of the reactants and products, which eventually helps in driving the 

motor. The simulations uncover that the mass diffusivities of the reactants and products 

play a crucial role in determining the speed and direction of motion of the particle. 

Interestingly, for reactions with no stoichiometric change, i.e. a + b = c + d, the 

difference in diffusivities could generate self-propulsion while the increase in the rate 

of reaction leads to the accelerated motion. However, when the overall stoichiometric 

change follows the trend, a + b > c + d, the particle exhibit motion with or without any 

difference in diffusivity of the reactants and products. In the process, the conditions for 

the direction of the particle motion have also been identified. 
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Stands for Symbol 

Cartesian coordinate directions x, y 

x component speed of fluid u 

Particle speed up 

Stands for different components  i 

Concentration of the ith reactant cri 

Concentration of the ith product cpi 

Diffusivity of the ith reactant Dri 

Diffusivity of the ith product Dpi 

Average diffusivity of all the reactants Dr 

Average diffusivity of all the reactants Dp 

Reaction rate constant in the left half of the particle kL 

Reaction rate constant in the right half of the particle kR 

Symbolize two reactants A, B 

Stoichiometric coefficients of reactants A and B a, b 

Symbolize two products C, D 

Stoichiometric coefficients of products A and B c, d 

The density of the fluid medium ρ 

Viscosity of the fluid medium μ 

Density of the solid particle ρs 

Diameter of the channel dc 

Length of the channel lc 

Length of the semi-major axis of the elliptical particle ap 

Length of the semi-minor axis of the elliptical particle bp 

Distance measured from the particle surface  l 

Osmotic pressure  π 

 

Table 6.1: List of symbols and parameters which are used in this chapter.
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6.1. INTRODUCTION 

The motion of a microscopic particle inside channels or biological systems130, 374-

379 have been under significant research attention due to their substantial technological 

and scientific importance. For example, pinocytosis380, 381 or phagocytosis of biological 

cells,382, 383 charge transfer during ATP synthesis384, 385 or the diffusion of biological 

particles through the cell membrane are some of the chemical potential driven 

locomotion. The autonomous motions of bacteria by flagella388, 389 or the motion of 

spermatozoa390 have also inspired the scientists and technologists for synthesizing the 

self-motile objects. Of late, motivated by these natural processes, a wide range of micro 

and nanoscale self-propelling artificial objects have been synthesized, which are 

capable of doing various functions on their own. Such migrations of particles are found 

to take place under various applied fields e.g. electric field,43-46 magnetic field,47-49 

chemical potential gradient,50, 51 acoustic field,52, 53 photon intensity field,54 surface 

tension gradient field55-57 and are known as electrophoresis, magnetophoresis, 

chemophoresis, sono-taxis, photo-taxis, Marangoni flow, respectively. Further, the 

Janus particles386, 387 capable of showing motions with the help of the different chemical 

responses at the sides have gained considerable attention over the years. Such 

autonomous and field-driven find various futuristic mesoscale applications ranging 

from separation,20, 21 transport and delivery, surgery,23 and mixing.  

In particular, motions of flagella or bacteria are all chemical concentration driven, 

which are also termed as chemotaxis. These naturally occurring motions inspired 

scientists to develop synthetic self-propelling micro/nanobots undergoing chemotaxis.  

For example, nanoscale bimetallic rods391, 392 show chemotactic motions inside a 

peroxide fuel and the speed of such motor increases with H2O2 concentration in the fuel. 

The time scale of the process depends on the diffusivity values of the components. If 

the time scale is very short, say 1/Dr where Dr is the rotational Brownian diffusion 

coefficient, the motion is found to be unidirectional. For a higher time scale longer than 

1/Dr, the motion of the particle becomes random.393 The monotonic relationship 

between the concentration and speed of the bimetallic colloidal rods reveals some very 

interesting fact of such chemotaxis.394 A number of previous works observed that the 

tubular microbots and Janus motors show a directional motion toward the higher H2O2 

concentration.395 Further, the effects of alkali concentration on the motion of a 

microsphere in a peroxide solution have also been explored recently.396  
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Importantly, a number of previous studies show that the motors driven by chemical 

gradient can also be directed remotely by application of external magnetic397 or electric 

fields.398 Such synthetically developed motors have the capacity of loading cargo, 

essentially a drug, and delivering it to a specific location. Since the malignant tumor 

cells generate more hydrogen peroxide compared to normal cells, such motors can 

move in such a peroxide rich environment near the tumor cells and deliver drugs335, 399, 

400 to the specific location. Alongside chemotaxis, in a wide number of phenomena in 

biological systems, it is seen that the microorganism or the cell can itself generate 

chemical attractant/repellent inside or on the surface of its body.378, 379, 401 Uneven 

distribution of this chemical concentration over the microorganism or cell surface 

generates a chemical potential gradient, which leads to the self-propulsion of the 

microorganism or the cell.  Such locomotions are observed in amoeba, Dictyostelium 

discoideum as well as the intestinal bacterium, Escherichia coli.402, 403Mimicking these 

motions, there are recent developments of synthetic auto-chemotactic motors.404 

However, despite the availability of fairly huge literature, the origins of such 

motions as well as the variations of speed and direction of such motions with the various 

internal and external parameters are still a very important area for research. In 

particular, the contributions of various kinetic and dynamic parameters i.e. reaction rate 

constants and diffusion coefficients in the determination of the particle speed and 

direction are not very well understood so far. Thus, in this chapter, we focus on the 

motion of Janus motors having different kinetics of reaction at the sides of the particle 

in the presence of an imposed external concentration gradient. Such motions are 

simulated considering the full descriptions of hydrodynamic equations, reaction-

convection-diffusion equations, and fluid-structure interaction equations with 

appropriate boundary conditions. The simulations under a finite element framework 

uncover that the differential rate kinetics on the surfaces of a Janus particle helps in 

building up an osmotic pressure gradient across the particle owing to the variations in 

the concentrations of the reactants and products, which eventually helps in driving the 

motor. The simulations disclose that the particle speed depends on various parameters 

ranging from fluid viscosity, fluid density, the bulk concentration of the components in 

the fluid, reaction kinetics, diffusivity of the reactants and products, channel 

confinement, and the particle size and shape. The simulated results are found to 

successfully predict the particle speed available with the experimental results.  
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6.2. PROBLEM FORMULATION 

6.2.1. Governing Equations: 

 

Figure 6.1: Schematically shows chemophoretic movement of an elliptical particle 

inside a liquid filled microchannel as a result of local osmotic pressure imbalance. An 

asymmetric catalytic chemical reaction is taking place on the particle surface with 

different reaction kinetics at the two different halves of the particle. There are two 

reactants, which give two products following reaction stoichiometry, 

aA bB cC dD   .  

The theoretical model for both chemophoretic and auto-chemophoretic motion of 

an elliptical particle is done taking a particle inside a microfluidic channel, which is 

filled with fluid. The liquid inside microfluidic channel contains four different 

components and undergoing chemical reactions. A mixed coordinate system is 

employed in order to model the problem. Near the particle surface, polar coordinate is 

taken mentioning the center of the particle as, r = 0. The channel is a 2D rectangular, 

and hence a Cartesian coordinate system is used in order to solve hydrodynamics and 

transport equations. The fluid inside the channel is considered to be Newtonian and 

incompressible. In this problem formulation, the bold variables indicate vectors, the 

bold variables with double overbars indicate tensors, partial derivative of a variable is 

denoted by the symbol  , the notation   is the gradient operator,  the letter ‘I’ denotes 

identity tensor, and the superscript T stands for transpose of a tensor. 

The components of a vector are symbolized by keeping those components inside a 

box bracket after the bold vector variable, e.g., u[u,v]  and us[us, vs] denote fluid velocity 

and displacement vector of the solid particle. The concentration of the ith component is 

shown by ci. The symbols t, ρ, ε, ρs, μ, and Di represents time, the density of electrolyte, 

the permittivity of the electrolyte, the density of the solid particle, the viscosity of 
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electrolyte, the diffusivity of ith component, respectively. The letter ‘M’ represents 

molar concentration, i.e. mol/m3. Transport equation for the concentration of reactants 

and the products along with the hydrodynamic equations for the fluid flow inside the 

channel are employed. The concentration of reactants in general term the ith component 

(cri) surrounding the particle where the reaction is going on in the near vicinity governed 

by the following scalar transport equations, 

2/ri i ri ri ri ric t u c D c k c        . (6.1) 

Here i ranges from 1 to n and n is the molecularity of the reaction. The term ric  

represents multiplication of all the reactants. The concentration of the products is 

governed by the following reaction-convection-diffusion equation  

2/pi i pi pi pi ric t u c D c k c        , (6.2) 

where cpi denotes the concentration of the product components. The last term in both 

Eq. (6.1) and (6.2) appears for the reaction near the particle surface. These two sets of 

equations are mutually coupled and these equations are also coupled with the 

hydrodynamic equation by the convective term. For the fluid flow, the following 

continuity equation along with Navier-Stokes equations are solved, 

0 u , (6.3) 

 2D
p

Dt
      

u
u . (6.4) 

The last term in Eq. (6.4) appears for the body force, which is evolved as osmotic 

pressure imbalance due to the chemical reaction, the external chemical concentration 

gradient, or as an effect of both the things as an osmotic pressure difference (  ). 

Osmotic pressure is calculated from the equation,  

iRT c   . (6.5) 

Here, ic  represents the summation of the concentration of all the components 

(including both the reactants and products). Osmotic pressure being a colligative 

property, the pressure can be expressed as a function of the concentrations of the 

components. The fluid-structure interaction (FSI) has been considered to track the 

motion of the particle, which migrates under osmotic pressure gradient during the 
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chemophoretic/auto-chemophoretic phenomenon. The equations associated with the 

FSI are, 

 2 2/ 0s s t    u σ , (6.6) 

 Tp     σ I u u . (6.7) 

Here the symbols, s  and σ  represent the density of the solid and stress tensor of a 

Newtonian fluid, respectively.  

6.2.2. Boundary Conditions: 

The boundary conditions for Eq. (6.1) and Eq. (6.2) are different for the imposed 

and auto chemophoretic motion of the particle. For the imposed chemophoretic motion, 

Dirichlet boundary condition at the inlet and outlet of the channel are used. At the one 

end, either at x = 0 or at x = l, cri = cri0 is maintained, whereas initially the concentration 

of the product (cpi) is kept zero at both the ends of the channel. On the other end i.e. 

either at x = l or at x = 0 normal flux boundary conditions 0i riD c  n  for the 

reactants (cri) are maintained. For the auto-chemophoretic motion of the particle, 

constant concentration (cri) at the beginning of the simulation i.e. at t = 0 without no 

inflow and no flux at any of the ends of the channel are deployed.  

The continuity and Navier-Stokes Eqs. (6.3) and (6.4) have been solved by taking 

the no slip and impermeable boundary conditions (u = v = 0 at y = 0, d) at the walls of 

the microchannel. To ensure that the motion of the particle along with the fluid inside 

the channel happens due to the chemical gradient only, no pressure gradient across the 

channel is taken and both the ends of the channel are kept at atmospheric pressure. For 

the fluid-structure interaction, the two-way coupling is enforced along with the particle. 

For this purpose, continuity of velocity boundary condition, 𝐮 = 𝐮𝑠̇, have been 

enforced on the particle surface while a no-slip condition is enforced along the inner 

wall of the tube. Zero displacement (us = 0) and zero speed (𝐮𝑠̇= 0) of the particle at 

initial time (t = 0) have been enforced to meet the two boundary conditions necessary 

to solve the Eq. (6.6). The hydrodynamic stress, which is being imparted on the particle 

surface is taken from the coupled momentum equations. 

6.3. NUMERICAL METHODOLOGY 
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Finite element method (FEM) of commercial CFD simulation software, COMSOL 

MultiphysicsTM, is outsourced for discretization and solution of the coupled set of Eqs. 

(6.1) – (6.7) with the aforementioned boundary conditions. The software uses the 

Galerkin least-square (GLS) method along with the second order elements for speed 

calculations and first-order elements to discretize the equations. The velocity and 

pressure profile calculations are done using the segregated predictor-corrector method 

with incremental pressure correction. Consistent initialization and time-marching are 

taken care of by the software using a second-order backward difference method with a 

suitable time step size of ~10-4 s. The data, thus obtained from numerical simulations, 

are exported and further post-processing is made for proper representation.  

 

6.4. VALIDATION 

6.4.1. Analytical Model: 

A simple analytical model has been suggested to validate the results obtained from 

computational fluid dynamics simulations. The particle is assumed to be spherical in 

shape and hence in order to model it analytically, a three-dimensional spherical (r, θ, 

φ) coordinate system is taken. In the present study, for the purpose of simplicity of the 

analytical calculations, it is assumed that all the derivatives with respect to polar 

coordinates are zero. Hence, the radial direction in space and time coordinate survive 

for the purpose of all the calculations of this part. A simple set of unsteady reaction-

diffusion equations are taken for individual reactant and product. For this validation, a 

first-order elementary reaction following the stoichiometry, R → S is used. The reaction 

kinetics of the stated reaction follows the rate equation, −𝑑𝐶𝑅 𝑑𝑡⁄ = 𝑑𝐶𝑝 𝑑𝑡⁄ =

𝑘𝐶𝑅 .The values of the reaction rate constants are varied with position to incorporate 

differential rates at two different ends of the particle. The reaction and diffusion 

equation, which determine the concentration profiles as a function of space and time 

for both reactant and product are, 

2 ,R R R Rc t D c kc      (6.8) 

2 .P P P Rc t D c kc      (6.9) 

 

6.4.2. Boundary Conditions: 
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In order to solve Eqs. (6.8) and (6.9), boundary conditions that describe the physical 

system and the underlying phenomenon are set. The solution space, which is assumed 

for the present study is [R, R+la]. Here, la is the active distance measured from the 

particle surface (r = R), up to which the effect of reaction-diffusion does not reach and 

the concentration beyond which, can safely assume to be constant. The boundary 

conditions pertinent to the physical system are,   

 ,R RSc R t c , 

 ,0R RSc r c , 

 ,0 0R cc l  ; 

and for the product the boundary conditions are, 

 , 0P PSc R t c  , 

 ,0P RSc r c , 

 ,0 0Rc l  . 

Here, cRS and cPS are steady concentrations of the reactant and product on the particle 

surface and also everywhere at the initial time (t = 0).  

6.4.3. Comparison of Semi-Analytical and Simulation Results: 

In order to prove the validity of the numerical CFD code, the concentration profiles 

obtained by CFD simulation and the proposed analytical model are compared in this 

section. Fluid-structure interactions and moving deforming mesh, employed in the 

numerical simulations to emulate the particle motion as a result of local osmotic 

pressure build-up, actually affect the concentration profiles around the particle with 

time. Analytical solutions taking moving reference frame are a little bit cumbersome 

and also beyond the scope of the present study. Hence, a simple static reference frame 

is taken for the concentration profile calculations. 

The differential Eqs. (6.8) and (6.9) are solved using commercial package 

MATHEMATICATM to evaluate the concentration profiles around the sphere. Different 

kinetic parameters based on differential reaction rate kinetics at two different sides of 

the particle are employed. Figures 6.2 (a) and 6.2(b) show the comparison of profiles 

at the left and right halves of the particle, where the reaction rate constants are kR = 8.5 
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s-1and kL = 1.7 s-1. The figures show a good match between numerical and analytical 

profiles near the particle surface and it deviates as we move away from the surface. 

Non-linearity of the CFD simulation, associated fluid flow, particle motion affects the 

concentration profile and those might be the reasons for slight mismatch of simulation 

and analytical profiles, especially away from the particle surface. However, the 

asymptotic match obtained from this study establishes the authenticity of further 

calculations using these sets of equations and numerical methodologies involved in 

COMSOL MultiphysicsTM. Analytical calculations of the particle speed are very 

cumbersome as set of Eqs. 6.1 to 6.7 are mostly nonlinear and coupled with an 

additional complexity of particle movement and hence all the particle speed 

calculations are done numerically. 

 

Figure 6.2: Image (a) shows the comparison of concentration profile of reactant, at the 

left side of the moving particle, obtained from CFD numerical simulation and analytical 

solution. Image (b) shows a similar comparison for the right side of the moving particle. 

A first-order reaction is undergoing having rate constants kL = 1.75 and kR = 8.9 s-1 in 

the left and right halves of the particle, respectively. The diffusivity of the reactant (Dr) 

is kept constant as 3 ×10-9 m2/s. 
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6.5. RESULTS & DISCUSSION  

In this chapter, a Janus particle has been considered, which has chemical 

dissimilarities on the surface. Thus, the particle shows different reaction rates at its two 

different ends to generate an osmotic pressure gradient across the surface. In the 

process, the particle acquires motion by converting the chemical energy into the 

mechanical one. In order to theoretically model such a system, we consider a second-

order reaction with the stoichiometry, aA bB cC dD   , with different rate constants 

at the chemically heterogeneous sides of a Janus particle. Thereafter, initially, we study 

the motion of a Janus particle, which moves in a confined microchannel of diameter 5 

µm and length 15 µm. In this situation, the propulsion is originated from an imposed 

concentration field along the channel as well as the thrust generated by local osmotic 

pressure gradient due to the differential chemical reactions across the surface. Further, 

we study the motion of a freely floating Janus particle undergoing self-phoretic motion 

in a relatively less confined microchannel of diameter 250 µm and length 500 µm owing 

to the sole influence of the local osmotic pressure gradient.  

6.5.1. Influence of Shape: 

Figure 6.3: Shows automated chemophoretic motions of particles with different 

shapes inside a channel of diameter (d) 250 μm and length (lc) 500 μm. For all the 

cases perimeter of the particle is kept 56 μm. Plot (a) shows developed average 

osmotic pressure difference across the particle, taking the average along with a line 

extended up to 10 μm both sides from the particle surface. Plot (b) compares and 

contrasts the speed of the particles with different shapes.  

In this regard, a Janus particle is taken considered a microchannel of diameter 250 

μm and a length 500 μm. We assume that, over a period of time, an osmotic pressure 
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gradient builds up across the particle owing to differential rate kinetics at different 

portions of the particle, which eventually drives the particle. A set of simulations have 

been performed with particles of different shapes, such as elliptical, circular, 

rectangular, or square, keeping all other simulation parameters unchanged. The particle 

geometries are considered in such a manner that all the particles have equal perimeters 

of ~56 μm in order to ensure similar reaction effects for all the cases. The initial reactant 

concentrations of both the reactants are taken as 1 mol/m3 while the products are 

assumed to be absent. For this particular section, the rate constant of the reaction is 

varied from ~ 0.88 to 8.8 M-1 s-1. The model also assumes that the left-hand side of the 

particle offers higher reaction kinetics (kL = 8.8 M-1 s-1) compared to the right-hand side 

(kR = 0.88 M-1 s-1). In such a scenario, higher diffusivity for the products (Dp = 4×10-9 

m2/s) compared to the diffusivity of reactants (Dr = 2×10-9 m2/s) drives the particle in 

the positive x-direction (left side to the right side). One important thing related to the 

current problem is that there are two different time scales, which govern the entire 

process. The reaction time scale is in the order of c0
n/k for nth order reaction, whereas 

the diffusion time scale is defined as t = l2/D. Here, c0 and n signify initial concentration 

of a component present in the system and order of the reaction, respectively.  

The present simulation parameters make the diffusion time scale (order of ms) 

smaller compared to the reaction time scale (order of μs) and hence diffusion time scale 

dominates in determining the fate of the entire particle motion. The developed osmotic 

pressure across the particle stimulates a very weak flow around the particle. Although 

the drag force varies with the shape of the particle owing to the variation in the projected 

area, the effect of drag is very negligible for a particle of such a small size, at a 

significantly small Reynold’s number. Figure 6.3(a) shows profile of   across the 

particle, which manifests a weak laminar flow across the entire channel. The plots 

suggest that the shapes have a significant influence on the osmotic pressure drop around 

the particle. In this case, we also observe that the particle speed increases with  , as 

shown in Fig. 6.3(b), with an exception for circular and elliptical particle. The plot 

suggests that although the elliptical particle generates less osmotic pressure drop across 

the surface, a lower drag force helps them attaining maximum speed. Thus, we perform 

rest of the simulations considering the elliptical particles. 

6.5.2. Influence of External concentration gradient: 
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In the previous case, with differently shaped particles, the motion is a self-phoretic 

motion, which is happening due to differential rate kinetics at different ends. However, 

one of the interests of the present study lies in exploring the fate of this moving particle, 

as discussed in the previous section, when an additional external concentration gradient 

is imposed along the channel horizontal axis. 

 

Figure 6.4: Shows the chemophoretic motion of a Janus particle moving inside a 

microfluidic channel of diameter (dp) 5 μm and length of the channel (lc) 15 μm in 

presence of a constant concentration Dirichlet condition at the left side of the channel. 

The semi-major and semi-minor axis length of the elliptical particle is 1 μm and 0.7 μm, 

respectively. Image set (i) to (vi) of column A show the position of the particle inside 

the channel at different time intervals.  Image sets of column B show a reactant 

concentration (cr1) at all the respective frames. Image set of column C represents the 

concentration profile of a product (cp1) around the particle at respective time intervals. 

Images (i) to (vi) of column D show the osmotic pressure profile around the particle, 

across the channel.  

Many of the biological processes show such kind of motion, which are mainly 

guided by external concentration gradient. For example, the motions of microorganisms 

towards a food rich zone or the chemo-repellent motion of the same away from zone of 

a specific chemical. Figure 6.4 shows the motion of an elliptical Janus particle inside 
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a microfluidic channel of diameter, dp = 5 μm and length, l = 15 μm. A second order 

catalytic reaction is considered around the particle wherein the right-hand side of the 

particle has a higher reaction rate compared to the left-hand side. The product 

components have a higher diffusivity (Dpi = 4×10-9 m2/s) compared to the reactant 

components (Dri = 2×10-9 m2/s). In this case, an additional constant concentration (cri = 

1 mol/m3) condition is given at the left side of the channel. 

 

Figure 6.5: Shows the concentration profile along the channel axis of reactants taken 

in the right and left-hand side of the particle. Blue lines (lighter shade) represent 

concentration of the reactant A, whereas grey (darker shade) denotes concentration 

of reactant B. Image (b) shows the concentration of the products, again blue (lighter 

shade) represents the concentration of product C and grey (darker shade) shows 

concentration of product D. Plot (c) shows the osmotic pressure profiles in the right 

and left half of the particle. Particle surfaces are taken as the starting point and from 

the particle –l, and +l represents left and right distance along the axis. Solid lines 

denote for left side profiles and the dotted lines denote the right-side profiles. 

We consider a reaction, aA bB cC dD    with a second order reaction rate. 

Concentrations of A, B, C, and D are represented as cr1, cr2, cp1, and cp2, respectively. 

In the present case, along with the external concentration gradient a catalytic reaction 

also takes place with two different rate kinetics in the left and right half of the particle. 
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However, we also impose an external concentration gradient, which develops as 

additional pressure drop along the channel axis of the channel alongside the pressure 

drop due to the different rate of chemical reaction around the particle. In this section, 

we quantify the magnitude of the forces generated from external concentration gradient 

and due to the differential chemical reactions around the particle.  

The pressure gradient across the particle due to the external concentration field is 

indeed higher compared to the one generated solely due to the difference in reaction 

kinetics. Hence, the particle moves from left to the right-hand side of the channel while 

guided by the externally imposed concentration field. However, the particle velocity is 

also found to be significantly affected by the differential catalytic reactions on the 

surface, which is further investigated in the later part of this article.  

Figure 6.5 represents the profiles of concentrations and osmotic pressure around 

the moving particle as shown in Fig. 6.4. Figure 6.5(a) shows that the concentration of 

the reactants decreases as one moves to the particle surface as the reaction is occurring 

near the particle surface. Fig. 6.4(b) shows that the product profiles have higher values 

near the particle surface while the same diminishes away from the particle. The reaction 

and diffusion near the particle surface along with the imposed concentration gradient 

inside the channel creates an imbalance of osmotic pressure across the particle. Fig. 

6.5(c) shows that the left side of the particle shows higher osmotic pressure as a 

combined effect of reaction-diffusion for the present scenario. As a result, the particle 

moves from the left to right side of the channel. 

In order to quantify the effect of channel length, few simulations are also performed 

with varying the same from 15 μm to 60 μm, as shown in Fig. 6.6(a). In this case, the 

reaction kinetics in the right-hand (kR = 2.1 M-1 s-1) side is higher compared to the 

reaction kinetics in the left-hand side (kL = 0.8 M-1 s-1). The diffusivity of the product 

components (Dpi = 3×10-9 m2/s) is also higher compared to the diffusivity of the 

reactants (Dri = 2×10-9 m2/s). Such set of parameters generates higher component 

accumulation in the left-hand side compared to the right-hand side to facilitate self-

chemophoretic motion in the positive x-direction (left to the right). The local osmotic 

pressure generated across the particle is shown in Fig. 6.6(b). The simulations suggest 

that with the increase in the channel length the effect of the external concentration 

decreases. Subsequently, the osmotic pressure drop across the particle also decreases 

with concurrent decrease of particle speed. 
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Figure 6.6: Image set (i) to (vii) of plot (a) represent motion of the particle inside a 

microchannel having diameter (dp) 5 μm with varying length (l) 20, 24, 28, 30, 32, 36, 

46 μm respectively. Plot (b) shows average pressure drop (∆𝜋) across the particle for 

different channel lengths. Plot (c) shows particle velocity for different channel lengths. 

Interestingly, after a critical channel length of 32 μm, as shown in Fig. 6.6(a), the 

  becomes negative and the particle flows in the opposite direction (right to left). The 

respective particle velocity is shown in Fig. 6.6(c). In this situation, different reaction 

kinetics across the particle makes a higher π in the right-hand side, which facilitates the 

particle to move towards the left-hand side. However, due to the presence of an external 

concentration source on the left-hand side, it increases the overall concentration on the 

left-hand side. However, for the larger length of the channel, the effect diminishes and 

the particle moves as a result of different reaction kinetics across the channel. In such 

a scenario, the particle moves towards the opposite direction. For the simulations, it can 

be concluded that the major advantage of putting an external concentration is that it can 

be used to guide the particle motion as a controller. 

6.5.3. Influence of Zero concentration gradient: 
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Importantly, one of the major objectives of the present study lies in the exploration 

of the different aspects of self-phoretic motion of the ‘Janus’ particle. In order to capture 

the autonomous motion of the particle, a channel with larger diameter (dp = 250 µm) is 

taken with a particle, which has different catalytic activities at two different sides of it. 

The size of the particle is also larger compared to the previous one with 10 µm semi-

major axis and 7 µm semi-minor axis. 

 

Figure 6.7: Shows the average concentration vs time profile (taken across a line along 

the axis away from the particle surface) of the reactants (cri) and products (cpi) at the 

left-hand side of the particle. Plot (b) shows the same average concentration of 

reactants (cri) and products (cpi) at the right-hand side of the particle. Plots (c) and (d) 

show the developed osmotic pressure (π) vs time profile for the left and right side of 

the particle respectively.  

In this case, no external concentration gradient is considered and the particle is 

driven by the sole influence of the local osmotic pressure imbalance. The entire channel 

is filled with the solution having an equal concentration (1 mol/m3) of reactants. When 

the particle is placed in the middle of the channel, the reactants decompose on the 

particle surface because of the catalytic activity. However, owing to the differential 

catalytic activities at the sides of the Janus particle, inhomogeneous concentration of 

the reactants and products are found to be set in as time progresses. As a result, the 
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particle experiences a   to achieve the motion. The direction and magnitude of 

motion depend on reaction kinetics as well as on the diffusivities of the components. 

The osmotic pressure-drop, although very small in nature, can eventually move the 

micron-sized particle in the channel. The phenomenon takes place is found to be purely 

transient in nature. Again, in this case, also there are two competing time scales, 

diffusive and reactive. However, the rate limiting diffusive time scale actually governs 

the phenomenon. 

Figure 6.7 describes the development of the concentration profiles due to the 

reaction as time progresses and hence the development of the osmotic pressure around 

the particle. Figs. 6.7(a) and 6.7(c) show profiles for the left-hand side of the particle 

whereas Figs. 6.7(b) and 6.7(d) show profiles for the right-hand side of the particle. In 

this case, the left-hand side has a higher reaction rate (kL = 8.8 M-1s-1) compared to the 

reaction rate of right-hand side (kL = 0.88 M-1s-1) and hence it incurs consumptions of 

more reactants and yield of more products compared to the consumption and yield of 

the other side. The concentration of the reactants (products) reaches up to 0.975 mol/m3 

(0.012 mol/m3) on the left-hand side whereas it goes up to 0.984 mol/m3 (0.007 mol/m3) 

on the right-hand side. Figures 6.7(c) and 6.7(d) show the decrease in the absolute 

value of the average osmotic pressure as time progresses along with the effective  , 

which drives the particle. In this case, reaction and diffusion kinetics determine the 

absolute value of the osmotic pressure.  

It is observed that with changing the particle orientation, the particle actually 

changes its direction. Figure 6.8 shows two different particles, one has a higher reaction 

rate on the right-hand side (kR = 8.8 M-1 s-1), as shown in Fig. 6.8(a), of the particle and 

the other, has opposite nature (kL = 8.8 M-1 s-1), as shown in Fig. 6.8(d). The 

diffusivities of the components are kept unchanged for both kinds. In this study, 

diffusivity of the products (Dp = 3×10-9) is kept higher compared to the diffusivity of 

the reactants (Dr = 1.5×10-9).  
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Figure 6.8: Plot (a) shows the contour of the osmotic pressure, surrounding a particle 

having a higher reaction rate (kR) at the right-hand side, with a particle moving from 

right to the left-hand side. Images (b) and (c) show contours of concentration of a 

reactant and a product. Plot (d) shows the contour of osmotic pressure, surrounding a 

particle having a higher reaction rate (kL) at the left-hand side, with a particle moving 

left to right. Plots (e) and (f) show the concentration of contours of a reactant and a 

product surrounding the particle, respectively.  

For the first particle, Fig. 6.8(a), the higher reaction rate at the right-hand side gives 

rise to a lower concentration of the reactant in the right-hand side and a higher 

concentration of the product in the left-hand side of the particle, as shown in Fig. 6.8(b) 

and 6.8(c), respectively. Distribution of these components around the particle makes an 

inhomogeneous scenario to create a   across the particle, as shown in Fig. 6.8(a). 

The higher osmotic pressure develops at the right half of the particle facilitates the 

particle motion towards the left side. Figure 6.8(d) shows a particle having similar 

arrangements but the orientation is opposite, i.e. the left half of the particle offers higher 

reaction rate constant (kL). The contour profiles of the reactant and the product are as 

shown in Fig. 6.8(e) and 6.8(f), respectively. The figure shows opposite nature owing 

to the opposite orientation of the particle. 
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Figure 6.9: Images (a) to (c) show the reactant concentration, product concentration, 

and osmotic pressure vs distance from the particle surface (l) plots for a particle having 

a higher reaction kinetics on the right half of the particle. Images (d) to (f) show the 

reactant concentration, product concentration, and osmotic pressure vs distance from 

the particle surface (l) profiles for a particle having higher reaction rate constant on the 

left half of the particle.  

Figure 6.9 shows the concentration plots of different reactants, products and also 

the osmotic pressure plots taken along the axis of the channel in the vicinity of the 

particle surface. For the purpose of representation, the coordinate of the particle surface 

is taken as ‘0’ on both the ends of the particle. Distance from the right-hand side of the 

particle surface is taken as positive (+l) and distance from the left surface is taken as 

negative (-l). Figure 6.9(a) shows that the reactants diminish as we move away from 

the particle surface, whereas the concentration of the products increases away from the 
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particle surface as shown in Fig. 6.9(b). Figure 6.9(c) shows the corresponding osmotic 

pressure profiles along a line taken from the particle surface and it shows a slight 

difference of ~ 1-2 Pa across the particle. Despite being a very small  , this meager 

pressure difference is capable of moving the particle ahead. Figure 6.9(d) to 6.9(f) 

show exactly mirror images of the plots in Fig. 6.9(a) to 6.8(c). As all the other 

parameters are kept constant except change in the orientation of the particle, the profiles 

show an exact mirror image of the previous profiles. In this case, the particle moves 

from left to right, as discussed in the previous section, because the osmotic pressures 

build up is more on the left-hand side as compared to the right side.  

 

Figure 6.10: Images (a) to (d) show the osmotic pressure distribution taken on a line 

along the axis of the channel near the particle. The distance ‘l’ is measured from the 

surface of the particle. Images (a) and (c) have higher diffusivity of product components 

(Dpi) than reactant components (Dri) with alternating reaction rates at both sides as 

commented in the images.  Images (b) and (d) have higher diffusivity of the reactant 

components (Dri) than product components (Dpi) with alternating higher and lower 

reaction rates as indicated in the diagrams.  

The development of the concentration profile for the components depends mainly 

on the reaction kinetics. However, the development of the   across the particle is also 

determined by the component diffusivities. Component diffusivities actually make the 
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difference in cumulative concentration across the particle and hence it develops 

inhomogeneity of osmotic pressure across the channel. An inhomogeneity of 

concentration across the particle essentially means the development of  , which 

actually drives the particle. In the following section, four different situations are taken, 

as shown in Fig. 6.10. For simplicity and proper understanding, diffusivities of both the 

reactants and products are separately kept at constant values making different values 

for reactants and products. Two different orientations of the particle can be taken (one 

having a higher reaction rate constant on the left-hand side and another having a higher 

rate constant on the right side of the particle). For each situation, two different 

combinations are possible (diffusivities of reactants higher and diffusivities of products 

higher). As a whole, four different situations are taken for analysis.  

In the present study, the reaction rates are tuned in different sides of the particle 

along with the diffusivities of the reactant and product components. Four different 

combinations can be made as shown in Fig. 6.10. Keeping the reaction rate higher on 

the right-hand side, we tuned diffusivities of the reactants and the products (Fig. 6.10(a) 

and (b)) and vice versa (Fig. 6.10(c) and 6.10(d)). Reaction rate constant having higher 

rate kinetics is kept at 8.80 M-1s-1 whereas the lower rate constant is kept at 0.88 M-1s-

1. The osmotic pressure builds up as per the parameters taken for simulation. In Fig. 

6.10(a) and (c) the diffusivity ratio is kept at 3.5 whereas in the case of Fig. 6.10(b) and 

6.10(d) the diffusivity ratio is made 4.0. It is evident from Fig. 6.10(b) and 6.10(d) 

show that more the diffusivity ratio more is the osmotic pressure and also the   builds 

up around the particle. Interestingly, Fig. 6.10(a) and 6.10(c) differ from the Figs. 

6.10(b) and 6.10(d). Figure 6.10(b) and 6.10(d) show exactly the opposite trend than 

that of Fig. 6.10(a) and 6.10(c).  

In the case of Fig. 6.10(a) and 6.10(c), where reactants have higher diffusivity, the 

osmotic pressure is lower at the particle surface and it increases away from the particle 

surface. However, in Fig. 6.10(b) and 6.10(d), where the product has higher 

diffusivities, the opposite trend is found, i.e. the osmotic pressure is higher near the 

particle surface and it diminishes with distance from particle surface. In fact, when the 

product components have higher diffusivity then those product components tend to go 

away from the surface making the outside more entropy zone (Fig. 6.10(a) and 6.10(c)). 

In the case, where product components have lower diffusivities, the product molecules 

tend to stay near the particle making the zone with a higher osmotic pressure. In each 
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plot, we have shown the direction of the particle motion by arrows. A blue arrow 

signifies left to right motion and red arrow denotes motion from right to the left-hand 

side of the particle. The plot summarizes the fact of anomalous particle motion for this 

kind of chemophoretic automated motion.  

 

Figure 6.11: Plot (a) and (b) show the particle velocity against the ratio of (Dp/Dr) and 

(Dr/Dp) respectively. The right-hand side of the particle has a higher reaction rate (kR = 

8.80 M-1s-1) compared to the left-hand side (kL = 0.88 M-1s-1) of the particle. Image (c) 

shows the particle velocity against a coefficient defined as ([kL-kR]/[Dr-Dp]). Image (d) 

shows the variation of particle velocity for a reaction where there is an increase of 

entropy with respect to stoichiometric coefficient c. The stoichiometry of the reaction is 

aA bB cC dD   . 

Diffusivities of the components determine the direction of the particle motion as it 

develops the opposite   on tuning the diffusivities of the reactants and products. The 

reaction rate constants are kept constant on both sides. In this case, higher reaction rate 

is considered on the right-hand side (kR = 8.8 M-1s-1) and lower reaction rate on the left-

hand side (kL = 0.88 M-1s-1). Figure 6.11(a) shows particle velocity variations with the 

change of the ratio of product to reactant diffusivity (Dp/Dr). In this case, such a   is 

developed where the right-hand side develops higher osmotic pressure to move the 
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particle moves towards the left-hand side of the channel. This is expressed by negative 

velocity in the figure. As the product to reactant diffusivity (Dp/Dr) increases the 

particle shows the higher magnitude of the velocity. 

Figure 6.11(b) shows the opposite case, where the reactants have higher 

diffusivities compared to the products. In this scenario, the osmotic pressure builds up 

more in the left-hand side and hence it drives the particle from left to right side of the 

channel and the same is shown as positive velocity in the Fig. 6.11(b). It has been 

observed that the fate of the particle, that is both the direction and the magnitude of 

velocity of the particle, actually depends on both differences in rate constants and 

difference in diffusivity values. We have defined a coefficient ([kL-kR]/[Dr-Dp], on 

which the particle velocity depends. Here, Dr and Dp denote the average of diffusivities 

of the reactant components and product components respectively. The positive value of 

the coefficient shows velocity in the positive direction whereas the negative valued 

coefficient shows velocity in the left-hand direction. However, the magnitude of 

velocity differs for the equal magnitude of the coefficient having different signs. In 

addition to the difference in diffusivities and reaction kinetics, the stoichiometric ratios 

also determine the motion of the particle. In this case, we have defined such a reaction, 

where the number of components increases with the reaction. We have defined a 

reaction, where one of the products (C) increases in number as reaction propagates. The 

more the formation of the product the more is the osmotic pressure build up around the 

particle. Figure 6.11(d) shows a linear increment of the particle velocity as we increase 

the stoichiometric coefficient ‘c’. 

 

6.6. CONCLUSIONS  

In this study, we performed a comprehensive analysis of the motions of a Janus 

particle moving under the effect of the developed   across the particle. The   

across the particle is developed as a result of combined effects of inhomogeneous 

catalytic reaction near the particle surface, externally applied concentration gradient. 

Self-propulsions due to the differential chemical reaction have also been studied in 

detail. Such motions are simulated considering the full descriptions of hydrodynamic 

equations, reaction-convection-diffusion equations, and fluid-structure interaction 

equations with appropriate boundary conditions. The key findings of this study are, 
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(i) The numerical simulations under a finite element framework uncover that the 

differential rate kinetics on the surfaces of a Janus particle helps in building up an 

osmotic pressure gradient across the particle owing to the variations in the 

concentrations of the reactants and products, which eventually helps in driving the 

motor. Presence of an imposed chemical potential gradient across the Janus particle can 

facilitate as well as reverse the motion of the particle. This happens based on the 

strength of concentration gradient imposed near the particle to tune the net osmotic 

pressure imbalance. 

(ii) Reaction kinetics and the diffusivity of the components together steer the motion 

of the particle for a situation where the physical properties of the reacting medium, as 

well as the other simulation parameters are kept constant. 

(iii) A coefficient [kL-kR]/[Dr-Dp] has been defined, which can be employed to 

correlate the speed of the particle with the magnitudes of the diffusivities and rate 

constants of the entire chemotactic system considered. 

(iv) A change in overall stoichiometric numbers of the products with respect to the 

number of reactants can actually have a significant influence on the motion of the 

particle. A reaction generating more stochiometric products can actually impart higher 

velocity to the particle. 

Concisely, the present study uncovers many interesting facts about a particle 

moving under   around a Janus particle having different reaction kinetics at different 

end. 
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Chapter 7 

Conclusions and Future Scopes 
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In summary, the present thesis explores, (i) the dependence of electrophoretic 

migration speed and direction of a uniformly charged or ‘Janus’, with respect to 

heterogeneous surface charge,  motor under the application of external electric field.; 

(ii) initiation and enhancement of micromixing in the electroosmotic flows inside rigid, 

flexible, and physicochemically heterogeneous microchannels; (iii) effect of various 

parameters on the charge storage capacity of EDL supercapacitors; (iv) development of 

a multimodal 3G CNT bots based on carbon nanotube composite material, which is 

capable of showing chemo-, magneto- and photo-taxis motion and performing energy 

harvesting, and dye degradation duties; and (v) study of the dependence of chemotactic 

motion of a ‘Janus’ particle, which respect to different catalytic reaction activities on 

particle surface, on reaction kinetics, component diffusivities, and reaction 

stoichiometry. The major conclusions drawn from each technical chapter are as follows, 

(i) In the second chapter, electrophoresis of a charged particle inside a microfluidic 

channel has been explored in detail. With the help of CFD simulations, Poisson–

Nernst–Planck equations, mass and momentum balance equations along with fluid 

structure interaction employing moving–deforming–mesh is solved to uncover the most 

accurate picture of electrophoretic motions. The study reveals that dynamic and 

unsteady EDL formation and its distortion affect the electrophoretic migration and also 

uncovers the time scale of EDL formation and steady electrophoretic migration. The 

particle size, fluid viscosity, drag on the particle and the fluid, applied field intensity, 

and surface potential and most importantly chemical heterogeneity on particle surface 

are found to influence the speed of the particles significantly, which has not been 

explored so far.  

(ii) In the third chapter, electroosmotic motion of weak electrolyte inside physico-

chemically patterned channels has been explored in detail with the help of CFD 

simulations. The simulations uncover a host of steady and unsteady flow profiles of EO 

flow profiles inside chemically, physicochemically, and flexible surfaces. Further, the 

strategic use of periodic patches of chemical and physicochemical patterns on the 

surface of the channel shows the emergence of the localized back flows, which in turn 

facilitates the formation of the zone of recirculation inside the channel. It has been 

observed that the strength of the recirculation can be increased by enhancing the 

intensity of the applied field, reducing the channel diameter, and imparting flexibility 

to the channel walls. Interestingly, the variation in the current density in the EDL near 
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the chemical or physicochemical patches is found to be useful in the measurement of 

the variations in the ζ-potentials of the biological surfaces. 

(iii) In the fourth chapter, we explored charge storage capacities of parallel and 

curved plate supercapacitors, which are based on graphene oxide. Experiments 

uncovered electrode polarization at smaller time scales, Stern layer formation at the 

intermediate ones, and the formation of the diffuse layer at much larger time scales. A 

physical model composed of the Poisson−Nernst−Planck equations for the electric field 

in electrolyte and the Laplace equation for the electric field in electrodes was coupled 

with the Navier−Stokes equations for the electrolyte numerically solved with 

appropriate boundary conditions to corroborate the spatiotemporal experimental 

behaviors observed for the SCs. The use of net electric field originating from the (i) 

electrode polarization due to the applied field and (ii) opposing field in the electrolyte 

during the EDL formation during the evaluation of capacitance has been found to be 

more accurate in explaining the experimental results. The theoretical and experimental 

results together suggest that charge storage of SCs heavily depends on electrode 

geometry, type of electrolyte, electrolyte concentration, electrode separation, separator 

type, and dielectric relaxation of the electrolyte. 

(iv) In fifth chapter, an experimental work on 3G micromotor based on carbon 

nanotubes uncovers multimodal motion with multiple controls. Such micromotors are 

capable of showing energy harvesting in fuel cell and dye degradation applications. A 

3G CNT-bot capable of showing four different types of acid and alkali taxes inside 

peroxide and water baths in a single embodiment. The bot is also capable of showing 

magneto taxis and photo taxis motion. A single embodiment of the CNT-bot could show 

three different types of bubble propulsions, ejection of hydrogen bubble in acidic or 

normal water, ejection of oxygen in a peroxide fuel, and ejection of carbon dioxide 

bubbles in an alkaline solution. The motor could perform dye degradation job via 

advanced oxidation process owing to appearance of hydroxyl radical during the course 

of its motion. A proof-of-concept prototype for real time energy harvesting has been 

demonstrated in which the CNT-bots have been employed to generate pure oxygen and 

hydrogen gases for a PEM fuel cell to generate an electric field potential as high as 

~150 mV. 

(v) In the sixth chapter, self-propulsion or external chemical concentration driven 

propulsions of micro motors have been explored theoretically with similar CFD 
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simulations. Generation of local osmotic pressure imparts motion to the particle. This 

is basically a Janus kind of particle, which is capable of hosting two different rate 

kinetics, can undergo chemophoretic motion by exploiting chemical energy stored in 

the reactants. An external chemical gradient near to the Janus particle can affect the 

particle motion as well as it can reverse the motion of the particle based on the strength 

of concentration gradient present near the particle. Reaction kinetics, the diffusivity of 

the components together steers the motion of the particle for a situation where the 

physical properties of the reacting medium, as well as the other simulation parameters 

are kept constant. A coefficient [kL-kR]/[Dr-Dp] has been defined, which guides the 

particle velocity, both the magnitude and reaction. A change in entropy, with respect to 

the stoichiometry of the reaction, can actually tune the motion of the particle. A 

reaction, which generates more randomness to the system, can actually impart higher 

velocity to the particle. 

Future Scopes 

The present thesis opens up various possibilities of future studies in both theoretical 

and experimental fonts. For example, 

(i) in the second chapter, we explored different aspects of electrophoretic migration 

of a charged particle inside microscale channels. However, the present thesis did not 

explore the effect of induced charge, particle deformability, channel deformability, 

migration of charged liquid droplets, and effect of fluid structure interactions on non-

uniform and alternating electric fields.  

(ii) In the third chapter, we explored combined effect of physical, chemical 

heterogeneity, and channel deformability on micromixing in the case of electroosmotic 

flows inside microfluidic channels. However, there are more opportunities to be 

explored in the same line as the present thesis does not elaborate electroosmotic mixing 

in the cases of nanochannels, where EDLs interfere with each other and develop a 

different kind of electrokinetic environment.  

(iii) In the fourth chapter, we explored charged storage capacities for PPS, and CPS 

geometries. The chapter also explored different time scales of EDL formation, effect of 

uniform and nonuniform external fields and many more. However, there are many other 

scopes that remain unexplored, for example, effects of different materials on CPS 
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model, surface patterning of the plates, or material modifications and replacements, 

among others.  

(iv) The fifth chapter attempts to develop a multimodal and multifunctional 3G 

micromotors, to power fuel cell and doing environmental cleaning job.  However, there 

are possibilities of making these 3G micromotors more suitable for human body. i.e. 

biocompatible, in order to exploit them as microsurgery robots, drug delivery agents. 

The efficiency of energy generation by these motors also needs further research.  

(vi) The sixth chapter theoretically explores chemophoretic migration of ‘Janus’ 

kinds of micromotors. It takes care of the osmotic pressure imbalance force and it was 

considered that the speed of the motor generates from osmotic pressure only. However, 

the motion of a ‘Janus’ particles in reacting environment is more complex in nature. 

There are various factors, such as Brownian motion, surface tension imbalance, 

temperature imbalance, generation of local electric field in case of ionic environment, 

and these factors affect the speed and direction of the motion. Thus, theoretical 

modelling of all these aspects is expected to provide a more most accurate picture of a 

particle motion in a reacting medium. 
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