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ABSTRACT: Multifunctional carbon nanomaterials have at- v @

tracted remarkable consideration for use in various energy m CNB

conversion and storage devices because of their ultrahigh specific . o==¢—o ”
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properties. Herein, we report the synthesis of highly uniform and £ | 22 Counter
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source. A comparative study of the prepared CS and CNB § G557 oros o5 70 %0 02 07 08 08 o0 1 3 3 4 %
Relative Pressure (PIP,) Potential (V vs SCE) %of CNB/CS in Photoanode

nanomaterials is presented here with potential use in a wide variety
of applications involving large surface area and electrical
conductivity. As counter electrode materials in solar cells;, CNB and CS showed enhanced photoelectrochemical activity for
catalytically reducing I3~ to I” and improved capacitive behavior with a low charge transfer resistance and remarkable power
conversion efficiency (PCE) of 10.40% with improved J,. (20.20 mA/cm?*) and V,. (0.73 V). The enhanced performance of the
fabricated photoelectrochemical cell is due to the excellent point contact and good conductivity that offered better charge
transportation of electrons with minimum recombination. The enhanced adsorption upon increasing the pressure without an
apparent saturation level signified the large CO, adsorption with 2 mmol/g for the CS. Additionally, the rectangular-shaped CV
curve indicated the double-layer capacitive behavior, good electrochemical reversibility, and high-power characteristics, prerequisites
for supercapacitor application. This study probes the practical possibility of nitrogen-enriched carbon nanostructures as a
multifunctional material for prospective applications.

KEYWORDS: nitrogen-doped carbon nanobubbles, carbon sphere, CO, adsorption, supercapacitor, dye sensitized solar cells (DSSC)

B INTRODUCTION graphene increase the electrocatalytic activity and conductiv-
Alternative renewable energy is an imperative today with the ity.” ) o ) . .

need to find a sustainable energy source with a smaller carbon However, in spite of improvements in certain aspects such as
footprint. The pragmatic approach toward tapping the solar photocurrent generation, there remain certain drawbacks that
and its tributary sources such as wind and hydro-energy is via abase the efficiency of a fabricated device. For example, the use
conversion of this energy form, storing for later use and its of SWCNTs along with TiO, does not improve the
transmission without significant losses. Additionally, materials performance of the device as it delivers lower photovoltage
and devices are required to remedy various environmental because of the discrepancy in the Fermi levels of TiO, and
issues such as water pollution, CO, emission, etc. Therefore, SWCNTs.” Using MWCNTSs along with TiO, showed an
the core for various device operations, which is the material escalation in the DSSC performance device due to enhance-

component and in particular the electrode material, is the
crucial determiner for enhanced performance of many energy
conversion and storage devices such as supercapacitors and
solar cells. High performing nanomaterials that are econom-
ically viable and ecologically benign are intriguing as these will
bring about great changes to solve the energy crisis and fix

ment in roughness factor and charge recombination process.
Even so, beyond an optimal range, the MWCNTSs negatively
affect cell performance as they hinders absorbance of the dye
itself.® Outside of these reasons, CNTs generally do not have
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other environmental issues. Oxides of precious metals such as Received: February 11, 2020 e =
Pt, Ry, Pd, Ir, and Rh have been found to limit the practical Accepted: March 24, 2020 @% 27 |
application due to their high cost despite its high perform- Published: March 24, 2020 ““
ance.! Photoanodes for solar cell applications such as dye- %?i
sensitized solar cells (DSSC) reveal that the use of carbon- e

based nanomaterials such as SWCNTs, MWCNTs, and
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good point contact due to structural and morphological
differences.”

Over the past decade the diverse morphology of nitrogen-
doped carbon—cubes, fibers, and solid and hollow spheres—
has seized great research attention because of the versatility
that allows it to be used in a wide range of applications in the
field of energy storage,'’~'* CO, capture” and storage,"* and
to some extent energy conversion."” For example, Liu et al.
used hollow carbons for high performing Li-ion batteries by
confining Sn inside the double shell.'® Additionally, other
applications best explored for these N-doped carbon materials
include heavy metal adsorption'” and biomedical applica-
tions.'® Nitrogen doping in carbon-based nanostructures offers
basic properties that enhance the interactions between the
carbon surface and acid molecules. Thus, it can facilitate the
adsorption of “Lewis acidic species” such as oxygen and carbon
dioxide molecules. Moreover, it can alter the electronic and
crystalline structures of the carbons which result in the
improvement of chemical stability, surface polarity, electric
conductivity, etc. The doping can also induce more disordered
graphitic structure and could inhibit the formation of
micropores in carbon structures.'” ™" Among these various
forms, carbon hollow spheres are under vital consideration due
to their salient features with controlled inner and outer shells
with improved surface properties.”” N-Doped carbon spheres
as counter electrodes for DSSC have been previously reported
to be a good catalyst for having the provision of donating
electrons.”> However, utilization of N-doped carbon based
nanomaterials as a photoanode for applications pertaining to
DSSC is still at the exploratory stage.

In this study, N-doped carbon nanospheres and N-doped
carbon hollow nanospheres are used as support material in
DSSC fabrication by using other metal oxides such as ZnO and
TiO, reported earlier in our work.”™** Significant advances
have been made toward the development of a graphitic film of
TiO, for enhanced electrical conductivity.” Other hybrid
mixtures of carbon allotropes along with TiO, are reported to
increase the power conversion efficiency in DSSC, due to
increased electron transport in the TiO, layer.”**

In this study, synthesized carbon nanospheres and carbon
nanobubbles are used in integration along with highly eflicient
variations of TiO, having different morphology, namely, oval-
shaped anatase TiO, synthesized at subzero temperature and
spherical heterostructure TiO, doped with 1% ZnO.”*** The
introduction of carbon nanospheres is expected to promote
dispersion, and the TiO, nanoparticles will display less
agglomeration. Additionally, this will lead to a compounded
enhancement of porosity, scattering of the light which will
improve the amount of light, and dye absorption in the case of
DSSC fabrication. It can also be projected to have new
pathways for electron absorption and transport that will
stimulate an increase in current density in the fabricated
device. This study is a highlight of the differences of hollow
carbon nanobubbles (CNB) and solid carbon spheres (CS).
Hlustrations of diverse and significant properties of these
synthesized materials focusing on the chemical, physical, and
morphological architecture have been detailed using various
techniques, and consequently, the effect of these nanomaterials
when used for applications pertaining to electrode materials for
DSSC and supercapacitor application and as an adsorbent for
CO, adsorption has been thoroughly examined.
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B EXPERIMENTAL DETAILS

Materials. Resorcinol and formaldehyde (37 wt %) were
purchased from Qualigens and Fischer, respectively. Ethylenediamine
(EDA), tetraethylorthosilicate (TEOS), and hydrofluoric acid (50 wt
%) were obtained from Sigma-Aldrich. Ethanol was purchased from
Shangzu, China. Ammonia was obtained from Qualigens. All
chemicals were used without any further purification.

Preparation of Carbon Spheres (CS). An aliquot of 0.6 mL of
EDA was added to a volume of ethanol and DI H,O (mixed in 2:5
ratio) which is stirred until complete dissolution.'*** To it was added
0.4 g of resorcinol and 0.6 mL of formaldehyde (37 wt %). This
system was kept stirring for 24 h at 30 °C. The content is then
transferred to a steel-lined autoclave having a volume of 125 mL and
kept in an oven at 100 °C for 24 h. After which, it is centrifuged at
10000 rpm at —6 °C for 15 min. The precipitate is collected and dried
in air for 12 h. Annealing is done under N, atmosphere at 600 °C for
2 h.

Preparation of Carbon Nanobubbles (CNB). A 3.2 mL aliquot
of liquor ammonia solution and 3 mL of TEOS were added to DI
H,O0 and ethanol mixed in a ratio 7:1. To this reaction mixture 0.21 g
of resorcinol, 0.31 mL of formaldehyde (37 wt %), and 0.10 mL of
EDA were added subsequently. The remaining process is similar to
the preparation of CS. Finally, after annealing etching was performed
using HF (50 wt %) solution, the nanobubbles were then washed with
ethanol followed by drying at 50 °C for 12 h.

Electrode and Device Fabrication. All solar cells (DSSCs) were
fabricated by a similar procedure as mentioned in our previous
study.”* CNB and CS are individually mixed with our previously
reported ZnO doped TiO, and TiO, synthesized at —40 °C as a wt %.
However, CNB and CS loading % were varied, such as 0.5, 1, 2, and
5%. CNB and CS based counter electrodes were prepared by a screen
printing suspension of Nafion/ethanol (1:1) and synthesized
carboneous nanoparticles and annealed at 450 °C in air for 30 min
after overnight drying in air at room temperature.

A standard three-electrode setup was used to analyze the
electrochemical performance of both materials: Pt mesh as a counter
electrode, SCE (saturated calomel electrode) as a reference electrode,
and the prepared materials as the working electrode. For the working
electrode, the as-synthesized sample, polyvinylidene difluoride
(PVDF), and carbon black at a ratio of 8:1:1 (weight ratio) in the
presence of 1-methyl-2-pyrrolidone (NMP) were mixed and pasted
on a carbon sheet and subsequently dried at 100 °C for 12 h.

Characterization. Brunauer—Emmet—Teller (BET) method for
N, adsorption—desorption was performed to measure the specific
surface area using the Quantachrome Autosorb iQ3 instrument. The
as-synthesized carbon materials were subjected to degassing for 120
min at 150 °C to remove all the impurities from the pore. The
morphological analysis was performed using field emission scanning
electron microscopy (FESEM) and a transmission electron micro-
scope (TEM) from FEI Tecnai-G2 T20. Raman spectra were acquired
using the Avalon Instruments Raman Station R3 using an excitation
laser source with 532 nm wavelength and a power density of 50
milliwatt #gM ™% The X-ray diffraction (XRD) pattern was recorded in
the Bruker D8 Advance diffractometer equipped with Cu Ka
radiation. XPS measurements were conducted to study the chemical
and surface compositions in the synthesized material using a
monochromatic Al Ke radiation equipped Omicron Nanotechnology
from Oxford Instruments. TG analysis was carried out in a
PerkinElmer, simultaneous thermal analyzer (STA) from room
temperature to 900 °C at 10 C/min under N, atmosphere. I-V for
the DSSC and other electrochemical measurements were recorded
using the CHI660e from CH Instruments under one sun irradiation
by PET Photo Emission Technology SSSOAAA solar simulator. The
supercapacitor performance was estimated by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and galvano-
static charge—discharge techniques (0.1 mM Na,SO, as an electro-
lyte, scan rate 100 mV/s, and applied voltage 0—1 V). CO, adsorption
measurements of the synthesized materials were carried out after
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Scheme 1. Schematic Illustration of the Reaction Mechanism of CS and CNB Formation by Modified Stober Reaction”
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“The numeric labels indicate (1) Si(OR),, (2) 3D Si-polymer network, (3) resorcinol, (4) formaldehyde, (S) ethylenediamine (EDA), (6)
intermediate compound of (4), (5), and (7) after excess reaction in between (3) and (4) forms polymer framework.

outgassing the materials for 12 h at 200 °C using Quantachrome
Autosorb iQ3 at 298 K.

B RESULTS AND DISCUSSION

A schematic illustration of the synthesis of nano CS and CNB
by a Stdber reaction is given in Scheme 1.*’ The first step in
the synthesis of ordered carbon nanospheres is the formation
of emulsion drops via hydrogen bonding of the solvents using
the precursors EDA, ethanol, water, formaldehyde, and
resorcinol (1 to 7 in Scheme 1).'* Here, EDA is used as a
nitrogen source and also as the base catalyst. The ratio of water
and ethanol is used to tune the size of the spheres as
mentioned in the Experimental Details section. The next step
of the reaction is the formation of a resin of resorcinol (3) and
formaldehyde (4) by polymerization. After which an
intermediate of the EDA—formaldehyde derived compound
(6) gets integrated into the excess resorcinol—formaldehyde
network forming the solid polymer spheres.’® The resorcinol
and formaldehyde reaction form a polymer framework (7)
consisting of pyrrolic and pyridinic-type rings. The hydro-
thermal treatment of the polymer for 24 h led to the formation
of uniform colloidal spheres. Finally, a carbonization step of
annealing under nitrogen atmosphere results in the formation
of carbon nanospheres (CS). This is a modified Stober
reaction, illustrated in Scheme 1. The similar reaction
mechanism was adopted for the synthesis of hollow carbon
nanobubbles (CNB) whereby TEOS was hydrolyzed and
condensed (see compounds (1) and (2)) to form the core, and
the RF resin acted as the carbon precursor covering the outer
shell’** The reaction between the resorcinol and form-
aldehyde (7) results in intermediates diffusing on the surface,
an effect of the presence of NH,*, results in the formation of a
polymeric resin sphere.””** A stable colloidal suspension of the
negatively charged sphere surrounded by positively charged
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NH," is formed, the interaction of which stabilizes and
prevents the spheres from agglomerating.”® Further, after the
hydrothermal reaction, core SiO, is etched by HF with the
above carbonization step to obtain hollow carbon nano-
bubbles.

The synthesized nanomaterials were subjected to morpho-
logical analysis using FESEM and TEM to confirm the
formation of hollow carbon nanobubbles (CNB) and solid
carbon nano pheres (CS). FESEM images at different
magnification can be observed for both CNB and CS in
Figure lab,c and Figure 1d,e,f respectively, indicating the
uniform distribution of the synthesized nanomaterials. The
hollow nature of the CNB can be established from the higher
magnification images in Figure 1b,c whereby the underlying
spherical layers can be seen through the transparent spheres of
the first layers unlike for CS in Figure lef. This result is
furthermore segmented by the TEM results in Figure 2a,b,
showing hollow CNB against solid CS in Figure 2d,e. To
realize the change in the pore structure of CS and CNB, N,
adsorption—desorption BET was performed and the pore size
was estimated using the Brauner—Joyner—Halenda (BJH)
method (Figure 1gh). Both CS and CNB showed an H4 type
hysteresis loop with an isotherm similar to type I. This
indicates that the synthesized nanomaterials are microporous.
The filling of micropore type observes high uptake at relatively
low pressure because of high adsorption potential due to the
narrow pore structure as shown in the inset of Figure 1gh. The
hysteresis did not show any limiting absorption at high P/P
with narrow pores with slits even within the micropores.

The hysteresis loop at low pressure is possibly due to
swelling of nonrigid pores and uptake of adsorbent molecules
with pore sizes similar to that of the adsorptive molecule.*”
Additionally, the high uptake observed at relatively low
pressure in both cases is an indication of the presence of

https://dx.doi.org/10.1021/acsanm.0c00402
ACS Appl. Nano Mater. 2020, 3, 3706—3716
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Figure 1. FESEM at different magnifications of (a, b, and ¢) CNB and (d, e, and f) CS, N, adsorption and desorption isotherms of (g) CNB and
(h) CS with their respective pore size distribution (inset) in the range of 0.0 to 1.0 relative presses, (i) Raman and (j) XRD pattern (scan rate 0.1°/

min).

nanopores within the shell*® Analysis of the surface area
revealed CS to have a higher surface area with 468 m”/g and
pore volume of 0.25 cm®/g while CNB were found to have
reduced surface area at 360 m”/g with pore volume 0.32 cm®/
g. Additionally, the average pore radius was calculated to be 1.7
nm for CNB, whereas the CS showed smaller pore radius size
of around 1.0 nm. While it is expected for CNB to have greater
surface area than the CS due to their ascertained hollow
nature, it was found to be otherwise so. This can be due to the
average size of the CS being much larger than that of the CNB
as observed by the TEM image in Figure 2. Moreover, solid CS
with 0.25 cm?/g pore volume exhibited an aporous nature with
the surface area capacity of 468 m*/g. Thus, the higher amount
of N, adsorption observed in the BET adsorption desorption
isotherms for CS can be attributed to the larger size and the
porous nature of the individual spheres.

3709

Raman spectroscopy is an important method of character-
ization for carbon nanomaterials. The observed spectra (Figure
1i) showed two peaks distinct to the D and G band at 1347
and 1588 cm™'. The presence of the D band is assigned to
disordered amorphous carbon, whereas the G band is due to
the in-plane vibrations of crystalline graphitic carbon. The ID/
IG for CS is 0.97 and for the CNB is 1.18, which depicts the
increasing defects on the latter.”” The XRD peak (Figure 1j)
for CS showed a broad peak at 21.86°, which can be attributed
to low crystallinity and the amorphous presence of carbon.
Whereas for the CNB two peaks were absorbed at 43.77°,
23.72° which corresponds to (100) and (002) planes which
can be attributed to more carbonization at the CNB.”® It can
be observed from Figure 2be that the etching process
performed using HF occurred within the inner part of the
silica spheres without affecting the outer shell thickness

https://dx.doi.org/10.1021/acsanm.0c00402
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Figure 2. TEM images of group, single, and HRTEM of CNB (a—c) with shell (7 nm) and CS (d—f) with respective SAED pattern (g, h). (i) XPS

survey spectra of CNB and CS.
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Figure 3. High resolution XPS spectra of N 1s (a, b), C 1s (¢, d) and O 1s (e, ) of the synthesized CNB and CS, respectively.

measuring ~7 nm as indicated in Figure 2c. However, the
decrease in the average diameter size in CNB to ~195 nm
when compared to ~320 nm of CS might suggest etching of
outer periphery in CNB during the process. Furthermore, there
is no defined shell. However, rough edges surrounding the CS
can be observed from Figure 2f, which is also evidenced by the
light gray color in the outer area surrounding a dark center in
Figure 2e. Both the SAED patterns in Figure 2gh suggest the
amorphous nature of both CS and CNB as depicted in the
XRD in Figure 1d.

Further differences are observed in the decomposition of
CNB and CS from the TG analysis curves as displayed in
Figure S1, Supporting Information. The CNB showed
decomposition at an initial temperature below 100 °C due
to the presence of water vapor and moisture inside the hollow
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spheres. Furthermore, while both nanomaterials completely
pyrolyze at 700 °C, the CS sample showed deferred reaction
which might be due to the presence of the polymer sphere
delaying the reaction of organic molecules present in the
matrix and the carrier gas, that is, N, gas.39 The CNB with a
hollow core and outer shell were etched by HF solution. The
XPS survey scan in Figure 2i confirms the presence of C, N,
and O except for the presence of F in the CNB which might be
because of the F~ ion remaining from the HF.

Additionally, functional groups present were identified using
FTIR measurement (Figure S2, Supporting Information), and
it can be observed that the IR peaks indicate the presence of
similar functional groups. In both the carbon nanomaterials,
vibrations bands relating to C=0 and C=C were observed in
bands 1700 cm™' and —C—OH stretching bands were

https://dx.doi.org/10.1021/acsanm.0c00402
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observed at bands around 1300 cm™'. Apart from this,
hydroxyl bands were observed for the CNB at around 3500
cm™ which might be the water molecules trapped in the
hollow core of the CNB. This exhibition of a large number of
functional groups stalls the presence of N containing groups
occur in a similar region of the IR spectra. For example, C—N
stretching occurring at around 1560 cm™" is masked due to the
presence of broad aromatic C=C at the region around 1600
cm™"."* Similar overlap was observed for NH, vibration with
the hydroxyl groups at around 3500 cm™.*° Thus, the
presence of N containing groups is not well resolved due to
the overlap. Additionally, an increase in absorption at a region
around 1600—1700 cm™' might be due to the increase in the
C—N aromatic stretching.

To better understand the chemical states of these carbon
nanomaterials, XPS measurements were carried out (Figures 2i
and 3). The high-resolution scan of N 1s XPS peaks were fitted
using a Gaussian function to two peaks corresponding to
pyridinic N and graphitic N at approximately 398.4 and 401 eV
for both CNB and CS as shown in Figure 3a,b. The peak
occurring at 401 eV can be assigned to graphitic or quaternary
N. The integrated peak areas for the respective N species are
given in Table 1, and it can be observed that there is a change

Table 1. Distribution of the N Components in the
Synthesized Nanomaterials”

pyridinic N graphitic N
sample area (%) BE (eV) area (%) BE (eV)
CS 23.31 398.40 76.69 401.17
CNB 9.51 398.41 90.49 401.05

“% area is the calculated area under the deconvoluted curve, and BE is
the binding energy.

in the peak areas suggesting a change in the N bonding sites
during the formation of CS and CNB. The % proportions of
the pyridinic N decreases for CNB, whereas quaternary and
graphitic N increases. The quaternary N is reported to increase
the conductivity of carbon nanomaterial, whereas pyridinic N
increases the pseudocapacitive effect and thus might be
interesting for applications related to supercapacitors. Thus,
CNB might contribute toward better charge transport.'
Similarly, in Figure 3c,d, the high-resolution C 1s spectra
showed three peaks after deconvolution centered around 284.6
and 284.8 eV for CNB and CS that can be assigned to sp’
hybridized nonoxygenated C that is, C=C—C. While the

peaks at 285.36 eV for the CNB and 285.28 eV for the CS can
be attributed to C—O/C—N. The peak at higher binding
energies 288.3 and 287.16 eV corresponds to the carboxylate
carbon (C=0), respectively for CNB and CS.'"”*' The O
species present at 532.4 and 536.6 eV for CNB and 532.64 eV
for CS can be ascribed to the lattice oxygen and adsorbed
oxygen species present as shown in Figure 3e,f.*' The XPS and
FTIR establishes the presence of nitrogen content in the
carbon nanomaterials and thus it can be explored for
applications relating to CO, capture.

Measurements relating to CO, adsorption were carried out
using Quantachrome Autosorb iQ3. The samples were
outgassed for 12 h at 200 °C to remove impurities, moisture,
and other molecules before the start of the adsorption
experiment. CO, adsorption was performed by measuring
the adsorption isotherms of the CS and CNB samples, and the
observed parameters are summarized in Table S1, Supporting
Information. As observed from the adsorption isotherm in
Figure 4a,b the CO, uptake was fast at low pressure and
increasing the pressure resulted in increased absorption. There
was no apparent saturation level suggesting that there is still
capacity to absorb at higher pressure. The porous nature, large
surface to volume and nitrogen doping in the synthesized
carbon nanomaterials will be viable for use in CO, capture
applications. The CO, adsorption isotherms showing the
capacity of adsorption at standard room temperature and
pressure for CNB and CS and the number of cycles against the
uptake are indicated in Figure 4 panels a and b, respectively.
On comparison, the CS have stronger and steeper adsorption
than the CNB counterpart starting from very low pressure.
Neither carbon nanomaterials saturated even at high relative
pressure, indicating the chances for more adsorption taking
place at higher pressure*” and showing the strong adsorption
between the carbon nanospheres and CO, molecules. The
adsorption capacity for CS and CNB samples was observed to
be around 2 mmol/g and 1 mmol/g, respectively. The better
adsorption in CS compared to CNB can be attributed to the
increased N content that helps to increase the basic nature of
the former by changing the surface chemistry, high surface
area, and an increase in the micropore volume.'>" There is
the possibility of a carbon atom in the CO, molecule binding
strongly with lone pairs of electrons existing in the N groups in
the carbon framework due to its electron-deficient nature.*” As
observed, the better CO, adsorbing CS-based carbon nano-
material reports a higher pyridinic N; (from the XPS data in
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Figure 4. CO, adsorption (a) and cycle stability (b) of both the synthesized CS and CNB at 298 K.
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Table 2. Photovoltaic DSSC Data Obtained from I-V and EIS

sample Voc (V) Jsc (mA/em®)  PCE, 77 (%) FF (%) Rs(Q) R (Q) R, (Q) Csc Cr 7 (ms)
0.5% CNB + ZnO-TiO, 0.75 19.47 9.6 65.56 20.62 10.61 0.11 2.50 X 107* 227 X 107¢ 26
0.5% CS + ZnO-TiO, 0.73 20.20 10.40 70.14 22.96 12.97 4.81 2.58 X 107* 4.52 x 107° 32
0.5% CNB + —40_TiO, 0.67 20.37 9.46 68.59 22.96 15.08 10.44 535 x 107* 247 x 107¢ 46
0.5% CS + —40_TiO, 0.70 20.75 9.54 66.05 18.77 8.97 5.06 8.64 x 107* 335 x 107° 56
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Figure 5. Device parameters of fabricated DSSCs using the synthesized nanomaterials (dye N719, 0.5 mM and active area 0.04 cm?). (a, b) Plot
summing up the PCE of increasing loading% of CNB- and CS-based photoanodes with our earlier reported nanomaterial.**** -V graphs of the
synthesized CNB and CS in combination with different% ZnO doped TiO, (¢, ) and TiO, synthesized at —40 °C (d, f), equivalent model circuit
used in fitting (g), Nyquist plot (h, and bode plot (i) of the best performing solar cell.

Table 1) hence, they have more available electrons resulting in
increasing the basicity in CS.

Additionally, these synthesized carbon nanomaterials are
utilized in unison with TiO, nanostructures for DSSCs. The
synthesis and characterization of these TiO, nanostructures
were reported earlier by our group.”””® Kim et al. have
reported graphitic films embedded onto TiO, photoanodes for
highly efficient DSSC on the lower, upper, and both sides of
the photoanode film with the highest recorded efficiency of
5.21% for the latter.” In our study, high performing oval grain
morphology anatase TiO, prepared at subzero degree
temperature (—40 °C TiO,) and a ZnO-doped TiO, (ZnO-
TiO,) heterojunction solid sphere were incorporated along
with the synthesized CS and CNB in different combinations to
optimize maximum performance of the DSSC device. The
photoanodes were prepared by mixing in a mortar pestle with
ethylene glycol and a terpineol and screen printed on the
FTOs (fluorine doped tin oxide glass, 7—12 Q/sq). The
performance of fabricated DSSCs revealed that the overall
efficiency of the device showed great improvement in its
performance as given in Table 2. A graph showing CS and
CNB in varying degree of loading percentages with both
ZnO—TiO, and —40 °C TiO, is given in Figure Sa,b with their
respective photoconversion efficiency calculated from the
DSSC device.

To understand better, loading amount was optimized for
highest yield, by varying CNB and CS loading 0.5%, 1%, 2%
and 5% for both ZnO doped TiO, and TiO, synthesized at
—40 °C as shown in Figure Sc—f. It can be observed that the
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0.5% loading of CNB and CS with both the nanomaterials
showed the highest efficiency among all with high current
density nearly 20 mA/cm?® The evident increase in the Vg
and Jsc strongly suggests the reduced charge recombination
and improvement in the charge collection and transport of
charge carrier efficiency in the suggested photoanode
composition.” Additionally, the increased efficiency can be a
cumulative factor of the increased surface area leading to better
absorption of dye and efficient trapping of photons. This can
be attributed to the spherical morphology increasing the
pathway and scattering of light. Thus, the measured current
density is highly influenced by the amount of dye absorbed
over the active area of the fabricated photoanode. A
comparative concentration of the amount of dye loaded for
the various combinations of photoanode is tabulated in Table
S2.

The amount of the dye loaded was calculated by measuring
the dye deloaded/desorbed from the photoanode using UV—
vis spectra (Figure S3). It was observed that DSSC fabricated
using the 0.5% CS_ZnO_TiO, photoanode showed the
highest efficiency of 10.40% among all the other combinations
of photoanodes displaying maximum concentration (3.25 X
107" M/cm?) of dye adsorption as can be seen from Table S2.
In addition to this, the EIS study was done to investigate the
electron transport properties of the system, and its subsequent
fitting of the Nyquist plots (Figure Sh) are given in Table 2
and Table S3. Here, Rg is the series resistance, R; and R,
represent the counter electrode and electrolyte charge transfer
resistance, respectively, and Cgc and Cy represent the chemical
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Figure 6. (a) Tafel plot and (b) cyclic voltammetry curves at 20 mV/s scan rate. (c) Nyquist plot with its equivalent circuit diagram (inset) of
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cm?): R, series resistance; Ry, R,, charge transfer resistance; CPE, constant phase element. (d) Schematic of symmetrical dummy cell constructed
using the synthesized carbon nanomaterials and Pt. (e) Illustrative bar graph representation summarizing DSSC performance with CNB and CS as

a counter electrode.

capacitance and the Pt- electrolyte capacitance. 7 represents
the recombination lifetimes of the electrons involved in the
process and is calculated from the Bode plot in Figure Si. The
equivalent circuit model best fitted to the Nyquist plot is given
in Figure Sg. It is observed that the charge transfer resistance in
the TiO,/dye/electrolyte interface is greatly reduced for 0.5%
CS and ZnO-TiO, composite photoanode. It is observed that
the charge transfer resistance between the TiO,/dye/electro-
Iyte interface and the charge transport resistance at the Pt
counter electrode is decreased for the 0.5% CS + ZnO/TiO,.
This along with good conductivity of the carbon increases the
electron transport in the fabricated device enhancing the
overall photoconversion efficiency (PCE). Moreover, the
concoction of high surface area carbon nanomaterials and
different forms of TiO, formulate a good point contact and a
uniform homogeneous compact layer between the photoanode
and FTO glass substrate, providing an overall increase in PCE.

Furthermore, the prepared CNB and CS were used as a
counter electrode in DSSC with the highest performing 0.5%
ZnO/TiO, as the photoanode; the preparation method is
given in the experimental section. The exchange and limiting
current density, J, and Jj, are defined by the sharp slope and
the horizontal trend in the Tafel curve as shown in Figure 6a. It
can be observed that the slope is highest for CNB indicating
highest ], in the CNB material and is in accordance with that
of the EIS data showing the smallest R for CNB. Comparable
results were observed for the Pt and CS samples. To further
realize the efficiency as catalytic materials for the counter
electrode in DSSC, electrochemical properties measurements
such as CV and electrochemical impedance measurements
were performed (see Figure 6b,c). The prepared carbon
samples along with N dopant and good porosity gave a huge
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advantage for efficient diffusion of the ions for proper
electrocatalytic reaction.”’

In this study both CNB and CS were subjected to catalytic
I,” reduction and compared with the Pt counterpart. It can be
seen from Figure 6b that the current density is superior for
both the carbon nanospheres with CS showing the highest
followed by CNB and Pt. However, Pt shows prominent peaks
unlike the carbon counter parts which is an indication of the
presence of capacitive current. It can also be inferred that there
are two prominent oxidation and reduction peaks with the
peak to peak ratio, Epp (potential difference between cathodic
and anodic peak) calculated in order as CNB < CS < Pt. The
oxidation and the reduction peaks correspond to redox activity
of the electrolyte as I, to I;~ and I;~ to I".** The reduced Epp
and high current density in the carbon nanomaterials suggest
the improved activity for catalytically reducing I;~ to I" and
improved capacitive behavior attributed to high current
density. This could be a combined effect of the high specific
surface area accompanied by good porosity of the synthesized
nanomaterials and also the conceivable improvement in the
thickness of the counter electrodes. An illustrative bar graph
representation summarizing the observed Jsc, Vo, FF, and
PCE () of the fabricated DSSC devices with CNB and CS as
a counter electrode with 0.5% ZnO-TiO, is shown in Figure
6e. Although, similar Vo values were observed for both
nanomaterials, higher FF and Jsc were observed which led to
the increase in efficiency for CS-based devices.

The electrochemical impedance study was carried out to
understand the effect of charge transport. The Nyquist plot in
Figure 6¢ shows the charge transport and transfer activities in
the symmetrical dummy cell (schematic in Figure 6d). The
Nyquist plot is fitted according to the equivalent circuit
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and (b) Tafel curves with inset bar graph summarizing Tafel parameters and other electrokinetic parameters (Ecorr corrosion potential (mV), Icorr
corrosion current (#A), fa anodic and fc cathodic § Tafel constant (mV)) of CS and CNB.

diagram given in the inset of Figure 6¢. The calculated charge
transfer resistance, R, was found to be 7 Q cm™2, 57 Q cm ™2,
and 30 Q cm™?, respectively, for CNB, CS, and Pt. The lower
R, could be attributed to the faster charge transfer process due
to the catalytically active large active electrode area.

The synthesized CS and CNB were analyzed as potential
materials for its energy storage properties by electrochemical
characterizations such as cyclic voltammetry (CV), impedance,
and Tafel studies. All the electrochemical studies were
performed using three electrode configurations in 0.1 mM
Na,SO, aqueous electrolyte. Figure 7a and Figure S4a,b shows
the CV curve obtained from CS and CNB at 100 mV/s and at
various scan rates. It was observed that both CS and CNB
exhibited near rectangular-shaped curves without any prom-
inent redox potential peaks, indicating a double-layer capacitive
behavior, good electrochemical reversibility, and high-power
characteristics.

The current density and area under the CV curve for CS are
apparently much higher than the CNB at the 100 mV/s scan
rate which leads to high specific capacitance (577 F/g)
compared to CNB (458 F/g). Inset of Figure 7a is the Nyquist
plots of CS and CNB electrodes in the frequency range from
10 Hz to 10 kHz. The impedance spectra show semicircles in
the high frequency, an anamorphic semicircle in the medium
frequency, and straight lines nearly vertical to the real axis in
the low-frequency range. The ideal capacitor always exhibits a
vertical line at low frequency.'*** The absence of semicircles of
supercapacitors is attributed to high charge conductivity that
occurs at the electrode surface. At high frequency, the CS
electrode has much smaller charge-transfer resistance (almost
straight line), suggesting the fast charge transfer and less
recombination. However, semicircular-like plots at low
frequencies were observed for the electrode with CNB, a
result of the slow ion diffusion behavior. Additionally, the
improved specific capacitance for CS is attributed to its high
specific surface area and e” transport path, highly conducting C
in solid sphere with high effective surface area increases its
contact with the electrolyte.

The Tafel plot is used to quantify the polarization results,
and it gives the corrosion rate directly. Tafel plots of CS and
CNB are shown in Figure 7b, and Tafel parameters and other
electrokinetic parameters are summarized in the inset of Figure
7b. The anodic polarization profiles inferred the material
dissolution behavior in aggressive media. All the measurements
were performed in Na,SO, solution at the open circuit
potential of the respective electrodes. The corrosion potential
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value of the electrode was shifted to more positive with a
corresponding hollow morphology. Such results suggest that
both surfaces, inner and outer, were responsible for these
values.

B CONCLUSION

In summary, highly homogeneous nitrogen-enriched carbon
nanospheres as well as carbon nanobubbles were successfully
synthesized by a modified Stober reaction route, and a
comparative study on the performance of these nanomaterials
as electrode materials for DSSCs, supercapacitors, and CO,
adsorption was performed. Additionally, a systematic study on
the integration of highly efficient TiO, and ZnO as composite
photoanode material was performed. When CS and CNB
nanomaterials were applied as a DSSC photoanode with TiO,/
ZnO heterostructures, the fabricated devices showed improved
P—V performance with a remarkable efficiency of 10.40%,
excellent point contact, and conductivity. The improved
current density, open circuit potential, and the overall
efficiency was found to be due to reduced charge
recombination, increment in the charge collection, and
improvement in the transport of charge carriers through
composite photoanode. The structure of the CS nanomaterial
offered a much larger surface area for effective capture of CO,
even at low pressure. Electrochemical studies of CNB and CS
showed reduced Epp and high current density; suggesting the
improved catalytic activity for reducing I;~ to I" and good
capacitive behavior due to high current density. Both CS and
CNB exhibited a near rectangular-shaped CV curve without
any prominent redox potential peaks that indicated the double-
layer capacitive behavior, good electrochemical reversibility,
and high-power characteristics essential for the supercapacitor
application. We successfully established our proposition with
various characterization techniques and applications that solid
CS with larger size and higher surface area yield better output
in CO, capture and photoconversion efliciency, and act as a
potential nanomaterial for supercapacitor application. The
current investigation is anticipated to open up new possibilities
for the design and fabrication of homogeneous multifunctional
carbon nanostructures for application in various energy
conversion and storage devices.
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