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Abstract
Carbonaceous nanomaterials are one of the finest nanomaterials discovered to date. The
most recent inclusion to the family of carbonaceous materials is carbon dots (CDs). CDs
are the quantum dots that are derived from carbon-based precursor materials. They are
identified as quasi 0D carbon materials with a size ranging from 1-10 nm. Their unique
optical properties make the CDs one of the most desirable nanomaterials in the current
scientific world. Apart from the unique optical properties, some other essential
characteristics of CDs are their non-toxicity and high water solubility due to the presence
of the functional groups such as –OH and –COOH. All these properties of CDs have
made them desirable in different areas of applications such as sensing, optoelectronics,
catalysis, energy storage systems, bioimaging, biomedicines, etc. In this context, the
current thesis explores several natural resources employing different synthesis techniques
to produce CDs. Thereafter, these CDs have been used in the applications of
photoluminescence-based (PL-based) sensing, bioimaging, UV-photodetection, and
energy storage systems. We targeted heavy metals (Cr6+ and Fe3+) and explosive materials
(picric acid; PA) to test the sensing abilities of the CDs, where potato and cigarettetobacco have been used as the precursor materials, respectively. Both the synthesized
CDs showed quite a good limit of detection (LOD) towards the sensing of heavy metals
and explosive materials. These LOD values for the sensing of Cr6+ and Fe3+ are 0.012 μM
and 0.000549 μM, respectively, whereas the LOD for the sensing of PA is 140 nM.
Simple heating reaction and microwave assisted heating techniques were used to
synthesize the CDs from potato and cigarette-tobacco, respectively. The synthesis
techniques and the precursor material played an important role in the PL properties of the
CDs as the quantum yield (QY) values of the CDs synthesized from potato (6.08%), and
i
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cigarette-tobacco (9.98%) were different. The CDs synthesized from potato were used for
the bioimaging application also due to their non-toxic nature. This non-toxic nature of the
CDs was confirmed via the cytotoxicity test. We have used the CDs (from cigarettetobacco) in UV-photodetection applications (optoelectronics) as well.

We have

fabricated two devices for this application. One is a photoconductor, and the other is a
Schottky diode. In the photoconductor, we attached the CDs with multi-walled carbon
nanotube (MWCNT) and deposited the material in between two aluminium electrodes. In
contrast, we attached the CDs on ZnO nanorods grown on a graphite-coated paper
substrate for fabricating the Schottky diode. The photoconductor showed a rise and decay
time of 0.38 and 0.42 s, respectively. In the case of the Schottky diode, the response and
recovery times were ∼2 and ∼3.2 s, respectively. This device (Schottky diode) was able
to be operated in self-powered condition as well. The responsivity and the specific
detectivity of this fabricated UV detector were 9.57 mA/W and 4.27 × 108 Jones,
respectively, at 330 nm wavelength, which is quite comparable with literature-reported
values considering a self-powered photodetector. For the application in energy storage
systems, we attached CDs with single-walled carbon nanotube (SWCNT)/ZnO composite
to fabricate an optically responsive hybrid electrode material for a supercapacitor. It was
observed that the areal capacitance of the supercapacitor got enhanced by ~41.38% at 50
mV/s scan rate. We also explored the working mechanism of the supercapacitor, and it
was noted that the contribution towards the overall capacitance from pseudocapacitance
and electric double layer capacitance (EDLC) were 30.65 and 69.35%, respectively. The
occurrence of intercalation pseudocapacitance was also proven with justified shreds of
evidence.
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Abstract
Carbon dots (CDs) have gained a significant amount of attention over the past decade and
a half. Optical characteristic such as the photoluminescence (PL) property of the CDs has
made them unique from other carbonaceous nanomaterials. Different precursor materials
and synthesis techniques help to tune the optical properties of the CDs. This chapter has
focused on a detailed discussion of the different synthesis approaches and the precursor
materials of CDs. A detailed discussion of the applications of CDs in the fields of sensing,
optoelectronics, energy storage systems, catalysis, and bioscience has also been provided.
In context with the extensive discussion, this chapter identifies the knowledge gaps and,
based on the knowledge gaps, it finally introduces the problems and objectives of this
thesis.
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1.1. Overview
The smaller, the better. This has been the mantra for the researchers who are working on
nanotechnology. The term nanotechnology is a combination of two words; the first one
is the Greek word nano (means dwarf) which refers to a billionth, followed by the word
technology [1]. Therefore, as the term suggests, nanotechnology deals with particles of a
size below 100 nm. Nanotechnology does not limit itself to a particular discipline; instead,
this is a field of science that combines several disciplines such as, Physics, Chemistry,
Health care, and Engineering, etc. Owing to this, nanotechnology possesses a high
potential that can lead to some of the most significant breakthroughs in real life. As this
technology basically works on materials with dimensions in the range of nanometers,
therefore these materials have been termed as nanomaterials by scientists. There have
been numerous nanomaterials to date with which people have worked since the inception
of nanotechnology. One such category of materials is carbonaceous nanomaterials. Some
examples of these sorts of materials are single and multi-walled carbon nanotubes
(SWCNT, MWCNT), graphene, and graphene oxides (GO), reduced graphene oxides
(rGO), etc. [2, 3]. These nanomaterials are being used in almost every field of nanoscience
and engineering. Some of their most practical applications can be cited in the areas of
sensing, catalysis, capacitor, supercapacitor, field-effect transistors (FET), transparent
conducting films (TCF), etc. [4-6] Because of the good electrical and mechanical
properties, CNTs had an extraordinary demand amongst the scientists in the earlier days.
Such characteristics of the CNTs influenced Xu et al. [7] to work with these
nanomaterials. Hence this group started their experiments on the electrophoretic
purification of SWCNTs. In doing so, they found out that the by-product in this process
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was showing fluorescence characteristics. The fluorescent band was then run
electrophoretically into the anodic buffer followed by the dialysis (using a membrane of
cut-off 12,500) method. N2 was then blown to remove extra water from the fluorescent
band before vacuum drying. This final fluorescent by-product was later termed as carbon
dots (CDs) by the research fraternity.
CDs can be defined as the quantum dots which have the source of carbonaceous materials.
They are quasi 0D carbon materials with a size ranging from 1-10 nm [8, 9]. They have
an intrinsic property of PL, which is missing in the other carbonaceous nanomaterials.
These nanoparticles show tunable PL emissions [9], i.e., they emit light in diverse colours,
exactly like the other inorganic heavy-metal-based quantum dots. However, they
completely outperform the inorganic quantum dots in terms of toxicity, as the inorganic
quantum dots are highly toxic in nature. In contrast, CDs possess very low to no toxicity
at all [10]. Apart from the PL property and the low toxicity, one more noteworthy
characteristic of the CDs is high water solubility [9, 10]. The presence of functional
groups on the surfaces, such as −COOH and/or −OH is responsible for the high water
solubility of the CDs [10]. These properties of CDs make them attractive in several
applications, where water solubility and toxicity act as challenges for other luminescent
inorganic quantum dots.

1.2. Types of Carbon dots
CDs typically comprise of a core with mostly sp2 hybridization, covered with several
functional groups [11, 12]. CDs have been categorized into three different groups: carbon
quantum dots (CQDs), graphene quantum dots (GQDs), and carbonized polymer dots
(CPDs) (Figure 1). This classification is solely based on the formation mechanism,
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properties, and structure [8, 12]. At least one of the dimensions in all these three
categories is < 10 nm in size. CQDs are characteristically spherical, with graphite-like
structures being connected between multiple layers. The PL mechanism in CQDs is due
to the quantum confinement and the intrinsic luminescence of the nanomaterials. The
method of formation of CQDs follows the “bottom-up” technique. On the contrary, GQDs
follow the “top-down” method for synthesizing. For example, GQDs are being
synthesized by cutting the larger carbon materials like CNTs, carbon fibers, graphite,
carbon rods, etc. [8, 13, 14] In GQDs, a few graphene structures are connected by the
functional groups on the boundaries. A distinct characteristic of GQDs

Figure 1.1. Types of CDs: CQDs, GQDs, and CPDs [12].

is that the horizontal dimension of the GQDs is larger than the longitudinal one. The
observed average lattice gap is 0.24 nm. In the case of CPDs, there is a carbon core
entangled with polymers (cross-linked)/ numerous functional groups [8, 12]. Owing to
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this, CPDs exhibit excellent water stability. Moreover, the presence of abundant
functional groups on the surfaces provides a more extensive scope of doping with some
heteroatoms like oxygen, nitrogen, etc. The external doping can help them to attain higher
PL.

1.3. Synthesis techniques of Carbon dots
After the first discovery of the CDs in 2004, a great revolution in the research fraternity
was witnessed as scientists from all around the globe were keen to identify and know
more about this tiny nanomaterial. Therefore, rigorous research on CDs started afterward,
which involved in synthesizing the same in many different ways. The synthesis
techniques have been generalized into two categories; the “bottom-up” and “top-down”
approaches.
1.3.1. “Bottom-up” approach
As the name suggests, the bottom-up approach involves synthesizing CDs from bottom
to up, i.e., smaller groups of molecules get together to form a larger cluster. Some
“bottom-up” approaches for CD synthesis are the hydrothermal treatment of citric acid or
carbohydrates, pyrolysis, microwave, ultrasonic, solution chemistry, carbonization
method, etc. [12, 15, 16] For instance, Zhu et al. [17] synthesized high QY CDs from
citric acid and ethylenediamine (EDA) using the hydrothermal technique. Their highest
reported QY of the synthesized product is 80%. They further used the CDs to detect Fe3+.
Wang et al. [18] also used the hydrothermal technique to synthesize high QY CDs (40%).
They further used their synthesized CDs as fluorescence-based picric acid (PA) sensing
probes. Their reported detection limit for PA is 0.041 µmol/L in a linear range of 0.5-30
µmol/L. Yuan et al. [19], on the other hand, used the solvothermal technique to synthesize
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CDs from citric acid and diaminonaphthalene. They used EtOH/H2SO4 as the solvent,
and the QY of their synthesized CDs was 75%. Zhuo et al. [20] used the pyrolysis method
to synthesize extremely high QY CDs with excitation independent fluorescence. The use
of glutathione with citric acid helped to obtain such a high QY. The lower toxicity of the
synthesized CDs was then used for cell imaging purposes. Xu et al. [21] used microwave
assisted synthesis technique to synthesize N, S-CDs using glycerol solvent and cysteine
as the source of C, N, and S. They used the CDs as turn-on probes for fluorescence-based
detection of Hg2+. Li et al. [22], on the other hand, explored the ultrasonic technique using
acid/alkali assisted glucose solution for the synthesis of fluorescent carbon nanoparticles.
Their observation reports that the hydroxyl group-rich surface of the carbon nanoparticles
helps to get higher hydrophilicity. However, there remains a difficulty in this technique,
which is the aggregation during carbonization.
1.3.2. “Top-down” approach
The “top-down” approach involves the procedure of breaking larger particles into smaller
ones. Several methods can be incorporated under this category, such as arc discharge,
hydrothermal

and

solvothermal,

laser

ablation,

acidic

oxidation,

stripping,

electrochemical process, etc. [23]. Amongst these, the most popular ones are the
hydrothermal method and the solvothermal method. The production of high QY CDs has
been observed by the researchers using hydrothermal method [10]. However, to get better
control on the size of the CDs, the electrochemical technique is preferred [23]. For
example, Kalita et al. [24] explored the electrochemical method for the synthesis of
GQDs. They used LiClO4 in propylene carbonate as the electrolyte. The synthesized
GQDs were used as sensing probes for the sensing of moisture in the soil. On the other
hand, deYro et al. [25] synthesized CDs from biowaste with hydrothermal technique. The
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synthesized CDs were then used in bioimaging applications. However, the first evidence
of CDs was obtained using a top-down approach, which was reported by Xu et al. [7]
They used the arc discharge technique in their work.
The research regarding the synthesis techniques of CDs is currently not limited to the
above-mentioned individual processes. There are examples where the combination of
both methods has been used to obtain CDs. Calcination of organic molecules can result
in producing fine carbon powder. This is a typical bottom-up technique. CDs are then
formed by shearing the carbon powder, which is a typical top-down method [23].

1.4. Sources for precursor materials
One of the reasons that CDs have gained more advantages is the low price and easy
availability of the raw materials/precursor materials. With the “top-down” technique,
several carbonaceous raw materials have been used to synthesize CDs, and it has been
reported that the raw materials used in this technique are less costly [23]. For example,
GO [26], citric acid [17], pyrene [27], etc., are some of the reported materials which were
used to synthesize CDs by the “top-down” technique. Having said so, the “bottom-up”
approach has also been rigorously utilized to prepare CDs with more precision. Some raw
materials used in this technique are salicylic acid [28], glucose [29], etc.
Moreover, there are several reports in which green materials or organic materials have
also been used to synthesize CDs. For example, Picard et al. [30] synthesized fluorescent
CDs from Miscanthus grass to detect Fe3+ ions. They used different dopants with the raw
material to synthesize P-doped, N-doped, and dual-doped CDs. The detection limit of
their synthesized CDs is 20 nM. Wang et al. [31] derived N, S, P-doped CDs from
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biomass waste. They also used the synthesized CDs to detect Fe3+ ions, and their reported
limit of detection (LOD) value is 0.1 µM. In another report, Qiang et al. [32] showed the
synthesis of CDs from potato-starch by acid-assisted ultrasonication method and used the
CDs to detect Zn2+. This synthesis probe showed an excellent detection limit of 1 nM.
Not only this, there are numerous articles reporting the synthesis of CDs from many other
precursor materials, such as eggshell, milk, banana peel, and banana stem, bamboo leaf,
cow manure, paper [33-40] etc. Not only this, the researchers have not restricted
themselves to the above-mentioned materials. They even used human hair to get CDs
successfully and applied it for the detection of chloroform in water [41]. All these
reported sources for CDs synthesis open a wide window for the researchers to explore
further to obtain even higher QY CDs and use them in a wide range of applications.

1.5. Applications of Carbon dots
Since the discovery of CDs, there has been an enormous demand for CDs due to their
distinct characteristics. Consequently, CDs have been used in a wide range of applications
as well, from sensing to catalysis, from optoelectronics to biomedicines, etc. Therefore,
for a robust understanding, the applications of CDs are categorized separately based on
their applied areas. This classification is schematically shown in figure 1.2.
1.5.1. Sensors
The only property of CDs that differs from other carbon nanoparticles, i.e., the
fluorescence property, makes CDs a potent candidate for fluorescence-based sensing
applications. Based on the sensing mechanism, this section has also been divided into
four subsections as photoluminescence-based (PL-based) sensors, chemiluminescencebased (CL-based)
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photoelectrochemiluminescence-based (PECL-based) sensors. This subdivision of the
sensor is also presented in figure 1.2.

Figure 1.2. Different categories and sub-categories of the applications of CDs.

1.5.1.1. Photoluminescence-based (PL-based) Sensors
CDs have been used as a PL-based sensing probe for the detection of heavy metals,
explosive nitro compounds, pesticides, and toxic compounds, etc. [42] To date; most
research has been conducted on fluorescence-based heavy metal sensing applications.
The metals reported in these works are Cr6+ [9, 43-45], Hg2+ [46-51], Fe3+ [9, 30, 31, 5255], Pd2+ [56-58], Co2+ [59-62], Zn2+ [63-67], Cu2+ [68-74], Au3+ [75, 76], Cd2+ [77-79],
Bi3+ [80-82], Al3+ [83-85], K+ [86], Sn2+ [87], Mn2+ [67, 88], Be2+ [85], Ag+ [89-94], Ni2+
[85], and Pd2+ [56, 58], etc. In the case of explosive materials also, CDs especially, the N
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or N/P doped CDs, have shown a potential side as sensors [42]. Some of the hazardous
explosive materials are nitroethane (NE), nitrophenol (NP), nitromethane (NM),
nitrotoluene (NT), nitroaniline (NA), 2,4,6-trinitrotoluene (TNT), picric acid (PA),
etc.[10, 42, 95-99] Owing to the high solubility, these nitro group containing chemicals
easily contaminate the groundwater and soil and thus create several health threats. Hence,
detecting the presence of these materials in water and soil is also of great importance,
which has been issued and resolved quite convincingly by the researchers using CDs. In
most cases, the selectivity towards a particular metal ion/chemical relied on the precursor
materials or the synthesis techniques. Having said so, it is worthwhile to mention some
of the common sensing mechanisms such as d orbital transition of electrons, fluorescence
resonance energy transfer (FRET), dual electron transfer (DET), electron interaction (EI),
charge transfer complex (CTC), inner filter effect (IFE), photo-induced electron transfer
(PET), etc. For example, Khan et al. [100] used N, S-CQDs for the detection of PA. The
LOD of the sensor is 0.24 µM. It was observed in this report that the fluorescence of the
CQDs got quenched when exposed to PA. The mechanism of this fluorescence quenching
was reported to be FRET. Whereas, Li et al. [95] showed that the PA sensing mechanism
was based on the charge transfer method and their reported LOD for PA sensing is 10
nM. Cheng et al.[101] also reported the sensing of PA by CDs; however, in their case,
the sensing mechanism was based on IFE. Similarly, for metal detection, the quenching
of fluorescence of the CDs due to the transfer of excited electrons to the vacant d orbitals
of the metal ion is a popular concept. Zhang et al. [102] represented this concept in their
work, in which they synthesized CDs to detect Fe3+ ions. Apart from heavy metals and
explosive materials, CDs have been used as sensing probes to detect pesticides and other
toxic materials as well. Several toxic chemicals such as carbamate pesticides,
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organophosphorus, etc. have been used rigorously as pesticides, which have an adverse
impact on human health. Therefore, the identification of such chemicals in water and soil
is also one of the important aspects. One such chemical that is used as a pesticide is methyl
parathion (organophosphate). Lan et al. [103] detected this chemical by using N-CDs as
sensing probe. They reported that the sensing mechanism for the same was based on IFE.
Their reported LOD was as low as 1.87 ppb. Apart from pristine CDs, CD composites
with metal nanoparticles also act as good sensing probes to detect pesticides. One such
example is that, the composite made by attaching CDs with Au nanoparticles proved to
be a colorimetric sensor for the identification of phoxim as reported by Zheng et al. [104]
In another work, Yang et al. [105] targeted carbendazim as the analyte and they proposed
the sensing mechanism to be based on FRET. Along with the pesticides, some chemical
compounds detected with the help of CDs are acetic acid, acetone, NO, etc. [42] Overall,
the PL property of the CDs has been widely utilized to use them as PL-based sensing
probes.
1.5.1.2. Chemiluminescence-based (CL-based) Sensors
The fundamental mechanism for chemiluminescence involves the emission of light as a
consequence of the reaction between two or more reactants. This particular mechanism
has been adopted to prepare CL-based sensors using CDs. The advantages of CL-based
sensors involve high precision, simple instrumentation, zero interference from the
scattering light in the background [85]. Wang et al. [106] determined the presence of Lcysteine with the help of a CL-based sensor using CDs and lucigenin. They synthesized
the CDs from starch hydrothermally. It was observed that there was no blue emission
(CL) initially in the CDs and lucigenin mixture. However, upon the addition of L-cysteine
in the system, it started showing a strong blue emission. They exploited this phenomenon
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to detect L-cysteine. The reported LOD is 8.8 µM. Hallaj et al. [107] demonstrated the
CL property of a mixture, including KMnO4 and S, N-doped CDs in the presence of
indomethacin and thus used this as a CL-based sensor for indomethacin. The CDs were
synthesized by hydrothermal treatment of a mixture of citric acid and L-cysteine. The
reported LOD in their work is 65 µg/L. Glucose can also be detected using the CL
property of the CDs as presented by Duan et al. [108] They synthesized CD from citric
acid and doped it with Cu by using Cu(NO3)2.3H2O. The LOD of this sensor was as low
as 0.32 µM. Apart from the above-mentioned chemicals, some other materials that were
detected using a CL-based sensor are gallic acid [109], bromate [110], tannic acid and
thiourea [111], adenosine [112], ranitidine [113], Mn(II) [114], metronidazole [115], etc.
1.5.1.3. Electrochemiluminescence-based (ECL-based) Sensors
The ECL process involves a chemical reaction of species in an electrolytic system
(especially on the electrodes) that gets high energy during the reaction to eventually get
excited and emit light [116]. Unlike PL and CL, in the case of ECL, the luminescence is
controlled and tuned using appropriate applied potential [116, 117]. The CDs show ECL
without using any surface passivation. Oxidized CDs are generally utilized as
luminophores for ECL. In most cases, a PBS solution of pH 7 is used to get ECL signal
by CDs. As the ECL signal using CDs is observed in both the potential area (positive and
negative), both the radicals of CDs (anionic; R•−, cationic; R•+) should actively operate
for the occurrence of ECL in the non-attendance of co-reactants. The charge transfer
phenomenon occurs due to the collision between the radicals, and consequently, the CDs
attain their excited state [118]. It has been reported that the emission maxima get redshifted in the case of ECL compared to the PL maxima. The separation of energy for ECL
is relatively less compared to the energy of band gap (for PL), which can be deemed
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responsible for the red-shift of ECL maxima compared to the PL maxima [119]. One
example of such an ECL-based sensor application of significant impact is the use of it as
a tumor marker. For example, Xu et al. [120] reported the synthesis and application of an
ECL-based immunosensor to detect cancer samples, and their reported LOD is 0.00026
fg/ml. They used CDs and perylenetetracarboxilic acid as the luminophores, whereas
2−
graphene as nanocarriers. The co-reactants used in ECL sensors such as S2 O2−
8 SO3 .
•−
2−
•−
S2 O2−
8 help to produce SO4 radicals whereas SO3 helps to produce SO3 radicals. In the
•−
latter case, the SO•−
3 radicals further react with dissolved oxygen and form SO4 . On the

other hand, the CDs get reduced (electrochemically) in the cathodes to form CDs•− . This
CDs •− then react with the SO•−
4 radicals to get into the excited state. Then, during the
returning back to the ground state of the CDs, they emit light [116, 121]. In some other
cases of ECL-based sensing systems, CDs have been used as ECL enhancers of some
semiconductor quantum dots. For example, Zhang et al. [122] reported the amplification
of ECL of CdS quantum dots by incorporating CDs with them, which further was used as
a biosensor of oxidase substrate.
1.5.1.4. Photoelectrochemiluminescence-based (PECL-based) Sensors
The PECL-based sensors work based on a combined mechanism of the PL and ECL. The
transfer of electrons in this sort of sensor occurs at electrodes in the presence of light [85].
For example, Gao et al. developed one PECL-based sensor by combining N-CQDs with
TiO2. They used this sensor to detect chlorpyrifos, in which the response showed 42%
better result than the sensor used without CQDs [85].
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1.5.2. Optoelectronics
Some of the unique yet important optoelectronics properties are tuneable bandgaps,
robust, stable fluorescence, high mobility and ultrafast transfer of electrons, long lifetime
of hot-electrons, etc. Due to the presence of high surface areas, CDs have shown great
potential in optoelectronic applications such as light-emitting diodes (LEDs), solar cells,
and photodetectors.
1.5.2.1. Light-emitting diodes (LEDs)
LEDs are now one of the booming research topics due to their energy-saving technology.
Some rare earth materials or some other inorganic quantum dots have been used by
researchers to prepare LEDs. However, the popularity of CDs, because of their low-cost
production and low toxicity, has been observed as a potential replacement of inorganic
quantum dots for the fabrication of LEDs. The LEDs, fabricated by using CDs, can be
divided into two categories: PL-based LEDs, and EL based LEDs.
1.5.2.1.1. Photoluminescence-based (PL-based) LEDs
In PL-based LEDs, there consists of a combination of fluorescent CDs along with a UV
or blue chip. Here, the CDs act as phosphors that get excited in the presence of intense
UV light. However, one primary drawback of this system is that the aggregation induced
quenching (AIQ) causes the feeble fluorescence of the CDs. There are several techniques
that can help to overcome this issue. For example, embedding the CDs in solid matrices
like starch, borax, resin, cellulose nanofiber, etc., can help ignore the AIQ effect by
retaining the fluorescence of the CDs. Sun et al. embedded the CDs with a starch matrix
to synthesize a CDs-based phosphor. The hydroxyl groups of starch got attached with the
carboxyl and amide groups on the surface of the CDs to form this matrix. The authors
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then showed the potential applications of this matrix in LEDs, temperature sensors, and
patterning [123]. Wang et al. [124] used boric acid as the matrix for embedding CDs in
LEDs. The synthesized CDs matrix showed a QY of 80.1% and high thermal stability,
which helped them to use it in LEDs applications with CIE coordinates at (0.33, 0.32).
However, the first reported LED application by CDs shows that the synthesized CDs were
emitting deep UV lights. The authors could convert blue light into white light by coating
a blue LED with CDs [125]. This discovery expanded the opportunities for researchers to
use CDs in the fields of optoelectronics (LEDs). Thereafter many works have been done
by researchers to fabricate white LEDs using green, yellow, blue light-emissive CDsbased phosphors [123, 126-129]. However, most of the reported CDs-phosphors-based
white LEDs have been facing criticism due to their poor stability, segregation of phases,
aging of colors, and complicacy in the fabrication of devices. The dependency on the
multi-components which emit different colors in the white light spectrum can be
attributed to the above-mentioned criticism. Therefore, a single-component system that
emits light in the range of 400-700 nm is highly desirable by scientists [130-132].
1.5.2.1.2. Electroluminescence-based (EL-based) LEDs
Apart from phosphor-based LEDs, CDs have been used for EL-based LEDs as well.
Generally, CDs are sandwiched between a multi-layered device structure as emissive
films. The first-ever EL-based LED using CDs (GQDs) has been articulated by Gupta et
al. They fabricated an organic LED (OLED) using CDs where the power was generated
electrically. The emissive layer was fabricated by a mixture of GQDs (functionalized with
methylene blue; MB-GQD), which was doped in poly (2-methoxy-5-(2-ethylehexoloxy)1,4-phenylenevenylene) (MEH-PPV) with several concentrations of GQDs. The result
showed that the turn-on voltage got reduced from 6 V to 4 V when 1% of the MB-GQD
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was mixed with MEH-PPV [133]. However, further addition of GQDs to the mixture
showed an adverse effect due to the aggregation of the CDs. Additionally, the extent of
work on EL-based LEDs using CDs got expanded. In some cases, poly(3,4ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS) has been used to
increase the work function of ITO by using it as the buffer layer at the anode so that the
roughness on the surface gets reduced. The other electrode was 1 nm thin LiF with 120
nm thin Al, whereas the electron transport layer was made with 1,3,5-tris(Nphenylbenzimidazol-2-yl) benzene (TPBI) [16, 134]. Having said so, the EL-based LEDs
composed of CDs are still lagging in terms of efficiencies compared to the ones fabricated
with semiconductor quantum dots [135, 136]. To overcome this drawback, there needs to
be a proper approach to synthesize CDs with narrower bandwidth with even better QY.
1.5.2.2. Solar cells
Solar cells are the devices that depend on the carrier generation efficiencies due to photoexcitation. One of the crucial properties that can be handy to use the CDs in the solar cell
application is the absorbance of light in the wide range of wavelength until the visible
spectrum [9, 137, 138]. The solar cells have been subdivided into several categories, such
as organic [139, 140], silicon-based [141, 142], dye-sensitized [143, 144], etc. The
incorporation of CDs in solar cells can be done as sensitizers, absorbing agents, and
transporting layers. Consequently, the as-prepared solar cells' efficiency also varies in a
range from 0.1-9% [138]. One such example is the work reported by Bora et al. [145]
The author solvothermally synthesized green light emitting CDs from citric acid using N,
N-dimethylformamide as the solvent. The synthesized CDs were used as the cosensitizers in dye-sensitized solar cells. The used dye in their work is N719. This overall
system showed an efficiency for photo conversion of 6.9%. Shin et al. [140] reported the
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enhancement of power conversion efficiency (PCE) of a flexible organic solar cell from
3.56 to 4.23% after adding GQDs as an active layer. Diao et al. [146] presented the
fabrication of CDs/n-silicon heterojunction for solar cell application. Using and adjusting
the thickness of the CDs layer, they obtained a PCE value of up to 12.35%. This
development in research regarding the use of CDs in solar cells application has shown a
high potential of the CDs as the replacements of inorganic material based solar cells [147].
1.5.2.3. Photodetectors
The responsive nature of CDs under light illumination is proven to be a highly beneficial
side of CDs to be utilized in photodetectors. The generation of electron-hole pairs under
the light illumination further helps to separate them when applied to different potentials.
This phenomenon ultimately helps to get a sufficient amount of photocurrent. However,
CDs possess significantly less electrical conductivity due to less crystallinity. Hence,
researchers have tried to make composites with other highly conductive materials to get
better results in terms of photoresponsivity and detectivity. For example, the fabrication
of a photodetector based on a silicon (Si) substrate with a heterojunction with CQDs is
demonstrated by Hsiao et al. [148] The synthesized CQDs showed a dual-sized
characteristic. In the heterojunction, the CQDs-containing bottom layer acted as a
prominent photon harvester, whereas the top layer helped to extract the holes. The
photoresponsivity of a Si-based photodetector was enhanced up to 203.8% by integrating
a purple CD layer as a sensitizer as reported by Kalytchuk et al. [149] The CDs are
capable of being utilized in deep UV photodetectors due to the presence of the absorbance
peak at ~250 nm which is due to the π − π∗ transition [125, 150, 151]. A GQD decorated
ZnO/PEDOT:PSS heterojunction was used as a Schottky diode to detect UV light by Dhar
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et al. [152] Their reported equivalent quantum efficiency (EQE), photoresponsivity, and
photodetectivity are as high as 13,161%, 36 A/W, and 1.3 × 1012 Hz1/2/W at -1V bias
voltage, respectively. The hole-trapping phenomenon was increased due to the presence
of GQDs at the surface of the ZnO nanorods, which eventually helped to get a higher
photocurrent. In another work, Wang et al. [153] also fabricated a broadband
photodetector by incorporating ZnO nanorod arrays with N-CQDs. The broadband as well
as the faster response, high photoresponsivity, and sensitivity by the device can be
ascribed to the presence of N-CQDs in the photodetector material. The authors used waste
paper and urea as the precursor materials for the synthesis of the N-CQDs, which makes
the fabrication cost of the overall device quite less. Apart from ZnO [154], CDs have been
incorporated with other semiconductors as well such as, MoS2 [155], silicon [156],
perovskite [157], TiO2 [158], WSe2 [159], etc.
1.5.3. Energy storage
With the development of our society, the concern about the issues related to the
environment is increasing with every passing day. The rapid diminution of non-renewable
energy sources, high feeding of fossil fuels have made scientists strive for the search of
renewable and clean energy sources. These constraints have made energy storage systems
quite popular in recent years. Moreover, the expansion of electrical or hybrid vehicles has
also led to the advancement of energy storage systems. Many materials like sulphides
[160, 161], oxides [162, 163] have been used to develop several energy storage systems,
such as supercapacitors, batteries, etc. However, incorporating CDs with the reported
materials has shown terrific enhancement in the performances of the devices. Therefore,
in this section, we have focused on discussing supercapacitors and batteries, where CDs
have been used as fabricating materials.
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1.5.3.1. Supercapacitors
The high power density of supercapacitors is one of the reasons for their exclusive
demand in real-life applications. Based on the mechanism of charge storage,
supercapacitors are generally categorized into two different types: electric double-layer
capacitors (EDLC) and pseudocapacitors. The former one is based on the ion-adsorption
mechanism, whereas the second one is based on the faradaic reaction method [138].
Kumar et al. [164] synthesized 4−7 nm CDs and used them in activated carbon (AC)
based supercapacitor to improve the fast kinetics of the surface reaction of the EDLC
electrode materials. They used Polyethylene glycol-400 (PEG400) as the precursor
material for the CDs with sonication technique. The composite electrode was fabricated
by sonicating CDs with ACs. Their result showed that the specific capacitance got
increased three folds after adding CDs with ACs in 6 M KOH electrolyte. Another
example of the composites containing carbon materials with CDs as electrode material
for EDLC is presented by Hu et al. [165] The electrochemically synthesized CDs (2−5
nm) were adhered on the surface of horizontally associated carbon nanotubes (CNTs)
arrays and were used as the electrodes. The incorporation of the CDs enhances the specific
capacitance up to 200%. Another work where CDs have been used as one of the
composite materials for the synthesis of the electrodes of a supercapacitor is reported by
Zhao et al. In this work, they synthesized the CDs enhanced CuS/CNT electrode by in
situ hydrothermal technique. The addition of CDs helped to get an enhanced performance
in terms of specific capacitance and stability [166].
Moreover, CDs have been used in micro-supercapacitors as well. The first-ever microsupercapacitor using CDs was reported by Liu et al. [167] They synthesized GQDs
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(1−5.4 nm) by hydrothermal technique and GO by modified Hummer method. The GQDs
were electrodeposited on interdigital Au electrodes. In order to fabricate an asymmetric
micro- supercapacitor, GQDs were coated on one side and MnO2 on the other side of the
interdigital finger Au electrode. An aqueous solution of 0.5 M Na2SO4 was used as the
electrolyte for the electrochemical analysis. They reported that the device retained
≈97.8% of its initial specific capacitance even after 5000 cycles. In another work, GQDs
were used to prepare a micro-supercapacitor along with MnO2 [168]. Ionic liquid gel was
used as the electrolyte in this work. The GQDs were synthesized by hydrothermal
technique from GO sheets [169]. The photoresponsive behavior of the CDs has also been
utilized to fabricate light rechargeable supercapacitors. A group of scientists fabricated a
fibrous supercapacitor (photo-assisted; NM2P1). They used N-CDs enhanced Ti3C2Tx as
the electrode material. The device showed a volumetric capacitance of 1,445 F/cm3 at 10
A/cm3 under photo-charging, which was 35.9% higher than the value in dark condition
[170]. Apart from this, many other recent reports are there, where the scientists have used
CDs for fabricating photo-rechargeable supercapacitors [171, 172].
1.5.3.2. Batteries
Another form of the energy storage device is a battery. There have been several works on
the fabrication of Li-ion batteries for the last couple of decades. However, the first
inclusion of CDs (GQDs) to synthesize electrode materials (positive electrode) was
reported by Zhu et al. [151] The addition of GQDs with highly conductive CuO helped
to increase the transport kinetics by decreasing the electrochemical impedance. The
device showed an excellent power density of 157.3 mW/cm2 [173]. In another work, the
growth of Li on the anode of Li-ion battery was minimized by changing the morphology
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of the anode with the introduction of CDs in the Li plating. The synthesized CDs
possessed several functional groups (−OH, −COOH) and negative surface charges. The
functional groups and the negative charge at the surface helped to attract positive Li-ions,
which made the transportation of Li ions uniform on the charge collector. This
phenomenon helped to maintain the smoothness of the surface during the plating process.
The device showed a capacity retention of 99% after 100 cycles [174]. Apart from the
application of CDs in various Li-ion batteries [175, 176], there are several works, which
report the application of CDs in sodium-ion batteries as well [177].
1.5.4. Catalysis
As discussed earlier, CDs are capable of multi-disciplinary applications. Also, is that the
unique characteristics of consisting of several functional groups on the surfaces make the
CDs quite handy in catalytic applications as well. More significantly, CDs act as both
electron acceptors and electron donors. The catalytic application by CDs can be executed
by attaching them with other nanomaterials or by using them individually as sole catalysts
[42]. Based on the working methods of the CDs as catalysts, they have been subcategorized into two distinct divisions; bare CDs –based catalysts, CDs-containingcomposite-based catalysts. The catalytic activities of CDs have been explored to degrade
several pollutants such as metal ions and organic dyes. Jusuf et al. [178] synthesized CDs
from the ashes of the membranes of eggshell by microwave heating technique with an
average particle size of 3.88 nm. They mixed these CDs with methylene blue to prepare
the sample solutions at a concentration ratio of 4:1. The degradation was carried out under
the irradiation of sunlight and characterized the degradation with UV-vis spectroscopy.
The authors reported more than 50% degradation of methylene blue in this work. Arul et
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al. [179] also reported the methylene blue-reduction by using N-CDs. The addition of the
CDs in the solution of NaBH4 and methylene blue helped to reduce the absorbance
intensity of the solution, indicating the reduction of methylene blue. The functional
groups on the surface of the CDs attracted the methylene blue and NaBH4, which resulted
in the dye adsorption on the surface, and hence, the absorbance intensity got reduced.
Considering the toxicity of Cr6+, Bhati et al. [180] reduced it to Cr3+ using N-doped CDs.
The reduction process was carried out in the presence of sunlight. The photons of sunlight
excited the CDs to separate the electrons and holes. These photo-generated holes then
interacted with the water molecules to generate H+ ions. These H+ ions and the photogenerated holes then helped to reduce the Cr6+ ions to less toxic Cr3+ ions. Further, these
Cr3+ ions were separated by precipitation technique.
Furthermore, some composites have also been synthesized by attaching CDs with other
nanomaterials and used in catalytic applications. For example, Ke et al. [181] synthesized
a nano-composite by linking CDs with TiO2 nanomaterial. The higher bandgap of TiO2
(3.2 eV) limits the photocatalytic activity to the UV light region. However, attaching the
CDs with TiO2 by the authors helped to improve the photocatalytic activity even in the
visible spectrum. They used this composite to degrade methylene blue, and the reported
efficiency was almost 90%. The inclusion of CDs with the TiO2 nanoparticles showed
3.25 times better degradation efficiency compared to pristine TiO2 nanoparticles. In
another work, Chai et al. [182] developed a photocatalyst by doping CDs/Zn2+ on CdS
nanoparticles. They used this composite as the photocatalyst to reduce 4-nitroaniline (4NA) under visible light. Similarly, Huo et al. [183] also developed a ternary composite
system consisting of CDs, CdSe, and rGO. They synthesized this composite by
hydrothermal technique. Further, they used this composite to degrade pollutants under
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the presence of light. There are many other example, where CDs have been used as
photocatalysts [184-186].
1.5.5. Biological applications
The low toxicity of CDs is a vital characteristic to use in biological applications. Among
the many in vitro cytotoxicity tests of CDs with the use of a series of cell lines, there have
not been any morphological changes or acute toxicity has been reported till now [187,
188]. Moreover, similar results regarding toxicity were found for in vivo tests as well
[189, 190]. These results instigated many bio-researchers to use CDs in different
biological applications, such as bioimaging, biosensors, etc.
A great number of cell lines have been used to check the bioimaging capability of the
CDs. Some of them are HeLa cells [9], HEK293 [191], Caco-2 cells [192], cell lines of
the kidneys of pigs [193], B16F11 [191], BGC823 cells [194], Escherichia coli cells
[195], etc. For example, Wang et al. [196] synthesized N, P-CDs by hydrothermal
technique from L-arginine and phosphoric acid precursor materials. The high QY
(18.39%) of the synthesized CDs and the low toxicity were further exploited to use them
in cell imaging (HeLa) applications. In another work, the synthesis of dual emissive CDs
has been reported by Hu et al. [197] They synthesized the CDs by hydrothermally treating
a solution of dicyandiamide and o-phenylenediamine in dilute sulfuric acid. The CDs
showed an excellent QY value of 30.2% in water. Owing to this higher fluorescence
property of the CDs, the authors used it in cell (HeLa) imaging applications. Atchudan et
al. [35] showed the in vivo bioimaging application of CQDs by staining the whole body
of nematodes. The CQDs showed multicolour emission when excited at different
wavelengths. The authors used the hydrothermal method to synthesize the CQDs from
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banana peel precursor material with a QY value of 20%. Not only in bioimaging, but the
low toxicity of the CDs has also acted as an influence to use them in biosensing
applications as well. Some biomaterials that have been targeted to detect by CDs are DNA
[198, 199], cells and bacteria [200-202], proteins [203, 204], etc.

1.6. Knowledge gap
In the context of the earlier discussion, it is worth mentioning that the applications of
CDs are not limited to a single field of research. Rather, these have been expanded to
multiple directions. However, it is rarely observed that the CDs, which are obtained from
a single source of precursor material, have been used in more than one application
simultaneously. According to the literature, the CDs are either used in sensing
applications or in bioimaging applications or in photocatalytic applications, etc. It is not
common that the same CDs have been used in both sensing and bioimaging applications,
or sensing and photodetector applications, and so forth.
Although the PL property of the CDs has been well utilized in the fields of PL-based
sensing and bioimaging applications, it is found out from the literature that the lightresponsive behavior of the CDs is very poorly explored in the fields of photodetection
and energy storage applications. There are several examples in the literature where CDs
have been used in the field of energy storage systems; however, the use of CDs in the
fabrication of photo rechargeable energy storage devices is not yet reported to the best of
our knowledge. Moreover, in most of the works, it is witnessed that the CDs are needed
to be processed through some costly and time-consuming purification steps. Therefore,
based on these literature gaps, the objectives of the thesis were decided, which are
discussed in detail in the subsequent section.
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1.7. Objective and outline of the thesis
In the previous sections, an extensive discussion about the synthesis of CDs and their
applications have been made. The outcome of the discussion is such that the demand for
CDs in the current scenario is growing exponentially owing to the low toxic environmentfriendly characteristics of CDs, which is due to their natural resources. Their applications
in several critical fields such as optoelectronics and energy storage systems have also
played an essential role in developing CDs' popularity.
In the context of this, the current thesis explores several natural resources to synthesize
CDs and used these CDs in applications such as sensing, bioimaging, optoelectronics, and
energy storage systems. This thesis is divided into four different sections based on their
applications. These are (A) Sensing, (B) Bioimaging, (C) Optoelectronics, and (D)
Energy storage systems. Four different technical chapters have been prepared to discuss
about these four sections along with the introduction as well as summary and future scope.
An overall outline of the thesis in terms of different chapters is given below.
Chapter 1: This chapter starts with the introduction of the topic covering a detailed
discussion of CDs, their synthesis, and applications in several fields. A rigorous review
of the literature has been done. Based on the discussion of the literature, the objectives
and approach of the thesis have been described.
Chapter 2: This technical chapter includes sections A and B (sensing and bioimaging).
The synthesis of CDs by simple heating technique from potato has been shown and
characterized in detail. The synthesized CDs show an average particle size of ~5.97 nm
with a QY of ~6.08%. The presence of functional groups –OH and –COOH has been
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proven by Fourier transfer infrared spectroscopy (FTIR) analysis. The PL-based sensing
of Cr6+ and Fe3+ metal ions by the synthesized CDs has also been reported in this chapter.
Further, the same CDs have been used for in vitro cell imaging of HeLa cells.
Chapter 3: Sections A and C (sensing and optoelectronics) are elaborated in this
technical chapter. Cigarette-tobacco is used to synthesize N-doped CDs by microwave
assisted heating technique. The average particle size and the QY, in this case, are ~2.8
nm and ~9.98%, respectively. These synthesized CDs have also been used to detect picric
acid (PA; explosive material) in the water sample. Further, the as-synthesized CDs are
attached with MWCNT to prepare a nano-composite (CD-MWCNT) which has
successfully acted as a UV-photodetector material.
Chapter 4: This technical chapter includes section C (optoelectronics). Here, we have
not focused on the synthesis of CDs from some novel precursor materials. In this chapter,
we have used the CDs that have been reported in Chapter 3. The focus of this chapter is
to use the CDs in optoelectronic applications such as UV-photodetection. To obtain this
goal, we have attached the CDs with ZnO nanorods, which have been grown on a
graphite-coated paper substrate by hydrothermal technique. The as-prepared CD
decorated ZnO nanorods grown on a graphite-coated paper substrate acts as a Schottky
diode. This paper substrate-based Schottky diode is then used as a self-powered UVphotodetector.
Chapter 5: This technical chapter covers section D (energy storage system). In this
chapter, we report the fabrication of a UV-photoresponsive supercapacitor, where the
electrodes have been fabricated by attaching CDs on ZnO/MWCNT films. An ITO-coated
PET sheet has been used as the substrate material. Here also, we have not focused on the
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synthesis of CDs from a novel precursor material. We have used citric acid and
ethylenediamine (EDA) to synthesize the CDs by hydrothermal method. The primary
focus of this chapter is to fabricate a photoresponsive supercapacitor using CDs and then
exploring the working mechanism of the supercapacitor using electrochemical analysis,
which we have successfully presented.
Chapter 6: This chapter summarizes the work reported in the thesis by drawing
appropriate conclusions. Further, this chapter discusses the future scopes based on the
work reported in the previous technical chapters.
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Graphical abstract

The contents in this chapter have been published as “A Facile Synthesis of Nontoxic
Luminescent Carbon Dots for Detection of Chromium and Iron in Real Water Sample
and Bio‐imaging.” Rupam Sinha, Anil P. Bidkar, Ravula Rajasekhar, Siddhartha S.
Ghosh and Tapas K. Mandal, Can. J. Chem. Eng., 98, 194, 2020.
DOI: 10.1002/cjce.23630
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Abstract
In this study, we have reported the synthesis of luminescent carbon dots (CDs) from
indigenous potato sources by simple heating reactions. The as-synthesized CDs exhibited
an average size of ~ 5.97 nm with a quantum yield (QY) of 6.08%. Furthermore, the CDs
possessed high water-solubility, possibly due to the presence of ─COOH and ─OH
groups on their surfaces. The quenching of luminescence of the CDs, specifically by Cr6+
and Fe3+ ions, was used to detect chromium and iron in the water sample. The minimum
limit of detection (LOD) for Cr6+ and Fe3+ ions was found to be 0.012 μM and 0.000549
μM, respectively, in a linear range of 0.5 μM-100 μM and 0.5 μM-5 μM for Cr6+ and Fe3+,
respectively, which was well below the concentration specified by WHO. We used our
sensing system to detect the metal ions in water from the Brahmaputra River as well as
in tannery water. In addition, the MTT-based cell viability experiments showed that the
CDs were non-toxic within 200 μg/mL. High quantum yield and the easy uptake of CDs
enabled the quick labeling of the cytoplasm of the HeLa cells, which can be further
attributed to bioimaging applications.
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2.1. Introduction
The carbon dot (CD) has been an essential member of the carbon family since the day of
its incidental discovery in 2004 [1]. CDs are nanoparticles with an average size of <10
nm. They consist of sp2 hybridized carbon with a crystalline or amorphous core [2]. The
CDs have an oxidized carbon surface with a large number of carboxyl (─COOH) [3] and
hydroxyl (─OH) [4] groups along with sp3 hydrocarbons (─CH3) [5]. CDs also possess
special mellifluous traits such as photoluminescence (PL) [1], low toxicity, watersolubility, high chemical stability, easy functionalization [6], and impressive
biocompatibility [7]. These properties have been used extensively in various fields such
as electrochemistry, wastewater treatment [8, 9], photocatalysis [10], bioimaging [1113], light-emitting devices [14], sensing [2, 15, 16], etc.
There are different methods to synthesize CDs, as mentioned in the previous chapter, such
as the electrochemical method [17], the hydrothermal method [15], microwave synthesis
technique [18-20], simple heating technique [21], etc. The hydrothermal method and the
simple heating technique are advantageous and better than other techniques due to the
simple preparation process and low energy consumption. These processes enable easy
control over chemical reactions. There are several bioresources full of carbohydrates such
as starch, polysaccharide, and sugar that can be considered as adequate bio-precursor for
CD synthesis. Some bioresources that can be considered for producing low-cost non-toxic
CDs are orange juice [3], garlic [22], grape juice [23], and banana juice [4]. Elements like
O and H present in the carbohydrate (apart from C element) help to synthesize CDs with
−OH and −COOH functional groups. These functional groups are responsible for the
extraordinary water-solubility of CDs. There have been several reports about the
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synthesis of CDs from carbohydrate-rich bioresources. For example, Sk et al.
[24] showed the presence of CDs in food caramels in their work in 2012. In this work,
the authors used, jaggery, a type of locally available bread, and sugar as the precursors
for the synthesis of CDs with QY of 1.2%, 0.55%, and 0.63%, respectively. In addition,
Zhao et al. [22] used a hydrothermal technique to synthesize bi-functional fluorescent CD
from garlic and showed its application in bioimaging and free radical scavenging. The
synthesized CDs showed a QY of 17. 5%. Mondal et al. [25] used lemon juice as the
precursor for the synthesis of N doped CDs, which they used as a sensing probe to detect
Fe3+ in water, and their work reports a detection limit of 140 ppb (2.5 μM). Although a
considerable amount of research on the synthesis of CDs from bioresources has been
conducted successfully, there are many more bioresources to be discovered for
synthesizing CDs with substantial properties.
Apart from bioimaging, CDs have recently been widely used to detect heavy metal ions
in water bodies. For example, CDs respectively synthesized from grass [15], bamboo
leaves [26], and prawn shells have a greater tendency to detect Cu2+ [27]. For Hg2+
assaying, CDs from pomelo peel and cucumber have been used [2, 28]. It is also reported
that CDs from sweet potatoes and banana peels can be used for Fe3+ sensing [11, 29].
CDs can sense Fe3+, Cu2+, and Hg2+ due to the presence of hydroxyl groups, amino
groups, and carboxyl groups, respectively [30]. The application of CDs as sensing probes
is not limited to metal ion assaying. A significant amount of research has been done on
detecting molecules, including methylene blue [31], glucose [32], etc., using CDs from
bioresources.
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Although the detection of different metal ions by CDs has been successfully performed
by numerous researchers, a limited number of reports discuss the simultaneous sensitive
and selective detection of two different metals using the same CDs. Therefore, in this
chapter, we report the simultaneous detection of chromium in the form of Cr6+ and iron
in the form of Fe3+ by using CDs as sensing nanoprobes. We show the selective and
sensitive detection of these two ions in the presence of other cations as well as anions. In
addition, we synthesized the CDs by a simple heating technique from a potato
bioresource. The CDs were also used to detect these two metal ions in a real water system.
The chemical composition, cytotoxicity, fluorescence properties, and stability of these
CDs were analyzed in detail. The as-synthesized hydroxyl and carboxyl functional group
rich CDs with an average size of ~ 5.97 nm manifested adequate stability with storage
time and detected a chromium and iron concentration well below the World Health
Organization (WHO) recommendation. Further, we used these non-cytotoxic CDs as a
bioimaging agent as well.

2.2. Experimental section
2.2.1. Materials
Al(NO3)3•9H2O, Zn(NO3)•6H2O, CdCl2•H2O, Na(NO3), KCl, K2Cr2O7, CaCl2, KH2PO4,
ethanol, and H2O2 were purchased from Merck, India. Co(NO3)2•6H2O, MnCl2•4H2O,
Pb(NO3)2, NiCl2, and FeCl2•xH2O were obtained from Lobachemie, India.
Cu(NO3)2•3H2O, MgCl2, FeCl3, NaASO2, HClO4, KMnO4, and AgCl were procured from
SRL Pvt. Ltd., India. Human cervical cancer cells (HeLa) were purchased from the
National Centre for Cells Science (NCCS), Pune, India. All of the chemicals were used
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without further purification. The potatoes were purchased from the local market in
Amingaon, Guwahati, India, and were washed with water for further usage.
2.2.2. Synthesis of fluorescent CDs
The fluorescent CDs were synthesized by a simple heating technique similar to that
reported by Sk and Chattopadhyay [21]. As in the typical method, 50 g of washed potato
was blended with 125 mL of deionized water using a mixer grinder (Samsung, MG 2573)
and the mixture was heated at 150°C for 90 minutes with constant magnetic stirring. Then,
the potato pulp was removed by simple filtration, and 20 mL of the liquid mixture was
mixed with 20 mL ethanol. This mixture was heated at 200°C for 2.5 hours. The
remaining material after heating was then dissolved in 20 mL of de-ionized water.
Afterward, the solution was filtered again using Whatman filter paper (pore size: 11 μm)
to remove the larger particles, and the brownish filtrate was then dissolved in 30 mL of
ethanol. This brown CD solution was then centrifuged for 10 minutes at 12 000 rpm to
remove the remaining larger particles.
2.2.3. Characterizations
UV-vis spectra of the synthesized CDs were obtained by a UV-vis spectrophotometer
(PerkinElmer, Lambda 35). Fluorescent spectra were obtained by a photoluminescent
spectrometer (PerkinElmer, LS 45). Field emission transmission electron microscopy
(FETEM) images were obtained using a field emission transmission electron microscope
(FETEM; JEM, 2100F). For the FETEM analysis, the sample was prepared by putting a
dilute CD solution on a carbon coated copper grid and allowing it to dry at room
temperature (300 K). The FETEM image was used to calculate the CD particle size
distribution by using ImageJ software (version: 1.45 seconds). The Fourier transform
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infrared (FTIR) spectrum was obtained using an FTIR spectrophotometer (Shimadzu,
IRAffinity-1) in the range of 1000-4000 cm−1. The analysis for the different elements was
performed using energy dispersive x-ray spectroscopy (Zeiss, sigma; EDX). The
fluorescence decay and average fluorescence lifetime were analyzed using a picosecond
time-resolved cum steady state luminescence spectrometer (Eddinburg Instruments,
FSP920). The cell images were taken using a confocal microscope (Zeiss, LSM 880).
2.2.4. Quantum yield calculation
The quantum yield (QY) of the prepared CDs was calculated by the method used by
Goswami et al. [33] As in the typical method, the QY of the CDs was determined with a
reference fluorescent sample quinine sulphate. The quinine sulphate reference was
prepared by dissolving it in a 0.1 M H2SO4 solution. The following formula was used to
calculate the QY of CDs. Both the reference material and sample material were excited
at the same wavelength:
𝐴

𝜂2

𝐴𝑏𝑠

𝑄𝑌𝑆 = 𝑄𝑌𝑅 × 𝐴𝑆 × 𝐴𝑏𝑠𝑅 × 𝜂2𝑆
𝑅

where 𝑄𝑌𝑅 and 𝑄𝑌𝑆

𝑆

(2.1)

𝑅

denote

the

quantum

yield

of

reference

and

sample,

respectively; 𝐴𝑆 and 𝐴𝑅 refer to the area under the emission peak of the sample and
reference, respectively at an excitation wavelength of 345 nm at a slit width of 2
nm; 𝐴𝑏𝑠𝑅 and 𝐴𝑏𝑠𝑆 are the absorbance reading of the reference and sample, respectively;
and 𝜂 refers to the refractive index of the solvent (1.33 for both the sample and reference).
The quantum yield ( 𝑄𝑌𝑅 ) of reference (quinine sulphate) was 54%.
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2.2.5. Stability of the CDs
The stability of the CDs was examined with respect to the pH of the solvent, the ionic
strength of the salt, and the storage time. The PL intensities of the CD solutions were
verified at different solvent-pH values, where the pH was adjusted by an H2SO4 and
NaOH solution. The effect of ionic strength on the emission of the CDs was examined by
using different concentrations of NaCl solution (0.1 M-2 M), whereas the effect of storage
time was verified by measuring the PL intensity of a 0.5 mg/ml CD solution prepared on
day one at different time intervals up to four months.
2.2.6. Cell culture
The HeLa cells were maintained in a CO2 incubator (5% CO2) with humidified air. The
cells were maintained in a DMEM (Dulbecco's Modified Eagle's Medium) with 10% (v/v)
fetal bovine serum and 1% penicillin and streptomycin.
2.2.7. Cytotoxicity test
To study the cytotoxicity of the prepared CDs, an MTT (3-[4,5-Dimethyl-2-thiazolyl]2,5-diphenyl-2H-tetrazolium bromide) assay was carried out on HeLa (human cervical
cancer) cells. Briefly, the HeLa cells were seeded in the 96-well plate (5000 cells/well)
and incubated for 24 hours in a CO2 incubator. After incubation, the cells were treated
with a range of CDs concentrations (0 μg/ml−200 μg/ml) for 24 hours. The supernatant
containing CDs was discarded and the MTT solution (0.3 mg/ml PBS) was slowly added
to each well. After 3 hours of incubation, the MTT was aspirated and 150 μl DMSO was
added. The absorbance was measured at 570 nm by a Tecan plate reader.
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2.2.8. Bioimaging
HeLa cells at a density of 2×105 were grown on a coverslip placed in a 6-well plate. Cells
were treated with the prepared CDs at a concentration of 200 μg/ml and were incubated
for 4 hours in the CO2 incubator. After incubation, the cells were washed with PBS to
remove the free CDs, fixed with 4% formaldehyde, and observed under the confocal
microscope using an excitation laser of 355 nm.
2.2.9. Detection of chromium and iron
As in the typical method, a stock solution of CDs was prepared with a concentration of
0.25 mg/ml. Then, 40 μl of a particular concentration of chromium in the form of Cr6+ was
added to 5 ml of the CD solution. The final concentration of Cr6+ ranged from 0
μM−100 μM. The fluorescence spectra were recorded at an excitation wavelength of
345 nm after 20 min of reaction time at room temperature (300 K). To verify the
selectivity towards Cr6+, different metal ions were added to the CD solution with a
concentration of 100 μM. Exactly the same procedure was followed for the detection of
iron in the form of Fe3+ ions. All of the sensitivity and selectivity measurements were
performed in triplicate.

2.3. Results and discussion
2.3.1. Optical property of CDs
The optical properties of the CDs were analyzed using UV-vis spectroscopy and
fluorescence spectroscopy. Figure 2.1 shows the UV-vis spectra and fluorescence spectra
of the CD aqueous solution. In the UV-vis spectra (black line), a continuous increase in
absorbance from 600 nm-230 nm and a broad peak at 275 nm are observed. This peak
refers to the π−π* and n−π* transition of conjugated C═C and C═O bonds. Moreover,

TH-2679_156107024

58

Chapter 2

this particular peak at 275 nm and the long tail to 600 nm suggest the occurrence of CDs,
and they are in accordance with the information provided in previous articles [3436]. This CD solution also shows a strong PL spectra (blue line) at 450 nm when excited
at 345 nm. This peak confirms the fluorescence property of the prepared CDs. Figure 2.2a

Figure 2.1. UV spectra (black line) and PL spectra (blue line) of CDs in aqueous solution.

shows the dependency of the PL intensities of the CD solution on the excitation
wavelength. It is observed from the figure that the increase in excitation wavelength from
305 nm-345 nm shows an increase in the emission PL intensity, while the PL intensity
begins to decrease along with a further increase in the excitation wavelength, i.e., 365 nm
and onwards. In addition, a plot is also shown in figure 2.2b where the redshift of the
emission maxima is depicted when the CD solution was excited at different wavelengths
ranging from 305 nm−505 nm. The CD solution is exposed to higher energy when it is
excited at a lower wavelength, compared to the case when it is excited at a higher
wavelength. Therefore, when it gives emission spectra corresponding to its excitation
wavelength, we can observe a maxima at a lower emission wavelength for a lower
excitation wavelength, and vice versa. This is the probable reason behind the redshift of
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Figure 2.2. (a) Emission spectra of CDs at different excitation wavelengths. (b)
Normalized PL spectra.

the emission maxima, although the correct explanation for this redshift is still unknown.
The average fluorescence lifetime was calculated, and for our sample, the average lifetime
value is 14.22 ns, which is adequate. The fluorescence decay plot is shown in figure 2.3.

Figure 2.3. Fluorescence decay curve of CD particles.

The fitting equation for the plot of figure 2.3 is as follows,
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𝑡
𝜏1

(− )

+ 𝐴2 𝑒

𝑡
𝜏2

(− )

+ 𝐴3 𝑒

𝑡
𝜏3

(− )

(2.2)

where 𝑓(𝑡) denotes the PL intensity at time 𝑡, 𝐴1 , 𝐴2 , and 𝐴3 denote the amplitudes,
whereas 𝜏1 , 𝜏2 , and 𝜏3 represent the PL decay times of each component [37, 38].
In addition, in this study the QY of the prepared CDs have been calculated to be 6.08%
using quinine sulphate (QY = 54%) as the reference. In the case of the PL mechanism,
Zhu et al. [39] postulated two possible theories; one is the defect state emission; and the
other is intrinsic state emission.
2.3.2. Characteristics, particle size, and stability of the CDs
Along with the fluorescence characterization, the characterization of the surface
functional groups of the CDs was also conducted. For this, an FTIR analysis was

Figure 2.4. (a) FTIR spectrum of CDs. (b) EDX spectra of the prepared CDs. (c) TEM
image of CDs, and (d) corresponding particle size distribution.
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performed and is shown in figure 2.4a. This figure shows that there are two broad bands
at ~ 3434 cm−1 and 2940 cm−1. These two broad bands correspond to the stretching
vibration of ─OH (due to the presence of ─COOH group) and C─H groups. The
presenceof peaks at 1697 cm−1 and 1629 cm−1 are due to the existence of C═O and C═C,
respectively. The peak at 1396 cm−1 signifies the bending vibration of C─H. All of these
results related to the FTIR peaks are in agreement with previous works [11, 35]. An
elemental analysis was also conducted on the prepared CD samples. Figure 2.4b shows
the EDX spectrum of the CD sample. From this characterization, the presence of element
O is confirmed along with element C. The presence of element O is the reason behind the
existence of the −OH group and the −COOH group on the surface of the CDs, and
because of these two functional groups, the prepared CDs have adequate water solubility.
The crystallinity, shape, and size distribution of the particles was studied using an
FETEM image of the synthesized CD particles. Figure 2.4c and d show the FETEM
image and particle size distribution histogram, respectively. From the FETEM image
(figure 2.4c) it is clear that the synthesized CD particles are well separated from each
other. This image was further used to obtain the average particle size of the CDs. For this,
the FETEM image was imported into ImageJ software to calculate the size of the
individual particle as discussed in section 2.2.3, and the overall particle size distribution
was plotted. Figure 2.4d shows the size distribution diagram, and it was observed that the
CD particles had an average particle size of 5.97 ± 2.47 nm. In this present work, the
stability of the synthesized CDs was explored without further purification by stabilizing
with additional chemicals. Figure 2.5a shows the PL dependency of the CDs on the pH
of the solution. The plot reveals that the PL intensity decreases in either very high (pH 13)
or very low (pH 1) pH values of the solution. However, the PL does not change from pH
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3−pH 11. The PL emission, controlled by either the surface or the molecular core, is
dependent on the pH value of the solution. At a very high or very low pH, the molecular
groups are significantly affected [40].

Figure 2.5. Stability plots of CDs: (a) pH dependency of PL intensity of CDs. (b)
PL dependency of CDs on the ionic strength (ionic strength was verified at different
concentrations of NaCl solution). (c) Effect of storage time of CDs on their PL. For (a)
and (b), the error bars represent the SD value considering three different measurements.
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Figure 2.5b shows that the PL intensity is not significantly affected by a substantial
increase in the ionic strength of the solution. The indication of the non-interference of
Cl− and Na+ ions is a favourable and desired situation in the present study because the
CDs are meant for the detection of iron and chromium in a real water sample, in which
the generation of the actual results is important among the many factors that can interfere
with the accuracy of the sensing system. The stability of the CDs is shown in figure 2.5c.
The PL of the as-synthesized CDs retained their intensity of ~ 89% up to a period of
4 months of storage.
2.3.3. Detection of chromium and iron in water sample
We used the PL property of the CDs to detect chromium in the form of Cr6+ and iron in
the form of Fe3+ ions. Figure 2.6 shows the PL spectra of the blank CD solution and the
solution with these two metal ions. From the two plots of figure 2.6, it can be observed
that the PL intensity of the CD solution noticeably decreases when the metal ions are
added to the solution. From this observation related to the decrease in the PL intensity, it

Figure 2.6. (a) PL spectra of CD solution and CD+200 μM Cr6+ solution. (b) PL spectra
of CD solution and CD+ 200 μM Fe3+ solution.
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can be inferred that these two metal ions (Cr6+ and Fe3+) are capable of effectively
quenching the fluorescence of the CDs. This quenching is attained by electron transfer or
energy transfer [30, 34]. The sensitivity of the CDs towards these metal ions have also
been studied in this work. For chromium, the fluorescence of the CDs with different
known concentrations of Cr6+ ion ranging from 0 μM−100 μM was investigated.
Figure 2.7a shows the PL spectra of the CD solution with different Cr6+ concentrations.
This figure shows that the PL intensity is decreased with the increase in Cr6+ ions at
427 nm. This trend solidifies the fact that the sensing system is sensitive to Cr6+ ion
concentration. The PL quenching data trails the Stern−Volmer equation. The mechanism

Figure 2.7. (a) PL spectra of the CD solution in the presence of different Cr6+
concentrations (from top to bottom: 0, 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 50, and 100 μM). (b)
Linearly fitted Stern−Volmer plot for the quenching of PL of CD with Cr6+ (excitation
wavelength: 345 nm; F and F0 are the PL intensities of the CD solution at 427 nm in the
presence and absence of Cr6+, respectively; the error bars represent the SD value
considering three different measurements).

is either static or dynamic, and the equation can be written is as follows:
𝐹0
𝐹

− 1 = 𝐾𝑆𝑉 (𝑀)
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where (M) denotes the metal ion concentration (here, Cr6+); F0 and F denote the PL
intensities of CDs at 427 nm in the absence and presence of chromium in the form of
Cr6+ ions; and K SV is the Stern−Volmer quenching coefficient. Figure 2.7b shows the
Stern−Volmer plot for the Cr6+ ions, and it is observed that it shows an adequate linear
fit with a correlation coefficient (R2) of 0.982. In addition, this sensing system detected
chromium up to a concentration of 0.012 μM. According to WHO, the acceptable
chromium ion (Cr6+) concentration in drinking water should be below 900 nM (0.9 μM)
[34], which is easily achievable with the present detection technique. In fact, the present
detection limit is quite lower than the acceptance limit specified by WHO. Moreover, the
Table 2.1. Comparison of works for Cr6+ detection.

Methods

Linear range (μM)

LOD (μM)

Ref.

g-C3N4
fluorescence probe

0.6−300

0.15

[41]

CDs fluorescence
sensor

2−180

2.10

[42]

GQD-modified
membranes

1−500

0.19

[43]

N,S-CDs
fluorescence sensor

0.5−125

0.02

[44]

N-CDs
fluorescence sensor

0.01−250

0.005

[45]

P,N-CDs
fluorescence sensor

1.5−30

0.023

[46]

wsCQDs

-

0.073

[34]

GQDs fluorescence
sensor

0.05−500

0.0037

[47]

CDs sensor from
potato

0.5−100

0.012

Current work
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comparison of LOD for Cr6+ reported in the literature, as shown in table 2.1, highlights
the superior detection efficiency of the present detection system, besides the work done
by Zhang et al. [45] and Huang et al. [47] Most importantly, the CDs have been used
without further purification and stabilization in the proposed technique of the present
study.
Different studies have been carried out regarding the quenching mechanism [48]. The
quenching of PL due to the presence of Cr6+ can be explained as a non-radiative
recombination of the electron-hole pair by energy or electron transfer process. This is due

Figure 2.8. (a) PL spectra of the CD solution in the presence of different Fe3+
concentrations (from top to bottom: 0, 0.5, 1, 2, 3, 4, 5, 10, 20, 50, and 100 μM). (b)
Stern−Volmer plot for the quenching of PL of CD with Fe3+. The top inset shows the
fitted curve for data from 10 μM to 100 μM and the inset below shows the fitted curve
for data from 0 to 5 μM (excitation wavelength: 345 nm; F and F0 are the PL intensities
of the CD solution at 427 nm in the presence and absence of Fe3+, respectively; the error
bars represent the SD value considering three different measurements).

to the presence of vacant d orbital and low-lying d-d transition states [49], which
ultimately aids the fluorescence quenching of the CDs. A similar procedure was followed
to verify the sensitivity of the Fe3+ ion. Figure 2.8a shows the PL intensity change of the
CD solution at different Fe3+ ion concentrations (from 0 μM-100 μM). Figure 2.8b shows
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the Stern−Volmer plot for Fe3+ to show the quenching of this metal ion, referring to
equation 2.3. In this case, (M) represents the concentration of Fe3+, and F0 and F denote
the PL intensities of CDs at 427 nm in the absence and presence of Fe3+ ions. This figure
shows that the Stern−Volmer plot does not fit linearly over the whole concentration
range. Two linear fits are there for two different concentration ranges and these two fits
are shown in the insets of figure 2.8b (lower inset: 0 μM−5 μM of Fe3+; upper inset: 10
μM−100 μM of Fe3+). The correlation coefficients (R2) are 0.95 and 0.96 for
concentration ranges 0 μM−5 µM and 10 μM−100 μM, respectively. This indicates that
in this sensing system, both dynamic and static quenching may occur. Fe3+ has an outer
electronic configuration of 4s23d5, which means that it has five half-filled d orbitals in the
outer shell. Therefore, when they are added to the CD solution, the excited electrons from
the conduction band of CD are transferred to the half-filled 3d orbital of Fe3+ and hence
a PL quenching takes place [25]. However, when KH2PO4 is added to the CDFe3+ solution, then the PL property of the CD particles returns. This is due to the strong

Figure 2.9. Normalized PL spectra of solutions containing only CDs (curve a), CDsFe3+mixture (curve b), CDs-Cr6+mixture (curve c), CDs-Fe3+-KH2PO4 mixture (curve d),
and CDs-Cr6+-KH2PO4 mixture (curve e).
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affinity of Fe3+ towards the phosphate group, which helps the Fe3+ to form a complex with
the phosphate group by Fe─O─P bonds [50]. The regaining of the PL property of the CD
is shown in figure 2.9. The lower limit for Fe3+ detection by our sensing system is
0.000549 μM, which is significantly below the limit provided by WHO for Fe3+ which is
5.36 μM [11]. A comparative study of LOD of Fe3+ with the available methods is shown
in table 2.2. The table signals the significant contribution of the present work since it
possesses the lowest detection limit among the existing methods. Moreover, we
calculated the recovery percentage of the two metal ions by using our sensing system. We
used a known concentration (5 μM) of the metal ions in the experiments and then
measured the concentrations using our sensing system. The calculated recovery
percentages for Cr6+ and Fe3+ were therefore determined as 104.53% and 89.52%,
respectively.
Table 2.2. Comparison of works for Fe3+ detection.
Methods

Linear range
(μM)

LOD (μM)

Ref.

5−80

0.7

[7]

Chemiluminescent
CDs
CDs from sweet
potato
CQDs from
graphite electrode
CDs fluorescence
sensor
C-dots from
banana peel

1−100

0.32

[11]

10−200

1.8

[17]

1−40

0.87

[42]

2−16

0.211

[29]

N-doped C-Dots
sensor

0.01−500

0.0025

[51]
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2.3.4. Selectivity of the detection method for chromium and iron
To verify the selectivity of the sensing system towards a specific ion, the experiments
were repeated with different metal ions, namely Co3+, Mn2+, Cu2+, Mg2+, K+, Ca2+, Ni2+,
Cd2+, Al3+, Pb2+, Na+, As2+, Zn2+, and Fe2+ under the same conditions. The change in PL
intensities in the presence of different metal ions is shown in figure 2.10a. From this
figure it can be concluded that a significant PL intensity decay was observed in the cases
of Cr6+ and Fe3+ ions, compared to the other metal ions. Similarly, the PL intensity of the
−
CDs remained unaltered under the influence of other oxidants such as Ag+, MnO−
4 , ClO4 ,

and H2O2, as shown in figure 2.10b . This indicates the selectivity of the CDs towards
these two ions. Although Fe3+ ions are an interference for Cr6+ detection and vice versa,
this interference can be circumvented by using KH2PO4 as a complex forming agent for
Fe3+, as discussed in section 2.3.3 and shown in figure 2.9. This phenomenon is helpful
to confirm the presence of Fe3+ ion in water bodies. For instance, if the synthesized CDs
indicate the presence of a metal ion in the water sample, it can either be Fe3+ or Cr6+ ions.
However, with the help of KH2PO4 we could determine whether the metal is Fe3+ or Cr6+.
If the sample shows a PL regain after adding KH2PO4, then the presence of Fe3+ can be
confirmed, and if it does not regain its PL, then the present metal can be confirmed as
Cr6+.
This confirmatory test gives an extra edge to this CDs-based sensor over some other
reported solid state sensing systems as it makes our sensor able to be used for the selective
detection of both Fe3+ or Cr6+ ions. There are several previously reported articles, which
show the selective detection of these two ions by some solid state sensors. For example,
Tan et al. [52] has fabricated an rGO based chemiresistive sensor for the detection of

TH-2679_156107024

70

Chapter 2

Cr6+. Sanchez-Moreno et al. [53], and Jin et al. [54] also reported the selective detection
of Cr6+ with a potentiometric and CV-based sensors, respectively. Similarly, sevral
reports are there on the solid state sensors based selective detection of Fe3+ [55, 56].
However, these reported articles do not account the selective detection of both these ions
by the same sensor as we have shown in this work.
2.3.5. Feasibility with real samples
We have verified the feasibility of the prepared CDs for detecting Cr6+ and Fe3+ in real
water samples from the Brahmaputra River, Guwahati, India. With regard to the
Brahmaputra water, the collected water sample was first filtered through a 0.2 μm syringe

Figure 2.10. (a) The difference in PL intensity of the CD solution with different metal
ions (excitation: 345 nm; Metal ion concentration = 100 μM; F and F0 are fluorescence
intensities of CD solution at 427 nm in the presence and absence of ions, respectively; the
error bars represent the SD value considering three different measurements). (b)
−
Interaction of the CDs with Ag+, MnO−
4 , ClO4 and H2O2.

filter to remove the suspended solids. The resultant water samples were used to detect the
presence of Cr6+, and the results showed that there was no Cr6+ in the Brahmaputra water.
Then, the water was used to verify the performance regarding selectivity as well as
sensitivity towards the chromium ions in the form of Cr6+ of CDs in this complex
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situation, since the Brahmaputra water carries a significant amount of organic and
inorganic matter. For this, the filtered river water was spiked with a standard metal ion
solution containing different concentrations of metal ions. Experiments were conducted
separately for the Cr6+ and Fe3+ ions. It was observed that the PL intensity decreased with
an increased Cr6+ concentration from 0.05 μM−2 μM, shown in figure 2.11a. To
determine the concentration of Cr6+ in the river water, a calibration curve is also prepared
𝐹

by plotting ( 𝐹0 − 1) vs the concentration of Cr6+ in figure 2.11b. A similar procedure was

Figure 2.11. (a) PL spectra of CD solution in the presence of different Cr6+ concentrations
(from top to bottom: 0, 0.05, 0.1, 0.5, 1 and 2 μM) in Brahmaputra river water. (b)
Linearly fitted Stern–Volmer plot for the quenching of CD solution PL with Cr6+ within
the range of 0 to 2 μM. (c) PL spectra of CD solution in the presence of different Fe3+
concentrations (from top to bottom: 0.5, 1, 2, 4, 6, and 8 μM) in Brahmaputra river water.
(d) Linearly fitted Stern–Volmer plot for the quenching of CD solution PL with Fe3+
within the range of 0 to 8 μM (The error bars represent the standard deviation value
considering three different measurements).
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applied for Fe3+. For the Fe3+ ion, the concentration range was from 0.5 μM−8 μM, which
is shown in figures 2.11c and d. Although there was interference from different organics
and minerals present in the river water, our sensing system could detect the difference
between the fresh river water and the water spiked with 0.05 μM of Cr6+ and 0.5 μM of
Fe3+.
The ability of the sensing probe was further tested to detect chromium ions in tannery
water. The tannery water carried Cr3+ and its total chromium concentration was measured

Figure 2.12. Normalized PL intensity plot of blank CD solution and CD solution with
oxidized tannery water.

by UV-vis spectroscopy. At first, Cr3+ was converted to Cr6+ following the standard
H2O2-UV technique [57], and then our synthesized CD solution was used to detect the
oxidized chromium (as Cr6+) ions. The plot in figure 2.12 confirms the detection of
Cr6+ in the sample by showing a fluorescence decay of ~ 60% after adding the tannery
water and also confirms the feasibility of the present technique.
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2.3.6. Cytotoxicity and bioimaging
We also verified the toxicity of the as-synthesized CDs and it is shown in figure 2.13.
This figure shows the viability of the HeLa cells treated with CDs. From the data it can
be observed that CDs are non-toxic and suitable for bio-imaging. Even at a higher
concentration of 200 μg/ml the prepared CDs caused the death of only 10% of the cells.
This indicates that these CDs are not toxic to HeLa cells and the CDs' characteristics have
been used for bioimaging. The non-toxic nature of the synthesized CDs implies that
further purification during the synthesis of the CDs is not required at all. Herein, we have
studied the imaging-related applications of the CDs on cervical cancer cells (HeLa).
Accordingly, the HeLa cells were incubated with the CDs at a concentration of 200 ug/ml

Figure 2.13. MTT-based cytotoxicity test (the error bars represent the SD value
considering three different measurements).

for 4 hours in a CO2 incubator. Thereafter, the fluorescence of the CDs that entered inside
the cells was recorded in the confocal laser scanning microscope. The fluorescence image
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(fiigure 2.14) shows that the CDs have been successfully internalized in the cells. The
blue fluorescence coming from the cytoplasm of the cells demonstrates that the CDs are
localized in the cytoplasm, whereas no fluorescence was seen in the nucleus. It is to be
noted that nanodots of sizes <10 nm are easily diffused in the cells [58]. In our study, the
entry of the CDs inside the cells is attributed to their small size, which makes it easier to
pass through the cell membrane. However, the CDs were not able to pass through the
nuclear pores, which is an advantage of this system since it can also be used in live cell
imaging without interfering with the nuclear processes. The cytoplasm localization of the
CDs confirms their potential use as a cell imaging agent.

Figure 2.14. Confocal images of HeLa cells. The fluorescence image was obtained at
355 nm wavelength.

2.4. Conclusions
In a nutshell, a facile synthesis of CDs from potato was developed in this work. The
synthesized CD particles without further refining and stabilizing showed adequate optical
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properties with an average diameter of ~5.97 nm. In addition, it was found out that these
CDs were water soluble, which may be due to the presence of the functional groups −OH
and −COOH that were detected in the FTIR analysis. Thus, the synthesized CDs showed
a noticeable fluorescence property with a QY of ~6.08% at 345 nm. The luminescent
property of the synthesized CDs was used to detect heavy metals in the water sample and
the CDs showed a good selectivity and sensitivity towards Cr6+ and Fe3+ ions with a
detection limit of 0.012 µM and 0.000 549 μM for Cr6+ and Fe3+, respectively. To verify
the superiority of the technique, the metal detection experiments were carried out in a real
water sample from the Brahmaputra River, Guwahati, India, where the above-mentioned
two metal ions were detected. A sample of tannery water was also taken to verify the
feasibility of our sensing system in the detection of Cr6+ and it showed positive results.
In addition, MTT-based cell viability experiments revealed CDs as non-toxic within the
limit of 200 μg/ml. This non-toxic nature, easy uptake, and the high QY of the synthesized
CDs were used for the bioimaging of cells. The success of the present work exists in
achieving the high stability, PL tunability, LOD for Cr6+ and Fe3+, and non-toxicity and
bio-imaging for the HeLa cells from the as-synthesized CDs.
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Abstract
Carbon dots (CDs) are one of the most valuable nanomaterials in the recent world because
of their diversity in applications. This chapter reports the applications of N-doped CDs in
photoluminescence (PL) based picric acid (PA) sensing and the synthesis of CD- multiwalled carbon nanotubes (MWCNT) nanocomposite for UV-photodetection. The CDs
were synthesized from cigarette-tobacco by a single-step microwave-assisted heating
technique. The detailed characterizations of the synthesized CDs have been performed as
well. These synthesized CDs showed an average particle size of 2.8 ± 1.04 nm with a
quantum yield (QY) up to ~9.98%. The calculated detection limit (LOD) for PA-sensing
was 32.1 ppb, which is relatively low compared to the reported literature considering a
wider linear range of concentration (0.1–50 μM). The sensing mechanism is also
discussed in detail. This sensing ability was then successfully tested to detect PA acid in
real water samples, which showed a good recovery percentage with a minimal deviation
of ± 10%. For the second application, the CDs were attached with (MWCNTs) to
synthesize a novel UV-photoresponsive CD-MWCNT nanocomposite. The photocurrentgeneration and the mechanism of electron transfer through the nanocomposite have been
discussed with detailed explanations. The transient photo-response of the nanocomposite
has also been presented. This transient response was used to calculate the rise and decay
time of the system, and the observed values are of 0.38 and 0.42 s, respectively.
Therefore, the ability of the CDs to be used in different areas of applications has opened
up a vast range of scopes for the researchers.
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3.1. Introduction
The photoluminescence-based (PL-based) sensing of heavy metals (Cr6+, Fe3+) by carbon
dots (CDs) is reported in detail in the previous chapter. However, the PL-based sensing
application of CDs is not limited to detect heavy metals in water samples. The quenching
of PL of the CDs in the presence of several quenchers is further explored by scientists to
detect numerous explosive materials such as trinitrophenol (TNP), nitrobenzene (NB),
trinitrotoluene (TNT), 2,4,6-trinitrophenol (TNP), etc. These materials are considered as
some of the significant components of industrially prepared explosive materials. These
compounds create environmental hazards by contaminating the water bodies and soil.
Amongst these nitroaromatic compounds, 2,4,6-trinitrophenol (TNP), also known as
Picric Acid (PA), is most explicitly used in glass, fireworks, dyes, and leather
industries [1]. Therefore, the detection of PA has become a vital task among the research
fraternity for environmental wellness. Although several other materials have also been
tested to detect PA [2, 3], scientists have always favored CDs because of their low toxicity
and easy synthesis techniques.
There are numerous methods to synthesize CDs, such as hydrothermal method [4],
microwave assisted synthesis technique [5], electrochemical process [6], laser
ablation [7], ultrasonic [8], solvothermal process [9], etc. as mentioned in the previous
chapters. Among these techniques, the hydrothermal method is most widely used, and it
produces high quantum yield (QY) CDs. However, the microwave assisted synthesis
technique also has some advantages over the hydrothermal technique. It helps to
synthesize CDs in a single step, making this the most time-efficient method. Jaiswal et
al. [5] used this technique to get CDs from PEG and utilized them in bioimaging
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applications. Liu et al. [10] prepared wavelength-tunable photoluminescent CDs
following microwave assisted synthesis technique and used the CDs as PL-based
Co2+ sensors. Moreover, apart from the applications of CDs in bioimaging and PL-based
sensing, they have been used in photodetection as well. For example, Subramanian et al.
[11] made a photoresponsive hybrid by attaching graphene quantum dots with perovskite,
which showed a high detectivity and responsivity of 6.5 × 1011 Jones and 12 A/W,
respectively. On the other hand, Chen et al. [12] reported the synthesis of CD-coupled
graphene/silicon heterojunction, which showed an enhancement in photoresponsivity by
4.3%.
Another noteworthy nanomaterial that has already gained popularity in the research
fraternity is carbon nanotubes (CNTs). These CNTs have been used extensively in
supercapacitors and actuators [13], electronics devices as field emission sources [14],
sensors [15, 16], etc. Not only this, CNTs have also been used as fillers as well to make
different nanocomposites. The objective of incorporating CNTs with other materials is to
improve their electrical, mechanical, and thermal properties. There are some reports
where CNTs have been integrated with some inorganic quantum dots. For example,
Juarez et al. [17] reported on the non-covalent attachment of CNT with CdSe
nanoparticles to show the change in the morphology of CdSe nanoparticles in the presence
of the CNTs. Kim and Park [18] also reported the synthesis of a nanocomposite by
attaching CNTs with CdS nanoparticles, and they used this composite as a photocatalyst
to synthesize H2 from water. There have been very few reports on the attachment of CNTs
with CDs, although the composite of CNTs with inorganic quantum dots has been
reported numerously. Yu et al. [19] reported on the electron transfer mechanism in CDs-
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graphene oxide nanocomposite in their work without exploring the potential applications
of the nanocomposite. They showed the attachment of CDs with CNTs also in this work.
They also did not report the potential side of photodetection by the composite material in
their work.
The aforementioned discussion shows that a very limited amount of work is there, which
has reported the utilization of CDs, synthesized from the same precursor material in the
fields of photodetection as well as PL-based sensing. In this chapter, we have reported
the applications of N-doped CDs, synthesized from cigarette-tobacco, in two different
fields simultaneously. One of them is the PL-based sensing of PA in water bodies, and
the other is to use the CDs to synthesize UV-responsive CD-multi walled carbon nanotube
(MWCNT) nanocomposite. For the study of PL-based sensing of PA, the quenching
mechanism has also been presented with appropriate shreds of evidence. This PA sensing
ability of the CDs in water bodies has further been explored to detect PA in real water
samples (tap water and Brahmaputra water). On the other hand, in the case of the synthesis
of the UV-responsive nanocomposite, the CDs were attached with MWCNTs. The
photocurrent generation through this nanocomposite has been presented along with a
detailed mechanism. The electronic transfer through the nanocomposite has also been
reported with a comprehensive explanation.

3.2. Experimental section
3.2.1. Materials

Al(NO3)3•9H2O, CdCl2•H2O, Na(NO3), KCl, CaCl2, ethanol, methanol, acetone,
acetonitrile,

iso-propanol,

o-nitrotoluene

(O-NT),

4-nitrophenol

(4-NP),

2,4-

dinitrophenol (DNP), Ethylenediamine (EDA; 98%), and carboxyl group functionalized
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MWCNT (>8% carboxylic acid-functionalized, avg. dia × L: 9.5 nm × 1.5 μm) were
purchased from Merck, India. Co(NO3)2•6H2O, Pb(NO3)2, FeCl2•xH2O, NiCl2, PA were
obtained from Loba Chemie, India. Cu(NO3)2•3H2O, MgCl2, FeCl3, AgCl, and NaAsO2
were procured from SRL Pvt. Ltd. India. The silicon wafer was procured from University
Wafer, USA. All the chemicals used were of reagent grade and were used without
additional purification. The experiments were carried out using DI water unless and until
mentioned otherwise.
3.2.2. Synthesis of fluorescent CDs
A simple one-step microwave assisted heating technique was used to synthesize the
photoluminescent N-doped CDs from the cigarette [20]. The schematic representation of
the synthesis steps is shown in scheme 3.1. In a typical method, the nicotine-containing
tobacco material of the cigarette was grounded using a mortar, then 1.14 g of the grounded
material was added to 22 ml of DI water. Then this mixture was heated with the help of
a microwave at 600 watts for 1 min. A dark blackish-brown colored solution was
produced. After that, 10 ml of water was further added to the mixture solution. Then the
mixture was filtered through a 0.2 µm syringe filter. This solution was lyophilized for
16 h to get the CDs in powder form. The picture of the CD solution under visible and UV
light is shown in the inset of scheme 3.1. For obtaining CDs with higher QY, we used
ethylene diamine (EDA) during the synthesis process. The same procedure was followed
in this case as well. The only additional part was the addition of a different amount of
EDA (0, 50, 150, and 300 µl) to the water-tobacco mixture before heating in the
microwave.
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Scheme 3.1. Schematic representation of the synthesis steps of the CDs. The photographs
of the CD solution in the presence and absence of UV light are shown in the inset.

3.2.3. Synthesis of CD-MWCNT nanocomposite
Oxidized MWCNT was used to synthesize the CD-MWCNT nanocomposite. In a typical
process, 0.5 mg of oxidized MWCNT was dispersed in 1 ml of 30 mg/ml CD solution, in
which a 100 µl of Nafion solution (5%) was added further. This mixture solution was then
ultrasonicated for 45 min, followed by a rigorous mixing of 10 min. This mixture solution
was kept for 16 h at room temperature before separating the nanocomposite by using
centrifugation.
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3.2.4. Device fabrication and photoresponse measurement
To show the photoresponsive properties of the nanocomposites, we have developed a
conductive device. In a typical process, a silicon wafer with a thermally grown oxide layer
(300 nm) was used as a substrate. The fabrication of the device was done by a simple twostep process. The steps are schematically shown in figure 3.1a. Firstly, the aluminium
(Al) electrodes were deposited on the substrate by the thermal evaporation technique.
Secondly, the composite material (CD-MWCNT) was drop-casted on the channel area
(between the two electrodes, as shown in the figure) of the device and let dry. A
photograph of the device is also shown in figure 3.1b. The device was then connected to

Figure 3.1. (a) Schematic representation of the fabrication of the conductive device. (b)
Photograph of the device.

a probe station. The photoresponse of the device was measured using a semiconductor
characterization system (Keithley 4200-SCS) in the presence and absence of different UV
light source.
3.2.5. Characterization of the CDs and the CD-MWCNT nanocomposite
UV-vis spectrophotometer (PerkinElmer, Lambda 35) was used to obtain the UV-vis
spectra of the synthesized CDs. PL spectra were attained using a photoluminescent

TH-2679_156107024

Sensing and optoelectronics

91

spectrometer (PerkinElmer, LS 45). X-ray photoelectron spectroscopy (XPS) analysis
was done to get the composition near the surface of the CDs using X-ray photoelectron
spectroscopy. PHI 5000 Versa Probe II, FEI Inc. spectrometer was used to get the XPS
data. The binding energies of all the elements were calibrated by fixing the C1s peak at
284.6 eV, and the peaks were resolved using XPSPEAK Version 4.1 software. A field
emission transmission electron microscope (FETEM; JEM, 2100F) was used to get the
FETEM images of the synthesized CDs and the nanocomposites. The selected area
electron diffraction (SAED) pattern of the CDs was also obtained by using this
instrument. To get the FETEM images, the samples were drop-casted on a carbon-coated
copper grid and allowed to dry at room temperature for 24 h. The average particle size of
the CDs was calculated by using Image J (version: 1.45s) software from the FETEM
image of the CDs. The PL decay curve and average PL lifetime of the synthesized CDs
and the nanocomposites were obtained by using Picosecond time-resolved cum steadystate luminescence (TRPL) spectrometer (Eddinburg Instruments, FSP920). Raman
spectrophotometer (Horiba LabRam HR Evolution) was used to characterize the
attachment of the CDs on the surface of MWCNTs.
3.2.6. Calculation of Quantum yield (QY)
The quantum yield (QY) was calculated using equation 2.1, as given in chapter 2.
3.2.7. Detection method of PA
In a typical method, a CDs solution of a concentration of 0.5 mg/ml was prepared as a
stock solution. 5 ml of the CD solution from the stock was collected separately in different
culture tubes where 40 μl of varying concentrations of PA were added. The overall
concentrations of PA were in the range of 0 to 100 μM. The excitation wavelength used
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to get the PL spectra was 365 nm. The reaction between PA and the CDs was carried out
for 20 min at room temperature. The sensing system's selectivity was also examined by
checking the impact of other different quenching materials (different heavy metals and
other organic compounds like methanol, acetonitrile, etc.) on the PL intensity of the CD
solution. In this case also, the samples were prepared in a similar method, and the overall
concentration of the interfering material in the CD solution was kept at 200 μM. All the
sensitivity and selectivity measurements were performed in triplicates.
3.2.8. Stability tests of the CDs
The stability tests of the synthesized CDs were also performed. The effect of solvent pH,
the CDs' storage time, and the solvent’s ionic strength were the tested parameters to check
the stability of the synthesized CDs. The pH of the solvent was adjusted using NaOH and
H2SO4 solution, whereas the ionic strength was examined by using different
concentrations of NaCl solution (0.05 M to 1 M). The stability of the CDs with storage
time was checked by taking the PL reading of a CD solution (0.5 mg/mL) at different
times up to 18 weeks.

3.3. Results and discussion
3.3.1. Optical properties of CDs
UV–Vis and PL spectroscopy have been carried out to understand the optical properties
of the synthesized CDs. The UV–vis spectrum and PL spectra have been shown in figure
3.2. In figure 3.2a, the black line corresponds to the UV–vis spectrum of the CDs ranging
from 220 nm to 600 nm, whereas the blue line depicts the PL spectrum of the CDs at an
excitation wavelength of 360 nm. A little hump-like peak at 260 nm in the UV–vis
spectrum is observed. This peak at 260 nm can be ascribed as the overlapping of spectra
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caused due to the n−π* and π−π* electronic transitions of conjugated C=O and C=C
bonds [21-23]. Moreover, the broadening of the peak can be due to the presence of 𝜋𝜋 ∗ transition of C=C along with the n-𝜋 ∗ transition of C=O . In this plot, it is also observed
that the UV–vis spectrum is extended till 600 nm as a long tail, which also confirms the
formation of CDs, and this accords with some of the previous reports [24]. The PL
property of the CDs was also examined. The blue line in figure 3.2a shows the emission
maxima of the CDs at 457 nm wavelength when excited at 360 nm. Thus, it confirms the
presence of the PL property in the synthesized CDs. The PL property of the CDs has been
further tested to obtain the optimum excitation wavelength. For that, the CD solution was
excited at different wavelengths ranging from 280 nm to 440 nm. The plots are shown
in figure 3.2b, and it is observed from the figure that the maximum PL intensity was
obtained at an excitation wavelength of 360 nm. In the case of PL spectra, the emission
wavelength remained almost the same at 457 nm when excited with a wavelength in the
range of 280–380 nm, and also, the emission maxima were observed at an excitation
wavelength in the UV spectral region. This indicates that the PL property of the CDs was
dominating in the UV domain. However, the PL intensity got decreased and red-shifted
when the excitation wavelength was varying from 400 nm to 440 nm. Various sorts of
double bond conjugation of different degrees in the CDs can be the probable reason
behind this PL behavior [25]. The PL intensity can be modified using a surface passivator
like EDA. The change in the PL maxima of the N-doped CDs in the presence of different
dosage amounts of EDA during the synthesis is shown in a plot between normalized PL
intensity and emission wavelength in figure 3.2c. It is observed in this figure that the
emission maxima get redshifted with the addition of EDA. This can be ascribed as the
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existence of multi emission centres [26] due to the influence of the additional doping
agents. To get a clearer

Figure 3.2. (a) UV–vis absorption peak (black line) and PL emission spectrum (blue line)
of aqueous CDs solution. (b) Various excitation wavelength-based PL spectra of the CDs.
(c) Normalized peaks of PL intensities of the CDs with different EDA dosage (λex =
360 nm).

picture, we have deconvoluted the normalized PL spectra and represented in figure 3.3.
The peaks present in the range of ~410 nm can be attributed to the presence of a zigzag
edge state in the synthesized CDs [27]. The peaks in the range of ~440–460 nm are
observed due to the N-doping in the CDs [26]. Interestingly, the zigzag edge state gets a
little prominent when EDA is added to the precursor material, as observed in figure 3.3b
and c. However, this zigzag effect gets minimized when further EDA is added (figure
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3.3d). Moreover, based on our XPS investigation (discussed later), the presence of peaks
in the range of ~450 nm and ~460 nm are due to the recombination of the electron and
hole at C−N [26] and the peaks at ~490 nm can be attributed to the presence
of C−OH [27]. Therefore, the increment in the QY with the increase in the dosage of EDA
can also be attributed to the addition of functional groups. The gap energy and highest
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) energy

Figure 3.3. Deconvoluted peaks of normalized PL intensities of the CDs with different
dosages of EDA ((a) 0 µl, (b) 50 µl, (c) 150 µl, and (d) 300 µl).

levels of the synthesized CDs were also calculated. UV–vis spectrum (figure 3.2a) was
used to get the Tauc’s plot (figure 3.4a,b) for gap energy calculation, whereas the HOMOLUMO energy levels were estimated using cyclic voltammetry (CV) measurement (figure
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3.4c). In the CV curve, one reduction peak is observed at − 0.241 V. For calculations of
the HOMO-LUMO levels, the following equations have been utilized [28, 29]:
𝐸𝐿𝑈𝑀𝑂 = −(𝐸𝑟𝑒𝑑 + 4.4 + 0.34) eV

(3.1)

1

Figure 3.4. (a) (𝛼ℎ𝜗)2 vs. ℎ𝜗 and (b) (𝛼ℎ𝜗) ⁄2 vs ℎ𝜗 plot of the synthesized CDs, (c)
CV curve of 0.5 mg/mL CD solution in 0.1 M KCl solution (vs. Ag/AgCl).

𝐸𝐻𝑂𝑀𝑂 = (𝐸𝐿𝑈𝑀𝑂 − 𝐸𝑔 ) eV

(3.2)

where, 𝐸𝐿𝑈𝑀𝑂 and 𝐸𝐻𝑂𝑀𝑂 denote the energy levels of LUMO and HOMO, respectively.
𝐸𝑟𝑒𝑑 implies reduction potential obtained against a saturated calomel electrode (SCE) and
𝐸𝑔 corresponds to the energy gap of the CDs, which was calculated by using Tauc’s
equation as given below [30],
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where, α is the absorption coefficient, hϑ is the incident photon energy, whereas A is a
constant that depends on the transition probability. 𝑛 is dependent on the type of
electronic transition. When the value of 𝑛 is ½, the transition is a direct allowed transition,
and for the case of indirect allowed transition, the value of 𝑛 becomes 2. Figure 3.4a,b
represent the plots of (𝛼ℎ𝜗)

1⁄
𝑛

vs ℎ𝜗 for 𝑛 = 1/2 and 𝑛 = 2 respectively. In these plots,

the linear regions were extrapolated to the x-axis to get the gap energy values. From the
figure, the obtained gap energy values were 3.3 eV and 2.1 eV for direct and indirect
bandgap, respectively; the HOMO and LUMO levels were also calculated with the help
of equations 3.1 and 3.2. The calculated LUMO energy level is -4.499 eV, whereas the
HOMO energy level is calculated to be -7.749 eV for the direct gap and -6.549 eV for the
indirect gap.
3.3.2. Surface characteristics and stability of the CDs
The surface characteristics of the CDs were identified by XPS experiments, and the XPS
spectra are shown in figure 3.5. The full scan spectrum (figure 3.5a) specifies the
existence of C1s, N1s, and O1s in the synthesized CD. The peaks at 284.6 eV, 398.2 eV,
and 532.8 eV in this overall spectrum can be interpreted as the peaks for C1s, N1s, and
O1s, respectively. The deconvolution of the C1s spectrum in figure 3.5b shows three
peaks at 284.4, 285.5, and 288.8 eV, which are assigned to C−C, C−N/ C−O, and C=O,
respectively [4, 31]. The fitted two peaks in figure 3.5c at 530.5 eV and 531.9 eV
correspond to the C=O and C−OH groups, respectively [31]. The three peaks at
401.92 eV, 400.36 eV, and 399.58 eV in N1s spectra (figure 3.5d) are attributed to the
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Figure 3.5. (a) XPS, (b) C1s, (c) O1s, and (d) N1s spectra of the synthesized CDs.

N−H of the amino group, N−(C)3 and C−N−C groups, respectively [4]. The XPS
spectra were also used to calculate the relative contents of N, O, and C. These values are
11.10, 22.20, and 66.70% for N, O, and C, respectively.
The stability of the PL intensity of the synthesized CDs was also examined. The
parameters considered in this case were the storage time, pH of the solvent, and the
solvent's ionic concentration (NaCl concentration). In figure 3,6a, it is observed that the
PL intensity of the CD solution remains almost unchanged even after 18 weeks of its
storage time. The PL dependency of the CDs on the solvent's pH was also measured, and
this relation is shown in figure 3,6b. This plot expresses that the PL intensity remains
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almost constant at pH values ranging from 3 to 11, whereas it decreases in either very low
(pH 1) or very high (pH 13) pH values of the solvent. The PL emission of the CDs is
controlled either by the core molecular group or by the surface of the CDs. Moreover, the
molecular groups get sturdily affected at higher or lower pH values [32]. Figure 3,6c tells
about the un-impactful effect of the solvent's ionic strength on the PL intensity of the CD.
This indicates that the Na+ and cl- ions do not interfere in the PL phenomenon of the CDs.
The average particle size of the synthesized CDs was calculated using the FETEM image
shown in figure 3.7a. This FETEM image shows that the CD particles are well separated
from one another. The corresponding particle size distribution plot tells that the average

Figure. 3.6. Stability analysis of the synthesized CDs with (a) storage time, (b) pH of the
solvent, and (c) ionic strength of the solvent (different concentration of NaCl was used to
check the ionic strength). The error bars in (c) represent the standard deviation values
taken from three different measurements.

particle size of the synthesized CDs is 2.8±1.04 nm. An SAED plot is also shown
in figure 3.7b, which suggests the amorphous nature of the synthesized CDs.
3.3.3. Sensing of PA
We have used the PL property of the synthesized CDs to detect PA in water samples. For
this, the sensitivity of the CDs towards the detection of PA has been tested and shown
in figure 3.8a. In this figure, a plot between the PL intensity of the CDs and various
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Figure. 3.7. (a) FETEM image of the synthesized CDs with a particle size distribution
plot in the inset, (b) SAED pattern of the CDs.

Figure 3.8. (a) Emission peaks of CDs at an excitation wavelength of 360 nm in the
presence of different concentrations of PA. (b) Linearly fitted S−V plot of the CD
solutions with varying concentrations of PA. (c) TRPL spectra of the different CD
solutions in the presence of a various concentration of PA. (d) The overlapping of the
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absorbance of PA with the excitation and the emission peaks of the CD solution. (e)
Schematic diagram of PL quenching mechanism of the CDs in the presence of PA. The
error bars in (b) represent the standard deviation values taken from three different
measurements.
concentrations of PA ranging from 0 to 100 μM is presented. This figure conveys that the
PL intensity of the CDs decreases with the increasing concentration of PA, which can be
attributed to the quenching of the PL of the CDs in the presence of PA. The quenching
efficiency was also plotted using the Stern–Volmer (S−V) equation against the PA
concentration and is shown in figure 3.8b. The S−V equation is given below [4];
𝐹0
𝐹

− 1 = 𝐾𝑆𝑉 [𝑄]

(3.4)

where, 𝐾𝑆𝑉 is the quenching coefficient of the S−V plot, and [Q] denotes the
concentration of PA. 𝐹 and 𝐹0 correspond to the maximum PL intensities of the
synthesized CDs in the presence and absence of PA, respectively. This figure confirms
that the S−V data follow a straight-line path with a regression coefficient (R2) of 0.986,
which ensures a very good fit. The extracted quenching coefficient value from the figure
was 0.021 μM−1, which is relatively high. This sensing system was able to sense PA up to

Figure 3.9. Schematic representation of the PL quenching based detection of PA.
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to a detection limit (LOD) of 140 nM (32.1 ppb) in a linear range of 0.1–50 μM. Figure
3.9 is presented to explain the reason behind the quenching of PL property of the CDs in
the presence of PA. PA contains the electron-withdrawing nitro group, whereas the CDs
contain the electron-donating amino group, as mentioned in an earlier section (section
3.3.2). This helps in transferring electrons from the CDs to the PA, resulting in quenching
of the PL intensity as described by Niu et al. [33] However, the lower impact on the
quenching by the other nitro group containing explosive materials (O−NT, 4−NP, DNP)
suggests that the explained mechanism may not be the sole reason for the detection of
PA. Therefore, to further understand the PL quenching mechanism, we performed TRPL
analysis of the samples, and it is shown in figure 3.8c. From this figure, it is evident that
there is no significant change in the fluorescence decay curves before (0 μM in the figure)
and after the addition of PA. This suggests that the quenching phenomenon is not
dynamic, rather static. This is in accordance with the previously reported literature [34].
However, in static quenching, the fluorophore (CDs) and the quenching element (PA) do
not form any non-photoluminescent complex in the ground state. To justify this statement,

Figure 3.10. (a) Normalized UV-vis spectra of CDs, PA, and CDs in the presence of PA.
(b) Comparison of overlapping between the emission peak of CD and the absorbance
peaks of O-NT, 4-NP, DNP, and PA.
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we are showing the UV–vis peaks of CD solution in the presence and absence of PA along
with the UV–vis peak of PA separately in figure 3.10a. This figure suggests the nonformation of any non-photoluminescent complex in the ground state. It is observed in the
figure that there is no new absorption peak after the addition of PA in the CD solution,
which justifies the previous statement. This phenomenon supports the above statement,
i.e., the CDs do not form any non-photoluminescent complex in the ground state.
Moreover, to understand furtherabout the exact reason behind the quenching phenomenon
in the presence of PA, we investigated further and checked whether the quenching
mechanism is based on Forster resonance energy transfer (FRET) or inner filter effect
(IFE). For IFE or FRET to be the reason, the emission peak of the fluorophore (CDs) and
the absorbance peak of the quencher (PA) should be overlapping [35]. Figure 3.8d shows
an apparent overlapping between the absorbance peak of PA with the excitation and
emission peak of the CD solution. Therefore, the quenching mechanism can either be
influenced by IFE or FRET. However, figure 3.8c shows no change in the TRPL plots of
the CDs at different PA concentrations. Hence the possibility of FRET is ruled out.
Furthermore, to check the influence of the IFE mechanism on the quenching of CDs with
other nitro groups containing explosive materials, the overlapping of the absorbance
peaks of these compounds (O-NT, 4-NP, DNP) and the emission peak of the CDs are
shown in figure 3.10b. It is evident from the figure that the extent of overlapping is
maximum for PA as compared to the others. Although the IFE influences the process of
quenching of the PL of CDs in the presence of PA, the lower value of LOD (32.1 ppb)
suggests that there is a high possibility of the involvement of some other sensing
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Table 3.1. Comparison between the different PA sensing systems (Abbreviations: CA:
citric acid. HCL: hydrochloric acid. EDA: ethylenediamine.ET: electron transfer. FRET:
Forster resonance energy transfer. DET: dual electron transfer. EI: electron interaction.
CTC: charge transfer complex, IFE: inner filter effect. PET: photoinduced electron
transfer).

Precursor

Method

LOD

Linear

(nM)

range

Mechanism

Ref.

(µM)
Mandelic acid and

Hydrothermal

41

0.5-30

FRET

[36]

Pyrolysis

300

1-60

ET/EI

[37]

Microwave

250

0-100

PET/FRET

[38]

Dextrose and HCL

Ultrasonication

200

0.5-200

-

[39]

CA and ammonia

Hydrothermal

5

0.009-

Dynamic

[40]

0.87

quenching

EDA
CA and tris
hydroxymethyl)amino
methane
Ammonium citrate
dibasic

CA and Urea

Microwave

1000

-

EI

[33]

Chloroform and o-

Solvothermal

2000

-

DET

[41]

Ultrasonication

1800

0-110

IFE/CTC

[42]

L-Lysine and thiourea

Hydrothermal

240

1-10

FRET

[43]

Sucrose phosphate

Hydrothermal

16.9

0.2-17

FRET

[44]

Grape skin

Hydrothermal

10

0.6-

IFE/ charge

[45]

79.4

transfer

0-100

IFE/Static

phenylenediamine
Ascorbic acid and
hexadecylamine

Adenosine

Hydrothermal

30

derrivatives
Cigarette-tobacco

[46]

quenching
Microwave

140

0.1-50

CTC/IFE

Current
work
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mechanism as well. There is a high possibility of the fluorophore to form exciplex, i.e.,
excited state charge transfer complex (CTC) with the quencher as the ability of excited
state molecules to participate in an active reaction process is more compared to the
ground-state molecules. This process occurs through the transfer of electrons, and it does
not indulge in creating any new absorption peak of the fluorophore material [34]. A
schematic is shown in figure 3.8e to get further insight into the quenching mechanism.
The LUMO and HOMO energy levels of the CDs were calculated as − 4.499 eV and
− 7.749 eV, respectively, for direct transition and − 4.499 eV and − 6.549 eV in the case
of indirect transition. The HOMO and LUMO energy levels of PA are − 8.70 eV and
− 5.82 eV, respectively. The excited electron in the LUMO state of the CDs gets
transferred to the LUMO state of PA, as shown in figure 3.8e, resulting in a significant
quenching of PL intensity of the CDs [34, 47]. That means the sensing mechanism of PA
by the synthesized CDs is a combination of CTC formation and IFE mechanism. A
comparison in different parameters (LOD, mechanism, precursors, linear range, and
synthesis technique) is shown in table 3.1. It is observed from the table that, even for such
a large linear range of concentration, the LOD of our sensing system is comparatively
low.
3.3.3.1. Selectivity test
The selectivity towards PA was examined by checking the PL quenching of the CDs in
the presence of other various quenchers. These quenchers include different heavy metals
as well as various organic compounds. The selectivity plot is shown in figure 3.11. The
PL intensity under the influence of various quenchers except for nitrophenols was
measured at their concentrations of 200 μM, whereas all the nitrophenols (PA, DNP, and
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4−NP) were maintained at 100 μM. Figure 3.11 shows no significant interference from
other quenching material towards the selectivity of PA.

Figure 3.11. PL quenching efficiency of CD solution in the presence of different
quenching materials (excitation wavelength: 360 nm; concentration of PA, 4−NP, and
DNP = 100 μM and the concentration of other quenchers = 200 μM; F0 and F are PL
intensities of CD solutions in the absence and presence of quenching materials
respectively (The error bars correspond to the standard deviation values taken from three
different measurements).

3.3.3.2. Tests in real water samples
The feasibility of the detection of PA by the synthesized CDs was further examined by
testing the detection ability of the CDs in real water samples. The water used for these
experiments was collected from the Brahmaputra River, Guwahati, India, and tap water
from the Indian Institute of Technology Guwahati, India. The water samples were first
filtered through a 0.2 µm syringe filter to eliminate the suspended larger particles. The
blank water samples did not show any PL quenching phenomenon confirming the absence
of any quenching material (specifically PA) in them. Further, the sensitivity in these water
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samples was studied by spiking with five different PA concentrations in the water
samples. The change in PL intensities is shown in figure 3.12, along with the
corresponding S-V plots. Figures 3.12a and b represent the spiked tap water results
and figure 3.12c and d denote the result of spiked Brahmaputra water. We checked the
accuracy of our sensing system by measuring the known concentration of PA in the real
water samples, and it was found out that our sensing system was showing quite a good
recovery percentage with a little deviation of ± 10%. These test results are shown in table

Figure 3.12. (a,c) The PL intensities of CD solutions in the presence of different
concentrations of PA using tap water and Brahmaputra water, respectively, and (b,d) the
corresponding S-V plot. The error bars in (b) and (d) represent the standard deviation
values taken from three measurements.
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3.2. Along with these results, the validation of our sensing system has also been checked.
For that, a set of analyses with tap water spiked with PA has been done by using UV
spectroscopy. The change in absorbance maxima with PA concentration and the
calibration curve is shown in figure 3.13a and b, respectively. With this calibration curve,
we have calculated the recovery percentage of samples of the concentrations of 2 and
4 μM. The observed recovery percentages were 99.25 ± 10.6% and 96.63 ± 5.9%,
respectively, which are relatively close to our reported values.
Table 3.2. Test results with real water samples (*RSD: Relative Standard Deviation).

Sample

Spiked

Detected

Recovery (%)

amount (μM)

amount (μM)

River

Tap

River

Tap

1

0

0

0

0

2

2

2

2.05

3

4

4

1.82

± 0.04

± 0.07

3.8

3.98

± 0.15

± 0.03

RSD* (%)

River

Tap

River

Tap

102.5

90.91

0.81

3.34

94.31

99.34

3.41

0.74

Figure 3.13. (a) UV-vis spectra of PA at different concentrations (tap water), (b)
calibration curve.
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3.3.4. Characteristics of CD-MWCNT nanocomposite
Another potential application of the synthesized CDs reported in this article is the UVphotodetection. For this, the CDs were attached with MWCNT to synthesize CDMWCNT nanocomposite. The attachment of the CDs with MWCNT was confirmed by
performing FETEM characterization, Raman spectroscopy, and also with PL
spectroscopy. Figure 3.14 shows the FETEM images of the MWCNT before and after the

Figure 3.14. FETEM image of (a) MWCNT at 200 nm length scale, (b) CD-MWCNT at
200 nm length, (c) CD-MWCNT at 100 nm length, and (d) PL spectra of MWCNT and
CD-MWCNT nanocomposite.
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attachment with CDs (figure 3.14a-c) along with the PL spectra of MWCNT before and
after the attachment with CDs (figure 3.14d). Figure 3.14a represents the FETEM image

Figure 3.15. (a) Raman spectra of MWCNT and CD-MWCNT nanocomposite, (b)
deconvoluted Raman peaks of MWCNT, and (c) deconvoluted Raman peaks of CDMWCNT nanocomposite.

of MWCNT when CDs were not attached with them, whereas figure 3.14b shows the
attachment of CDs with the MWCNT surface. The dark cluster-like spots on the image
are evidence of the CD attachment. In figure 3.14c, another image is shown where the
CDs are attached to the MWCNT in an entirely segregated manner. The CDs on the
MWCNT are indicated with arrows in this figure. Attachment of the CDs on the MWCNT
has introduced PL property to the nanocomposite, which is shown in figure 3.14d. From
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this figure, it is clear that MWCNT does not have any PL property itself (the black line).
However, when the CDs get attached with the MWCNT, the composite shows the
presence of PL property in it, and this is shown in figure 3.14d (red line). The presence
of PL property in the nanocomposite can be ascribed as the presence of CDs in the
nanocomposite.
Raman spectra, shown in figure 3.15a, give a clearer idea about the attachment of the CDs
with MWCNT. The Raman spectra of oxidized MWCNT and the CD-MWCNT
nanocomposite show the presence of three bands at 1340, 1573, and 2680 cm−1, called
the D−band, G−band, and the 2D−band, respectively. In the case of MWCNT, D−band
specifies the existence of the defected carbon structure of the nanotubes, which is
associated with the sp2 sites existing in carbon tubes in ring form [48]. These defects can
be either because of defects in the sp2 carbon or distortion of the lattice due to bending or
can be due to the oxidization of the nanotubes [48]. Whereas the stretching vibrations of
the sp2 carbons are specified by the G−band [48], and the 2D band corresponds to the ‘D
band’ overtone of the MWCNTs [49]. The ratio between the intensities of the D−band
and the G−band (ID/IG) gives information about the degree of defects present in the
nanotubes [50]. The inherent properties of the MWCNT have been retained in the
nanocomposite as the characteristic Raman peaks of the nanotubes can be observed in the
Raman spectra of the synthesized nanocomposite. The calculated value of the ID/IG ratio
for the synthesized CD-MWCNT nanocomposite is 1.03, whereas this value for oxidized
MWCNT is 1.17. This indicates that the attachment of the CDs on MWCNT has reduced
the degree of defects of MWCNT by blocking the honeycomb structure of the surface of
MWCNT [50]. We have deconvoluted the D and G peaks to obtain more detailed
information about the MWCNT and the CD-MWCNT nanocomposite. These
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deconvoluted peaks are shown in figure 3.15b and c, respectively. The peak at
1339.81 cm−1 in figure 3.15b is considered the characteristic peak of the D−band. The
asymmetry of the G−band leads to get deconvoluted into two different peaks. One is at
1572.22 cm−1, which suggests its semiconducting nature (G− band), whereas the other is
at 1603.3 cm−1, which can be assigned to the (G+ band [51-53]. All the deconvoluted
peaks of the nanocomposite, shown in figure 3.15c, especially the deconvoluted G−band
peaks have been redshifted, although the semiconducting behavior has remained intact.

Figure 3.16. (a) Emission peaks of CDs at an excitation wavelength of 360 nm in the
presence of different concentrations of MWCNT. (b) Modified S-V plot of the CDMWCNT solution. (c) TRPL spectra of the different CD-MWCNT solutions. The error
bars in (b) represent the standard deviation values taken from three different
measurements.
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This little shift also confirms the attachment of CDs with the MWCNT. Moreover, it is
noted that the G−band gets narrower after the attachment of the CDs with the MWCNT
owing to the good dispersion of the CDs [54]. The change in PL intensity of the
synthesized CDs in the presence of different concentrations of MWCNT was also
observed. The PL intensity decreased with the increasing concentration of MWCNT, as
shown in figure 3.16a. This figure shows no shift in the emission wavelength after
attaching MWCNT to the CDs. To get more insight of the PL quenching mechanism of
CDs, we have demonstrated the S−V plot in figure 3.16b. The plot shows an exponential
rise curve. This rise of the curve in the S−V plot can be ascribed to either static quenching
or a combination of static and dynamic quenching. Amongst which, the former was
usually understood as a “sphere of action” which is basically defined by the modified
S−V equation [19];
𝐹0
𝐹

= (1 + 𝐾𝐷 [𝑄])𝑒 ([𝑄]𝑉)

(3.5)

where [𝑄] represents MWCNT-concentration; 𝑉 and 𝐾𝐷 are static and dynamic
quenching constants, respectively. The quencher material comes adjacent to the
fluorophore during excitation, which is the reason behind the static quenching according
to the sphere of action phenomenon. So, during excitation, the quencher-fluorophore pair
helps to quench the PL emission immediately [19]. This pair is generally termed as dark
complex. The quenching mechanism was further studied by performing TRPL analysis.
The TRPL plot is shown in figure 3.16c. In this figure, it is observed that there is a very
minute but noticeable change in the PL decay curves with MWCNT concentrations. This
tells us that a certain percentage of dynamic quenching is also responsible, along with the
static quenching of PL of the CDs. So, the S−V characteristics follow double exponential
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growth and accordingly, the static and dynamic quenching constants (𝑉, 𝐾𝐷 respectively)
were calculated and their calculated values were found to be 8.5 (mg/ml)−1 and
0.08 (mg/ml)−1 respectively.
3.3.5. Photoresponse characteristics of the nanocomposite
As mentioned previously (section 3.2.4), a photoconductive device system was fabricated
to perform the experiments for checking the photoresponse characteristics of the
synthesized nanocomposite. A schematic representation of the fabricated device system
has been shown in figure 3.17a. We recorded the photoresponse of the device under UV
excitation. The current density vs. voltage (J–V) plot of the device under dark and
illuminated conditions is shown in figure 3.17b. The characteristics of this plot suggest
that the J–V properties of this device system deviate from the ideal ohmic current curve.
This plot somewhat resembles the characteristics of a near ohmic current curve. It is
previously known that MWCNTs generally act as p-type semiconductors [55, 56]. So,
there is a high possibility of the formation of a Schottky junction when MWCNT comes
in contact with Al. The present results accord with the outcomes obtained by Grottrup et
al. [57], where they reported the formation of Schottky junction when ZnO and Al were
in contact at both ends of the electrodes. For this, when the two metal (Al) ends are
connected to the source meter, one of the two junctions gets forward bias. In contrast, the
other gets reverse bias, and the J–V plot suggests that the device responds significantly
(generates photocurrent) at negative applied voltages. The transient photocurrent of the
nanocomposite was tested under the exposure of a UV light spectra with an illumination
intensity of 20 mW/cm2. As the UV source is turned on and off, the device system shows
a significant rise and decay of the photocurrent. This transient response of the composite
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was recorded at a bias voltage of − 2 V, and it is shown in figure 3.17c. One cycle of figure
3.17c has been enlarged to show the time constants of photocurrent rise and photocurrent
decay in figure 3.17d and e, respectively. The calculated values of time constants of
photocurrent rise and photocurrent decay were 0.38 s and 0.42 s, respectively. In this
work, the time constant of photocurrent rise and decay has been considered as the highest
value from 10% to 90% of the photocurrent as defined by Li et al. in 2015 [58].

Figure 3.17. (a) Schematic representation of the device system used to check the
photoresponsive behavior of the nanocomposite. (b) Current density vs. voltage curve of
the CD-MWCNT nanocomposite in dark and illuminated conditions. (c) Transient
photoresponse of the nanocomposite under the illumination of a UV light spectra. (d) Rise
time, (e) decay time of the photoresponsive device. (f) Schematic representation of the
mechanism of generation of photocurrent.

A mechanism has been proposed to explain the reason behind the photocurrent generation
and is shown in figure 3.17f. As light incidents on the CDs, the electrons of the HOMO
state of the CDs get excited and get transferred to the LUMO region by creating holes in
the HOMO region, as shown in the figure [20]. The electrons participating in this
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transition are generally the electrons present as the electron clouds in the CDs. These
electrons then get transferred to the MWCNT, enabling themselves to move freely
through the nanocomposite. This is why the quenching of PL (dynamic) of the CDs occurs
when they are attached with the MWCNT. The phenomenon of dynamic quenching of
PL of the CDs, when attached with the MWCNT, has already been discussed in the
previous section (section 3.3.4; figure 3.16c). Further, an applied bias on the system helps
the electrons to move towards the positive end whereas the created holes travel towards
the negative end, i.e., the electrons and the holes get drifted away because of the applied

Figure 3.18. (a) Comparison of current density between CD-MWCNT nanocomposite
and blank CDs. (b) Current density vs. voltage plot of MWCNTs in dark and illuminated
conditions.

bias, which ultimately helps to get an increment in the magnitude of the current value,
i.e., a certain amount of photocurrent gets generated in the nanocomposite. The difference
in current values of CDs and CD-MWCNT is shown in figure 3.18a in the current density
vs. voltage curve. It is seen in this figure that the current density value of CDs is almost
zero, whereas the current density value rises up to the order of mA/cm2 range as soon as
it gets attached with the MWCNTs. The light dependency of the current value of the
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MWCNTs is also shown in figure 3.18b, and it is clear from the figure that light does not
have any significant impact on the current density value of MWCNT.

3.4. Conclusions
In this chapter, we have reported the applications of N-doped CDs, synthesized from
cigarette-tobacco, in two different fields simultaneously. One of them is the PL-based
sensing of PA in water bodies, and the other is to use the CDs to synthesize UVresponsive CD-MWCNT nanocomposite. The CDs were synthesized by a one-step
microwave assisted synthesis technique, which showed an average particle size of
2.8±1.04 nm and a QY of ~1.02%±0.09. The QY increased with surface passivation by
EDA, and the maximum observed QY was ~9.98%±0.50 when 300 µl EDA was added
with the precursor material. A detailed characterization of the synthesized CDs was also
performed. The PL property of the CDs was utilized to selectively detect PA in water
bodies with a detection limit as low as 140 nM (32.1 ppb) in a relatively wider linear range
of concentration (0.1–50 μM). The sensitivity was checked for real water systems as well,
in which it showed a good recovery percentage with a minimal deviation of ± 10%. A
complete mechanism of PL quenching due to the presence of PA has also been deliberated
with a detailed explanation, which suggests that the quenching of the PL of CDs in the
presence of PA is due to the combination of CTC formation and IFE. For the second
application to be accomplished, the CDs were attached with MWCNTs to synthesize UVphotoresponsive novel CD-MWCNT nanocomposite. The detailed mechanism of
electron transfer in the nanocomposite was studied. This nanocomposite showed a near
ohmic characteristic when connected to an electric field. Further, the detailed mechanism
of the photocurrent generation has also been provided with appropriate evidence. The
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transient response of the UV responsive nanocomposite has been shown with the
calculated rise time and decay time of 0.38 s and 0.42 s, respectively. This
photoresponsive property of the nanocomposite can be explored in the field of
photocatalysis as well. Also, the ability of the nanocomposite to detect UV light can
further be used to fabricate carbon material-based portable devices for UV detection.
Moreover, the possibility of increasing the QY of the CDs can be used as a scope for
future work in the fields of LEDs and bioimaging. Therefore, the ability of the CDs to be
used in different areas of applications has opened up a vast range of scopes for
researchers.
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Abstract
The fabrication of flexible as well as self-powered optoelectronic devices is a growing
and challenging area of research. Some scientists have reported the fabrication of either
flexible or self-powered photodetectors recently. However, most of the literature studies
fail to report the fabrication of self-powered as well as flexible photodetectors. This
chapter reports the fabrication of a self-powered, carbon dot (CD)-enhanced, flexible
ZnO/graphite heterojunction-based UV detector where cellulose paper has been used as
the substrate. A detailed study on the crystallinity and the defects of the ZnO nanorods
has been done with appropriate characterizations. The CD-enhanced ZnO/graphite
heterojunction showed Schottky characteristics. The Schottky parameters such as the
barrier height, ideality factor, and the series resistance have also been calculated using
the Cheung–Cheung method. The observed values of barrier height, ideality factor, and
the series resistance are 0.74 eV, 3.74, and 503 kΩ, respectively. The transient response
at self-powered condition has been demonstrated. The response time and the recovery
time at self-powered condition have also been calculated with the help of the transient
response, and those values are ∼2 and ∼3.2 s, respectively. The responsivity and the
specific detectivity of the fabricated UV detector have been calculated as 9.57 mA/W and
4.27×108 Jones, respectively, at 330 nm wavelength, which is quite comparable with
literature-reported values, considering a self-powered photodetector.
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4.1. Introduction
The photoluminescence (PL) property of carbon dots (CDs) has been proven to be an
excellent probe in the applications of bioimaging, sensing heavy metal ions (Cr6+, Fe3+),
and explosive materials (picric acid; PA), as discussed in the previous chapters (chapter
2 and 3). Moreover, the photoresponsive nature of CDs has also been tested by fabricating
a UV-responsive nano-composite (CD_MWCNT). However, a multi-walled carbon
nanotube (MWCNT) is not a photoresponsive material individually. Therefore, it can be
hypothesized that the photoresponsive efficiencies can be enhanced if the MWCNT could
be replaced with another photoresponsive semiconductor material, such as TiO2, ZnO,
MoS2, etc. and such research has been done by several scientists in this current era. For
example, Dhar et al. [1] showed the fabrication of a GQD-sensitized ZnO/PEDOT:PSS
Schottky diode for detecting UV light with high responsivity and detectivity. The authors
reported the detectivity and responsivity of the UV detector as high as 1.3 × 1012 Hz1/2/W
and 36 A/W, respectively. Fazio et al. [2] reported the enhancement of the
photoresponsivity and the photoconductive gains of the GQD based photodetectors,
where they attached these GQDs with TiO2 semiconductors. Not only this, the attachment
of inorganic quantum dots (QDs) also enhances the photoconductivity of the
semiconductor material consisting nano-composites [3]. However, the toxicity becomes
a genuine concern for the use of such inorganic QDs on a daily basis. In recent years, CDs
have been perceived as a potential replacement for the inorganic QDs, owing to their low
toxicity and high water solubility [4]. The CDs have been considered as noble
photosensitizers due to their high optical properties along with the other advantages such
as low cost and easy synthesis technique. The CDs help to enhance the photosensitivity
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and detectivity of the semiconductor materials as they help to generate more charge
carriers in the presence of light with favourable wavelengths.
One such widely used semiconductor material is ZnO nanomaterials, which have gathered
much attention in recent years because of their ability to be utilized in photoresponsive
applications. For example, Wang et al. [5] reported the tuning of the band structure of the
electron transport layer to suppress the trap-state density of CsPbIBr2 films by the
addition of NH4Cl to the ZnO precursor. Their reported power conversion efficiency
(PCE) of the solar cell is 10.16%, which is considered to be the best among all the pure
CsPbIBr2 perovskite solar cells at a quite low manufacturing temperature (160 °C). Li et
al. [6] showed the usefulness of ZnO nanoparticles in enhancing the crystallinity and the
lifetime of CsPbBr3 when added in an optimized proportion. This optimized addition of
ZnO with CsPbBr3 also helped to improve the lasing threshold as well as the emission
efficiency of the CsPbBr3:ZnO films as compared to the pristine CsPbBr3 films. On the
other hand, another photoresponsive characteristic of the ZnO nanoparticle is the PL
property. Zang and Tang [7] reported about the PL property of ZnO nanoparticles in their
work and used it in the bioimaging application. In a different work, Zang
[8] experimentally proved the enhancement of PCE of ZnO/Cu2O solar cells with
micrometer-sized and properly oriented Cu2O, and their reported PCE value is 3.18%.
ZnO is also one of the favorite materials for photodiodes to detect UV light, owing to its
high energy gap (3.2–3.4 eV), easy and cost-effective synthesis technique [913], behavior similar to n-type semiconductors, a comparatively larger excitonic binding
energy (60 meV) at normal temperature (i.e. room temperature) etc. [14] Especially UV
photodetectors based on ZnO/polymer junction have gathered high faith of the scientists
because of their suitability for applications in flexible photodetectors, high sensitivity,
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and easy synthesis techniques [15-17]. Typically, it is reported for a heterojunction of
ZnO NRs/PEDOT:PSS that the values of sensitivity and responsivity are 37.65 and 5.046
AW–1, respectively, under UV exposure (130 μW, λ = 256 nm) and the photocurrent of
6.74 × 10–4 A [1]. Metal sulfide (e.g., PbS, CdS, etc.) decorated ZnO has shown high
photosensing ability by generating more electron–hole pairs, which help to overcome the
charge recombination problems [18-20]. As mentioned in the previous paragraph, that the
low toxicity of CDs instigated the researchers to replace inorganic QDs (metal sulfides)
with CDs although the inorganic QDs help to enhance the photoconductivity of the
semiconductor nanomaterials such as ZnO nanorods. As examples, we have already
mentioned the works reported by Dhar et al. [1] and Fazio et al. [2]. However, these two
works also lack in describing the fabrication of flexible photodetectors.
In the current era of science and technology, lightweight and flexible photodetectors have
emerged as highly demanding photodiodes because of their possible applications in
wearable and portable optronic devices [21]. The recent development of hybrid
inorganic–organic perovskite halide is one of the biggest examples where the material is
perceived as a potential lightweight and flexible photodetector due to its flexibility and
capabilities to harvest light. The inorganic–organic perovskite halide hybrid obtains these
two characteristics because of its crystallinity in a lower temperature, proper energy gap
(∼1.5 eV), binding energies at the low excitation wavelength, etc. [21] However, there
still remain some limitations for most of these composites despite having the advantages
in the form of flexibility. For example, most of these composites involve external power
sources to operate as photodiodes. This increases the size and weight of the devices,
which limit the scopes of the material in a wide range of applications [22]. The
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development of self-powered photodiodes has been observed as an ideal solution to this
problem. Xiong et al. [23] reported the fabrication of photodetector arrays based on
ZnO/Cu2O heterojunction, which was operable at zero bias voltage. The authors used the
photodetector arrays in transmitting ASCII encoded information for its excellent
performance in optical communication. Gao et al. [24] developed a self-powered highperformance TiO2/NiO heterojunction UV detector. The reported photodetector showed
a response speed of less than 0.1 s. However, these articles do not report the fabrication
of the flexible photodetectors, although they conveniently show the development of selfpowered photodiodes. Thus, the fabrication of flexible as well as self-powered
photodetectors has caught the attention of the researchers, and it has become a challenging
task also. Scientists from all across the globe have already started working in this area.
They have approached to fulfill the goal by fabricating photodiodes following some
complex methods like the construction of Schottky or p–i–n junctions [25, 26]. Not only
this, but also the researchers have tried to fabricate the photodetectors by using simpler
techniques as well. For example, Leung et al. [27] and Lu et al. [28] have demonstrated
the fabrication of self-powered flexible photodetectors by simply integrating the
photodiode with an energy-harvesting unit. However, the integrated methods to fabricate
self-powered photodiodes possess some deficiencies such as less adaptability of the
substrate, larger size of the device, etc. To counter these deficiencies, another fabrication
method has been introduced by Saraf and Maheshwari [29]. The authors fabricated a selfpowered photodetector using Au/MAPbI3/Au heterojunction. The reported photodetector
was working based on the principle of the electric field-induced effect in which the builtin electric field helped the carriers to get separated. Therefore, it is noticed from the
discussion till now that there is a huge gap in the field of UV-photodetection, when the
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concern of fabrication of a flexible as well as a self-powered UV photodetector comes
into the scenario.
In this chapter, we have demonstrated the growth of CD-decorated ZnO nanorods on a
graphite-coated paper substrate, and we have used the CD-decorated ZnO/graphite
heterojunction-based diode as a flexible and self-powered UV photodetector. Here, the
growth of the ZnO nanorods on the graphite-coated paper substrate is the novel
contribution. The UV-sensing mechanism has also been deliberated in detail with
probable explanations. A comprehensive discussion about the characteristics of the ZnO
nanorods has been reported as well.

4.2. Experimental section
4.2.1. Materials
Zinc acetate dihydrate, isopropanol, diethanolamine, zinc nitrate hexahydrate,
ethylenediamine (EDA), and hexamethylenetetramine (HMTA) were all bought from
Sigma Aldrich, India Ltd. 6B apsara pencil, A4 paper, and cigarettes were procured from
the local market, IIT Guwahati, India.
4.2.2. ZnO nanorod fabrication
The growth of ZnO nanorods on a graphite-coated paper substrate was done by using a
simple hydrothermal method [1]. In a typical process, a paper substrate was coated with
graphite by sketching with a 6B apsara pencil. This graphite-deposited paper substrate
was dip-coated into a ZnO solution to deposit a ZnO seed layer on the graphite coating,
which was then heated at 100 °C for 15 min, and this step was repeated four times. To
prepare the ZnO solution, 50 ml of isopropyl alcohol was used as a solvent in which 0.01
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M of zinc acetate dihydrate was dissolved. This dissolving process was carried out by
stirring and heating the system at 65 °C for 1 h. This process was followed by the addition
of 0.02 M diethanolamine in the solution to obtain a transparent ZnO solution. The ZnO
seed-deposited graphite-coated paper substrate was then treated in a hydrothermal
reaction at 90 °C for 6 h to grow the ZnO nanorods. The solution for the hydrothermal
reaction was prepared by mixing two equimolar solutions of HMTA (0.05 M) and zinc
nitrate hexahydrate (0.05 M). Afterward, the ZnO grown substrate was kept at 50 °C
overnight to improve the crystallinity of the nanorods. The whole process was repeated
for four times to get the proper growth of crystalline ZnO on the paper substrate.
4.2.3. CD synthesis and attachment with ZnO
The CDs were synthesized by the method reported in the previous chapter (chapter 3).
The CDs were attached with the ZnO nanorods by dipping the nanorods in a CD solution
for 2 h.
4.2.4. Electrical measurement
A probe station (Keithley 4200-SCS) was used to carry out the electrical
characterizations. A 150 W Collimated Industrial Grade Arc Lamp Source (Model: 1019153) was used as a broadband light source to measure the photoresponse of the device.
Two tungsten probes were connected with the graphite end and the ZnO end of the device
for the measurement of electrical response.
4.2.5. Characterizations
Field emission scanning electron micrographs (FESEM) were taken by a field emission
scanning electron microscope (Zeiss, Sigma). Energy dispersive X-ray (EDX) spectra
were obtained from an energy dispersive X-ray spectroscope (Zeiss, Sigma). A field
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emission transmission electron microscope (FETEM; JEM, 2100F) was used to record
the field emission transmission electron micrograph and the selected area electron
diffraction (SAED) pattern. The crystallinity of the sample was checked with an X-ray
diffractometer (XRD; Burker, D8 Advance), photoluminescence (PL) measurement was
taken by a photoluminescence spectrometer (PerkinElmer, LS 45). For the preparation of
samples for FETEM and PL characterizations, the ZnO grown paper was dipped into 5
ml of DI water inside a cultured tube and ultrasonicated for 10 min. Now, for FETEM,
this newly prepared dispersion was drop-casted on a carbon-coated copper grid and dried
overnight before the analysis, whereas for PL analysis, the dispersion was poured in a
cuvette, and the measurement was taken.

4.3. Results and discussion
4.3.1. ZnO characteristics
Figure 4.1a represents the FESEM image of the ZnO nanorods. The hexagonal shape of
the ZnO nanorod is quite evident in this figure. Figure 4.1b shows the proof of the growth
of ZnO on the graphite layer, which is coated on a paper substrate. The paper substrate
and the graphite layer are indicated separately in this figure to show them in a
distinguishable manner. The marked portion in figure 4.1c was selected for EDX analysis
and elemental mapping of the synthesized nanorods. The peaks in figure 4.1d are
confirming the presence of elements Zn and O. The inset shows the weight percentages
of these two elements, whereas figure 4.1e,f shows the uniform scattering of Zn and O
elements in the area of scanning. Figure 4.2a represents a typical FETEM image of the
CD-decorated ZnO nanorods. In figure 4.2b, an enlarged section of figure 4.2a is shown.
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Figure 4.1. (a) FESEM image to show the synthesized ZnO nanorods. (b) FESEM image
to show the growth of ZnO nanorods on graphite-coated paper substrate. (c) Scanning
area for EDX analysis. (d) EDX spectrum of the synthesized ZnO nanorods. (e) Zn and
(f) O mapping images.

The image unveils several tiny spots on the surface of the nanorod as pointed with the
arrows, which can be ascribed as the attachment of CDs onto the surface of the ZnO
nanorod. The HRTEM image of a section of the nanorod is represented in figure 4.2c.
Although the lattice spacing of mono crystallinity is shown in this figure, the
polycrystallinity of the synthesized ZnO nanorods can be confirmed by the SAED pattern
shown in figure 4.2d. The presence of multiple circular orbits of the bright dots is the
evidence of the polycrystallinity of the nanorods. This statement can be confirmed from
the XRD pattern of the synthesized nanorods, which is shown in figure 4.3a. In the figure,

TH-2679_156107024

Optoelectronics

137

Figure 4.2. FETEM image of the CD decorated ZnO nanorods at 100 nm (a), and 50 nm
(b) scales, the HRTEM image (c), and the SAED pattern (d) of the ZnO nanorod.

the formation of polycrystalline ZnO nanorods can be verified by comparing the crystal
planes (100), (002), (101), (102), (110), (103), (112), and (201) at 2θ values of 31.86,
34.54, 36.36, 47.64, 56.68, 62.98,68.06, and 69.17° respectively. Notably, these values
are in good agreement with previously reported XRD data of ZnO nanorods [30]. The
presence of the planes (100), (002), and (101) suggests the formation of hexagonal
wurtzite ZnO nanorods [31], and these peaks are sharp, narrow, and of quite high
intensity, which tells us about the better crystallinity of the sample. However, the lower
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intensities of the other diffraction peaks correspond to some defects present in the
crystalline structure of the nanorods. The defect in the crystalline structure creates a strain
in the nanorods, which ultimately causes a change in the overall crystallite size. The
Williamson–Hall (W-H) technique [32] has been implemented to calculate the average
crystallite size (𝐿) and strain (𝜀) of the nanorods. The equation is given below,
𝛽𝑐𝑜𝑠𝜃
𝜆

1

=𝐿+

𝜀𝑠𝑖𝑛𝜃

(4.1)

𝜆

where β stands for full width at half-maxima (FWHM), θ is the Bragg angle, and λ
corresponds to the wavelength used in XRD (λ = 0.15418 nm). The intercept and the slope
of the plot between

𝛽𝑐𝑜𝑠𝜃
𝜆

and

𝑠𝑖𝑛𝜃
𝜆

shown in figure 4.3b, helps to get the average crystallite

size (𝐿) and the strain (𝜀), respectively. The obtained values of average crystallite size
and the strain are 135.13 nm and 0.0067, respectively. The information about the amount
of defect present in the crystal structure can be calculated from the parameter termed as
dislocation density (δ). The dislocation density was calculated using the following
equation [33].
1

𝛿 = 𝐿2

(4.2)

The calculated value of dislocation density is 5.476 × 10–5 nm–2. Considering the high
intensities of the peaks present at 31.86, 34.54, and 36.36°, we have calculated the lattice
constants of the synthesized ZnO nanorods for the crystalline planes (100), (002), and
(101), respectively. The following equations [34] were used to calculate the constants.
𝜆

𝑐 = 𝑠𝑖𝑛𝜃
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Figure 4.3. (a) XRD pattern of the sample, (b)

1

𝛽𝑐𝑜𝑠𝜃
𝜆

vs.

𝑠𝑖𝑛𝜃
𝜆

plot.

𝜆

𝑎 = √3 𝑠𝑖𝑛𝜃

(4.4)

The calculated values are reported in table 4.1. A little deviation in the values of these
lattice constants from the standard values can be attributed to the thermal as well as the
lattice mismatch between the ZnO nanorods and the substrate on which the rods were
grown. Apart from the peaks corresponding to ZnO, the peaks for the paper substrate
(cellulose) can also be observed in the XRD plot shown in figure 4.3a. The broad
diffraction peaks from 13 to 15 and 21 to 25° suggest the presence of cellulose, which is
in good agreement with the previous reports [35, 36]. The peak at 26.5° confirms the
existence of graphitic carbon in the substrate material [37].
Table 4.1. Lattice constants for different crystalline planes.
Crystalline plane

2θ

c(nm)

a(nm)

100

31.86°

5.061

3.239

002

34.54°

5.187

2.994

101

36.36°

4.936

2.849
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The information about the defects in the synthesized ZnO was obtained from the PL
spectra of the ZnO nanorods. Figure 4.4a shows the PL peaks of the nanorods at two
different excitation wavelengths (340 and 380 nm). The peaks in this figure convey that
the ZnO nanorods emit at a wide range of wavelengths. The presence of UV emission
(370–385 nm) in the PL can be attributed to the recombination of the excitons, which
were created near the bandgap region of the ZnO nanorods. The emissions at zones of
green (485–525 nm), blue (455–485 nm), and violet (385–455) correspond to the deep
level emissions (DLE) [38, 39]. The DLEs occur because of the presence of structural
defects in ZnO nanorod crystals. These structural defects can be of several types, such as
zinc vacancies, Zn interstitials intrinsic defects, oxygen antisites, oxygen vacancies, etc.
[38] The presence of green emission gets prominent when the excitation wavelength gets
increased, as shown in figure 4.4a. This phenomenon can well be explained with the term

Figure 4.4. (a) PL peaks of ZnO at excitation wavelengths of 340 nm and 380 nm. (b)
Deconvoluted PL peak of 340 nm excitation wavelength.

“red-edge-effect” (REE), where the emission maxima get red-shifted with the increase in
excitation wavelength [40]. This red shift of the peak with the increase in excitation
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wavelength can be explained as follows. The ZnO sample gets exposed to higher energy
when it is excited at a lower wavelength, compared to the case when it is excited at a
higher wavelength. Therefore, when it gives the emission spectra corresponding to its
excitation wavelength, we can observe the peak at a lower emission wavelength for a
lower excitation wavelength and vice versa. That is why, when the excitation wavelength
gets increased, the presence of the green emission also gets prominent, whereas, in the
case of a lower excitation wavelength, the other peaks (such as violet, blue, etc.) were
more prominent. A similar sort of characteristic was generally recorded for ionic liquid
(IL) with a dipolar probe molecule [41, 42]. In our system also, the ZnO nanorods were
dispersed in water (polar solvent) to obtain the PL spectra, which emphasized getting a
prominent green emission as the excitation light gets increased (from 340 to 380 nm).
The emission peak (excitation: 340 nm) has been deconvoluted in figure 4.4b to show the
presence of individual components separately. The emission at ∼385 nm in this figure is
corresponding to the exciton-based emission. In this case, the electron-hole
recombination can occur at the valance band or at the traps present nearer to the valance
band. The peak at ∼405 nm is due to the electronic transition to the single ionized oxygen
vacancy (𝑉𝑂+ )from the conduction band. The peaks at ∼415, ∼432, and ∼456 nm can be
attributed to the presence of defects such as interstitial Zn (𝑍𝑛𝑖 ), ionized interstitial Zn
(𝑍𝑛𝑖− ), and doubly ionized interstitial Zn (𝑍𝑛𝑖2− ) defects, respectively. The oxygen antisite
(𝑂𝑍𝑛 ), and the deep level oxygen vacancy (𝑉𝑂 ) can be the reason behind the emission
peaks in the green zone [38, 39]. The PL of the ZnO attached with CD is also shown
in figure 4.5. In this figure, it is observed that the 𝑉𝑂 , 𝑍𝑛𝑖 , and 𝑍𝑛𝑖2− defects have
remained intact into the composite as there are peaks in the green and violet zones.
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Figure 4.5. Deconvolute PL peak of CD enhanced ZnO nanorods at an excitation
wavelength of 340 nm.
.

4.3.2. Schottky diode analysis
Figure 4.6a represents a schematic diagram of the experimental setup. The image of the
CD-attached ZnO nanorod grown on the graphite-coated paper substrate is also shown in
the inset of this figure. The current versus voltage (I–V) plot in the absence of light is
shown in figure 4.6b, along with its semilogarithmic plot (inset). It is evident from this
figure that the I–V characteristic follows rectifying behavior. The diode shows rectifying
nature even when the ZnO rods are not enhanced with CDs. The I–V plot of the diode
(without CD decoration) is shown in figure 4.6c. The attachment of the CDs on the ZnO
nanorods has helped the diode to intensify the rectification ratio from 3.13 to 17.33 at
±1.2 V. The graphite/ZnO interface can be deemed responsible for this rectifying
behavior. Owing to the unavoidable gap between the work function of graphite (5.0 eV)
and the electron affinity of ZnO (4.35 eV), the heterojunction of graphite/ZnO nanorod
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behaves as a typical metal–semiconductor heterojunction Schottky diode [43]. The
parameters of the Schottky diode, like ideality factor (𝜂), series resistance (𝑅𝑠 ), and the

Figure 4.6. (a) Schematic representation of the experimental setup and a photograph of
the Schottky diode (inset). (b) I−V plot of the CD enhanced ZnO/graphite Schottky diode
in linear and semilogarithmic scale (inset) in dark. (c) I−V plot of the ZnO/graphite
Schottky diode in linear and semilogarithmic scale (inset) in dark.

barrier height (𝜙𝐵 ) were obtained from the method, as shown by Cheung–Cheung
[44]. The equations used in this method are as follows.
𝑑𝑉
𝑑(𝑙𝑛𝐼)

= 𝐼𝑅𝑠 + 𝜂

𝐻(𝐼) = 𝑉 − 𝜂(

𝐾𝐵 𝑇

𝐾𝐵 𝑇
𝑞

𝐼

)ln(𝐴𝐴∗𝑇 2 )

𝐻(𝐼) = 𝐼𝑅𝑠 + 𝜂𝜙𝐵
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In these equations, the terms V, KB, T, q, A, and A* correspond to the applied bias,
Boltzman constant, temperature (300 K), electronic charge, exposed device area, and
𝑑𝑉

Richardson constant (36 A cm–2 K–2) [1], respectively. The plots 𝑑(𝑙𝑛𝐼) vs. 𝐼 and 𝐻(𝐼) vs.
𝐼 obtained from equations 4.5 and 4.7, respectively, give straight lines. The y-axis
𝑑𝑉

intercept and the slope of the plot 𝑑(𝑙𝑛𝐼) vs. 𝐼 presented in figure 4.7a gives the values of
the ideality factor and series resistance, respectively. In the case of figure 4.7b, i.e., the
plot 𝐻(𝐼) vs. 𝐼, the intercept to the y-axis gives the value of 𝜂𝜙𝐵 .

Figure 4.7. (a)

𝑑𝑉
𝑑(𝑙𝑛𝐼)

vs. 𝐼 plot, (b) 𝐻(𝐼) vs. 𝐼 plot of the CD enhanced ZnO/graphite

Schottky diode in dark condition.

The calculated values of the ideality factor, series resistance, and the barrier height are
3.74, 503 kΩ, and 0.74 eV, respectively. The presence of trapped electrons on the surface
of the ZnO nanorods can be the reason behind the deviation of the ideality factor from the
ideal Schottky diode (η ≈ 1). One unavoidable characteristic of the diode is that the I–
V curve does not pass through the origin of the plot (figure 4.6b). The curve, not passing
through the origin, suggests the presence of voltage source characteristics as well in the
Schottky diode [45]. The probable reason behind this particular characteristic is the
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defects that are present in the ZnO crystals. The presence of the defects can trap charges
in the nanorods, for which there can be an accumulation of charges in the defects of the
nanorod crystals [46]. The accumulation of the carrier charges ultimately leads to giving
a non-zero current at a 0 V bias voltage. This current, generated in the device, is dependent
on the trap levels present in the semiconductor materials [47]. The distribution of energy
of the trapping levels is associated with the imperfections present in the structure of the
crystal [46]. Mark and Helfrich reported the trap-effect on the charge (electron) transport,
the energy of which is distributed exponentially [48]. The relation between the free
carriers and the trapped carrier density and the trap-limited current are as follows [46, 48,
49],
𝑛
𝑁

𝑛

= (𝑁 𝑒 𝐸𝑡𝑐𝑡⁄𝐾𝐵 𝑇𝑡 )𝑟

(4.8)

𝑡

𝜀 𝜀

2𝑟+1 𝑟+1

𝐼 = 𝐴𝑁𝑐 𝑞µ𝑒 (𝑞𝑁 𝑒 𝐸0𝑡𝑐⁄𝑟𝐾𝐵 𝑇𝑡 )𝑟 [( 𝑟+1 )
𝑡

𝑟

𝑟 𝑉 𝑟+1

(𝑟+1) ] 𝐿2𝑟+1

(4.9)

where n denotes the free carrier density, 𝑁 is the transport sites’ density, 𝑛𝑡 corresponds
to the trapped carrier density, the trap density is represented by 𝑁𝑡 ,𝐸𝑡𝑐 is trap-energy,
which is measured either from the underneath of the CB (conduction band; electron trap)
or from the top side of the VB (valance band; holes trap), 𝑟 = 𝑇𝑡 ⁄𝑇, with 𝑇 being the
temperature, whereas 𝑇𝑡 is the trap-temperature, and 𝐾𝐵 represents Boltzman constant. 𝐼,
𝐴, 𝑁𝑐 , 𝑞, µ𝑒 correspond to the current (trap-limited), exposed device area, effective
density of states (DOS), electronic charge, and the free electron mobility, respectively.
𝜀0, 𝜀𝑟 are the permittivity in vacuum and the relative permittivity, respectively, whereas,
𝑉 corresponds to the applied voltage and 𝐿is the thickness of the device. According
to equation 4.9, the r-value can be obtained directly from the slope of the plot between
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log(I) and log(V), which is shown in figure 4.8. In this figure, the two parameters (log(I)
and log(V)) have been plotted in the forward bias condition. The slope of the best fit line
is 5.48. This slope value (>2) indicates the trap-limited space-charge-limited-current
(SCLC) through the diode in the forward bias condition [50]. In another way, there occurs
a phenomenon of charging and discharging of current in the semiconductor junction
[51]. This additional current is completely dependent on the direction of the sweep. Based
on the sweep direction, the overall carrier transportation through the junction either
increases or decreases. A similar phenomenon has been witnessed for Schottky diodes,
which are fabricated using ZnO [51].

Figure 4.8. log(𝐼) vs. log(𝑉) plot of the CD enhanced ZnO/graphite Schottky diode (in
the forward bias condition).

4.3.3. Photoresponsive behavior of the diode
We have studied the photodetector properties of the diode. Figure 4.9a represents the I–
V curve of the device in dark and illuminated conditions. For illumination, full spectra of
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UV light with a power density of 20 mW/cm2 were used. A semilogarithmic I–V plot of
the same is also shown in the inset. The generation of photocurrent in the presence of
light is quite evident in this figure. However, more interestingly, it is observed that the
diode possesses a photovoltaic effect as well. The photovoltaic property of the diode is

Figure 4.9. (a) I−V plot of the CD enhanced ZnO/graphite Schottky diode in linear and
semilogarithmic scale (inset) in dark and illuminated conditions. (b) Zoomed in image of
the encircled section of (a).

shown in figure 4.9b. The encircled section of figure 4.9a is magnified in figure 4.9b. The
photocurrent generated was 19 nA. The photovoltaic effect of the diode, i.e., the
generation of the photocurrent, can be attributed to the operation of the photodiode at the
self-biased condition. Figure 4.10a shows the transient response (I–t) of the diode at zero
bias voltage to show its ability to be operated at the self-biased condition. This plot shows
a good ON/OFF current of the diode at zero bias voltage. The characteristics of the
transient response at zero bias voltage are represented in the plot shown in figure 4.10b.
The response time and recovery time of the diode are obtained to be 2 and 3.2 s,
respectively. The comparatively slower response time and recovery time can be explained
based on the mechanism of the photocurrent generation of the ZnO photodiode. The
photoresponsive behavior of the ZnO nanorods is basically based on the
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adsorption/desorption process of the atmospheric oxygen on the ZnO surface (the detailed
mechanism is discussed in the later section; section 4.3.5). When the diode is excited with
UV light, the photodesorption of the adsorbed oxygen from the ZnO surface starts
occurring, whereas the re-adsorption of the oxygen molecules on the ZnO surface starts

Figure 4.10. (a) Transient response of the Schottky diode at self-powered condition. (b)
Response and recovery time extraction from the transient response. (c) Transient response
at different reverse bias conditions. The power density of the used UV light for
illumination is 20 mW/cm2.

when the UV light is switched off [1]. This adsorption and desorption of the atmospheric
oxygen molecules is a time consuming process, which has already been reported by
several researchers [44, 52]. Hence, we can assume that the slower response and recovery
time of the photodiode is due to the adsorption/desorption process of oxygen molecules
on the ZnO surface. However, the slow response of the ZnO based photodiodes can be
overruled by encapsulating the ZnO nanorods with suitable encapsulating materials (for
example SiO2) as reported by Özdoğan et al. [52] The transient response of the diode at
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different reverse bias is also shown in figure 4.10c. In this figure, it is observed that the
diode maintained its transient characteristics at different bias voltages as well. To make
this statement clearer, one cycle of the transient response of the diode at bias voltages
−0.6, −0.9, and – 1.2 V are shown in figure 4.11 to represent the response and recovery
times at these bias voltages, respectively. The response times of the diode at bias voltages
−0.6, −0.9, and – 1.2 V are calculated to be 2.15, 2.3, and 2.37 s, respectively, whereas
the recovery times are 2.35, 2.32, and 2.14 s respectively. It is noteworthy that the
response time has decreased, whereas the recovery time has increased along with the
decrement of the reverse bias voltage.

Figure 4.11. The response time and the recovery time of the CD enhanced ZnO/graphite
Schottky diode at different reverse bias voltages.

4.3.4. Band diagram
To explain the Schottky diode characteristics, the band diagrams of the graphite/ZnO
nanorod (n-type) heterojunction at different bias conditions are shown in figure
4.12. Figure 4.12a represents the schematic of the basic band structures of graphite and
ZnO nanorods before contact. The terms 𝐸𝑣𝑎𝑐 , 𝐸𝐶 ,𝐸𝐹 , and𝐸𝑉 correspond to the energy
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of the vacuum, conduction band, Fermi level, and valance band, respectively. The work
functions of graphite (Φgraphite ) and ZnO (ΦZnO ) were taken as 5 and 4.5 eV,
respectively, whereas the electron affinity and gap energy (Eg) of ZnO were considered
to be 4.35 and 3.37 eV, respectively. These values were extracted from previous literature
studies [43, 53]. The moment a contact between the graphite and ZnO nanorod occurs,
the diode junction attains thermal equilibrium by making both the Fermi layers flat. As a
result, a band-bending phenomenon takes place, as shown in figure 4.12b. Generally, the

Figure 4.12. Schematic representation of the band diagram of ZnO/graphite interface, (a)
before contact, (b) at zero bias, (c) at forward bias, (d) at reverse bias.

transportation of electrons from graphite to ZnO starts occurring due to the contact
between them. This transfer of electrons continues till the Fermi levels of graphite and
ZnO become flat. This flattening of fermi levels is responsible for the bending of the
energy band, as represented in figure 4.12b. Owing to this phenomenon, a depletion
region gets formed in the junction of the Schottky diode, and it is represented as Dr .
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Before moving to the band diagrams at different bias conditions, it is worthwhile to
mention that, at reverse bias condition of the diode, the current does not attain any
particular saturation point. In figure 4.13, the I–V curve at the reverse bias voltage is
shown and it is obvious from the figure that the reverse current does not attain saturation
point. The oscillatory nature of the curve can be associated with the tunnelling of current.
Moreover, the reason behind the non-saturation current can be known through tuning the
Fermi energy level of graphite by applying a single cathode–anode bias [54]. For
example, the application of a forward bias to the graphite deepens the Fermi energy level
and hence raises the work function, as shown in figure 4.12c. On the other hand, in the
reverse bias condition, the work function gets reduced due to the rise in the Fermi energy

Figure 4.13. Non-saturation characteristic of reverse current of the CD enhanced
ZnO/graphite Schottky diode in dark.

level as portrayed in figure 4.12d. This reduction of the work function of the graphite
becomes more dominant as the bias voltage gets increased in the reverse direction and
causes a variation in Schottky barrier height (SBH). This phenomenon ultimately leads
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to obtain an unsaturated reverse current. The upward bending of the band helps the diode
to transport electrons from the conduction band of the ZnO nanorod to graphite, as shown
in figure 4.12c. However, the reverse bias at the junction enforces the transportation of
electrons from graphite to the conduction band of the ZnO nanorods, as shown in figure
4.12d.
4.3.5. Self-powered (zero biased) photodetection and flexibility of the diode
The self-powered UV detection can be explained with the help of figure 4.14. First of all,
the formation of the heterojunction between the CD-attached ZnO nanorods and graphite

Figure 4.14. (a) The photocurrent generation mechanism of the CD enhanced
ZnO/graphite Schottky diode in self-powered condition. (b) Participation of the CD in
hole trapping mechanism on ZnO surface.

enforces the band bending phenomenon, as shown in figure 4.14a. Furthermore, in the
literature, it is reported that there are trapped electrons on the oxide surface of n-type ZnO
nanorods [1, 55]. Therefore, in dark conditions, the ambient atmospheric oxygen (O2)
molecules get adsorbed on electron-trapped ZnO surface [O2 (g) + e− → O−
2 (ad)]. This
leads to develop a depletion layer on the surface, which ultimately endorses a built-in
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potential at the graphite/ZnO heterojunction, as shown in the figure. The moment photon
energy (UV light) is falling on the surface, the generation of electron-hole pairs get started
[hϑ → e− + h+ ]. Afterward, these generated holes (h+ ) travel toward the surface of the
nanorods owing to the band bending, which ultimately leads to release the adsorbed
−
+
O−
2 (ad) ions [h + O2 (ad) → O2 (g)]. As a consequence, the oxygen molecules get

photodesorbed [55]. The remaining unpaired electrons move toward the electrodes, which
enrich the photocurrent in the diode. Considering all these characteristics of ZnO for
generating photocurrent, our fabricated Schottky diode showed even more advantages by
being able to be operated at zero bias condition. A meticulous investigation of our results
indicates that the ability of the graphite/ZnO heterojunction to be operated in the selfpowered condition is because of its working mechanism, which follows the photovoltaic
effect. In the device, the photovoltaic effect exploits the built-in potential produced by
the Schottky barrier in the junction, to drift away the generated electron-hole pairs. Hence,
it induces a rise in the photocurrent. Moreover, the attachment of CD on the ZnO enhances
more generation of photocurrent in the device. As the CD is also UV responsive, the
illumination causes a generation of electron-hole pairs in the CD as well, as represented
in figure 4.14a. These generated holes have a fair share of possibilities to be transported
to the ZnO surface and participated in the oxygen photodesorption mechanism.
Meanwhile, the electrons join the other remaining electrons of ZnO, which move to the
connected electrodes, which ultimately helps in enhancing photocurrent. To make this
statement clearer, we have shown a pictorial representation of the probable mechanism
in figure 4.14b. As the CD is also UV responsive, the electron gets excited in the presence
of UV and transferred to the LUMO, leaving behind a generated hole in the HOMO, as
shown in this figure. This generated electron in the LUMO of the CD then travels toward
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the CB, whereas the hole moves toward the trapping sites of the ZnO nanorods, as shown
in the figure. The trapping of holes of the CDs (along with the holes trapping of ZnO)
ultimately reduces the possibility of electron–hole recombination, resulting in the
generation of a higher photocurrent compared to the pristine ZnO. This hole trapping
phenomenon because of the presence of CD is also reported by Dhar et al. [1] in their
work. Another probability is that the left holes in the HOMO of the CDs then take part in
electrostatic interaction with the negatively charged oxygen-containing species at the
surface of the ZnO nanorods. Therefore, the desorption of the oxygen molecule (neutral)
in the atmosphere gets enhanced, leaving the CD in its charge-neutral condition [56].

Figure 4.15. Mechanism of pyro-phototronic current generation. (a) Generation of
photocurrent and pyro-current. (b) Flow of photocurrent. (c) Flow of pyrocurrent under
dark condition. (d) Flow of dark current.

The ability of the photodiode to be operated at self-biased condition can also be explained
in terms of the pyro-phototronic effect.[57, 58]. A complete four-stage dynamics is shown
in figure 4.15. At first, during UV illumination, the photodiode absorbs the light and
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generates electron-hole pairs. Besides this, the transient temperature of the ZnO nanorods
gets also increased, which leads to the generation of pyroelectric potentials (pyropotentials) in the ZnO nanorods because of its pyroelectric effect. This pyro-potential
helps to obtain Ipyro (pyro-current) along with Iphoto (photocurrent). That is why the
generated current in the first stage of UV-illumination is contributed by
both Iphoto and Ipyro This current is denoted as Ipyro + photo as shown in figure 4.15a. In the
next stage, the current is mainly contributed by Iphoto because the variation in the
temperature of the ZnO nanorods attains a halt, and it is represented in figure 4.15b.
Similarly, when the UV is turned off, initially due to the decrease in transient
temperature Ipyro comes into the play, followed by the dark current (Idark) when the
temperature gets stagnant in the ZnO nanorods as shown in figure 4.15c,d, respectively.
In the transient response, shown in figure 4.10a, it is observable that the current does not
attain a saturated value instantly when it is exposed under UV. Initially, the current value
gets spiked and then slowly gets decreased under the illuminated condition, which proves
the presence of the pyro-phototronic effect in our device. However, the sudden spikes in
current during the illuminated condition are not sharp. The peak is rather broadened. This
can be due to the direct connection of the tungsten probe with the ZnO end of the device.
The performance of the fabricated self-powered flexible photodetector has been evaluated
by calculating the responsivity (𝑅λ ), the external quantum efficiency (EQE), and the
specific detectivity (𝐷∗ ) at zero bias condition. All the values (i.e., 𝑅λ , EQE, and 𝐷∗ ) are
attained considering the presence of both photocurrent and pyrocurrent. The responsivity
of a photodiode can be defined as the amount of photocurrent generated per unit power
density, whereas the EQE can be denoted as the number of charge carriers produced in
the form of electrons per unit incident photon energy. On the other hand, 𝐷∗ gives the

TH-2679_156107024

156

Chapter 4

idea about the ability of the photodiode to detect weak optical signals. The formulae for
the calculation of EQE and responsivity are as follows [21, 44].
EQE(%) =

1240𝐼λ
𝐴λ𝑃λ

𝐼

𝑅λ = 𝐴𝑃λ

λ

𝐷∗ =

𝑅λ
2𝑞𝐼𝑂𝐹𝐹 1
(
)2
𝐴

× 100

(4.10)

(4.11)

(4.12)

Figure 4.16. (a) External quantum efficincy (EQE) vs. wavelength plot, (b) responsivity
vs. wavelength plot, and (c) specific detectivity vs. wavelength.

In these equations, 𝐼λ denotes the combination of photocurrent and pyrocurrent, 𝐴 is the
active area, λ is the wavelength, and 𝑃λ denotes the power density of the incident light
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(mW/cm2). The plots between EQE and wavelength, 𝑅λ and wavelength, and 𝐷∗ and
wavelength are portrayed in figure 4.16a−c, respectively. The maximum value is
obtained at the 330 nm wavelength as shown in the figures. The obtained maximum
values of EQE, 𝑅λ , and 𝐷∗ at zero applied voltage are 3.57%, 9.5 mA/W, 4.27×108 Jones,
Table 4.2. Comparison of the photodiode parameters.

Material

Flexible

Selfpowered

Response
time

Recovery
time

Responsivity

Ref.

Graphene/ZnO

Yes

No

8.76 s

18.13 s

6.27 mA/W

[59]

ZnO/GaN

No

Yes

1023.5 ms

40.1 ms

225 mA/W

[60]

CuO/ZnO

No

Yes

27 s

5s

0.272 mA/W

[61]

ZnO/Al2O3

No

Yes

<100 s

<100 s

1.78 µA/W

[17]

ZnO/CuSCN

No

Yes

4 ns

6.7 µs

-

[62]

CsPbBr3:ZnO

No

Yes

0.409 s

0.0178 s

11.5 mA/W

[63]

No

Yes

30 ms

32 ms

0.80 mA/W

[64]

No

Yes

28 ms

23 ms

2.33 mA/W

[57]

No

Yes

0.23 s

0.21 s

0.44 mA/W

[65]

No

Yes

-

-

0.018 mA/W

[66]

No

Yes

-

-

0.02 A/W

[67]

No

Yes

37 µs

330 µs

-

[68]

Cl-ZnO
NRs/DMSOPEDOT:PSS
Cl:ZnO
NRs/PEDOT:
PSS
n-ZnO/p-NiO
p-ZnO(Li,N)/
n-ZnO
ZnO
NWs/CuSCN
Graphene/ZnO
:Al NRs
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Table 4.2. Comparison of the photodiode parameters.

Material
Polyaniline/
MgZnO
p-GaN/n-ZnO
ZnO NRs &
Pt/FTO PECC
Graphene/ZnO
NWs
Graphite/ZnO

Flexible

Selfpowered

Response
time

Recovery
time

Responsivity

Ref.

No

Yes

0.3 s

0.3 s

0.16 mA/W

[69]

No

Yes

-

-

0.68 mA/W

[70]

No

Yes

0.09 s

0.31 s

2.33 A/W

[71]

No

No

11.9 s

240 s

32000 A/W

[72]

Yes

Yes

2s

3.2 s

9.5 mA/W

Current
work

respectively. A comparison between different diode parameters with previously reported
articles are shown in table 4.2 (ZnO photodiodes). It is observed from the table that our

Figure 4.17. ON/OFF current ratio of the flexible UV-detector at different bending
cycles. The inset shows the corresponding transient responses at the same bending cycles.
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system is giving better results in terms of response and recovery time as well as the
responsivity considering the possession of two important properties such as its flexibility
and ability to be operated at the self-powered conditions.
The flexibility of the fabricated Schottky diode has also been tested, and the result is
shown in figure 4.17. The ON/OFF current ratio at different bending cycles is shown in
this figure, and the corresponding transient response of the device is also presented in the
inset. It is evident from the figure that after 50 bending cycles, the photodiode retains its
ON/OFF current ratio more than 90% of the first bending cycle. This observation proves
that our device can be used as a flexible photodetector.

4.4. Conclusions
In summary, we have successfully grown ZnO nanorods on a graphite-coated paper
substrate. The detailed characteristics of the as-grown ZnO nanorods, such as the
crystallinity and presence of different defects, have been discussed in detail. The ZnO
nanorods were then decorated with CDs. The graphite and the CD-decorated ZnO
heterojunction on a paper substrate has been characterized and proven as a Schottky diode
by providing its Schottky diode parameters. These Schottky diode parameters, such as the
ideality factor, series resistance, and the Schottky barrier height, have been obtained from
the I–V characteristics with the help of the Cheung–Cheung method. The photoresponsive
behavior of the diode has also been studied using a broadband UV light source. A
noteworthy observation from the photoresponsive behavior of the Schottky diode is its
ability to be operated at self-powered condition, owing to the presence of the photovoltaic
effect in the heterojunction. The transient response at self-powered condition has also
been represented which has helped us in obtaining the response time and recovery time
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of the diode as ∼2 and ∼3.2 s, respectively. A probable explanation behind the selfpowered photosensing mechanism has been provided. The responsivity and the specific
detectivity of the fabricated UV detector have been calculated as 9.57 mA/W and
4.27×108 Jones, respectively, at a 330 nm wavelength. So, in a nutshell, we have
successfully

fabricated

a

self-powered

flexible

CD-enhanced

ZnO/graphite

heterojunction-based Schottky diode, which was used to detect UV light.
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Abstract
The optical properties of ZnO and carbon dots (CDs) are well utilized in optoelectronics.
However, these properties can be explored in the areas of energy storage systems as well.
In this chapter, we report the fabrication of an optically responsive hybrid supercapacitor.
The hybrid electrode material for the supercapacitor was synthesized by attaching CDs
on the SWCNT/ZnO nanocomposites, and the formation of the composite was verified
by X-ray diffraction (XRD), Field effect transmission electron microscopy (FETEM), and
Raman analysis. The optical properties of CDs and ZnO have been explored by operating
the supercapacitor under illuminated conditions (UV light). It was observed that the areal
capacitance of the fabricated supercapacitor got enhanced by ~41.38% at 50 mV/s scan
rate. The working mechanism of the supercapacitive system has also been explored. It is
observed that the overall capacitance of the hybrid electrode is a combination of both
electric double layer capacitance (EDLC) and pseudocapacitance. The EDLC and
pseudocapacitance contributions were confirmed by using the Dunn method, and the
values of the individual capacitance contributions are 69.35 and 30.65% for EDLC and
pseudocapacitance, respectively. Moreover, the reaction mechanism of the system has
also been explored, and the occurrence of intercalation of K+ ions in the defects of ZnO
has been confirmed with justified explanations.
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5.1. Introduction
The heavy usage of fossil fuels results in their steady depletion along with the
augmentation of CO2 emissions, which is a primary reason behind global warming [1].
Hence, renewable energy sources like wind, biomass, ocean, and solar energy are gaining
incredible demand in the current era. High energy storage devices are generally able to
use such renewable energy sources, and also they cause a minimal effect on global
warming. Electrochemical energy storage devices, such as supercapacitors, are
considered high power/energy storage devices [2]. Therefore, several researchers from all
across the globe have been focusing their research on the study of high energy storage
systems, i.e., supercapacitive systems since the last decade [3-5]. The qualities such as
high power density, easy and safe operation, longer life cycle, etc., have been positively
attracted the researchers to focus their works on supercapacitors [6]. Supercapacitors have
been categorized in two different types, such as electrochemical double-layer capacitors
(EDLCs) and pseudocapacitors [7]. In the former category, the electrodes adsorb the ions
(oppositely charged) from the electrolyte and form a layer at the electrode/electrolyte
interface. In contrast, the working principle of the latter category of supercapacitors is
based on redox /intercalation reactions, which occur largely at the electrode surfaces
(mostly oxide-based electrode materials) [7, 8].
Several materials have been tested till now as electrode materials for supercapacitive
devices over the last decade. Amongst them, carbon materials have garnered much praise
from the scientific fraternity for their better performances [9, 10]. For example, Mitra et
al.[11] reported different unexplored paths of energy storage in parallel as well as curvedplate-supercapacitors. They used rGO as the active electrode material for their system.
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Besides rGOs, carbon nanotubes (CNTs) have also been used as electrode materials for
supercapacitors, as reported by Koo et al. [12] in their article. They have described the
fabrication of thin CNT sheets from thick CNT sheets. Moreover, they have used these
sheets as electrodes and reported a maximum specific capacitance value of 51.37 F/g. On
the other hand, bimetallic transition metal phosphide [13], transition metal oxides, and
conducting polymers have also got massive attention as electrode materials for
pseudocapacitors [9]. For instance, Yang et al. [14] fabricated an asymmetric
supercapacitor by growing α-MnO2 nanowires and amorphous Fe2O3 nanotubes on a
flexible carbon fabric. In this work, they have reported the enhancement of capacitance
value as well as the energy density based on the pseudocapacitive characteristics of the
material. In another work, Wang et al. [15] synthesized an electrode material for an
energy storage system by encapsulating rGO with polybromopyrroles. This material
showed a high specific capacitance of 256 F/g. Most importantly, the presence of
pseudocapacitive behavior was reported in this article. This pseudocapacitive property of
the material helped to get such a high specific capacitance value.
Apart from the simple supercapacitors, researchers have recently started working on the
fabrication of photo-rechargeable supercapacitors as well. This helps the society to
advance towards the utilization of renewable light energy sources. Photoresponsive
materials such as ZnO, V2O5, organohalide perovskite, etc. [16-18] are some of the
superior materials for the fabrication of photo-rechargeable supercapacitors. Some reports
have shown the combination of a solar cell with a supercapacitor, where the solar cell
helps to charge the supercapacitor by providing energy from its harnessed energy source.
For example, the work reported by Xu et al. [19] shows the combination of perovskite-
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based solar cell with a polypyrrole-based supercapacitor. This power pack combination
achieved an efficiency of 10%. This value is much higher than many other combined
systems. However, combining a solar cell with a supercapacitor is considered quite a
space-occupying arrangement. Therefore, to overcome this difficulty, self-rechargeable
supercapacitors have started gaining more attention and popularity. For example, Boruah
and Mishra [17] reported an optically responsive solid-state supercapacitor. In this
reported work, they used a heterostructure made by a combination of zinc cobalt oxide
and zinc oxide nanorods as electrodes for the supercapacitor. They reported an
enhancement of 174% in the charge storage capacity by the supercapacitor in the presence
of UV light. Moreover, their reported photogenerated areal capacitance was 150 μF/cm2,
whereas the energy density under illuminated condition (UV light) was 11.8 × 10−3
μWh/cm2. The photoconductivity of the photoresponsive metal oxides (such as, ZnO,
Cu2O, CuO, etc.) can be increased by attaching quantum dots on the surfaces [20].
However, inorganic metal-based quantum dots are considered to be highly toxic in nature.
Therefore, researchers are trying to replace these quantum dots with carbon dots (CDs)
due to their low toxic nature [21]. Therefore, the use of CDs seems to be more favorable
as compared to other inorganic metal-based quantum dots. The attachment of CDs to
other materials helps to improve the photoresponsive behavior of the composite, as shown
in our previous works [22, 23]. Not only this, CDs even help to improve the performances
of supercapacitors as well. For example, Sahoo et al. [24] showed the enhancement in the
performance of the supercapacitor when the electrode material (NiS) was decorated with
CDs. Their reported specific capacitance is 880 F/g at a current density of 2 A/g.
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Although the above-mentioned literature describes the fabrication of several hybrid
electrodes for supercapacitors, it is very rare that the researchers have used hybrid
electrodes composed of three or more different materials. Moreover, despite all the recent
progress in the fabrication of high-performing as well as photorechargeable
supercapacitors, very few works are there till date which actually discuss the working
mechanism of the supercapacitors. Therefore, in this work, we are reporting for the first
time to our knowledge about the fabrication of CD decorated SWCNT/ZnO hybrid
electrodes for the application in optically responsive supercapacitors. Moreover, we have
also reported the detailed working mechanism of the supercapacitor, which showed the
presence of EDL-based capacitance as well as pseudocapacitance.

5.2. Experimental section
5.2.1. Materials
Citric acid, Ethylenediamine (EDA), single-walled carbon nanotube (SWCNT), Zinc
acetate dihydrate, ethanol, glacial acetic acid, Whatman filter paper, and potassium
hydroxide (KOH) were purchased from Sigma Aldrich, India. Polyvinyl alcohol (PVA)
was procured from Lobachemie, India. Whereas ITO coated PET sheets (ITOP15X1; 100
mm × 100 mm) were purchased from Shilpa Enterprises, India. All the chemicals were
used without further purifications.
5.2.2. Synthesis of CDs
The CDs were synthesized using the hydrothermal method as reported by Zhu et al. [25]
with a little modification. In a typical process, 1.051 g citric acid was dissolved in 10 ml
of DI water. In that solution, 335 μl of EDA was added, and this solution was
hydrothermally treated in a Teflon-lined autoclave at 150 °C for 7 h. After that, the
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solution was allowed to cool down at room temperature, and then it was filtered through
a 0.2 μm syringe filter.
5.2.3. Fabrication of hybrid electrode and the supercapacitor device
For preparing the electrode, ITO coated PET sheets were first cut with the dimensions of
25 mm × 25 mm. Then this sheet was washed thoroughly with DI water and acetone and
dried under nitrogen flow. After washing, the ITO coated sheets were treated in UVozone for 1 h. Subsequently, a film of CD decorated SWCNT/ZnO hybrid material was
formed on the ITO coated sheets. To prepare this film, we followed the method used by
Teng et al. [26] with a little modification. In a typical process, a 7.5 ml solution was made
in which 2.2 g of zinc acetate dihydrate, 1 g of PVA, 2 mg of SWCNT, and 1 ml of the
synthesized CD solution was added as shown in scheme 1a(I). Then this as-synthesized
mixture was stirred for 45 min on a hot plate with setting the hot plate temperature at 100
°C. As a result, the mixture was transformed into gel form. Further, this gel was allowed
to come to room temperature with continuous stirring. Then, 1 ml of ethanol and 0.5 ml
of glacial acetic acid was added to this gel and stirred for 15 more minutes to get the gel
solution of the hybrid electrode material, and these steps are shown in schemes 1a(II) and
(III). 1ml of this gel solution was then drop-casted on the ITO coated PET sheet, and it
was spin coated for 15 seconds at 3000 rpm as represented in schemes 1b(I) and (II).
These two steps were repeated 5 times, and then this film was allowed to dry on the hot
plate (100 °C) for 5 min (scheme 1b(III)). This whole process was repeated 3 times, and
then the PET sheet was kept in a hot air oven at 105 °C for 42 h.
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Scheme 5.1. (a) Steps for synthesizing the gel solution of the hybrid electrode material.
(b) Fabrication of the electrode.

For preparing the supercapacitor device, two of the electrodes were first cut into desired
dimensions and then assembled in a sandwich-type pattern with a separator placed in
between them. A Whatman filter paper was used as a separator, and 20 μl of 4 M KOH
solution was used as the electrolyte solution, which was drop-casted on the separator
before assembling. Afterward, this assembled device was clipped from both sides. For
the analysis of the photoresponsive behaviour of the material, we prepared a
photodetector as well. For this, Al electrodes were deposited on the CD decorated
SWCNT/ZnO film by thermal evaporation technique. The gap between the two electrodes
was 200 μm.
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5.2.4. Characterizations
A field emission scanning microscope (Zeis, Sigma) was used to get the field emission
scanning micrograph (FESEM) and the energy dispersive X-ray (EDX) spectra of the
samples. The field emission transmission electron micrograph (FETEM) and the selected
area electron diffraction (SAED) pattern were recorded using the field emission
transmission electron microscope (JEM, 2100F). The crystallinity of the material was
examined by an X-ray diffractometer (XRD; Burker, D8 Advance), whereas the Raman
spectra was obtained from a Raman spectroscope (Horiba LabRam HR Evolution). A
photoluminescent spectrometer (PerkinElmer, LS 45) was used to obtain the PL spectra.
X-ray photoelectron spectroscopy (XPS) analysis was done to get the composition near
the surface of the composite material by using an X-ray photoelectron spectroscope
(Thermo Fisher Scientific Pvt. Ltd., ESCALAB Xi+). For getting the fluorescence
lifetime and fluorescent decay curve, we used Picosecond time-resolved cum steady-state
luminescence (TRPL) spectrometer (Eddinburg Instruments, FSP920).
5.2.5. Electrochemical and electrical analysis
All the electrochemical analyses (CV analysis, GCD analysis, EIS analysis) were done
with the help of a potentiostat (PGSTATM204; Autolab Metrohm). For the analysis in
three-electrode systems, a Pt wire and an Ag/AgCl electrode were used as a counter
electrode and reference electrode. For the analysis of the electrical characterizations, a
Keithley 4200- SCS probe station was used, and for the measurement of the
photoresposponse of the device, a 75 W UV bulb was used as the light source.
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5.3. Results and discussion
5.3.1. Characteristics of electrode material
The characteristics of the synthesized CD decorated SWCNT/ZnO hybrid electrode were
examined, and the results are shown in figure 5.1. The top view of the electrode surface
is shown in figure 5.1a. The cross-sectional image is also presented in figure 5.1b, where,
the clearly distinguished film layer, ITO layer, and PET layer can be observed. These
different layers are marked and shown separately in the image. The thickness of the film
layer is calculated from the image, and this value is ~596 nm. Figure 5.1c represents the
FETEM image of the electrode material at a scale of 100 nm. The ZnO particles, covered
with CD, are enclosed with a web created by the SWCNT. Another image at a scale of 50
nm is presented in figure 5.1d to show the presence of CDs and the ZnO particles in a
clearer way. The dark spots on the larger particles in this figure are the CDs, which assures
the attachment of the CDs on the ZnO particles. We have encircled the ZnO nanoparticles
and marked the CDs with arrows in this figure for a better understanding. The HRTEM
image is also shown in figure 5.1e, where three different crystal planes can be observed,
and these different planes are marked in the image along with the calculated lattice
spacing values. A hint about the polycrystallinity can be extracted from this image, and
therefore an SAED pattern is also presented in figure 5.1f. The existence of amorphous
characteristics in the material can be ascribed to the presence of CDs as well as the
SWCNTs in the hybrid material. A detailed crystallinity study has also been done, and an
elaborated discussion is presented later with XRD analysis. The elemental analysis of the
hybrid material was done by EDX spectroscopy, and the corresponding spectrum is given
in figure 5.1g. The presence of Zn, O, C, and N is visible in this spectrum. The appearance
of the peak for N is due to the presence of N in the synthesized CDs (N-doped CDs). The
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Figure 5.1. FESEM images to show the (a) top view, and the (b) side view of the
electrode. FETEM images of the electrode material at the scales of (c) 100, and (d) 50
nm. (e) HRTEM image, and (f) the SAED pattern of the electrode material. (g) Energy
dispersive X-ray (EDX) spectrum, and (h) scanning area for EDX analysis of the material.
(i-l) Mapping images of Zn, O, C, and N.

wt% of these elements are 36.9, 32.6, 27.2, and 3.3% respectively. The overall scanning
area for elemental mapping is shown in figure 5.1h. The uniform scattering of the
elements are clearly observed in figures 5.1i-l.
The XRD spectrum of the synthesized hybrid electrode material (CD-SWCNT/ZnO) is
presented in figure 5.2a. The peaks at 2θ values of 32.28, 34.98, 36.75, 47.98, 57.02,
63.24, 68.27, and 69.35° correspond to the lattice planes (100), (002), (101), (102), (110),
(103), (112), and (201) respectively. These values are in agreement with the previously
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reported [23] data. However, the little deviations of these values can be ascribed to the
outcome of the microstrain in the crystals during their synthesis. Apart from this, the
presence of SWCNT and CDs is also observable in the XRD spectrum of the composite.

Figure 5.2. (a) XRD peaks of the hybrid electrode material. (b) Raman spectrum. (c)
Photoluminescence (PL) spectrum at an excitation wavelength of 340 nm with
deconvoluted sections in the insets. (d) Schematic representation of the transfer of
electrons.
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The peaks at 26.2 and 41.5° are the evidences of the presence of the SWCNT [27],
whereas the broad peak at 20.31° confirms the presence of CDs in the composite (figure
5.2a) [28]. We have performed Raman spectroscopy as well to obtain more information
about the crystallinity and phase of the hybrid electrode material in a detailed manner.
The Raman spectrum of the same is shown in figure 5.2b. The peaks at ~270 and ~857
cm-1 can either be assigned to the standard 𝐵2 mode of ZnO or can be ascribed to the
incorporation of nitrogen into the ZnO via the addition of the CDs (N-doped) [29, 30].
The peaks at ~334 and ~1170 cm-1 are due to the multiphonon process [31, 32]. The peak

D

G

Figure 5.3. Raman spectrum of pristine SWCNT.

at ~407 cm-1 can be referred to the 𝐸1 (TO) mode [33]. The doubly degenerate mode
𝐸2 (high) is represented by the peak at ~458 cm-1, whereas the peak at ~490 cm-1 can be
due to the surface optical (SO) phonons [29, 34]. The peak at ~579 cm-1 can be referred
to the 𝐴1 (high) mode [29], whereas the peak at ~630 cm-1 can well be assigned to the
defect-associated mode. A second-order phonon mode can be assigned to the peaks at
~1080, ~1170, and ~1287 cm-1 [35, 36]. The presence of CDs and SWCNTs in this
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hybrid material can also be confirmed from the peaks ranging from 1340-1800 cm-1. The
broadening of the peak in this region can affirm the presence of CDs as it is found in the
literature that the CDs have Raman peaks at the wavelengths around ~1367 and ~1611
cm-1 [37], whereas the peaks at ~1597 and ~1730 cm-1 can confirm the presence of
SWCNTs. The Raman peak of the pristine SWCNT is shown in figure 5.3.
The photoluminescence (PL) characteristics of the hybrid electrode material were also
studied to get a clearer idea about the defects present in it. A PL spectrum of the hybrid
electrode material at an excitation wavelength of 340 nm is shown in figure 5.2c. Three
different regions can be observed from the overall PL spectrum (red line), which are the
UV region (360-385nm), the violet region (385-455 nm), and the blue region (455-475
nm). The emissions at the blue and violet zones can be ascribed to the deep level
emissions (DLE) [23, 38]. In the ZnO nanoparticles, the presence of defects, such as
vacancies of Zn and O, intrinsic defects of Zn interstitials, etc., triggers the DLE [23].
The deconvolution of the spectrum gives information about the defects in a distinguished
manner, as represented in the insets of figure 5.2c. The peak at ~ 375 nm (~ 3.30 eV)
corresponds to the near-band-edge emission (NBE) [38, 39]. Here, the recombination of
the electron-hole pair can occur at or near the valance band. The peak at ~ 403 nm
(~ 3.07 eV) corresponds to the electronic transition from the conduction band to the
defect corresponding to the single ionized oxygen vacancy (𝑉𝑂+ ), whereas the interstitial
Zn (𝑍𝑛𝑖 ) can be responsible for the peak at ~ 415 nm (~ 2.98 eV) [23]. The peaks at
~ 443 nm, ~ 459 nm, and ~ 464 nm (~ 2.79, ~2.70, and ~2.67 eV) can be assigned to
the ionized interstitial Zn (𝑍𝑛𝑖− ), doubly ionized interstitial Zn (𝑍𝑛𝑖2− ), and oxygen
antisite respectively [23, 38]. However, a little shift of these peaks can be attributed to the
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formation of the composite between CD, ZnO and SWCNT. A schematic is shown in
figure 5.2d to pictorially represent the transfer of electrons from the conduction band to
the several defect regions corresponding to the PL spectrum.
5.3.2. Electrochemical analysis of the electrode material
The energy storage process is not as simple at all. A better fundamental understanding of
the energy storage process is essential as a hybrid electrode material (CD-SWCNT/ZnO)
may show the contribution from two parts, namely (i) double-layer capacitance and (ii)
pseudocapacitance. Therefore, it is important to get insight into the supercapacitor's
charge storage mechanism, i.e., whether it is capacitive-controlled or diffusioncontrolled. The information about the capacitance contribution can be obtained by using
Dunn method [40]. The dependence of the current on the scan rate needs to be examined
to obtain this information. The cyclic voltammetry (CV) responses of the hybrid electrode
material at different scan rates ranging from 0.1 – 2 mV/s are shown in figure 5.4a. Two
oxidation (O1, O2) and their corresponding reduction peaks (R1, R2) are observed in this
figure. The presence of the oxidation and reduction peaks are the evidence of the redox
reactions in the system, which can contribute to redox psedocapacitance [41]. In principle,
the dependence of the current on the scan rate is as follows [42];
𝑖 = 𝑎𝜈 𝑏

(5.1)

or,
log(𝑖) = log(𝑎) + 𝑏log( 𝜈)

(5.2)

where, 𝑎 and b correspond to two variable parameters whereas, 𝑖 and 𝜈 correspond to the
current and scan rate values. Different b values are obtained from the redox peaks. These
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values can be obtained from the slopes of the plots between log( 𝜈) and log( 𝑖) as shown
in figure 5.4b and these values generally range from 0 to1. For the capacitive-controlled
process, the b value becomes ~1, whereas, for a diffusion-controlled electrochemical
process, this value becomes ~0.5 [42, 43]. From figure 5.4b, the calculated values of b
for the peaks O1, O2, R1, and R2 are 0.42, 0.54, 1.01, and 1.04, respectively. This indicates
the contribution from both capacitive process as well as from diffusive process as the b
values for oxidation and reduction process are ranging from 0.5 to 1. A similar
observation is also reported by Boruah et al. [42] in their article in which their b values
were also ranging from 0.5 to 1. Hence they concluded the presence of contributions from
both capacitive and diffusive processes. Although these values are giving information
about the contribution from both the processes (capacitive and diffusive process), a
quantitative value of the contribution of the individual process is not determinable from
the b-values. However, these values can be calculated from the following equation [42,
44] by expressing the current response with respect to the scan rate values.
𝑖(𝑉) = 𝑘1 𝜈 + 𝑘2 𝜈 1/2

(5.3)

Dividing both sides of the equation by 𝜈 1/2 , we get,
𝑖(𝑉)/𝜈1/2 = 𝑘1 𝜈 1/2 + 𝑘2

(5.4)

where, 𝑖(𝑉) is denoted as the current at a constant voltage, 𝑘1 and 𝑘2 are constants. The
term 𝑘1 𝜈 refers to the current contribution in the capacitive form (EDLC) whereas,
𝑘2 𝜈 1/2 corresponds to the contributions from the diffusion-controlled process
(pseudocapacitance). We have shown a plot between 𝑖(𝑉)/𝜈1/2 vs. 𝜈 1/2 in figure 5.4c to
get the values of 𝑘1 and 𝑘2 and hence the values of capacitive contribution and the

TH-2679_156107024

Energy storage system

185

pseudocapacitive (diffusion-controlled) contribution. A CV plot is also shown in figure
5.4d at 2 mV/s to represent the individual contribution in the charge storage process of
the hybrid electrode material. It is observed from the figure that the capacitive
contribution is 69.35%, whereas the pseudocapacitive percentage is 30.65%. A schematic

Figure 5.4. (a-d) Dunn method analysis; (a) CV plots of electrode material at different
scan rates (0.1-2 mV/s). (b) Estimation of b values for the oxidation and reduction peaks
(O1, O2, R1, and R2). (c) 𝑖 ν−0.5 𝑣𝑠 ν0.5 Plot at a potential of 0.26 V vs. Ag/AgCl. (d) CV
plot at 2 mV/s to show the capacitance percentage contributed by EDLC and PC. (e)
Schematic representation of electrode-electrolyte interaction to represent the capacitance
mechanism.

is shown in figure 5.4e to represent all the possible charge storage mechanism pathways.
At the electrode-electrolyte interface (at the top of the figure), the EDLC layer is shown.
At the bottom section of the electrode material, the possible pathway of
pseudocapacitance is shown. In case of pseudocapacitance, the possibilities of the
presence of both intercalation as well as redox pseudocapacitance are there. Therefore,
both of these two phenomena are shown in the figure. However, it is essential to have an

TH-2679_156107024

186

Chapter 5

idea about the diffusivity for the case of intercalation pseudocapacitance, and it can be
obtained from the following equation [42, 45];
1/2

𝑖𝑝 = 0.4463𝐹(𝐹 ⁄𝑅𝑇)

𝐶 ∗ 𝜈 1/2 𝐴𝐷1/2

(5.5)

or,
𝑖𝑝 = 𝐾𝜈 1/2 𝐴𝐷1/2

(5.6)

where, 𝑖𝑝 corresponds to the current value at the peaks in the CV plot, 𝐶 ∗ is the
concentration (mol/cm3), 𝜈 is the scan rate (V/s), whereas, 𝐹 refers to the Faraday
constant, 𝐴 is the working area of the
1/2

0.4463𝐹(𝐹 ⁄𝑅𝑇)

electrode (cm2), and 𝐾 is a constant (=

𝐶 ∗ ). A plot between 𝑖𝑝 /𝐾 vs 𝜈 1/2 is shown in figure 5.5. The

diffusion constant values for the oxidation peaks (O1, O2) are 0.13 and 0.14 mm2/s,
respectively, whereas the same for the reduction peaks (R1, R2) are 1 and 0.07 mm2/s,
respectively. Moreover, the occurrence of the redox process at the electrode-electrolyte

Figure 5.5. Plot to calculate diffusion constant.
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interface can enhance the contribution from pseudocapacitance, and as mentioned earlier,
the presence of the redox peaks in the CV plots are confirming the presence of the redox
pseudocapacitance. In this case, the expected reaction at the surface of the electrode
material (interaction between ZnO and potassium ion) can be as follows [46],
ZnO (surface) + K + + 𝑒 − → (ZnO+ K − )surface.

(5.7)

Apart from this surface phenomenon, the possibility of the involvement of K+ ions in the
intercalation mechanism is also there, which is discussed in detail in the later section
(Reaction mechanism).
5.3.3. Device performance
We checked the overall device performance after examining the electrochemical
properties of the electrode material. The device fabrication has been discussed in the
experimental section. Owing to the photoresponsive behavior of the electrode material
(both CD and ZnO), we have tested the electrochemical performances of the device in the

Figure 5.6. (a) I-V plot of the photodetector (the hybrid electrode material) in absence
and presence of light in linear and semi-logarithmic scale (inset). (b) Transient response
of the device using a UV bulb (100 mW/cm2).
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absence as well as in the presence of UV light. The photoresponsive behavior of the
electrode material is shown in figure 5.6. In this figure, the I-V curve in the absence and
presence of UV light and the transient response (at 0V bias) are shown. The explanation
behind the generation of photocurrent at 0V bias has already been discussed in our
previous chapter [23]. A schematic representation of the device in the presence of light
source is shown in figure 5.7a. Figure 5.7b represents the supercapacitor device before
charging it, whereas the charge storage processes in the absence and presence of light are
also represented in figure 5.7c and figure 5.7d, respectively. Figure 5.7c shows the
accumulation of the cations on the negative electrode and the anions on the positive
electrode. These accumulated ions help to participate in both EDL capacitance as well as
pseudocapacitance. The interaction between the negative electrode and K + on the surface
of the electrode is already mentioned in equation 5.7. However, the interaction between
the positive electrode and the anions (OH − ) can be represented by the following equation
[17].
ZnO +OH − → ZnO − OH −

(5.8)

There are obvious evidence of the formation of electrical double layers on the electrodes
(as discussed in the previous section). Yet, we have only represented the
redox/intercalation reactions on the electrodes by equations 5.7 and 5.8. We have
performed XPS analysis of the electrode material of the device before and after
performing the electrochemical analysis to understand the exact reaction mechanism,
which is discussed in the later section (Reaction mechanism). The mechanism of
charging in the presence of light can be elaborated from figure 5.7d. We assume that the
photon energy helps to generate electron-hole pairs, which then get separated due to the
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built-in electric field. Further, the separated holes and electrons contribute to the
separation of the ions in the electrolyte for charge storage in the presence of UV light.

Figure 5.7. (a) Schematic of the supercapacitor device. (b) Schematic of the device before
charging. Schematic of the device during charging (c) in the absence of light and (d) in
the presence of light. (e-h) CVs of the supercapacitor device at scan rates of 50, 200, 400,
and 1000 mV/s in the absence and presence of light (UV light; 100 mW/cm2),
respectively. (i) Plot between areal capacitance enhancements with scan rate.

For the electrochemical analysis of the device, the CV plots are shown in figures 5.7e-h
at different scan rates (50, 200, 400, and 1000 mV/s). The asymmetry in the CV plots can
be assumed due to the presence of surface reactions as well as the double layer formation
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on the electrodes in an irregular manner [17]. A little hump in the CV plot on the positivescan side can be observed for 50, 200, and 400 mV/s, implying the redox reactions,
whereas this hump is missing for 1000 mV/s. The slower rate of electronic transition
compared to the higher scan rate can be the reason behind this, i.e., at a higher scan rate,

Figure 5.8. CV plots of the supercapacitor device at different scan rates in (a) dark and
(b) illuminated condition.

the potential goes forward to the direction of the scan rate before the electronic transition
fully generates the current. Due to this reason, the hump in the CV curve is missing in
figure 5.7h. The CV curves followed a similar trend in the presence of UV light (100
mW/cm2) as well. An obvious enhancement in the area surrounded by the CV curves in
the presence of light compared to the ones in the absence of light is observed. From this
enhancement of the area, we calculated the enhancement in the areal capacitance (

𝐶𝑙 −𝐶𝑑
𝐶𝑑

×

100%; where, 𝐶𝑙 is the areal capacitance in presence of light and 𝐶𝑑 is the area
capacitance in the absence of light). The calculated enhancements for the scans of 50,
200, 400, and 1000 mV/s are 41.38, 23.23, 19.28, and 6.79%, respectively, and this
change in areal capacitance enhancement in the presence of light is shown in figure 5.7i.
All the CV plots at different scan rates for both the illuminated and dark conditions are
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shown in figure 5.8. The change in the area inside the CV curves at different scan rates is
observable for both cases (dark and illuminated).

Figure 5.9. (a) UV photo-charge (100 mW/cm2) and galvanostatic discharge at different
current density values. Plots between (b) areal capacitance, (c) areal energy density, and
(d) areal power density against current density values from the data obtained from (a).
Cyclic photo-charge (UV bulb; 100 mW/cm2) and galvanostatic discharge (0.5 μA/cm2)
plot.
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Due to the UV responsive behavior of the electrode material, we further analyzed the
supercapacitor device by photo-charging and galvanostatically discharging at different
current density values. In figure 5.9a, the plots of photo-charging (UV light, 100
mW/cm2) and galvanostatic discharging at current density values of 1.25, 3.75, 6.5, 15,
40, and 65 μA/cm2 are shown. We calculated the areal capacitance, areal energy density,

Figure 5.10. Ragone plot of the device to compare the performance with the work
reported by Boruah et al. [47], Kim et al. [48], Liu et al. [49], and Yoo et al.[50]

and areal power density values using the data obtained from figure 5.9a. The change in
the areal capacitance, areal energy density, and areal power density values with respect
to current density values is plotted and shown in figure 5.9b,c & d, respectively. An
important observation from figure 5.9d is that, unlike the areal capacitance and the areal
energy density, the areal power density is linearly dependent on the current density values.
Therefore, we fitted the data with a straight line, which gives the value of slope about
0.091. The photo-charged areal capacitance values at 1.25 and 65 μA/cm2 are 1.53 and

TH-2679_156107024

Energy storage system

193

0.09 mF/cm2, whereas the values of areal energy density and areal power density at these
two current density values are 19.85× 10−3 and 1.56× 10−3 μWh/cm2, and 0.0953 and
5.93 μW/cm2 respectively. A Ragone plot is also shown to compare the data with the
previously reported work, and it is shown in figure 5.10.

Figure 5.11. Galvanostatic charging and discharging at different current density values
in (a) dark and (b) illuminated conditions.

We then checked the repeatability of the device by photo-charging for 50 s (UV light;
100 mW/cm2) and galvanostatically discharging at 0.5 μA/cm2. We tested the
repeatability for 7 cycles, and it was observed that there was a very negligible change in
the areal capacitance value after 7 cycles of the photo-charge and galvanostatic discharge
process and it is shown in figure 5.9e. Along with the photo-charging and galvanostatic
discharging, we examined the galvanostatic charging and discharging (GCD) phenomena
of the device in absence and presence of UV light, and these observations are shown in
figure 5.11. Furthermore, we checked the sustainability of the device by obtaining the
GCD cycles at a current density of 15 μA/cm2. This observation is presented in figure
5.12 and it is observed from the figure that the device retains its stability up to 800 cycles
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under the exposure of light. For a better visualization of the individual cycles, we have
shown a zoomed in image of figure 5.12a in figure 5.12b.

Figure 5.12. (a) Galvanostatic charging and discharging cycles. (b) Zoomed in image of
a section of (a).

The electrochemical impedance spectroscopy (EIS) was also performed. The
measurements of the EIS spectra were taken in the frequency range of 100 kHz to 10
mHz. The considered voltage amplitude value was 10 mV. The obtained EIS spectra in
the absence and presence of light are represented in figure 5.13a. These data were further
fitted using Randell’s model, and the equivalent circuit for both (dark and illuminated)
the plots are shown in figure 5.13b. The resistance represented by Rs is considered as the
equivalent series resistance (ESR). This resistance is basically a combination of the
electrolyte resistance as well as the electrode’s internal resistance [51]. Whereas CPE
stands for constant phase element, and RCT is the charge transfer resistance. Because of
the low diffusion process, the Warburg impedance (ZW) also comes into consideration
and is connected in series with the charge transfer resistance. The ESR value got
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decreased from 1.06 to 0.075 kΩ, and the charge transfer resistance got decreased from
46 to 8.8 kΩ when exposed to UV light. The decrease in the value of RCT in the presence

Figure 5.13. (a) EIS plots of the sample at dark and illuminated conditions. (b) Equivalent
circuit.

of UV light can be attributed to the enhancement of charge carrier density which
ultimately helps to get a better conductivity (electrical conductivity). This observation is
in accordance with some previously reported articles [16].
5.3.4. Reaction mechanism
The statement regarding the occurrence of intercalation pseudocapacitance can be assured
with figure 5.14. In this figure, a PL spectrum of the hybrid electrode material (figure
5.14a) after electrochemical reactions and a time-resolved photoluminescence (TRPL)
plot (figure 5.14b) of the material before and after electrochemical reactions are
presented. It appears in figure 5.14a that the overall PL spectrum has been shifted towards
its right (compared to the one shown in figure 5.2c). After deconvoluting the spectrum, it
is found that the electronic transition from the conduction band to the defect
corresponding to the single ionized oxygen vacancy at ~ 3.07 eV and the electronic
transition at oxygen antisites (~2.67 eV) are missing in the PL spectrum. This might
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suggest that the defects related to oxygen vacancies could well be participating in the
intercalation process during the charging and discharging of the supercapacitive hybrid
electrode material. This argument can be verified with previously reported literature
where, Kim et al. [52] reported the influence of oxygen vacancies in the enhancement of
charge storage capacity of MoO3-x. The PL decay curves of the hybrid electrode material
is also shown in figure 5.14b. It is obvious from the figure that the slope of the curve got
steeper for the sample after the electrochemical reaction, giving a hint about the decay in
its overall average lifetime. Hence, we calculated the average PL lifetime (𝜏𝑎𝑣𝑔 ) for both
the samples, and the calculated values for these two samples are 7.87 and 3.91 ns,
respectively. However, it is observed that three components were taking part in PL
emission in case of the sample before reaction whereas, these participating components
in case of the sample after reaction got reduced to two. These individual components
along with their lifetimes are given in table 5.1. The reduction in the number of
components can also be ascribed as the utilization of the available defects in the ZnO
material, as mentioned earlier, for participating in the intercalation process. A schematic
representation of the intercalation process of K+ ions in the defect regions is shown in
figure 5.14c. It is understood from the figure that after the electrochemical process, some
Table 5.1. PL lifetime of individual components before and after the electrochemical
reaction.
Sample
𝝉𝟏 (ns)
𝝉𝟐 (ns)
𝝉𝟑 (ns)
Before reaction

0.81

3.13

8.95

After reaction

1.069

5.512

-
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of the defects in the ZnO get blocked by the K+ ions (intercalation of K+ ions). The
authentication of this statement is further verified by XPS analysis of the electrode
material before and after the electrochemical reaction. Figure 5.14d shows the high
resolution core level spectra of Zn2p before and after the reaction. In this figure, the plot
at the top section is representing the Zn2p spectrum before the electrode material went
through the electrochemical reaction. This figure depicts that the binding energy
difference (ΔBE) between the peaks Zn2p1/2 and Zn2p3/2 is ~23.35 eV. This value is in
well agreement with the previously reported values with a minute deviation [53]. The
deviation of the value of energy difference between the two Zn2p core peaks can be
assumed due to the interactions of the ZnO with other components such as CDs and
SWCNTs. However, this ΔBE value gets reduced to ~22.94 eV after the electrode
material

was

processed

through

a

number

of

charging-discharging

cycles

(electrochemical reaction), as shown in the bottom section of figure 5.14d. An
electrochemical interaction with the electrolyte (4 M KOH) can be one plausible reason
behind the change in the ΔBE value. After the deconvolution of the core spectrum of
Zn2p3/2, it is noticed that the component peaks appear at 1021.59 and 1023.78 eV. The
former peak can be ascribed to the elemental Zn in the hybrid electrode material [54].
More precisely, this peak can be related to the Zn2+ in the wurtzite ZnO structure as
reported by Bai et al. [55] On the other hand, the peak at 1023. 78 eV can be assigned to
the Zn2+, which is associated with the hydroxide group [56]. However, this peak gets blueshifted to 1022.14 eV after the charging-discharging cycles of the electrode material. The
shift of this peak can also be associated with the electrochemical interaction of ZnO with
the hydroxide groups of the electrolyte material, as mentioned in equation 5.8.The
deconvolution of the Zn2p1/2 peak resulted in obtaining two different components as well.
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Figure 5.14. (a) Deconvoluted PL spectra of the hybrid material after the electrochemical
reaction. (b) PL decay curves for the hybrid material before and after the electrochemical
reaction. (c) Schematic representation of the intercalation of K+ ions into the defects of
ZnO. (d) High resolution XPS spectra of (d) Zn2p and (e) O1s before and after the
electrochemical reaction. (f) High resolution XPS spectra of K2p after the
electrochemical process.
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One is at 1044.94 eV, which refers to the ZnO matrix in the hybrid electrode material and
the other is at 1046.92 eV, which conveys the presence of different Zn-related defects
such as oxygen vacancy, Zn interstitial, etc. [54] Here also, a shift in the two components
is observed after the electrode material is processed through the charging-discharging
cycles. This shift is assumed to be due to the electrochemical interaction of the electrode
material with the electrolyte. We have compared the O1s spectra of the electrode material
before and after the reaction and the spectra are shown in figure 5.14e. The deconvolution
of the peak gives four different components at 529.8, 531.5, 533.0, and 533.9 eV. The
peak at 529.8 is assigned to either the O2- ion that is associated with the wurtzite ZnO [53,
57] or the C = O group [22], which is associated with the CDs. In another way, it can be
conveying the presence of both O2- ion and C = O simultaneously. This assumption
justifies the little shift of the peak position from the standard peak position as well. The
broad peak at 531.5 eV can be attributed to the presence of oxygen vacancy in the ZnO
nanomaterial [53, 57] and C − OH group, which is present due to the presence of CDs in
the composite [22]. Chemically adsorbed oxygen can be assigned to the peak at 533.0
eV [58], and the peak at 533.9 eV can be related to the adventitious carbon dioxide ( O −
C = O ), which is assumed to be present on the surface of the ZnO [59]. Interestingly,
after the electrochemical process, it is observed that all the O1s peaks are still intact
except for the peak of oxygen vacancy, as shown in the lower section of figure 5.14e. It
can be interpreted from this observation that the oxygen vacancy was participating in the
intercalation process during the electrochemical reaction. Apart from that, the minute
shift in the other peaks can also be an indication of the active electrochemical
participation of the electrode material during the charging-discharging cycles. As is
mentioned earlier that the electrochemical process in this system is carried out by the
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intercalation of K+ ions into the defects of ZnO, therefore we have shown the high
resolution core spectra of K2p of the electrode material after the chagrining-discharging
cycles and the spectrum is represented in figure 5.14f. The two prominent peaks of K2p1/2

Figure 5.15. High resolution XPS spectra of (a) C1s and (b) N1s before and after the
electrochemical reaction.

and K2p3/2 at 295.6 and 292.7 eV, respectively are representing the presence of electro
adsorbed K+ ions and K+ ions present as salts, respectively [60]. Hence, the occurrence
of intercalation process can be confirmed from the results shown in figure 5.14, which
confirms the presence of intercalation pseudocapacitance in the fabricated supercapacitor
device. Moreover, the high resolution XPS spectra for C1s and N1s of the electrode
material are also shown in figure 5.15. The presence of CDs and SWCNTs in the electrode
material justifies the peaks obtained by deconvoluting C1s spectra, whereas, the presence
of nitrogen in the CDs (N-doped) verifies the peaks obtained by the high resolution
spectra the N1s as shown in figure 5.15a and b, respectively. The peaks at 284.7, 285.8
and 288.6 eV in the plot presented in the top section of figure 5.15a correspond to C − C,
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C − N/C − O, C = O, respectively [22, 61]. However, after the electrochemical treatment,
the peaks got blue shifted as shown in the bottom section of the figure 5.15a. Similarly,
it is observed from figure 5.15b, that the peak in the N1s spectrum also witnesses a blue
shift after the charging-discharging cycles. The peak related to C − N − C at 399.9 eV
[22] gets blue shifted to 399.56 eV after the electrochemical treatment of the electrode
material.

5.4. Conclusions
This chapter reports the fabrication of CD enhanced SWCNT/ZnO hybrid electrode for
supercapacitor devices. The optical properties of the CDs and ZnO have been utilized to
develop a UV-responsive hybrid supercapacitor. The working mechanism of the
supercapacitor has also been explored to identify the contributions from EDL and
pseudocapacitance to the overall capacitance of the system. Dunn method was used to
calculate these contributions. It was observed that the EDLC and the pseudocapacitance
contribution towards the areal capacitance were 69.35 and 30.65%, respectively. Due to
the presence of diffusion-controlled pseudocapacitance (intercalation pseudocapacitance)
in the system, the electrolytic ions' diffusivity into the electrode material was also
calculated. The values for the same were obtained to be 0.13 and 0.14 mm2/s for the
oxidation peaks, whereas 1 and 0.07 mm2/s for the reduction peaks, respectively.
Moreover, a detailed analysis of the reaction mechanism was also performed, and the
confirmation of the intercalation of K+ ions in the defects of ZnO was also established by
the XPS, PL, and TRPL analysis of the sample before and after the electrochemical
reactions. The device performance was further analyzed. It was observed that the areal
capacitance got enhanced by 41.38, 23.23, 19.28, and 6.79% in the presence of UV light
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at 50, 200, 400, and 1000 mV/s scan-rates, respectively. The photo-charging and
galvanostatic discharging were also examined at different current density values of 1.25,
3.75, 6.5, 15, 40, and 65 μA/cm2. The device showed good sustainability up to 800
charging-discharging cycles. The calculated photo-charged areal capacitance values at
1.25 and 65 μA/cm2 were observed to be 1.53 and 0.09 mF/cm2, whereas the values of
areal energy density and areal power density at these two current density values were
19.85× 10−3 and 1.56× 10−3μWh/cm2, and 0.0953 and 5.93 μW/cm2, respectively.
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6.1. Summary
In a nutshell, the thesis uncovers different precursor materials for synthesizing carbon
dots (CDs). Three different synthesis techniques have been employed to produce the CDs.
Owing to the CDs' photoluminescence (PL) property, they were exploited in PL-based
sensing and bioimaging applications. Not only this, the favourable band gaps of the CDs
helped to use them in other applications such as UV-photodetection and photo-responsive
energy storage systems. In this regard, CDs were attached with other semiconductor
materials like ZnO and SWCNT to get better performances. Apart from the synthesis and
applications of the CDs, this thesis also discusses the sensing as well as the energy storage
mechanisms. The detailed conclusions of the individual technical chapters are elaborated
on below.
After introducing the objectives in the first chapter, the second chapter (first technical
chapter) reports the facile synthesis of CDs from potato precursors using a simple heating
reaction technique. Without further refining and stabilizing, the synthesized CD particles
showed good optical properties with an average diameter of 5.97 nm and a quantum yield
(QY) of 6.08% at 345 nm. The luminescent property of the synthesized CDs was used to
detect heavy metals in the water sample, and the CDs showed a good selectivity and
sensitivity towards Cr6+ and Fe3+ ions with a detection limit of 0.012 μM and 0.000 549
μM for Cr6+ and Fe3+, respectively. The feasibility of the sensing system was also tested
in real water samples. In addition, the low-toxic nature of the CDs allowed us to use them
in bioimaging applications as well.
The third chapter (second technical chapter) focuses on the applications of N-doped CDs,
synthesized from cigarette-tobacco by microwave assisted synthesis technique. The
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synthesized CDs were used in PL-based sensing applications by detecting PA in water
samples. The obtained limit of detection (LOD) value for PA sensing is reported to be
140 nM (32.1 ppb). In this case also, the feasibility in real water samples was successfully
tested. The PL and TRPL (time-resolved photoluminescence) characterization of the
samples helped to identify the sensing mechanism, which was a combination of charge
transfer complex and inner filter effect. Further, the CDs were attached with multi-walled
carbon nanotube (MWCNT) to synthesize CD-MWCNT nanocomposite, which showed
UV-responsive characteristics. The rise and decay time of the UV responsive
nanocomposite were calculated from the transient response, and these values are 0.38 s
and 0.42 s, respectively. An understanding of the charge transfer mechanism through the
composite has also been obtained from this chapter.
The fourth chapter (third technical chapter) reports the fabrication of a flexible, selfpowered Schottky diode based UV-photodetector. This photodetector was fabricated by
growing CD decorated ZnO nanorods on graphite-coated paper substrate. The transient
response of the photodetector at self-powered condition was used to calculate the
response time and recovery time of the diode, and these calculated values are ∼2 and
∼3.2 s, respectively. The responsivity and the specific detectivity of the fabricated UV
detector have been calculated as 9.57 mA/W and 4.27×108 Jones, respectively, at a 330
nm wavelength. Moreover, a probable mechanism for the photodetection in self-powered
conditions has also been discussed.
The fifth chapter (fourth technical chapter) explores the synthesis of CD-enhanced
SWCNT/ZnO hybrid electrode for an optically responsive supercapacitor. The working
mechanism of the supercapacitor was examined to identify the contributions from electric
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double layer capacitance (EDLC) and pseudocapacitance to the overall capacitance of the
system. It was observed that the EDLC and the pseudocapacitance contribution towards
the overall capacitance were 69.35 and 30.65%, respectively. Moreover, a detailed
analysis of the reaction mechanism was also done. The confirmation of the intercalation
of K+ ions in the defects of ZnO was established by the XPS, PL, and TRPL analysis of
the sample before and after the electrochemical reactions. The device performance was
also analyzed under dark and illuminated conditions. It was observed that the areal
capacitance got enhanced by 41.38, 23.23, 19.28, and 6.79% in the presence of UV light
at 50, 200, 400, and 1000 mV/s scan-rates, respectively.
Overall, it can be summarized that CDs were successfully synthesized from different
precursor sources using different synthesis techniques. The optical property of the CDs
was utilized judiciously in the applications of PL-based sensing, bioimaging,
optoelectronics, and energy storage systems.

6.2. Future scopes
The works presented in the technical chapters further open up a wide range of future
scopes in the relevant working fields, some of which are referred below.
 The low LODs for Cr6+ and Fe3+ detection inspires to approach for the fabrication
of a portable PL-based device for the detection of other toxic heavy metals as well
in real water samples. Moreover, the low toxicity and the bioimaging application
further open up the possibility to use the CDs in in-vivo imaging applications.
 The photo-responsive property of the CD-MWCNT nanocomposite can be
explored in the field of photocatalysis as well. Also, the ability of the

TH-2679_156107024

212

Chapter 6
nanocomposite to detect UV light can further be used to fabricate carbon materialbased portable devices for UV-photodetection. Moreover, the possibility of
increasing the QY of the CDs can be perceived as a scope for future work in the
fields of light-emitting diodes (LEDs) and bioimaging applications. Therefore, the
ability of the CDs to be used in different areas of applications has opened up a
vast range of scopes for researchers.

 Investigation of other metal oxides along with CDs for the UV-photodetection
applications to examine for a higher detectivity and responsivity values can be
perceived as a potential future scope. Moreover, enhancing the sustainability of
the device at more bending cycles can also be a challenging task to look forward
to.
 The usage of photon energy in supercapacitor applications sets up a good
foundation for researchers to work on renewable energy usage processes.
Moreover, tuning the bandgap of the electrode materials or the usage of visible
light-responsive materials would definitely play a major role in applying this
technique in industrial applications as well.
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Relative contents of N, O, and C from XPS:
The formula used to calculate this value is as follows [1]:
𝐼𝑥
𝐼𝑖
𝐶𝑥 = ( )/ ∑( )
𝑆𝑥
𝑆𝑖

where, 𝐶 is atomic concentration of element; 𝐼 is the integrated area of each element
obtained from XPS; 𝑆 is sensitivity factor for each element; 𝑥 is type of element; 𝑖 is the
number of element.
Data note on cyclic voltammetry measurement:
To calculate the HOMO and LUMO energy levels of the CDs were calculated by
performing cyclic voltammetry (CV) with a standard three-electrode system. Simple
graphite rod was used as the working electrode, a platinum wire was used as the counter
electrode, and Ag/AgCl was considered as the reference electrode. CV was recorded in
DI-water containing 0.5 mg/mL CDs and 0.1 M KCl as the supporting electrolyte [2, 3].
Calculation of photovoltaic parameters:
The following formulae were used to calculate the fill factor (FF) and the efficiency
values [4, 5].
𝑉𝑚𝑝 𝐼𝑚𝑝
𝐹𝐹 = (
× 100) %
𝑉𝑂𝐶 𝐼𝑆𝐶
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (

𝐹𝐹 × 𝑉𝑂𝐶 𝐼𝑆𝐶
× 100)%
𝐴 × 𝑃𝑖𝑛

Here, VOC refers to the open circuit voltage, ISC corresponds to short circuit current, Vmp
refers to the maximum voltage and Imp denotes the maximum current.
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Figure A1. Current vs. voltage plot to identify VOC, ISC, Vmp, and Imp.
Table A1. Photovoltaic Parameters of the Fabricated Devices
VOC (V)

ISC (A)

Vmp (V)

Imp (A)

FF (%)

0.42

4.6× 10−8

0.193

3.5× 10−8

35.23

Efficiency
(%)
0.00034

Calculations of areal capacitance, areal energy density, and areal power density:
The following formulae were used to calculate all the parameters related to the
supercapacitor [6],
1

Areal capacitance from CV plot (𝐶𝐶𝑉 ) = 𝐴𝜈(𝑉

𝑓

𝑉

𝑓
∫ 𝐼 𝑑𝑉
−𝑉 ) 𝑉
𝑖

𝑖

𝐼∆𝑡

Areal capacitance from charge-discharge plot (𝐶𝐶𝐷 ) = 𝐴(𝑉

𝑓 −𝑉𝑖 )

Areal energy density (𝐸𝐴 ) =
Areal power density=
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𝐸𝐴
∆𝑡

1

× 𝐶𝐶𝐷 ×
2

× 3600

(𝑉𝑓 −𝑉𝑖 )2
3600
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Where, 𝐴, 𝜈, 𝑉𝑓 , 𝑉𝑖 , 𝐼, ∆𝑡 refer to the total active area, scan rate, final voltage limit, initial
voltage limit, and total current, respectively.
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