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HIGHLIGHTS

o A promising path for the design of efficient solar energy harvesting and storage.

e A novel photocapacitor with FTO/Activated Carbon/Ag,;CrO4/SnS photoanode.

o The specific capacitance of 4782 mF/g (10 mVs ') at 1 sun illumination.

o Synthesis & photoelectrochemical application of rod-like Ag,CrO,4 & flake-like SnS.
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ABSTRACT

The worldwide increase in generation of solar based electricity prompts the essentiality of research efforts on the
development of energy storage systems. In this regard, self-powered photocapacitors are of keen interest as they
can directly convert and store the solar energy in the form of electrical energy in a single device. This study
reports the photoelectrochemical energy storage capacity of a novel photocapacitor fabricated with FTO/Acti-
vated Carbon (AC)/Ag>CrO4/SnS nanostructured photoanode. Initially, the AgaCrO4 and SnS nanostructures
were synthesized using simple ultrasonication technique and hydrothermal method, respectively. The crystal-
linity, morphology and optical properties of the synthesized nanostructures were then studied. The XRD patterns
indicated orthorhombic structure of both AgaCrO4 and SnS. Their optical band gaps were calculated as 1.93 and
1.65 eV, respectively using Kubelka-Munk plots. The FTO/AC/Ag>CrO4/SnS photoanode was then fabricated and
photoelectrochemical studies, namely cyclic voltammetry and electrochemical impedance spectroscopy were
carried out on a three electrode system. The FTO/AC/Ag2CrO4/SnS photoanode showed a specific capacitance of
4782 mF/g at the scan rate of 10 mVs~! when the device was subjected to visible light illumination (1 sun).
Hence, the fabricated heterostructured photoanode provides a promising path for the design and synthesis of
novel highly efficient solar energy harvesting and storage materials as photocapacitors.

1. Introduction

sustainable methods. Such electricity generation with solar cells is effi-
cient and cost-effective [2-4]. Various solar cells have been developed to

Solar energy is virtually unlimited and regarded as the most essential
need for the future compared with other energy resources such as wind,
hydro power, tidal waves, geothermal and biomass [1]. The direct
conversion of solar energy to electricity through Photoelectric Conver-
sion technology has been recognized as one of the most effective and
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harvest solar energy efficiently, such as junction solar cells [5],
dye-sensitized cells [6] and organometal halide perovskite cells (PSCs)
[7]1. However, the intermittence of solar energy makes it an unreliable
source to fulfil the energy demand at all times [8-10]. The coupling of
solar cells with energy storage devices is a promising strategy to
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overcome this problem and is an effective way to utilize solar energy
[11-13]. In general, the energy conversion and storage units in a solar
energy production system operates independently, resulting in energy
transfer from the conversion unit to the storage unit mediated by the
external wire connections [14].

In recent decades, a new type of capacitor, known as ‘Photo-
capacitor’, which is a single device with two units for solar energy
conversion and storage without the demand for external power sources
is being studied and has attracted great attention for their potential
applications in portable and wearable electronics [10,15,16]. Moreover,
this kind of photocapacitor leads to 43% reduction in device internal
resistance as compared to that of using external wire connection the
photocapacitor. Miyasaka and Murakami constructed a simple
sandwich-type electrochemical cell consisting of a light-absorbing
electrode (photoelectrode) comprising dye-sensitized semiconductor
nanoparticles/hole-trapping layer/activated carbon particles in contact
with an organic electrolyte solution and they achieved a capacitance of
0.69 Fem™2 [17]. Safshekan et al. developed a photocapacitive device
based on the heterostructured BiVO4-PbOy system with a specific
capacitance of 6 mFem ™2 [18]. In Photocapacitors, photo active mate-
rial plays a vital role since it undertakes the photoelectric conversion
task. The design of Photocapacitor can reduce the resistive losses
compared to conventional systems in which solar cells are coupled with
batteries. Moreover, the performance of photo active materials is
improved by enhancing separation and reducing recombination of
charge carriers.

In recent times, silver-based compounds have gained attention owing
to their morphology and structure with high electron transfer capability
and visible light utilization rate, which make them promising candidates
for various applications as AgoCrO4 with a narrow band gap of about 1.8
eV is a novel Ag-based nanomaterial for degradation of dyes [19-22],
hydrogen production [23] and sensors [24]. Unfortunately, the photo-
corrosion of AgoCrO4 hinders its practical application [25,26]. It is
necessary to construct heterojunction [27], or metal organic frameworks
(MOFs) [28] with other semiconductors to improve stability and prevent
photocorrosion of AgyCrO4. Carbon satisfies these requirements at high
scan rates and particularly with aqueous electrolytes; because it pro-
vides additional open surface area for energy storage and its highly
porous nature results in improved performance with aqueous
electrolytes.

Recently, our research group published a novel heterostructured
carbon sheet/AgoMoQO4/SnS Photocapacitor with highest specific
capacitance of 340 F/g with an open circuit potential of 1.25 V vs. Sil-
ver/Silver chloride reference electrode [29]. The reported high capaci-
tance was due to the large specific area and high conductivity of the
AgoMo04/SnS film. Here, AgoMoO,4 was served as photon absorbing
layer and SnS was employed as an energy storage layer through facili-
tating the transformation of SnS to SnOy during operation. This study
focuses on AgaCrO4 as the absorption layer due to the visible absorption
of AgoCrO4 which could be more effective than that of UV absorption of
AgoMo0y4. Due to the difficulties with hydrothermal coating of AgoCrO4
on ultra-smooth carbon sheet, the carbon sheet was replaced with
transparent Fluorine-doped Tin Oxide (FTO) glass substrate and was
used as highly conductive activated carbon (AC) to hold Ag,CrO4 on top
FTO. Here we report the performance of another novel AC/Ag2CrO4/SnS
heterostructure based Photocapacitor where both oxidative and reduc-
tive energies are effectively utilized by a single electrode under the
illumination of solar energy. The core components of this device are
AgoCrO4/SnS heterostructured nanomaterials, in which AgsCrO4 is
employed as the photoactive core of a novel photocapacitive system to
generate electrons and holes by absorbing solar radiation. The photo-
generated holes are subsequently stored in a capacitive SnOy layer. This
storage stand is obtained through photo oxidation of SnS nanoparticles.
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Fig. 1. Synthesized (a) Ag>CrO4 and (b) SnS powders.

2. Materials and methods
2.1. Materials

The chemicals, such as silver nitrate [AgNOs, >99%], sodium
chromate [NayCrO4, 98%] sodium salicylate [C;HsNaO3, 99.5%] and
ethanol [C2H50H, 99.99%] were used for the synthesis of silver chro-
mate [AgyCrO4] whereas tin(II) chloride dihydrate [SnCly-2H50, 98%],
thiourea [CS(NH)5, >99.0%] and acetone [(CH3)2CO, >99.0%] were
used for the synthesis of SnS. Polyvinylidene difluoride [PVDF, average
M.W. 534,000] and dimethylformamide [DMF, >99.0%] were used as
binders for electrode preparation. The phosphate buffer solution was
prepared using disodium hydrogen phosphate [NasHPO4, HPLC grade]
and sodium dihydrogen phosphate [NaH,PO,4, HPLC grade]. All the
above chemicals were purchased from Sigma-Aldrich and used without
further purification. The activated carbon (AC) was obtained from Nova
Carbons India (Pvt.) Ltd.

2.2. Synthesis

2.2.1. Synthesis of Ag2CrO4 powder

In a typical synthesis of C;HsAgO3 powder, initially, AgNO3 and
C7HsNaO3 powders were dissolved in deionized water (DI water)
separately. Then, the prepared C;HsNaOs solution was gradually added
into the AgNOs solution with vigorous stirring for 30 min, which
resulted in the formation of a white precipitate. As-synthesized white
precipitate (C;HsAgO3) was centrifuged, washed with DI water and
ethanol several times and dried overnight at 50 °C in the oven.

The dried C;HsAgO3 powder was dissolved in hot DI water under
magnetic stirring for 15 min and then NayCrO4 solution (NayCrO4 dis-
solved in DI water) was sequentially introduced to the C;H5AgO3 solu-
tion using a burette with continued stirring. The resulting reddish-brown
coloured solution was ultrasonicated for 1 h. The obtained reddish-
brown coloured precipitate was washed repeatedly with DI water and
ethanol several times. Finally, the product was dried overnight at 50 °C
to obtain Ag,CrO4 powder as shown in Fig. 1 (a).

2.2.2. Synthesis of SnS powder

A mixture of SnCl,-2H50 and thiourea, dissolved in DI water, was
heated in an autoclave at 180 °C for 2 h and allowed to cool to room
temperature naturally. Then, the reaction mixture was centrifuged, and
the resulted black coloured precipitate was filtered, washed with DI
water and dried at 120 °C to obtain the SnS powder as shown in Fig. 1

(b).
2.3. Fabrication of photoanode (working electrode): AC/Ag2CrO4/SnS
Initially, a mixture of AC and PVDF in the weight ratio of 9:1 was

stirred for 6 h and the obtained slurry was doctor bladed on a clean FTO
glass substrate. The FTO/AC films were dried at 120 °C for 2 h and then
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a
Fig. 2. Schematic diagram of the developed FTO/AC/Ag>CrO4/

SnS photoanode.
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Fig. 3. XRD patterns of the prepared samples of (a) bare SnS (b) bare Ag>CrO4
and (c) Ag2CrO4/SnS on FTO/AC films.

kept immersed in the NaOH solution for 24 h to remove any impurities.
Subsequently, a finely ground mixture of AgyCrO4 and PVDF in the
weight ratio of 3:1 was doctor bladed on the air dried FTO/AC film to
deposit the AgoCrO4 layer on the films. Finally, the SnS layer was
deposited on the FTO/AC/Ag>CrO4 film using a mixture of SnS and
PVDF in the weight ratio of 3:1 and adopting the same procedure to
prepare the FTO/AC/AgCrO4/SnS electrode. The deposition of
AgoCrO4 and SnS layers was followed by drying in a furnace at 140 °C
and 120 °C respectively. The schematic diagram of the developed FTO/
AC/AgoCrO4/SnS photoanode is shown in Fig. 2.

2.4. Photoelectrochemical properties

In order to investigate the photoelectrochemical properties of the
working electrode of FTO/AC/Ag2CrO4/SnS, the cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried
out by using Bio Logic SP-150 potentiostat. Measurements were carried
out with a three-electrode system and an aqueous solution buffered to
pH 7 using a 0.1 M phosphate buffer solution as electrolyte. For
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Fig. 4. SEM images of (a) Ag,CrO4 and (b) SnS on Ag,CrO4 coated FTO/
AC films.

photoelectrochemical characterization, the electrodes were illuminated
using a 150 Xenon lamp and the cyclic voltammetry was carried out in
the potential range from —2.0 to 0 V.

3. Results and discussion
3.1. Structural analysis

The X-ray diffraction patterns of the prepared films of AgoCrO4/SnS,
bare Ag,CrO4 and bare SnS on FTO/AC films were recorded in the X-ray
powder diffractometer (Bruker D8 ADVANCE ECO, 40 kV, 44 mA) be-
tween 20° <20 < 80° at a grazing incident angle of 0.0027° using the Cu-
Ka radiation (. = 1.54060 A).

As illustrated in Fig. 3 (a), the peaks attained for bare SnS film at the
20 values of 25.93°, 27.47° and 31.56° can be indexed to the (120),
(021) and (101) reflection planes that correspond to the orthohombic
structure of SnS [30,31]. The dominant peak is at 20 ~ 31° suggesting
SnS crystallites have preferred orientation along the (101) direction. No
other impurity phases were observed in the XRD pattern indicating the
formation of pure SnS film. For the Ag,CrO4 film, the peaks at 17.62°,
21.4°, 25.34°, 31.04°, 31.14°, 32.03°, 33.71°,35.07°, 37.03°, 39.26°,
42.57°, 44.26°, 44.50°, 48.05°, 50.26°, 52.07°, 52.07°, 55.84°, 57.07°,
61.93°, 62.60°, 64.95°, 66.48° and 66.70° match well with the ortho-
rhombic Ag,CrO4 (JCPDS, No: 26-0952) and are well indexed without
any impurity peaks as depicted in Fig. 3 (b). The preferential orientation
was along the (031) plane indicating the maximum number of crystal-
lites having the growth orientation along the (031) plane. Further, the
shape of the diffraction peaks suggest that the products are well crys-
tallized [32]. All peaks related to Ag2CrO4 and SnS in the XRD pattern of
AgoCrO4/SnS on FTO/AC film as shown in Fig. 3 (c) are in good
resemblance with those of the bare AgoCrO4 and bare SnS films.
Furthermore, all peaks corresponding to orthorhombic SnS were found
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Fig. 5. FTIR spectra of (a) Ag>CrOy4, (b) Ag>CrO4/SnS on FTO/AC films and (c)
expanded FTIR spectra from 750 to 950 cm ™.

in AgyCrO4/SnS composite confirming incorporation of SnS filler in
AngI‘O4.

3.2. Surface microstructure analysis

The surface morphology of the synthesized films was analyzed using
a scanning electron microscope (ZEISS SUPRA 55VP). The Scanning
Electron Microscopic (SEM) images shown in Fig. 4 reveal the structure
of AgoCrO4 on AC coated FTO and particularly reflect the effect of SnS
coating on FTO/AC/AgsCrO4 films which has resulted in morphology
changes. The rod-like morphology of the Ag,CrO4 nanoparticles as
depicted in Fig. 4 (a) has changed into a flake-like morphology when SnS
is heterostructured with the Ag>CrO4 as shown in Fig. 4 (b). The coating
appears to be homogeneous throughout the surface of the FTO/AC films.
The flake-like SnS has a well-defined shape with sharp edges. Fig. 4 (b)
shown that the obtained product consists of a huge number of nano-
flakes and densely packed.
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Fig. 6. Raman spectra of (a) AC on FTO (b) Ag,CrO4 and Ag,CrO4/SnS on
FTO/AC films.

3.3. FTIR spectral analysis

The Fourier Transform Infrared Spectroscopy (FTIR, UNICAM 4600)
was carried out in the wavelength range of 4000-500 cm ™! to identify
the surface functional groups present in the prepared films. The FTIR
spectra of AgyCrO4, AgoCrO4/SnS coated on FTO/AC films and
expanded FTIR spectra of FTO/AC/Ag,CrO,/SnS film (750-950 cm 1)
were shown in Fig. 5. Fig. 5 (a) and (b) shows the strong absorption
peaks of bare Ag,CrOy4 at 856 and 830 cm ! could be assigned to the
stretching vibrations of Cr-O bonds in Ag2CrO4. The peaks for AgoCrO4
are clearly shown in expanded FTIR spectra from 750 to 950 cm ™! [see
the Fig. 5 (¢)]. The appearance of the peaks located in between 900 and
1400 cm™! which are due to the characteristics of SnS shown in Fig. 5
(b). Similar bands have also been observed in the FTIR spectra of SnS
films reported in the literature [33,34]. However, peaks representing
other binary phases of tin sulphide, like SnS; and SnyS3, are not observed
in the FTIR spectra, which confirm the results obtained by XRD. A minor
peak observed in the range of 2000-2500 cm ™! in all the films may be
due to the H-O-H bending vibration of water molecule. The presence of
water in the synthesized materials could be attributed to the atmo-
spheric moisture. All peaks related to AgoCrO4 and SnS in the FTIR
spectrum of AgoCrO4/SnS film are in good resemblance with those of the
bare AgsCrO4 and bare SnS films.

3.4. Raman spectral analysis

Raman spectroscopy is an important and nondestructive technique
which characterizes the structure and quality of carbon materials in the
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Fig. 7. Diffuse reflectance spectra and Kubelka-Munk plots of (a) bare Ag,CrO4 (b) bare SnS and (c¢) Ag,CrO4/SnS on FTO/AC films.

photoanodes. Fig. 6 represents the Raman spectra of AC on FTO, and
AgoCrO4 and AgoCrO4/SnS on FTO/AC films. Fig. 6 (a) shows strong D
and G bands approximately at 1340 and 1592 cm ™}, respectively, dis-
playing the presence of amorphous carbon. The presence of D band in
Raman scattering is associated with a disordered carbon structure.
Further, sharp D bands in all the samples confirm that the AC does not
contain graphite or graphene sheet structure. The two sharp bands
observed at 780 and 816 cm ! for AgoCrO4 and AgyCrO4/SnS, respec-
tively on FTO/AC films may be attributed to the symmetric and asym-
metric stretching vibrations of Cr-O bond in [CrO4] clusters. Further,
considerably weaker bands observed in the frequency region between
300 and 450 cm ™! for both Ag,CrO,4 and Ag,Cr0O4/SnS on FTO/AC films
may represent the bending vibrations of the CrO4 group as shown in
Fig. 6 (b). The active Raman band observed at 214 cm ™! reveals the
presence of SnS in the AgsCrO4/SnS on AC/FTO film. Similar Raman
peaks have also been reported for AgoCrO4 and SnS in literature
[35-371.

3.5. Optical characterization

The diffuse reflectance spectroscopy (DRS, Thermo Scientific Evo-
lution 600) was employed to study the light absorption ability of the
prepared bare AgoCrOy, bare SnS and AgoCrO4/SnS on AC coated FTO
films in the wavelength range from 200 to 850 nm and their spectra are
displayed in Fig. 7 (a), (b) and (c), respectively. The band gaps of the
AgyoCrO4 and SnS nanoparticles were calculated according to the
Kubelka-Munk (KM) method by the following equation.

[F(ryh)'" = A(hv — E,)" )

Where, F(r) is the Kulbelka-Munk function, Eg is the band gap energy, hv
is the photon energy and A is a proportionality constant. In the above
equation, n is a constant associated with different types of electronic
transitions, such as n = 0.5 for direct allowed, n = 1.5 for direct
forbidden, n = 2 for indirect allowed and n = 3 for indirect forbidden
transitions [38,39]. The absorption edges for bare Ag,CrO4 and bare SnS
on FTO/AC films are observed at 642.48 and 751.51 nm, respectively.
Moreover, an intermediated absorption edge at 663.10 nm was observed
for SnS coated AgyCrO4 heterostructure film. The direct band gap en-
ergies of the films were calculated by extrapolating the linear region of
hv versus [F(r) hv]? plots using the equation (1) and found to be 1.93,
1.65 and 1.87 eV for bare AgoCrOy4, bare SnS and AgsCrO4/SnS coated
on FTO/AC films, respectively. The resulted band gap energies of bare
AgoCrO4 and bare SnS are similar to the literature values [40,41],
whereas, Ag>CrO4/SnS seems to have an intermediated individual band
gap energies of them.

3.6. Photoelectrochemical analysis

The photoelectrochemical properties of the working electrode were
investigated by the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) using the Bio Logic SP-150 potentiostat.
Measurements were carried out with a three-electrode system to study
the performance of the prepared electrode, and an aqueous solution
buffered to pH 7 using a 0.1 M phosphate buffer solution was employed
as the electrolyte. The electrodes were illuminated using a 150 W Xenon
lamp for photoelectrochemical characterization, and the cyclic vol-
tammetry was carried out in the potential range from —2.0 to O V.
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and (c) Stability study of FTO/AC/Ag>CrO4/SnS photoanode at the scan rate of
100 mV/s.
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Fig. 8 (a) depicts the CV curves of FTO/AC/Ag>CrO4/SnS photo-
anode at various scan rates from 10 to 100 mV/s (vs. Ag/AgCl). All the
CV curves exhibit a pair of redox peaks suggesting that the capacitive
characteristics are mainly governed by the faradaic redox mechanism,
which is a sign of pesudocapacitive electrode nature [42]. The mecha-
nism is based on the reversible redox reaction of Sn (II) < Sn (IV) +

2e~; the photoelectrochemical capacitance of FTO/AC/Ag2CrO4/SnS
photoanode is attributed to the quasi reversible electron transfer pro-
cess, which mainly involves the Sn?*/Sn** redox couple, and probably
mediated by the OH™ ions in the buffer electrolyte. Further, it is note-
worthy that the shape of these CV curves barely changed as the scan rate
increased, reflecting the good kinetic reversibility [43,44]. The
FTO/AC/Ag>CrO4/SnS photoanode exhibited a CV curve with the
maximum area covered at the scan rate of 10 mV/s, which may be due to
the presence of AC and/or surface morphology of the as-prepared
FTO/AC/Ag>CrO4/SnS photoanode.

The plot of the specific capacitance variation as a function of the scan
rate of FTO/AC/Ag,>CrO4/SnS photoanode in Fig. 8 (b) displays the
obtained specific capacitances of 4782, 2591, 1775, 1187 and 628 mF/g
at the scan rates of 10, 20, 30, 50 and 100 mV/s, respectively [29]. It is
noted that the specific capacitance values get decreased when the scan
rate increases, which is quite common in capacitors due to reduction in
the available active sites with increasing scan rates.

Fig. 8 (c) illustrates the stability study of FTO/AC/AgyCrO4/SnS
photoanode at the scan rate of 100 mV/s. The shape of CV curve after 50
cycles of scanning was found to be similar to the original curve after first
scan, indicating good photoelectrochemical stability. The intriguing
capacitive behaviour of the as-prepared device is attributed to the in-
tegrated electrode materials with large surface area and synergistic ef-
fect of AgoCrO4 and SnS. The highly conductive AC and AgyCrO4 coated
on the surface of SnS form conductive networks, and significantly
accelerate electron and ion transport during charge-discharge processes
at the photoanode. However, the specific capacitance of FTO/AC/
AgoCr04/SnS photoanode is strictly depends on the structure (pore size
and distribution) as well as surface area of the electrode materials.

The charge transfer process at the interface between electrode and
electrolyte and the capacitive behaviour of FTO/AC/AgyCrO4/SnS
photoanode were comprehended by performing electrochemical
impedance spectroscopic (EIS) analysis. Fig. S1 depicts the Nyquist plots
obtained for the FTO/AC/Ag>CrO4/SnS photoanode under 1 sun illu-
mination and in dark conditions are depicted in Fig. S1 (a) and (b),
respectively. The EIS analysis of the said photoanode revealed high
resistance in dark, whereas a reduced resistance of ~275 Q was attained
with 1 sun illumination resulting in high energy storage/capacitance.

4. Conclusion

In this study, Ag>CrO4 and SnS nanoparticles were successfully pre-
pared by ultrasonication and hydrothermal methods, respectively.
Subsequently, the FTO/AC/Ag2CrO4/SnS photoanode was prepared by
directly coating the as-prepared Ag»CrO4 and SnS powders on the AC
coated FTO glass substrate. The XRD patterns of AgoCrO4 and SnS
confirmed orthohombic crystal structure. The observed rod-like surface
morphology of AgoCrO4 transformed into flake-like morphology when
heterostructured with SnS. The FTIR and Raman spectral analyses
further confirmed the structure and quality of the electrode materials.
The diffuse reflectance spectra of Ag,CrO4 and SnS on FTO/AC sheet
showed the band gap values of 1.93 and 1.65 eV respectively. The CV of
FTO/AC/Ag2CrO4/SnS photoanode measured in the potential range
from —2 to 0 V vs Ag/AgCl electrode at the scan rate of 10 mV/s showed
a specific capacitance of 4782 mF/g when the device was subjected to
visible light illumination (1 sun). The excellent capacitive property of
the FTO/AC/AgsCrO4/SnS heterostructured photoanode may be
attributed to the porous structure of AC, which would have facilitated
fast diffusion of ions and provided large active surface area for faradaic
reactions, and the good conductivity of AC and Ag>CrO4. The remaining
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limitation of the optimized Photocapacitor based on FTO/AC/Ag>CrO4/
SnS photoanode arises from the higher resistance of PVDF binder that
should be looked into in a future work. This study provides a promising
route to the design of novel high efficiency energy storage materials and
devices.
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