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Chapter 5:Hydro-/solvothermally Synthesized Carbon Dots for Different Applications

5.1 Introduction

Carbon dots (CDs) are an important class of carbon-based phosphors. Since their
discovery in 2004, CDs have attracted tremendous attention as promising alternatives to the
toxic, heavy metal based fluorescent semiconductors quantum dots. Use of earth abundant raw
materials, excellent biocompatibility, tunable fluorescent properties and good photoinduced
electron transport capacity enable their applications in catalytic processes, solar cells and sensors
[1-3]. Various attempts have been described in literature for synthesizing CDs with customized
properties. For instance, Bhuniaet al. developed a carbohydrate carbonization method to
synthesize carbon nanoparticles exhibiting size-dependent, tunable emissions (blue, green,
yellow and red) [4]. They manipulated the nucleation and growth stages by varying the
carbohydrate source, reaction temperature and dehydrating agents. Jiang et al. introduced a facile
solvothermal approach for preparation of CDs by using the three different phenylenediamines
isomers (o-phenylenediamine, m-phenylenediamine and p-phenylenediamine) [5]. The CDs
emitted red, green and blue colors under a single ultraviolet-light excitation. Zhu et al. changed
the solvent during solvothermal reaction and obtained CDs with blue, green and red emissions
[6]. N,N-Dimethylformamide (DMF), when used as the solvent medium in solvothermal
synthesis, has been reported to produce green emissions. Qu et al. stated that when a protic
solvent like water is used as the solvent, blue light is emitted. On the other hand, the use of an
aprotic medium like DMF results in emission of green light [7]. Du et al. used pyrogallic acid as
the carbon source to synthesize CDs solvothermally using DMF [8], wherein DMF also served as

a nitrogen source for the reaction.

It follows from the above works that longer wavelength emitting CDs can be obtained by
increasing their particle size and/or nitrogen content. Taking inspiration from the literature, we
have varied the hydro-/solvothermal reaction conditions to produce CDs with different
properties. Starting with citric acid as the source of carbon, under hydrothermal conditions blue-
emitting CDs are produced. These CDs are used in catalysis of methanol oxidation reaction
(MOR) (Part (a)). When the solvent is changed from water to DMF, green emitting CDs are
obtained using the same carbon source, citric acid. The CDs thus obtained are used in dye
sensitized solar cells (DSSCs) (Part (b)). Under the same reaction conditions with DMF as the
solvent, blue emitting hydrophobic CDs are obtained when gallic acid is used as the carbon
source. These CDs are used as the sensing element for detection of 2,4,6-trinitriphenol (TNP) in

organic medium (Part (c)).
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Part (a)

Hydrothermally Synthesized Carbon Dots as Sensitizer for TiO:
Supported Pt Photo-electrocatalyst for Broadening the Sunlight
Response Region in Methanol Oxidation Reaction
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Hydrothermal route is used to prepare blue emitting carbon dots from citric acid having
up-conversion property that is used to harness unused visible light and act as sensitizer
for TiO> supported Pt catalyst in methanol oxidation reaction.
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5.2 Introduction

Direct methanol fuel cell (DMFC), employing liquid methanol is a clean power source
that converts chemical energy directly into electricity. Development of the anode catalyst
constitutes a major facet of this technology. Pt is regarded as the most significant electro-
catalyst for MOR in DMFCs [9]. However, Pt nanoparticles have high surface energy which
prompts them to aggregate. Additionally, single component Pt electro-catalyst is acutely prone
to carbon monoxide (CO) poisoning. MOR follows a dual pathway mechanism, and CO
generated as an intermediate in the indirect pathway, strongly adsorb onto the Pt surface.

Consequently, the reaction kinetics slows down considerably [10].

Titanium dioxide (TiO), on the other hand, is one of the most studied photo-catalysts
[11]. The photo-catalytic applications of the wide band gap semiconductor metal oxide are
based on the formation of electron-hole pairs when it is irradiated with ultra-violet (UV) light.
Combining TiO; nanoparticles with Pt nanoparticles presents an effective strategy to develop a
photo-electrocatalyst, wherein MOR is photo-catalyzed by the photo-induced holes on the TiO;
nanoparticles and electro-catalyzed by the Pt nanoparticles at the same time. Previous works
show that such a scenario can lead to better catalytic activities by the composites [12,13]. High
surface area TiO2 nanoparticles not only act as a support for homogeneous dispersion of the Pt
nanoparticles on its surface and reduce the Pt loading, but also help in mitigating the CO

poisoning effect.

However, TiO, can be photo-excited only by the UV part of the solar light, which
accounts for about 4% of the total solar light reaching the earth’s surface. So, there is a huge
scope for developing new innovative catalyst designs, which can extend the sunlight absorption
stretch to the visible region. Some of the popular routes include doping TiO, with different ions,
coupling with small band gap semiconductors, sensitizing with organic dyes, and so on [14-16].
CDs, with excellent charge transfer ability, has already been reported as a sensitizer for TiO;
nanoparticles,and the visible light active catalyst thus produced has been used in photo-

degradation, solar cells and water-splitting, etc. [1,2,17] . In addition, CDs also possess an

This part of the thesis is published in:

Bora, A., Mohan, K., Doley, S., Goswami, P., and Dolui, S. K. Broadening the sunlight
response region with carbon dot sensitized TiO, as a support for a Pt catalyst in the methanol
oxidation reaction. Catalysis Science & Technology, 8(16):4180-4192, 2018.
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exceptional ability to offer resistance to CO poisoning on Pt surface, thereby enabling better
performances by Pt based catalysts in MOR [18-20]. Recently, Zheng et al. reported an
interesting result where they observed that CD sensitized Pt@Bi,WOe/FTO electrode showed
better catalytic activity and stability in MOR in comparison to the non-sensitized electrode [21].
The sensitization by CDs broadened the photo-response range of Bi;WOs and also created a
new type of CD-Pt catalyst. They further suggested that CO molecules are preferentially
adsorbed on CDs, which leaves the Pt sites free. Hydroxyl radicals ("OH) generated during the
catalysis process can oxidize the CO molecules, a fact that has also been stated by Zhaiet
al.[22]. Following this vision, we report a novel photo-electrocatalyst: Pt supported on CD
sensitized TiO2 nanoparticles(Pt/CD/TiO,). The nanocomposite performs the dual function of a
photo-catalyst and an electro-catalyst under simulated solar light illumination. The presence of
TiO2and CD lead to comprehensive exploitation of both the UV and visible region of the solar

spectrum, in addition to acting as anti-CO poisoning mediators.

5.3 Materials and methods

5.3.1 Chemicals

Citric acid, ethylenediamine, TiO,, terephthalic acid, chloroplatinic acid (H:PtClg),
sodium borohydride (NaBH.), sodium hydroxide (NaOH), quinine sulfate (QS), potassium
ferricyanide (Ks[Fe(CN)s) and potassium ferrocyanide (Ki[Fe(CN)s]) were purchased from
Merck. Methanol (CH3;OH) and sulfuric acid (H.SO.) were also procured from Merck. Distilled

water was used for all purposes.

5.3.2 Synthesis of CDs

Hydrothermal route was applied to synthesize the CDs by following the synthesis
process reported by Zhu et al. was used [23]. In a typical procedure, 0.42 g citric acid and 0.54
mL of ethylenediamine were dissolved in 10 mL distilled water. The reaction mixture was then
transferred to a Teflon lined autoclave and heated at 150 °C for 5 h. The autoclave was allowed
to cool down to room temperature. A transparent, brownish black liquid was obtained, which was
subjected to centrifugation and filtration with a 0.22 um membrane, and rotary evaporation to

obtain powdered CDs.

5.3.3 Synthesis of platinized CDx/TiO, composites

Synthesis of platinized CDs/TiO, was carried out in two steps, as summarized in Scheme
5.1.
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Scheme 5.1 Schematic representation of the steps involved in the synthesis of Pt/CD/TiO..

Step 1: Synthesis of CD sensitized TiO, nanoparticles

Hydrothermal route was again employed for producing CD sensitized TiO, nanoparticles
(CDI/Ti0,) following the procedure reported by Yu et al. [24]. A series of nanocomposites with
different weight percentages (wt%) of CDs were prepared to study the effect of the CD content
on MOR. The nanocomposites were labelled as CDO/TiO2, CD1/TiO,, CD2/TiO; and CD3/TiO;
with CD contents of 0, 1, 2 and 3 wt% respectively. In general, 0.4 g of TiO, nanoparticles (~ 21
nm size) were dispersed in 6 mL ethanol and a 2 mg mL™ aqueous solution of CD (according to
the wt%) was added to it. 10 mL distilled water was further added to the reaction mixture and
stirred for 4 h at room temperature. It was then transferred to a Teflon lined autoclave and heated
at 140 °C for 4 h. Once the autoclave cooled down to room temperature, the reaction product was
centrifuged and vacuum dried to obtain brownish-white CDx/TiOzpowders (x denotes the content
of CD).

Step 2: Platinization of CDx/TiO, composites

For platinization of CDx/TiO,, a chemical reduction route was employed as mentioned
by Pan et al. with slight modifications [20]. In this process, 50 mg of CDx/TiO, powder was
dispersed in 10 mL distilled water. Then an aqueous solution of 20 mM H.PtCle (corresponding
toy wt % Pt; y = 2.5, 3.0, 3.5 and 4.0) was added drop-wise to the above dispersion with stirring.
For instance, to prepare the 3.0 wt% platinized composite Pt3/CD2/TiO2, 1.67 mL H,PtCls
solution was added to the 5 mg mL™* CD2/TiO; dispersion. To this reaction mixture, 1 mL of the
aqueous solution of 50 mM NaBH, was added drop-wise. Prior to that, the pH of NaBH4 solution
was adjusted to 12 by adding NaOH. The resulting solution was continuously stirred for 3 h at 55
°C. Finally, the solution was filtered, washed with de-ionized water and the solvent evaporated

with a rotavapor to obtain Pt3/CD2/TiO, powder.
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5.3.4 Characterization

The instruments used for obtaining Fourier transform infra-red (FTIR) spectra, UV-
visible spectra, powder X-ray diffraction (XRD) patterns, X-ray photoelectron (XPS) spectra and
transmission electron microscopy (TEM) images of the samples are previously described.
Additionally, the fluorescence emission spectra of the materials were recorded on a Hitachi F-
2700 fluorescence spectrophotometer. A JEOL JSM-6390 LV scanning electron microscope was
used to obtain the energy dispersive X-ray spectroscopy (EDX) data of the CDs. All the

electrochemical measurements were performed on a Bio-Logic SP-150 potentiostat.
5.3.5 Quantum yield measurement

Five different concentrations each of three different types of CDs and QS were prepared
in distilled water (refractive index (r) = 1.33) and 0.1 M H,SOs (7 = 1.33) respectively. The UV-
visible absorbance intensities and the PL intensities of all the samples were recorded at their
excitation wavelengths (340 nm). The literature value of the quantum yield of QS (®qs) is 0.54.
The integrated PL intensities of each sample at different concentrations were plotted against their
corresponding absorbance values. From the slopes of the plotted lines (s), the quantum vyield of
CDs (®cp) was calculated by using relation (5.1) [24].

Ocp = DPos(Scp /SQS)(na/ater / 77(%.11\4112504) (5.1)

5.4 Results and discussion

In this study, hydrothermal route was selected to prepare CDs using citric acid as the

carbon source.

5.4.1 FTIR spectra analyses.The FTIR spectra of hydrothermally synthesized CDs and
CD/TiO; nanocomposites are shown in Figure 5.1. For the CDs, the broad peak (3000-3700 cnm’
Y is attributed to the vibration of —OH bond while the one at 2943 cm™ is associated with —CH
vibration. The peaks at 1658, 1558 and 1422 cm™ are ascribed to -C=0, —C=C, and —NH groups
respectively [25].Similar characteristic peaks are also seen in CD/TiO,, affirming the
incorporation of CDs in the TiO, matrix. Additionally, another broad peak appears in the region
below 1000 cm™. This region is typically allotted to Ti—-O—Ti vibrational peak whereas the peak
for Ti-O—C bond is generally observed around 800 cm™. Hence, the broad peak can be visualized
as a combination of both these groups, implying the formation of Ti-O-C chemical bond between

the residual carboxylic groups of CDs and surface hydroxyl groups of TiO2[26].
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Figure 5.1 FTIR spectra of CD and CD/TiO, nanocomposite.

5.4.2 XPS analyses.XPS was used to determine the elemental composition of the
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Figure 5.2 Core-level XPS patterns of (a) C 1s, (b) O 1s, (c)Ti2p and (d) Pt 4f for Pt/CD/TiO»

nanocomposite.
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prepared Pt/CD/TiO, nanocomposite. The typical high-resolution XPS spectra for C 1s, O 1s,
Ti2p and Pt 4f showing the peaks at their respective binding energies are displayed in Figure 5.2.
In the deconvulated spectrum of C 1s, four well-resolved peaks are seen which can be ascribed to
the following different C functional groups: C-C/ C=C (284.4 eV), C-N (285.7 eV), C-O (286.4
eV) and C=0 (288.2 eV) [27]. The core-level O 1s spectrum reveals the existence of three
individual peaks at 530.1, 531.1 and 532.4 eV corresponding to Ti-O, C-O and O-H bonds
respectively [24]. The high resolution Ti2p spectrum consists of two peaks: Ti (2ps.) at 458.4 eV
and Ti (2p12) at 464.2 eV. The XPS spectrum in the Pt 4f region divulges the existence of
doublet at 71.2 eV (Pt 4f;) and 74.7 eV (Pt 4fs1), validating the presence of Pt in (0) oxidation
state. In addition, the spectrum also shows peaks having (+2) and (+4) oxidation states at 72.3 eV
(Pt 4f712) and 75.7 eV (Pt 4fsp), and 73.6 eV (Pt 4f7) and 77.6 eV (Pt 4fs,) respectively. Pt(0) is
considered to be the active site for methanol adsorption while Pt(+2) can promote the oxidation

of COqgsinto CO, [28].

5.4.3 XRD analyses.The XRD pattern of the Pt/CD/TiO, nanocomposite shows the co-
existence of anatase and rutile phases of TiO,, although it is mainly composed of the anatase
phase (Figure 5.3). Nine characteristic peaks of anatase TiO, can be seen including the most
remarkable one at 20 = 25.2° due to the (101) plane. Three distinctive peaks at 26 values of 27.4°,
36.1° and 56.6° corresponds to the (110), (101) and (220) planes of rutile TiO,. The XRD pattern
of the hydrothermally produced CDs from citric acid emphasizes their amorphous nature (Figure
5.3 inset). The primary diffraction peak is quite broad and centered around 26 = 22.3°, while
another broad peak is seen at 20 = 40.7°. These peaks correspond to the (002) and (100) planes of
the graphitic framework respectively [29]. The broad nature of the peaks indicates the highly
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Figure 5.3 XRD pattern of Pt/CD/TiO, nanocomposite (inset: XRD pattern of CD).
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disordered structure of CDs. In the XRD pattern of the nanocomposite, however, no diffraction
peak pertaining to the CDs is visible. This can be attributed to amount of CD added being very
less and its low crystallinity. Two additional low intensity peaks at 26 = 40.0° and 46.0° are also
seen in the XRD pattern, corresponding to the (111) and (200) planes of Pt respectively [52]. The
incorporation of CDs and Pt nanoparticles show no noticeable influence on the crystallinity or
the phase of TiO..

5.4.4 Morphological study.Figure 5.4 (a) and (b) display the TEM images of the
Pt/CD/TiO, nanocomposite. With TiO- as a support, CDs and Pt nanoparticles are seen randomly
distributed over the surface without any aggregation. The typical size of the acquired TiO, nano-
powder is less than 21 nm, and shows good crystalline nature. Most of the particles exist in
anatase phase with a lattice spacing of 0.33 nm obtained from the high resolution TEM
(HRTEM) micrograph of TiO, (Figure 5.4 (c)). This lattice spacing represents the interlayer
distance of the (101) crystal plane of TiO; [31]. The CDs, on an average, have spherical
morphology with a diameter of 6 nm. The CD nanoparticles are predominantly amorphous in
nature. Chemically reduced Pt nanoparticles, on the other hand, have a typical size of 3 nm. The
HRTEM image reveals 0.22 nm lattice spacing corresponding to the (111) Pt crystal plane
(Figure 5.4 (d))[32].

%l.:};nm

Figure 5.4 (a, b) TEM micrographs of Pt/CD/TiO, nanocomposite, and (c, d) HRTEM images of
TiO2 and Pt.
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545 EDX analyses.The EDX elemental mapping results for the Pt based
nanocomposite are presented in Figure 5.5. The analysis confirms the presence of Ti, C and Pt
resulting from TiO,, CDs and Pt nanoparticles. A denser distribution of Ti than the other two
elements signifies that C and Pt are uniformly distributed on the surface of TiO..

Figure 5.5 Elemental mapping images of Ti, C and Pt.

5.4.6 Optical properties.Figure 5.6 (a) shows the UV-visible absorption spectra of
CDs, TiO, and CD/TiO; nanocomposites in the range 210-700 nm. Two absorption bands
peaking at 235 nm and 338 nm are the prominent features of the spectrum of CDs. In accordance
with previous reports, the peak at 235 nm is observed due to z-z* transition of aromatic C=C
bonds while the one at 338 nm is attributed to n-z* transitions of C=0 [33,34]. In case of TiO;
nanoparticles, a monotonous increase in absorbance from the visible region to the UV region is
seen, with the appearance of a broad peak corresponding to 3.18 eV optical band gap (Eg,op),
which matches with the anatase form of TiO, [35]. Figure 5.6 (b) shows the Tauc’s plots
((ahv)¥? vs. photon energy (hv)) of the nanomaterials [36], according to the following

dependence (relation (5.2)):
ahv = (v — Egop) /P (5.2)

wherea and p represent the absorption coefficient and the power coefficient (=1/2) of indirect
allowed electronic transitions respectively. With the modification of TiO, with CDs, the Egqp

value narrows down to 3.08 eV, which can be attributed to the formation of Ti—O-C bond. This
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suitably explains the extension of solar light harnessing potential to the visible range for attaining
more efficient activity by the CD/TiO, nanocomposites.
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Figure 5.6 (a) UV-visible absorption spectra of CD, TiO, and CD/TiO, hanocomposite, and (b)

their corresponding Tauc’s plots for optical band gap determination.

To verify the fluorescence property of the CDs, the nanoparticles were dispersed in
distilled water and their PL spectra were recorded at different excitation wavelengths as shown in
Figure 5.7. As expected, the CDs display excitation dependent fluorescent properties with a
progressively red-shift when excited from 300 nm to 500 nm at an interval of 50 nm. Although a
bit controversial, this phenomenon is mostly related to the presence of surface traps in the

radiative transition process [37]. Trapping states with varying energy levels are established by
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Figure 5.7 (a) Down-converted PL spectra of CDs at different excitation wavelengths (inset: a

digital photograph of blue coloured emission for CDs excited at 360 nm) and (b) up-converted
PL spectra of CDs.
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the different oxygen surface functional groups (C—O and C=0) present in the CDs. Hence, by
varying the excitation energy, the fluorescence emission can be changed. The maximum intensity
emission peak is obtained at 442 nm, associated with blue coloured fluorescence (29% quantum
yield (Figure 5.8)). Figure 5.7 (a, inset) shows the corresponding digital photograph of water
dispersed CDs at an excitation wavelength of 360 nm. Interestingly, as shown in Figure 5.7
(b),the CDs also display exceptional up-conversion PL properties. When excited by long-
wavelength light (600nm - 800 nm), the up-converted emission peaks appear in the range from
360 nm to 450 nm. Multi-photon active process has been reported to be the main reason for this
occurrence, a process in which two or more photons are concurrently absorbed resulting in a
shorter wavelength emission in comparison to the longer wavelength excitation (anti-Stokes type

emission) [38].
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Figure 5.8 Photoluminescence vs. absorbance plots of CD and QS.

5.4.7 Photo-electrocatalytic activity of CD sensitized TiO, supported Pt
nanocomposites. Fluorine doped tin oxide (FTO) coated glass slides were used as substrates for
all the photo-electrochemical measurements. A paste of 10 mg mL™ Pty/CDx/TiO, paste in
ethanol was prepared ultrasonically. It was then coated onto 1 cm? surface area of the glass slides
via doctor blade technique and sintered at 400 °C for 30 min. The resulting glass slides were used

as working electrodes.

As a preliminary step towards exploring the catalytic activity of Pt supported on CD
sensitized TiO, for MOR, its presence was assessed by CV measurements. The cyclic
voltammograms were acquired in an electrolyte solution comprising of 0.5 M H.SO, at a scan
rate of 20 mV s™. Characteristic hydrogen adsorption/desorption peaks can be seen along with Pt

oxidation and Pt oxide reduction peaks in Figure 5.9, affirming the presence of Pt in the
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composite catalysts. The electrochemical active surface areas (EASAs) of the Pt based catalysts
are determined by integrating the area of hydrogen adsorption/ desorption peaks of the CV
curves. Assuming that Pt requires 0.21 mC cm? electrical charge for monolayer
adsorption/desorption of hydrogen, the EASA can be estimated by relation (5.3).

EASA = #Hmm (5.3)
whereqy is the electrical charge of hydrogen adsorption/ desorption obtained from the integrated
CV peak area after double layer correction and me is the Pt loading on the working electrode.The
EASA of Pt3/CD2/TiO, catalyst is estimated to be 88.49 m? g '» while that of Pt3.5/TiO,,
calculated in similar way, is 65.86 m?g s This suggests that the electrochemical accessibility of
Pt3/CD2/TiO; is much better than that of Pt3.5/TiO,, which is a crucial requirement for MOR.
The electrical conductivity is an important parameter that affects EASA [39]. CDs prepared from
citric acid have been previously reported to be conducting in nature [40].The higher conductivity
of Pt3/CD2/Ti02 (0.7 S m™) in comparison to Pt3.5/TiO, (0.05 S m™) due to the presence of CDs
facilitates the transfer of electrons and also fastens the mass-transfer kinetics at the surface of the

electrode, resulting in a larger EASA.
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Figure 5.9 Cyclic voltammograms of Pt3/CD2/TiO;and Pt3.5/TiO.catalysts measured in 0.5 M

H,SO4 aqueous electrolyte.

Figure 5.10 (a) shows a representative set of CV profiles for TiO, supported Pt before
and after simulated solar light illumination, measured in an electrolytic solution of 0.5 M CH3;OH
and 0.5 M H,SO.. The anodic peak in the forward scan appearing at approximately 0.63 V is

generally considered the primary peak of MOR. A second anodic peak also appears during the
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backward scan at around 0.53 V. Goodenough’s team was the first to accredit this peak to the
oxidation of residual intermediate carbon species like CO [41]. CO poisoning is highly
detrimental to the performance of a catalyst, hence it is beneficial to evaluate the susceptibility of
the catalyst towards it. Following the work of Goodenough, many researchers have since then
reported that the CO tolerance can be determined from the ratio of the forward scan peak current
(I5) to the backward scan peak current (Ip) [42]. From this definition, it can be interpreted that a
smaller value of Iy, i.e., a higher If/lyratio, indicates that CO like intermediates are eliminated to a
great extent during the forward scan. In the case of TiO, supported Pt catalysts, an increased
current response is observed in terms of the two peaks when it is under irradiation. The peak
current densities of Pty/CDO/TiO- (or denoted simply as Pty/TiO; since the amount of CD is zero)
composites are listed in the form of a bar diagram in Figure 5.10 (b). The photo-electrocatalyst
Pt3.5/TiO, shows the best performance with an lvalue of 1.16 mA cm, which is an increase of

24% from the condition when no light source is present.
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Figure 5.10 (a) A representative set of CV profiles of Pt3.5/TiOcatalyst measured in 0.5 M
CH30H + 0.5 M H,SO4 electrolyte in the presence and absence of simulated solar
lightirradiation, and (b) bar diagrammatic representation of the forward and backward current

densities for different compositions of Pty/TiO- catalysts under dark and light conditions.

The contribution to the catalytic activity of Pty/TiO, comes from two different processes
of both the components occurring concurrently. Pt acts as an electro-catalyst in the MOR, and is
involved in stripping off of four hydrogen atoms of methanol through a set of reactions which
ultimately releases CO; [43]. The reactions described in relations (5.4 (a)-(d)) occur on the Pt

surface sites (Pts), causing chemisorption of CO molecules.

CH;O0H + Pts — Ptg — CH,OH + H* + e~ (5.4 (a))
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Ptg — CH,OH - Ptg — CHOH + H* + e~ (5.4 (b))
Ptg — CHOH - Ptg — COH + H* + e~ (5.4 ()
Ptg — CHOH -» Ptg— CO+ H* + e~ (5.4 (d)

Now, the conversion of this chemisorbed CO to CO: is a crucial step in the MOR.
Initially proposed by Gilman, the electrochemical oxidation of CO to CO; follows a “reactant-
pair” mechanism [44]. This now-accepted mechanism to release CO, follows a Langmuir-
Hinshelwood type reaction between CO and a hydroxyl moiety (—OH) produced by the oxidation
of water on an adjacent site (relations (5.4 (e) and (f))).

Ptg + H,0 > Ptg— OH + HT + e~ (5.4 ()
Ptg — OH + Ptg— CO — 2Ptg+ CO, + HT + e~ (5.4 ()

TiO, on the other hand, serves as a photo-catalyst in MOR. The photo-oxidation of
methanol generally proceeds viahydroxymethyl radical ("CH,OH) formation resulting in the
release of CO; [45,46]. Under UV light irradiation, free electrons and holes are generated within
the conduction band (CB) and valence band (VB) respectively (relation (5.5 (a))). The holes
then reach the surface of TiO.and are trapped at the band gap surface states. They may then react
with terminal OH™ groups to generate hydroxyl radical (‘'OH) (relation (5.5 (b))), which assist in
the oxidation of non-adsorbed methanol to *CH,OH radical (relation (5.5 (c))). Alternatively, the
holes can also oxidize the adsorbed methanol to "CH;OHradical (relation (5.5 (d))). In the
presence of oxygen, a series of reactions takes place terminating with the release of CO;
(relations (5.5 (e)-(9))).

TiOz + hv(= Eg) = hfaience band + €Conduction band (5.5 ()
OH™ + hizience bana — * OH (5.5 (b))
(CH30H)go; + » OH - CH,OH* + H* (5.5 (c))
(CH30H)ads + hyajence bana = © CH20H + HY (5.5 (d))
« CH,0H+ 0, — HCHO + 03° + H* (5.5 (¢))
HCHO + 1/,0, - HCOOH (5.5 (f))
HCOOH + 1/, 0, - €O, + H,0 (5.5 (9))

TiO; is a n-type semiconductor and with the loading of Pt, a Schottky barrier is formed at

their interface [47,48]. Recombination of photo-generated electrons and holes is suppressed
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within the space charge region by the large electric field, which helps in the migration of

electrons from TiO, to Pt, with Pt acting as an electron scavenger. With the increase in the

loading of Pt, the space charge region becomes increasingly narrower. Consequently, the

catalytic activity increases till an optimum composition is obtained with 3.5 wt% Pt content as is

evident from Figure 5.10 (b). At this particular Pt loading, the thickness of the space charge

region can be considered approximately equal to the penetration depth of the photons. However,

with further increase in Pt content, the space charge layer becomes too narrow such that the

photon penetration depth exceeds its thickness. In that case, recombination of electron-hole pairs

become much easier and the catalytic activity deteriorates.
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Figure 5.11 Bar diagrammatic representation of I and I, for different compositions of
Pty/CDXx/TiO- catalysts under (a) light and (b) dark conditions, (c) a representative set of CV
profiles of Pt3/CD2/TiO,measured in 0.5 M CH3;OH + 0.5 M H;SO; electrolyte in the absence
and presence of simulated solar lightirradiation and (d) LSV curves of the Pty/CD2/TiO;

composite under irradiation of light (The plots in the inset show the influence of light on
Pt3/CD2/TiO; catalyst’s behavior).
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The current densities for different compositions of the composite (Pty/CDx/TiO) with
variation in Pt content are shown in Figure 5.11 (a) and (b). The highest lsvalue is attained with
the Pt3/CD2/TiO; catalyst (2.50 mA cm™) in the presence of solar light simulation. This value is
considerably higher than the value obtained with Pt3.5/TiO;as well as Pt3/CD2/TiO, under dark
conditions. Figure 5.11 (c) shows another set of CV curves for MOR when the TiO. supported
Pt catalyst is sensitized by CDs. The I and I, values show considerable increase than those
obtained prior to CD sensitization. The role of CD can be suggested to be two-fold in this case:
as alleviation of CO poisoning and sensitizing TiO, nanoparticles to the visible solar light
spectrum via up-conversion phenomenon. With regard to monitoring the CO poisoning effect on
Pt catalytic sites, considering Ii/l, as an indicator, an increase in its value with the addition of
CDs is clearly seen. For TiO, supported Pt (Pt3.5/TiOy), this value is 1.13. On sensitizing with
CDs (Pt3/CD2/TiOy), this value rises to 1.75. A couple of possibilities have been suggested for
the CO poisoning alleviating effect by CDs. For instance, Pan et al. have mentioned an alternate
route for water activation on the surface of CDs to form chemisorbed hydroxyl groups, which
inturn speed up the oxidation of the chemisorbed CO [20]. CO; is formed as a product, thereby
cleaning up the Pt surface for further MOR (relations (5.6 (a), (b))). This process is quite similar
to the one occurring on the TiO; surface that has been reported by Chen et al., wherein TiO;

promotes the activation of water (relations (5.6 (c), (d))) [49].

CD+H,0 > CD—OH+ H* +e” (5.6 (a))
CD — OH + Ptg— CO - CD + Ptg+ CO, + H* + e~ (5.6 (b))
TiO, + H,0 > Ti0, — OH + H* + e~ (5.6 (c))
TiO, — OH 4+ Ptg — CO - TiO, + Ptg+CO, + H* + e~ (5.6 (d))

On the other hand, experiments carried out by Sun et al. have revealed that the binding
energy of CO on the Pt surface is weakened by the presence of oxygen-containing groups on the
CD surface [19]. As a result, CO is stripped off from its surface. The effect of oxygen-containing
groups in lowering the Pts-CO binding energy has also been verified by density functional theory
computations by Sharma et al.[50]. Linear sweep voltammetry (LSV) experiments were also
carried out with the Pty/CD2/TiO; catalyst in the same electrochemical environment (Figure 5.11
(d)). The LSV plots reveal that the Pt3/CD2/TiO, photo-electrocatalyst under simulated solar
light exhibits the lowest onset potential of MOR, corroborating the results obtained from the CV

measurements.

CDs act as a powerful energy transfer component in the photo-electrocatalytic design

due to its up-conversion property. Based on this, the role of CD in the catalytic process has been
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proposed as illustrated in Scheme 5.2. Two types of energy transfer processes occur between
CDs and TiO; nanoparticles [51]. Firstly, on excitation with visible light, electrons and holes are
generated in the CDs. These photo-induced electrons are then injected from the lowest
unoccupied molecular orbital (LUMO) level of CDs to the CB of TiO; (P1) and contribute to the
photocurrent of the system [52]. The second possibility is that photo-generated electrons and
holes recombine, and then emit photons of higher energy (up-conversion) (P2). The higher
energy photons can then excite TiO; for further photo-catalysis of methanol [38].

.‘ 0, - ®

2H,0

0, + 4H*

F10 Pt

P1: Electron transfer process; P2: Recombination process

Scheme 5.2 Proposed catalytic mechanism for the electro-photocatalytic oxidation of methanol

on CD sensitized TiO supported Pt.

Chronoamperometric technique was applied to study the contribution of photocurrent to
the total current density. A fixed potential of 0.6 V was applied and the corresponding
chronoamperograms with intermittent illumination for 30 s in repeated off-on cycles were
recorded in an electrolyte of 0.5 M CH3OH and 0.5 M H,SO, as shown in Figure 5.12 (a). Both
Pt3/CD2/TiO; and Pt3.5/TiO;, catalysts demonstrate fast as well as consistent transitory
photocurrent responses. Initially, the catalysts exhibit a relatively lower current density value in
accordance with the CV data. Then with illumination, the current gradually begins to increase,
followed by a drop as soon as it is turned off. This is a further confirmation that MOR is greatly
enhanced by UV-visible light irradiation through a photo-catalytic process. It is also noteworthy
that Pt3/CD2/TiO; presents with a better response than Pt3.5/TiO,, indicating that it possesses a
higher efficiency for separation of photo-generated electrons and holes, and their transfer.
Furthermore, the composite Pt3/CD2/TiO, shows good stability under simulated solar light for
upto 100 cycles as shown in Figure 5.12 (b). The decay in current over time is most probably
due to the lowering of EASA caused by accumulation of different intermediate species generated
during MOR.
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Figure 5.12 (a) Chronoamperometric curves of Pt3/CD2/TiO; and Pt3.5/TiO- electrodes
recorded with intermittent irradiating cycles and (b) CV profiles of Pt3/CD2/TiO, recorded at
100 mV s in the presence of light upto 100 cycles.

Electrochemical impedance spectroscopy (EIS) was employed as an investigative tool to
study the changes in electron transport behavior of the electrodes with/ without the addition of
CDs in the composite as well as the absence/ presence of simulated solar light irradiation. A 1:1
mixture of 25 mMMK;[Fe(CN)s/ Ka[Fe(CN)g] in 0.1 M KCI solution was used as the electrolyte.
The data collected in the 0.1 Hz to 100 kHz range were plotted in accordance to the equivalent
circuit as shown in the top right inset of Figure 5.13 (a), which includes the series resistance
(Rs), the charge transfer resistance (Rcr),the Warburg impedance (W) and the double-layer
capacitance (Cp). The arc of the semi-circle in the Nyquist plot establishes the Rcr value. From
Figure 5.13 (a), it can be suggested that the Pt3/CD2/TiO; electrode shows better interfacial
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Figure 5.13 (a) EIS curves of Pt3/CD2/TiO; and Pt3.5/TiO; electrodes recorded in dark (inset:
equivalent circuit), and (b) EIS curves of Pt3/CD2/TiO;under dark and light conditions.
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charge transfer than Pt3.5/T10; since the diameter of the arc is noticeably smaller. Considering
the diameter of the arc to be a reflection of the rate of the catalytic reaction occurring at the
electrode’s surface, the smaller arc is also a clear indication of improved electronic conductivity
through by the CDs. Table 5.1 shows the values of Rs and Rcr for all the compositions of
Pty/CD2/TiO, under light and dark conditions. Similarly, enhanced charge transfer can be seen
on the photo-illuminated Pt3/CD2/TiO; electrode (Figure 5.13 (b)), confirming the promotional

effect of simulated solar light illumination towards mobility of charges at the electrode’s surface.

Table 5.1 EIS parameters of the Pty/CD2/TiO, composites under light and dark conditions.

Composite Rs/ Q Rer/ Q Rs/ Q Rer/ Q
Light Dark

Pt2.5/CD2/TiO; 15.06 24.44 15.71 28.13

Pt3/CD2/TiO; 12.15 17.29 12.73 21.48

Pt3.5/CD2/TiO; 12.98 19.26 13.48 23.63

Pt4/CD2/TiO; 13.77 22.01 14.34 25.92

5.5 Conclusion

In conclusion, we have designed a novel CD sensitized TiO, supported Pt catalyst for
MOR by following a simple route combining hydrothermal method and chemical reduction. A
series of catalysts with different wt% of CDs and Pt loading was fabricated, and the catalyst
(Pt3/CD2/TiO2) exhibiting the best performance in terms of catalytic activity, CO poison
tolerance and stability was established by means of different electrochemical tests. Owing to the
unique up-conversion property of CDs, these catalysts can easily absorb visible light photons
from the sunlight and convert them into high energy photons to subsequently excite the TiO;
nanoparticles. The superior performance of these catalystsis attributed to the two types of
catalytic processes occurring simultaneously: photo-catalysis due to CD sensitized TiO, and
electro-catalysis due to the presence of Pt. This work shows CD in a new light as an inhibitor of
CO poisoning as well as a harvester of visible sunlight. The multi-faceted CDs, thus, can provide
new possibilities for the rational design of photo-electrocatalysts which can find potential

application as anode materials in DMFCs.
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5.6 Introduction

DSSCs belong to the emerging third generation solar cell technology, which is
constructed by sandwiching an electrolyte between a dye sensitized semiconductor anode and a
counter electrode [53]. Mesoporous titanium dioxide (TiO2) is sensitized with dye molecules to
act as the photoanode [54]. The ruthenium based dye, N719, is commonly used in DSSCs. It has
a single absorption peak lying in the green region of the visible solar spectrum [55]. Due to this,
DSSCs suffer from a narrow visible spectral absorption response. However, additional
unexploited light can be utilized to widen the absorption region by using different fluorophores
and fluorescent materials [56,57].

In the recent times, use of carbon dots (CDs) and its analogues are gaining momentum
due to their extraordinary optoelectronic properties. For instance, Tang et al. prepared a DSSC
with a TiO, photoanode sensitized with CDs and covered with green emitting long-persistence
phosphor (LPP) [58]. Due to the weak affinity between TiO, and CDs, the obtained
photoconversion efficiency under illumination was quite low. Working on a similar principle,
Zhao et al. co-sensitized the TiO2/green emitting LPP anode with both N719 dye and nitrogen-
doped CDs [59]. The hole extraction behavior of nitrogen doped CDs helped in realizing a
maximum efficiency of 9.29% under illumination. In our previous work, green emitting CDs
were incorporated in the electrolyte of the DSSCs [60]. The emission range of the CDs coincided
with the absorption range of the dye molecules, which resulted in significant increase in the
efficiency of the DSSC. Following these works, fabricating a device with both N719 dye and
green emitting CDs with high N content co-sensitized photoanode presents a good approach for

obtaining high efficiency DSSC.

5.7 Materials and methods
5.7.1 Chemicals

Fluorescein, tetrabutylammonium hexafluorophosphate and DMF were purchased from

Merck. The chemicals used for preparing CDs and fabricating the solar cell are mentioned

This part of the thesis is communicated as:

Bora, A., Mohan, K., and Dolui, S. K. Enhancing the efficiency of dye sensitized solar

cell by employing green emitting carbon dots as co-sensitizers. (Communicated)
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elsewhere. Distilled water was used for all purposes.

5.7.2 Synthesis of CDs

For preparing green emitting CDs, the synthesis process mentioned in Part (a) was
slightly modified. A solution of 0.6 g of citric acid in 20 mL DMF was prepared. Then 0.17 mL
of ethylenediamine was added to it. The solution was then transferred to a Teflon lined autoclave
and heated at 180 °C for 5 h. After completion of the reaction, green emitting CDs were
obtained.

5.7.3 Fabrication of DSSC

The procedure used for fabricating the solar cell is mentioned in Section 3.2.3 of Chapter
3. However, the photo-anode fabrication step was slightly modified towards the end. Once the
TiO- coated substrate has been dipped in N719 dye solution for 24 h and dried to obtain N719
dye sensitized TiO, anode, an additional step is followed. For co-sensitizing it with CDs, a 2 mg
mL dispersion of CDs in acetonitrile was spin coated onto the dye sensitized TiO; electrode.
The electrode was heated at 50 °C for 12 h. Finally, the CD and N719 dye co-sensitized TiO;
electrode was used as the photo-anode. For comparison purposes, TiO, photoanode sensitized

with only N719 dye was also prepared.
5.7.4 Characterization

The instruments used for characterizing the CDs, and obtaining the current density-
voltage (J-V) characteristics of the DSSCs are described in Part (a) and Section 3.2.4 of Chapter
3. The fill factors (FF) and photoconversion efficiencies () of the devices were calculated from
the J-V plots using relations (3.1) and (3.2) mentioned in Chapter 3. All other electrochemical

measurements were performed on a Bio-Logic SP-150 potentiostat.

5.7.5 Quantum yield measurement

Five different concentrations each of CDs and fluorescein were prepared in distilled
water (7 = 1.33) and 0.1 M NaOH (» = 1.33) respectively. The UV-visible absorbance intensities
and the PL intensities of all the samples were recorded at their excitation wavelengths (490 nm).
The literature value of the quantum yield of fluorescein (@riorescein) 1S 0.95. The integrated PL
intensities of each sample at different concentrations were plotted against their corresponding
absorbance values. From the slopes of the plotted lines (s), the quantum yield of CDs (®cp) was

calculated by using relation (5.7) [61].

q)CD = cDFluorescein(SCD /SFluorescein)(n%vater / 715.1 MNaOH) (5-7)
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5.8 Results and discussion
In this study, solvothermal route was selected to prepare green emitting CDs using DMF

as the reaction medium with citric acid as the carbon source.

5.8.1 Characterization of CDs. In our study, solvothermal route was selected to prepare
CDs using DMF as the reaction medium with citric acid as the starting material. The CD
nanoparticles show a characteristic broad peak around 3411 cm™ due to O—H/N—H stretching
vibrations in their FTIR spectrum (Figure 5.14 (a)). The peak at 2937 cm™ belong to asymmetric
while a slight hump adjacent to it at 2868 cm™ is due to symmetric C—H stretching vibration.
Three other peaks around 1698 cm™, 1657 cm™ and 1403 cm™ are also observed, which can be
ascribed to C=0/C=N, C=C and-CN stretching vibrations respectively. XPS measurements of
the CDs were carried out to determine their chemical composition. The full-scan XPS spectrum,
presented in Figure 5.14 (b), shows that the CDs are made up of the elements C, N and O. The
peak of Cls appears at 284.2 eV, that of N1s appears at 398.3 eV, while the peak at 531.9 eV
belongs to O1s [62]. The atomic percentages, as obtained from XPS analysis, show that the CDs
contain 73% C, 9% N and 18% O. A uniform distribution of these three elements is also seen in

the EDX elemental mapping images of CDs (Figure 5.14 (c-f)).
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Figure 5.14(a) FTIR spectrum, (b) XPS spectrum and (c-f) EDX elemental mapping images of
CDs.
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The TEM image of CDs is shown in Figure 5.15 (a).The nanoparticles show good
dispersion and are mostly spherical in shape. Majority of the particles possess poor crystallinity,
and their DLS histogram shows a narrow size distribution in the range 4-8 nm (Figure 5.15 (b)).
However, the HRTEM image reveals a few particles with 0.21 nm lattice spacing. This
corresponds to (100) lattice plane of graphene [63]. The XRD pattern of the particles also shows
the existence of this plane in addition to (002) plane at around 26 = 23° (Figure 5.15 (c)).
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Figure 5.15 (a) TEM micrograph, (b) DLS number distribution and (c) XRD pattern of CDs.The
inset of (a) shows the HRTEM image of CDs.
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Figure 5.16 (a) UV-visible absorption and (b) PLemission spectra of CDs.The inset of (b) shows
the digital image of the CDs. (c) PL vs. absorbance plots of CDs and fluorescein.
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The UV-vis spectrum of the CDs is shown in Figure 5.16 (a). A sharp peak appears at
265 nm due to z—z* transition within the aromatic C core. This peak does not generate any
fluorescence signal in CDs. The origin of fluorescence in CDs is largely attributed to the second,
lower-energy transition, which appears at 442 nm. At longer wavelengths, the eventuality of n—
7* transitions becomes increasingly less. So, this absorption peak can be attributed to the
presence of surface states [64], which results in the emission of green colored fluorescence with a
maximum emission PL peak at 528 nm (Figure 5.16 (b)). The quantum yield of CDs was
calculated with reference to fluorescein standard, and was found to be 15.4% at the excitation
wavelength of 490 nm (Figure 5.16 (c)).

5.8.2 Performance of G-CD and N719 dye co-sensitized solar cell. The effect of co-
sensitization of N719 sensitized DSSC with CDs was assessed using the J-V characteristics of the
device under irradiation of light (AM 1.5G). The results are presented in Figure 5.17 and the
photovoltaic parameters are listed in Table 5.2. The co-sensitized device achieved a conversion
efficiency of 6.9% through a high Jsc value of 14.23 mA cm? and Voc value of 0.763 V. In
comparison, the efficiency of N719 dye sensitized cell is slightly lower at 6.28%, thus the
favorable effect CDs as co-sensitizer is justified.

16 ———N719 sensitized DSSC
] —— CD and N719 co-sensitized DSSC

-2

Current density/ mA cm

0 — T T T T T T T T T T 7 T
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Voltage/ V
Figure 5.17 J-V characteristic plots of N719 sensitized, and CD and N719 co-sensitized DSSC.

Table 5.2 Photovoltaic parameters of N719 sensitized, and CD and N719 co-sensitized DSSC.

Sensitizer Jsc/ mA cm Vool V FF nl %
N719 dye 12.78 0.746 0.66 6.28
CD and N719 dye 14.23 0.763 0.63 6.90
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The performance of a DSSC relies to a huge extent on the sunlight absorption capacity of
the sensitizers, as well as the transfer of photo-excited electrons from the sensitizers through the
TiO; film to the outer circuit. The N719 dye usually absorbs sunlight at 533 nm (Figure 5.18),
which excites the electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) level. Generally, these photo-excited electrons from the
LUMO level of the dye then transfer to the conduction band (CB) of TiO,, and then onto the
outer circuit. The photo-generated holes from the HOMO level of N719 dye, on the other hand,
promote the oxidation of iodide (1) ions in the electrolyte.
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Figure 5.18 UV-visible spectrum of N719 dye, and overlap of the CD emission spectrum with
N719 dye absorption spectrum.

In order to elucidate the role of CDs in the DSSC, their HOMO and LUMO levels were
calculated from their cyclic voltammogram (Figure 5.19)[65,66]. A three-electrode set-up was
used to record the CV profiles, with a glassy carbon electrode working electrode, an Ag/AgCl
reference electrode and a platinum wire counter electrode. The electrolyte consisted of a solution
containing 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte in
acetonitrile with 0.1 mg mL™ CDs. The scan rate was maintained at 25 mV s**. The HOMO and

LUMO energy levels were determined using relations(5.8 (a)) and (b):
Egomo = _(Eonset,ox + 4.4)6V (5-8 (a))

Erymo = _(Eonset,red + 4.4)6V (5-8 (b))
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whereEnomo and Erumo are the HOMO and LUMO energy levels respectively. Eonsetox and
Eonsetred are the onset oxidation and reduction potentials. The HOMO and LUMO levels of CDs
were found to be -5.3 eV and -3.1 eV respectively.
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Figure 5.19 CV profile of CDs recorded at a scan rate of 25 mV s™.

Now, the role of CDs can be considered to be three-fold. First, it can improve the charge
extraction process in the photoanode via a route denoted by P1 in Scheme 5.3, in which the CDs
can additionally absorb sunlight at 442 nm, and contribute to the electron density at the LUMO
level of N719 dye. The more positive LUMO energy level of CDs in comparison to that of N719
dye (-3.9 eV) facilitates this electron transfer process. The photo-generated holes from the
HOMO level of N719 dye (-5.4 eV) can also contribute to the hole density in the HOMO level of
CDs and help in the oxidation of I" ions. Ultimately, better alignment of the energy levels of each
component contributes to a better charge extraction process. There is also a second possibility of
emission of light by the CDs in the green spectrum (528 nm), denoted by process P2, which
coincides with the absorption range of N719 dye. This can cause further excitation of the N719
dye molecules and increase the number of charges at the photoanode. Both the process, P1 and
P2 eventually leads to an increase in the magnitude of Jsc of the co-sensitized solar cell. In a
third probable situation, the CDs can act as an additional layer between the photo-excited
electrons in the CB of TiO; and the electrolyte, and suppress the dark reaction of triiodide ion (I35
) reduction at the surface of TiO;[59].
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Scheme 5.3 Energy level diagram showing the favorable influence of CDs as co-sensitizer in the

photoanode.

The J-V characteristic plot of the co-sensitized cell also indicates an enhancement in the
value of Voc. Mathematically, Voc can be expressed in terms of the difference between the Fermi
level of the photoanode (Ef) under illumination and the redox potential of the electrolyte (Eredox)
(Relation (5.9 (a))).

Er—Eredox

VOC = q (59 (a))

whereq is the charge.

Er = E; + len;—z (5.9 (b))

Relation (5.9 (b)) represents Er where Ec is the TiO2 CB edge, and nc and Nc are the
free electron density and density of accessible states in the CB of TiO. Thus, Voccan ultimately

be represented as relation (5.9 (c)).

KT 'Ec— Eredox

_ kT ne
Voo = o (FEmpetex 4 In € (5.9 (c))

It follows from relation (5.9 (c)) that a higher value of nc can increase the magnitude of
Voc. In case of the co-sensitized device, photo-excited electrons from CDs add to the electron
density at the CB of TiOzand enhance the value of Vocfrom0.746 Vto 0.763 V.

In order to gain insight into the electron transport processes at the electrode/electrolyte
interfaces of the DSSCs, their EIS spectra were recorded at a bias of 0.75 V. Figure 5.20 shows
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the Nyquist plots (Z* vs —Z”) fitted with an equivalent circuit as shown in the inset. Each plot
comprises three semicircles representing different types of electron transport resistances [67].
The intercept on the x axis represents the series resistance, Rsof the cell. This value is almost
same for both the types of DSSCs as tabulated in Table 5.3. The first semicircle in the high
frequency region corresponds to charge transfer resistance at the Pt counter electrode/electrolyte
interface (Rcr.ce), while the second semicircle in the mid frequency region occurs due to charge
transfer resistance at the photoanode/electrolyte interface (Rcrea) and is our region of interest.
The last semicircle in the low frequency region is due to Warburg diffusion process of the
iodide/triiodide ions in the electrolyte (W). A comparison of the Rcrpavalues (from the radius of
the middle semicircle) indicates a decrease when CDs are used as co-sensitizers. So it can be
concluded that presence of CDs increases rate of electron transfer rate at the interface, which is
most likely due to the improved charge extraction capacity of the photoanode.

30

¢ G —&— CD and N719

] R, co-sensitized DSSC
25 1 —i— N719 sensitized DSSC

Rerce  Rerea

20

-2"Q

+—
10 15 20 25 30 35 40

7' Q

Figure 5.20 Nyquist plots of N719 sensitized DSSC, and CD and N719 co-sensitized DSSC. The

inset shows the equivalent circuit.

Table 5.3 EIS parameters of N719 sensitized DSSC, and CD and N719 co-sensitized

DSSC.
Sensitizer Rs/ Q Rerce/ Q Rerpa/ Q
N719 dye 18.86 1.98 16.95
CD and N719 dye 18.72 1.83 13.78
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Finally, the efficiency of our device is compared with a few other reported CD sensitized
DSSCs and presented in Table 5.4. They fare favorably when compared to DSSCs that have only
CD sensitized TiO, photoanode. This is mostly due to weak bonding between CD molecules and
TiO, nanoparticles. But in cases where both LPP and N719 dye is used, they show comparable

results.

Table 5.4 Summary of performances of different CD sensitized DSSCs under illumination.

Photoanode Jsc/ mA cm’ Voc/ V FF nl % Ref.

CDITiO; 0.53 0.38 0.64 0.13 [2]

N doped CD/TiO, 0.69 0.46 0.43 0.13 [68]

CD/TiO; nanotubes 0.02 0.58 0.35 0.0041  [69]

CD/Zn0 nanotubes 0.67 0.26 0.43 0.077 [70]

RhB/CD/TiO; ~0.69 ~0.5 - 0.147  [71]

LPP/CD/TIO; 0.491 0.667 0.52 0.17 [58]

LPP/N doped CD/N719/TiO, 18.6 0.736 0.68 9.29 [59]
Present work (CD/N719/TiO,) 14.23 0.763 0.63 6.90 -

5.9 Conclusion

In conclusion, we have synthesized CDs using solvothermal route from citric acid using
DMF as the reaction medium. XPS result shows that these CDs contain a significant amount of
N, resulting in green colored emission. Coincidently, the emission spectrum of CDs overlaps
with the absorption spectrum of the N719 dye used in DSSCs, giving rise to the possibility of
energy transfer occurring between them, along with the utilization of additional blue spectral
region by the CDs. Moreover, favorable band alignment of all the components of the DSSC
results in an improved photoconversion efficiency (6.9%) when the solar cell is co-sensitized
with CDs. Overall, we have developed a simple approach for obtaining high efficiency DSSC
using green emitting CDs as co-sensitizer along with the conventional N719 dye.
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Solvothermal route (in DMF solvent) is used to prepare blue emitting carbon dots from

gallic acid, and these are used as the sensing element for a fluorescence based platform

for detection of 2,4,6-trinitophenol in DMF medium.
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5.10 Introduction

TNP, popularly known as picric acid, is a strong organic acid that is an integral part of
chemical laboratories as well as many industries including dye, leather and pharmaceuticals.
Despite its importance, it cannot be denied that TNP is an explosive and a bio-toxic nitroaromatic
compound (NAC) that can cause strong irritation to skin, eyes and respiratory systems on
overexposure [72]. In addition to being detrimental to the environment (poorly biodegradable)
and human health (mutagenic property), its determination is also crucial for national security
against terrorist threat. Photoluminescence (PL) quenching based method is especially popular
because of its quick response time, simplicity and inexpensiveness [32]. The reported PL based
detection platforms comprise fluorescent materials whose fluorescence intensity is quenched in
the vicinity of the analyte. For instance, Nagarkaret al. reported a luminescent 3D porous metal-
organic framework, [Cd(NDC)os(PCA)]-Gx(where NDC = 2,6-napthalenedicarboxylicacid, PCA
= 4-pyridinecaboxylic acid and G = guest molecules) that could selectively detect TNP upto 4
MM [75]. Na et al. presented a system using lysozyme-capped CdS quantum dots to detect TNP
with a detection limit of 0.1 uM [76]. Although very effective, one cannot deny the toxic nature

of the heavy metals present in metal organic frameworks and quantum dots.

As an environmental friendly and non-toxic alternative, CDs have emerged as significant
fluorescence sensing element in the recent years due to their high sensitivity. Wang et al. were
the first to explore the non-selective fluorescence quenching behavior of CDs in the presence of
NACSs viz. 4-nitrotoluene and 2,4-dinitrotoluene in toluene solution [77]. Following their work,
Niuet al. synthesized amine-capped CDs and applied them as sensor for detection of TNP with a
detection limit of 1 uM[78]. Since then, other researchers have also reported similar works with
the aim to achieve improved sensitivity and selectivity with a large detection range. Such works
include preparation of orange emissive CDs by Ren et al. which were rapidly and selectively
guenched by TNP with a detection limit of 0.127 mM][79]. Shi et al. used CDs prepared from
sucrose phosphate solution for sensing TNP with a limit of detection of 16.9 nM which was

based on the phenomenon of fluorescence resonance energy transfer (FRET) [80].

This part of the thesis is communicated as:

Bora, A., Mohan, K., and Dolui, S. K. Gallic acid derived hydrophobic carbon dots as

fluorescence sensor for 2,4,6-trinitrophenol detection in organic medium. (Communicated)
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Although water is the most common medium for TNP pollution, the importance of
common organic media like tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) as
carriers cannot be discounted. An extensive literature review revealed only one report where
hydrophobic CDs, synthesized by a green method, were used for determination of TNP in the
organic solvent THF [81]. Hydro(solvo)thermal route is fairly popular for obtaining high
quantum yield CDs from green precursors like citric acid. But the CDs thus produced are mostly
water soluble. This necessitates the expansion of the search for the source of carbon to include
those that can ultimately produce CDs soluble in aprotic/organic solvents so as to achieve our
objective of designing a platform for detecting TNP in DMF medium. Previously, pyrogallic acid
has been used to produce green emitting CDs by Du et al.[82]. Joseph et al. used tannin acid,
which has ten gallic acid units attached to a glucose core, to prepare CDs [83]. Since gallic acid
is electron-rich, it rendered the CDs with electron-rich surface functional groups during the
synthesis process. TNP, on the other hand, is electron-withdrawing, so it led to the formation of a
complex between the two resulting in fluorescence quenching. In the third part of this chapter,
blue emitting CDs are prepared from gallic acid that are soluble in DMF, and are able to detect

TNP molecules in the organic medium.

5.11 Materials and methods
5.11.1 Chemicals

All the materials required to prepare CDs, and TNP, p-nitrophenol (p-NP) and 2,4-
dinitriphenol (2,4-DNP) were purchased from Merck.

5.11.2 Synthesis of CDs

For preparing CDs, citric acid in the previous part (Part (b)) was replaced with 0.6 g
gallic acid and 0.17 mL ethylenediamine was used to carry out the reaction in DMF medium.

After completion of the solvothermal reaction, blue emitting CDs were obtained.

5.11.3 TNP sensing protocol

In order to study how TNP affects the fluorescence intensity of CDs, a simple protocol
was established in which 10 mL of the 0.01 mg mL™ CDs solution in DMF was regarded as the
standard, and all emission intensities measured thereafter were compared with PL spectrum of
this solution at excitation wavelength of 365 nm. Next, calculated quantities of TNP (in the range
of 1-250 uM) were added to the CD solution, and kept at room temperature for an appropriate
period of incubation time. The PL spectra of solutions were measured at the end of the

incubation period (10 min).
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5.11.4 Characterization
The instruments used for characterizing CDs are mentioned in Part (a).
5.11.5 Quantum yield measurement

Five different concentrations each of CDs and fluorescein were prepared in DMF (n =
1.43) and 0.1 M H,SO4 (1 = 1.33). The UV-visible absorbance intensities and the PL intensities
of all the samples were recorded at their excitation wavelengths (340 nm). The literature value of
the quantum yield of QS (@qs) is 0.54. The integrated PL intensities of each sample at different
concentrations were plotted against their corresponding absorbance values. From the slopes of

the plotted lines (s), the quantum yields of CDs (®)cp was calculated by using relation (5.10).
Ocp = Dps(sep /SQS)(U%MF /775.11\4 H2504) (5.10)
5.12 Results and discussion

In this study, solvothermal route was selected to prepare hydrophobic blue emitting CDs

using DMF as the reaction medium with gallic acid as the carbon source.

5.12.1 Structural and elemental analyses.The FTIR spectrum of solvothermally
synthesized hydrophobic CDs derived from gallic acid is shown in Figure 5.21 (a). The CDs
exhibit a large broad peak centered around 3399 cm™ due to O-H/N—H and another at 1663 cm™
due C=0 stretching vibrations. The existence of both theses peaks signifies the presence of —
COOH functional group. The characteristic peaks of asymmetric and symmetric C—H stretching
vibrations occur at 2931 and 2860 cm™. Another peak centered at 1624 cm™ is also observed,
which can be ascribed to C=C stretching. The intensity and type of the functional groups present
in CDs plays an integral role in their solubility in different types of solvents [84]. The availability
of lesser number of oxygen containing functional groups in CDs imparts the nanoparticles with a

hydrophobic character. However, they can easily disperse in organic solvents like DMF.

The elemental composition of the CDs as given by their XPS spectrum (Figure 5.21 (b))
shows the presence of the elements C, N and O with the peaks at 284.2 eV, 398.3 eV and 531.9
eV belonging to the binding energies of Cls, N1s and O1s respectively. The EDX elemental
mapping images show a uniform distribution of these three elements with the density gradually
decreasing from C to O to N (Figure 5.21 (c-f)).
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Figure 5.21(a) FTIR spectrum, (b) XPS spectrum and (c-f) EDX elemental mapping images of
CDs.

CDs are mostly spherical with good dispersion in their TEM micrograph (Figure 5.22

(a)). The particles are predominantly amorphous and show a narrow size distribution ranging
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Figure 5.22 (a) TEM micrograph and (b) XRD pattern of CDs.The inset of (a) shows the
corresponding DLS number distribution.
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between 4-8 nm as obtained from DLS number measurement (Figure 5.22 (a, inset)). The XRD
pattern of CDs shows the existence of a broad peak centered at 20 = 23° that belongs to the (002)
plane of graphite (Figure 5.22 (b)). In general, for graphite with an ordered crystal structure, this
peak (sharp) appears at 20 = 26.5°, but in our case a downward shift is seen associated with
broadening of the peak. This observation can be attributed to the presence of highly disordered
carbon as well as a change in the sp? C structure during the CD formation process [85].

The CDs show two distinctive UV-visible peaks (Figure 5.23 (a)). The lower
wavelength peak at 269 nm is ascribed to z—z* transition within the carbonic/aromatic core
(C=C). In accordance with previous reports, n—z* transition of C=0 bond of functional groups
leads to another UV-visible peak at 283 nm. Consequently, a blue colored emission is obtained
centered at 424 nm when they are excited at 365 nm (Figure 5.23 (b)), with a quantum yield of
25.4% (Figure 5.23 (c)).
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Figure 5.23 (a) UV-visible absorption and (b) PLemission spectra of CDs.The inset of (b)
shows the digital image of the CDs. (c) PL vs. absorbance plots of CDs and QS.
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5.12.2 Detection of TNP using CDs.A fluorescence quenching experiment was
designed with different concentrations of TNP to explore the feasibility of using CDs for their
detection. In the absence of TNP, the PL spectrum of CDs dispersed in DMF exhibits a strong
emission peak at 426 nm when excited at 365 nm. However, the PL intensity of CDs is gradually
quenched with the addition of TNP solutions (Figure 5.24 (a)).

To analyze the quenching behavior, the Stern-Volmer equation was applied (relation
(5.12)).

©—1= Kgl[C] (5.11)

where |, and | are the PL intensity before and after addition of the analyte, Ksv is the Stern-
Volmer quenching constant, and [C] is the molar concentration of the analyte. Ksy represents the
quenching efficiency. The relative PL intensities were plotted against different concentrations of
TNP (Stern-Volmer plot), and Ksyvalue of 2.6 x 10* M™ was obtained from the linear part of the
plot (0-100 uM) with a limit of detection (LOD) of 0.75 uM (Figure 5.24 (b)). It is noteworthy
that the Stern-Volmer plot displays an exponential increase at higher concentrations of TNP (>
100 uM).
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Figure 5.24 (a) Variation of PL emission of CDs with addition of TNP of different
concentrations (the inset shows the digital photographs of quenching of blue emission of CDs
with addition of TNP at Aex = 365 nm) and (b) Stern-Volmer plot for TNP sensing at different

concentrations (the inset shows the linear range from 0-100 uM).

For any material to be an effective sensing element, it is of utmost importance that they
should be stable as well as selective. Figure 5.25 shows the plot of PL intensity of CDs after
addition of 100 pM TNP with incubation time of upto 2 h. A sharp decrease in the PL intensity is
seen indicating that the quenching process occurred within the first 1 min. The system also

exhibited excellent stability upto 120 min.
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Figure 5.25 Effect of incubation time on the PL quenching of CDs ([C] =100 uM).

For testing the selectivity of the CDs towards TNP, two other NACs viz. 2,4-DNP and p-
NP were chosen. The PL quenching plots for these two analytes are given in Figure 5.26 (a) and
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Figure 5.26 Variation of PL emission of CDs with addition of (a) 2,4-DNP and (b) p-NP, and (c)
variation of ((io/i)-1) for TNP, 2,4-DNP and p-NP in the linear range from 0-100 uM.
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(b).The comparative Stern-Volmer plots of all the three compounds are shown in Figure 5.26 (c)
and their quenching constants are given in Table 5.5. A significantly higher Ksv value for TNP
suggests that the CDs are predominantly selective towards TNP over others.

Table 5.5 Fluorescence quenching constant (Ksy) and correlation values of

different analytes.

Analyte Ksv/ M Correlation coefficient
TNP 2.42 x 10 0.9998
2,4-DNP 3.7 x10° 0.9992
p-NP 8.0 x 10? 0.9946

In order to explain the PL quenching phenomenon, different mechanisms such as FRET
or inner filter effect (IFE) and charge transfer process, etc. have been suggested [86,87]. There is
a significant overlap between the emission spectrum of the fluorophore (CDs) and the absorption
spectrum of the quencher (TNP) (Figure 5.27 (a)), so the condition for IFE is fulfilled and it can
be considered as one of the most probable reasons for fluorescence quenching. This phenomenon
is further validated when reduced spectral overlap between the emission spectrum of CDs and the

absorption spectra of other NACs results in relatively poor detection.

The possibility of a charge transfer process was verified using UV-vis spectroscopy [88].
Upon addition of TNP in the CD solution, increased absorption intensity can be seen at 377 nm
due to gradually increasing presence of TNP molecules (Figure 5.27 (b)). However, no new
peak arises, which excludes the probability of any charge transfer process between the CDs and
TNP. In addition, fluorescence can also be quenched by other processes like electrostatic
interactions and hydrogen bonding between CDs and TNP, etc. [89]. The prospect of hydrogen
bonding was theoretically tested by employing density functional theory (DFT) with basis set
B3LYP/6-31+G* [90]. The results simulated with a simple CD structure yielded a hydrogen
bond length of 0.142547 nm between O1 of the carboxylic group (of CD) and H1 of the hydroxyl
group (of TNP) (Figure 5.27 (c)).
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Figure 5.27(a) UV-visible spectra of TNP, 2,4-DNP and p-NP, and their overlap with the CD
emission spectrum, (b) UV-visible spectra of CDs in the presence of TNP with different

concentrations and (c) DFT studies of hydrogen bonding interactions of CDs with TNP.
5.13 Conclusion

In conclusion, we have synthesized CDs using solvothermal route from a green carbon
sources that has not been previously explored for CD preparation, i.e., gallic acid using DMF as
the reaction medium. Elemental analysis reveals the presence of C, O and N, while TEM analysis
highlights the amorphous nature of these CDs. Meanwhile, the CDs are very sensitive towards
the detection of TNP with a LOD value of 0.75 puM. The fast and selective detection approach is
based on the fluorescence quenching behavior of B-CDs in presence of TNP. Overall, we have
established a simple strategy for fast synthesis of blue emitting CDs from a new source, and

demonstrated their practical application in the area of fluorescence sensor.
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