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There is an ever-growing requirement for systems that enable both conversion and storage of solar energy in
the same device, thereby reducing the need for grid electricity and fossil fuels. Although photo-
supercapacitors (PSCs) potentially meet this requirement, it is essential to develop high-performance devices in
which conversion and storage can be achieved on the same electrode. This study investigated two-electrode
PSC systems based on three-dimensional (3D) zinc oxide (ZnO) nanoflakes/reduced graphene oxide (rGO)
nanocomposites to meet the need for in situ solar energy conversion/storage. To better understand the effect
of rGO and 3D ZnO nanoflakes separately, three different compositions have been studied, in which the
weight percent of rGO changes from 8 to 32%. The energy density increases as the amount of rGO increases,
but the composite material loses its light sensitivity above a critical value. Therefore, the electrodes containing
16% rGO exhibited higher performance than those containing 32% and 8% rGO. As a result, the (16%) rGO/
ZnO-based PSC exhibited superior performance compared to the other samples, with its ability to maintain
100% of its performance at 40 000 cycles, its areal capacitance of 40 mF cm™2 and energy density values of
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Introduction

Efforts to limit or even stop the use of fossil fuels are accel-
erating due to the serious problems caused by them, like global
warming. Therefore, the importance of innovative technologies
using renewable energy sources is increasing daily."” Among
innovative technologies, systems that enable solar energy con-
version into storable forms have great potential.®** Although
hydrogen obtained by water splitting using photoelectrochem-
ical or photo-catalytic routes provides significant advantages in
this field, problems related to the storage of converted solar
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22 pW h cm™2, which were 170% higher than under dark condition measurements.

energy are still challenging."’™* Besides, the progress in renew-

able energy systems to overcome environmental problems and
the rising prevalence of electronics in daily life have impelled
scientific researchers to build up a new generation - systems
that combine solar energy conversion and storage in a single
and compact device, named photo-supercapacitors (PSCs).'>>*
The combined solar conversion and storage systems, consisting
of solar cells and supercapacitor units, are the most reported
PSC devices.”>> On the other hand, dual-acting electrodes
enable solar energy conversion and storage on the same elec-
trode. Using these electrodes in a single device would provide a
compact, cheap, and efficient PSC system."’

Zinc oxide (ZnO) is a widely utilized semiconductor material
with a wide band-gap value (~3.2 eV) and tuneable electrical
and optoelectronic properties. Thus, ZnO nanostructures are
promising for many energy conversion/storage applications by
controlling the synthesis conditions.*** In addition to its
suitability in pseudo-capacitor applications due to high electro-
chemical activity,® recent research works confirmed that the
ZnO nanostructures have also become very attractive for PSC
applications that require high optical absorption.*** In recent
studies, we demonstrated that zinc oxide (ZnO) nanowire and
nanoflower morphologies showed synergistic properties with
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2D carbon-based materials such as MXene, graphitic carbon
nitride (g-C3N,), graphene oxide (GO), and reduced-graphene
oxide (rGO) materials for dual-acting electrodes for PSC
applications.>*° In our previous study, we confirmed that 1D
ZnO nanoparticles combined with the 2D GO and rGO electrodes
served as both pseudo-capacitive and photoactive electrodes, in
which the outstanding optical properties of ZnO were combined
with 2D materials having unique electrical and electrochemical
properties.®>® It is known that morphological and structural
changes in ZnO thin films lead to electrochemical, catalytic,
and optical performance manipulation.’®*® Herein, we estab-
lished PSC devices based on nanocomposites of rGO material
with 3D ZnO nanoflakes, which are superior to 1D ZnO in terms
of effective surface area and light absorption capacity since the
morphology of ZnO plays a very important role in physical and
electrochemical performance, such as defect density and cen-
ters, charge transport, and optical absorption, which directly
affect the electrochemical energy storage performance. Thus, the
present work on a property/performance relationship by synthe-
sizing 3D ZnO nanoflake/rGO composites to investigate the
effect of the physical properties changing with the morphology
of the 3D ZnO nanostructures on the PSC performance would be
a reputable contribution to the literature.

Another outstanding advantage of ZnO is that optoelectrical
and electrochemical properties can be tailored by controlling the
defect’s nature.** Defects occurring within the structure, such as
vacancies or interstitial atoms, can cause lattice distortion and
differences in the material’s electrochemical, electrical, and
chemical properties. In addition, defects can accelerate the ionic
transfer by providing active sites in the structure. Since defect
structures generally act as electron traps, they play a role in
reducing electrical conductivity and thus decreasing device per-
formance, but the presence of defect structures can be advanta-
geous, especially in terms of photocatalytic and electrochemical
properties.*> From the perspective of electrochemical energy
storage, defects can improve the device’s performance by promot-
ing ion diffusion and electron transfer and providing extra
electroactive sites.*® Previously, W. Zhou et al reported that
oxygen-deficient ZnO/CoO nanowire heterojunctions presented a
specific capacity of 845 C g ', enhancing the electrochemical
performance.”” They concluded that the oxygen vacancies in the
structure improved the electrochemical performance by short-
ening the distance of electrons along the conduction band and
promoting the redox reaction.”” S. Kasap et al. reported that the
defective structure of ZnO improved the electrochemical perfor-
mance due to the reduced specific resistivity.** Similarly, carbo-
naceous materials like graphene oxide are highly defective.
Defects such as dangling bonds and C-radicals in these materials
are important for their physical and chemical properties.**>°
Additionally, ZnO structures composited with graphene oxide
are preferred, especially in energy conversion and storage
areas.”* In the literature, both ZnO and graphene oxide have
been used separately for PSC applications.>***™ D. Solis-Cortes
et al. reported Ag,S quantum dot decorated ZnO nanorod array
electrodes for PSCs, in which PEDOT was used as a charge storage
counter electrode.*® They showed that the specific capacitance
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and storage efficiency of this device were 0.667 mF cm™> and
6.83%, respectively.®® A. Roy et al reported a photoelectro-
chemical-type supercapacitor based on a BiVO,~RGO bilayer
photocapacitive electrode.® They concluded that the BiVO,-
RGO electrode displays typical EDLC behavior and provides good
performance as a supercapacitor exhibiting a specific capacitance
of 141.8 F g~ " measured at a current density of 0.2 A g~ ">
However, there is a very limited number of such studies in the
literature, and there is a great need to examine the performances
of rGO and ZnO nanocomposites in PSC applications based on
morphology and structural properties.

Within the framework of all this motivation, in this study, our
group aimed to control the defect structures by combining a ZnO
morphology, which has not been studied before in photo-
supercapacitor applications, with nanoflakes and rGO, thus
improving the photoelectrochemical charge storage perfor-
mance. In this direction, we prepared composites with three
different ZnO/rGO ratios and focused on the property/perfor-
mance relationships of these materials. We aim to provide
innovative solutions for systems that can be charged directly
by sunlight and thus meet their power needs. With this study, we
offer innovative and efficient solutions for autonomous systems,
whose popularity and usage area have increased in recent years.

Materials and methods

Reagents

Zinc acetate dihydrate (Zn(CH3COO),-2H,0, Sigma Aldrich,
98%), urea (CH4N,O, ACS reagent, 99.0-100.5%), polyvinyl alco-
hol (PVA, Sigma-Aldrich-87-90% hydrolyzed), lithium chloride
(LiCl, ACS reagent), dimethyl formamide (DMF, Sigma-Aldrich),
ethanol (C,H;OH, Sigma-Aldrich), and fluorine-doped tin oxide-
coated glass (FTO, resistivity 10 Q cm?) were purchased from
Sigma-Aldrich.

Synthesis of the photoactive composite materials

The reduced graphene oxide (rGO) was prepared by thermal
reduction of GO, as described in our previous work.”>® 3D ZnO
nanoflakes were synthesized from zinc acetate dihydrate
(Zn(CH;3C00),-2H,0) and urea in ethanol via hydrothermal
reaction at 180 °C for 14 h. Briefly, 50.0 mM Zn(CH3COO),-
2H,0 and 100 mM urea were dissolved in 60.0 mL ethanol by
stirring for 30 min. The solution was transferred to a Teflon-
lined stainless steel autoclave for the reaction. After cooling to
room temperature, the product was separated by centrifuga-
tion, dried at 60 °C, and then calcinated at 300 °C for 30 min.
The rGO/3D ZnO nanoflake composite material was prepared in
dimethyl formamide (DMF) by a hydrothermal method. Before
synthesis, 10 mg of rGO powder was sonicated in DMF for 1 h to
obtain a good dispersion before adding 50 mg of ZnO nano-
flakes for 16% (wt%) rGO/ZnO. Then, the mixture was soni-
cated for an additional 1 h and reacted at 100 °C for 3 h. The
composite powder was centrifuged at 2000 rpm for 15 min and
dried at 90 °C overnight. The other rGO/ZnO nanoflake com-
posites were prepared by altering rGO amount (8 and 32%).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Characterization

UV-vis optical transmission (7%) and reflectance (R%) measure-
ments of the thin films prepared by dropping cations of the
composite ink were performed on a PerkinElmer, Lambda 650 S,
from 700 to 300 nm. The absorption value was calculated using
both %T and %R. Photoluminescence (PL) spectra were acquired
with an Edinburgh instrument spectrofluorometer FS5 at room
temperature with an excitation wavelength of 240 nm. Scanning
and transmission electron microscopy (SEM-TEM) was carried
out on a Hitachi HD-2700 STEM microscope (Hitachi, Japan)
operating at 200 kV. Before the analysis, each sample was finely
ground and dispersed in ethanol by sonication. X-ray diffraction
spectroscopy analysis was performed using a PANalytical/Philips
X'Pert MRD system. Electron paramagnetic resonance (EPR)
spectroscopy was performed on a continuous wave dual band
X- and Q-band spectrometer Bruker ELEXSYS E500. The X-band
measurements were performed at 9.87 GHz with an X-SHQ
4119HS-W1 Bruker microwave cavity, while an ER 5106 QT
standard Bruker cavity operating at 34 GHz was employed for
the Q-band measurements. All EPR measurements were carried
out at room temperature.
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PSC device assembly and photo(electrochemical) tests

The synthesized composite products were dispersed in an alco-
hol mixture (methanol/isopropanol/1-butanol) by sonicating for
2 h. The dispersion of the product has been coated on the
commercial fluorine-doped tin oxide (FTO) coated glass sub-
strates via drop casting by loading 10 mg of active material. PVA-
LiCl electrolyte was prepared by dissolving 3 g of PVA in 30 mL of
deionized water and heated to 85 °C to obtain a homogenous
solution. 3 g of LiCl was added to the solution and stirred at
85 °C for 1 h. The working photoactive electrode, standard filter
paper, carbon paper, and bare FTO were wetted with PVA-LiCl
solution and assembled in the given order.

The photo(electro) chemical performance evaluations of the
PSC devices prepared from nanocomposite materials have been
investigated by electrochemical characterization methods such
as cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and open circuit potential (Vo) using a Gamry poten-
tiostat/galvanostat workstation in the dark and under UV
illumination. A radiation source (8.8 mW cm™?) provided a
UV-illuminated environment for the photoelectrochemical
measurements. Fundamental parameters for the efficiency of
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(a) SEM and (b) TEM images of the synthesized powder products. (c) Raman and, (d) XRD spectra of the synthesized composite materials.
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supercapacitor devices such as Coulombic efficiency (%), areal
capacitance (Cp, mF cm™?), areal energy density (E, ptW h ecm™?),
and areal power density (P, mW cm ?) have been evaluated
using the equations given in the ESL{ The electrochemical
impedance spectroscopy (EIS) measurements have been per-
formed at the potential of 0 V over the frequency range from
1 MHz to 0.1 Hz using a Gamry workstation under dark and UV
light conditions.

Results and discussion

The morphology and microstructure of the rGO/3D ZnO nano-
flake composite materials and the pristine 3D ZnO nanoflake
were examined by SEM analysis (Fig. 1(a)), confirming the
pristine ZnO and the agglomerated spherical particle formation
(Fig. S1a, ESI¥), possibly due to the high surface energy of the
nanoparticles.>® On the other hand, increasing the rGO ratio in
the composite shows the lamellar structure of rGO (32%) in the
rGO/3D ZnO composite material (Fig. S1b, ESIt). TEM images
presented in Fig. 1(b) show an agglomerated composite in
which ZnO particles appear surrounded by rGO sheets. How-
ever, increasing the rGO ratio results in less agglomeration as it
causes dispersion media for ZnO nanoparticles.

Fig. 1(c) illustrates the Raman spectra of three rGO/3D
ZnO nanostructures, showcasing variations corresponding to

&0
~
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different rGO/3D ZnO weight ratios. ZnO is characterized by the
predominance of E, modes in standard backscattering experi-
ments, which serve as a distinctive Raman fingerprint.>’ A
distinct peak was observed at 428 cm !, representing the
characteristic Wurtzite E,(high) mode for ZnO. This peak shifts
towards lower wavelengths with higher concentrations of rGO,
possibly due to spatial variances in strain leading to an aniso-
tropic response in ZnO.>®> Another notable vibration at 321 cm ™*
is commonly associated with the second-order Raman process,
specifically the E,(high)-E,(low) difference mode. Symmetry
considerations and intensity analysis dependent on temperature
support this assignment.’”*® The spectra also exhibit relatively
weak and broad bands around 567 cm™", indicating the A,(LO)
phonon mode, which arises when the c-axis of wurtzite ZnO
aligns parallel to the sample surface. Significant second-order
characteristics can be deduced from LO overtones and combina-
tions of LO modes in the high-frequency range. Broadband
around 1120 cm ™' may correspond to 2LO scattering from flat
bands along the A-L-M line.”” This peak might be combined
with the modes 2A;(LO) and 2E,(LO) at the I' symmetry point of
the Brillouin zone. Regarding the presence of rGO in the
structure, peaks observed at approximately 1340 cm™ ' and
1570 cm ™' represent the D and G bands, respectively.**>® The
D band is generated by transverse optical phonons near the K
corner of the first Brillouin zone, which stem from the breathing
modes of the six-atom rings in graphene. Activation of this mode
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32% of rGO content.
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(a) UV-vis spectra, (b) comparative PL emission spectra, and (c) PL peak deconvolution results of the rGO/3D ZnO nanostructures with 8, 16, and
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indicates a structural defect. Conversely, the G band results from
first-order Raman scattering by in-plane optical transverse and
longitudinal phonons at the Brillouin zone center.”®

XRD patterns of the synthesized rGO/3D ZnO nanocompo-
sites are shown in Fig. 1(d). The signals belonging to ZnO
nanoflakes were residing at 20 = 31.90, 34.52, 36.31, 47.75, and
56.85° corresponding to the crystallographic planes (100), (002),
(101), (102), and (110), respectively. The diffraction pattern
signifies that the ZnO nanoparticles are in the form of a
hexagonal wurtzite crystal structure (PDF #36-1451). The dif-
fraction peak, which was supposed to be observed at 26.9° for
the (002) planes of rGO, was not observed due to the low rGO
content in the composites, which was buried under the high
diffraction intensity of ZnO peaks, similar to the previously
reported work, due to the suppressing of the sharp peaks
belonging to highly crystalline ZnO nanoflakes.

UV-vis absorption spectra of the nanocomposite materials
were collected from the thin film photoelectrodes deposited by
the composite suspension. Fig. 2(a) shows that all samples
present strong absorption characteristics at ~400 nm. The
absorption edge of the rGO/3D ZnO composites stays the same
as the pristine ZnO (as given in Fig. Sic, ESIt), indicating that
the band gap values remain very similar with increasing rGO
amount.>® Also, it was observed that the absorption in the
visible region enhanced with rGO addition (Fig. Sic, ESIt), and
increasing rGO content increased the absorption in the visible
region.®® Fig. 2(b) below shows the photoluminescence (PL)
spectra, where a major increase in the peak intensities can be
observed for the 16% and 8% rGO-containing samples com-
pared to the 32%, indicating an increase in the optical activity
of the composite materials. The lower intensities in the 32%
samples can be attributed to the quenching effect of rGO on
Zn0.*" A major decrease in UV emissions and an increase in
blue emissions by varying the composite ratio can be attributed
to anchoring the rGO sheets on the ZnO surface.®® Further
analysis by Gaussian fitting of the PL spectra for the samples
with 8, 16, and 32% rGO contents are shown in Fig. 2(c) and
Table S1 (ESIt) associated with radiative peaks in the UV
and visible region at 400 and 450, 500, 540, and 580 nm,
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respectively. These emissions correspond to near-band emis-
sions arising from electron-hole recombination. The major PL
signal observed in the UV region (400 nm) is accredited to near-
band edge excitonic emission. Additional deep-level emissions
occur by different intrinsic defects in ZnO, such as oxygen
vacancy (Vo), zinc vacancy (Vy,), interstitial zinc (Zn;), inter-
stitial oxygen (O;), and antisite oxygen (Oz,) from the hydro-
thermal synthesis of nanostructured ZnO in several literature
works.*>%*

EPR spectroscopy was employed to analyze the defect cen-
ters present in the precursor ZnO material and the rGO/3D ZnO
composites (Fig. 3). The X-band EPR spectrum of the pristine
ZnO (Fig. 3a) is composed of two broad signals with different
g-values, 2.0035 and 1.9620, that correspond to shell and core
defects, respectively in the ZnO material, as is already reported
in the literature.®® Based on the core-shell model,** paramag-
netically active intrinsic defect centers have g-factors at g ~ 2.0
located at the surface, whereas the defects located in the lattice
(volume) are core defects. Therefore, with this model’s help, it
is possible to distinguish the local accommodation and the
electronic environment of defects. Further EPR analysis at a
higher magnetic field in the Q-band (see Fig. S2, ESIt) of the
pristine ZnO reveals the presence of a more complex EPR signal
composed of four different resonances. The resonances with g =
2.015 and 1.980 are due to singly ionized oxygen vacancies on
the surfaces of the material, causing the blue emission
observed in the PL measurements. In this context, nanoflake
morphology refers to a structure with a two-dimensional, flat,
and thin geometry at the nanoscale. This is distinct from
structures like nanowires, which are elongated and wire-like,
and nanoparticles, which are three-dimensional particles with
a roughly spherical or irregular shape. The peculiarity of nano-
flakes lies in their high surface area-to-volume ratio due to their
thin, planar shape. This can make them highly defective at the
surface, which is confirmed here via EPR by enhancing the
signal g ~ 2 region. In contrast, previous studies on
nanowires®® and nanoparticles®” revealed much fewer surface
defect states than the present study. Besides, the ZnO-related
EPR signals start to vanish by increasing the rGO content,

(a) (b)
Pristine ZnO UV exposure(s)
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Fig. 3 EPR spectra of the ZnO nanoflake and rGO/3D ZnO nanostructures (a), and 3D ZnO nanoflake EPR signal evolution under UV irradiation for 0—

3600 seconds (b).
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indicating that the defect centers present in the pristine ZnO
material play a key role in forming the composite materials. As
presented in earlier studies on ZnO materials with different
morphologies, irradiating it with UV light generates electron—
hole pairs in the material, while the EPR signal increases with
the irradiation.?* Fig. 3b and Fig. S2 and S3 (ESIf) present the
results after irradiating the pristine and the composite rGO/3D
ZnO materials with UV light for 1 h. The EPR signal intensities
do not change during irradiation, indicating that the recombi-
nation time of the photogenerated electron-hole pairs is very
fast. EPR analysis results for the composite powders under UV
irradiation are given in Fig. S3 (ESIY).

The prepared PSC devices were (photo) electrochemically
analyzed with electrochemical tests under UV irradiation and in
the dark. The CV measurements were taken at a 1.1 V potential
window, and the results are summarized in Fig. 4(a)-(e) and
Fig. S4(a)-(c) (ESIT). Fig. 4(a)-(c) displays the CV scans at the
scan rates between 5 and 100 mV s ' for the PSC devices
prepared by (8%) rGO, (16%) rGO, and (32%) rGO incorpora-
tion, respectively. It was observed that the increasing rGO
amount increases the area of the CV curves due to the enhance-
ment in the ionic and electronic conductivities.®® Also, increas-
ing the rGO amount resulted in a quasi-rectangular-shaped
hysteresis loop with no redox peaks due to the pseudocapacitive
performance and a large gathering in electronic charge.®® Thus,
(16%) rGO and (32%) rGO in the composite resulted in
enhanced C, values in the dark (Fig. S4d, ESIt). As we compare
the dark and UV-illuminated CV profile for each composite

(a) (b)
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ratio, the best result was observed for the (16%) rGO/3D ZnO-
based PSC with a C, value of 34.5 mFcm 2 ata 5 mV s~ ' scan
rate (Fig. S4(e), ESIT). The open circuit potential (Vo) of each
PSC device collected under UV on/off conditions is given in
Fig. 4(f), indicating that the best response belongs to the (16%)
rGO/ZnO-based PSC.

GCD curves of the PSC devices under UV illumination
(Fig. 5(a)-(c)) and under dark conditions (Fig. S5, ESIt) for
various current densities have been investigated. The (16%)-
and (32%) rGO/3D ZnO PSC devices could be charged up to
2.0 V potential, while the PSC device with the least amount of
rGO ((8%) rGO/3D ZnO) could be charged up to 1.5 V, due to the
lower electronic conductivity of ZnO. The energy densities of
rGO/3D ZnO nanocomposites under dark and UV illumination
conditions are given in Fig. 5(d) and (e). The maximum energy
density of 23 pA h cm™2 at 0.4 mA cm ™2 has been calculated for
(16%) rGO/3D ZnO under UV illumination and at 2.0 V. Since
the (16%) rGO/3D ZnO sample is superior to the other samples,
long-term stability tests have been performed on it. After 40 000
cycles, this sample’s Coulombic efficiency and specific capaci-
tance retention values were 100%, and the sample managed to
maintain its performance without any decrease.

Areal capacitance values of the prepared PSC devices with
rGO in the composite as 16% and 32% ratio depending on the
applied current density at a 2 V potential range are given in
Fig. 6(a). It was observed that the areal capacitance values of the
(16%) rGO composite reached the maximum under UV radia-
tion. Notably, the PSC device with (8%) rGO in the composite
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Fig. 4 Electrochemical measurements of the fabricated PSC devices; CV measurements under various scan rates for (a) (8%) rGO/3D ZnO, (b) (16%)
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densities. The biggest disadvantage of SCs is that they have
lower energy density than batteries. It was determined that the
energy densities of all rGO/3D ZnO-based devices that we
developed in this study increased with exposure to UV light
(Fig. 6(b)). In addition, as the amount of rGO in the composite
increased from 8% to 32%, the energy densities calculated
by measuring under dark conditions increased 3 times from
6 WW h cm™? to 18 pW h cm™?, showing that increasing the
amount of rGO in the structure increases the amount of charge
that can be stored. On the other hand, due to ZnO’s superior
optical absorption properties under illumination, the 16%
rGO-containing device performed best. In other words, 32% of
rGO-containing electrodes had similar energy densities in the
dark and under illumination. The highest energy and power
densities of 22 pW h ecm™? and 0.36 mW cm 2 have been
calculated for the (16%) rGO/3D ZnO-based PSC, respectively,
under UV light. When we compare it with PSC devices previously
reported in the literature, it can be seen that the performance
values we obtained in this study are one of the best (Table 1). In
PSC devices with dual-effect electrodes, the photoactive electrode
ensures that the charge carriers produced by light are stored on
the same electrode. In our study, the rGO/3D ZnO electrode
becomes more negatively charged by retaining light-excited
electrons (Fig. 6(c)), providing less energy consumption when
the device is charged with grid electricity. Solar energy must be
used directly to operate completely independently of the grid. In
our experiment, to show that the rGO/3D ZnO-based PSC device
can operate independently of the grid electricity, we connected
two PSC devices in series and used them to power a digital clock.
The system was exposed to daylight. After about 5 minutes, the
digital clock started working and continued to work for more
than 2 hours (see Fig. 6(d)). With this outside experiment, we
proved that it is possible to use our system in autonomous
devices that meet their power needs.

Electrochemical impedance spectroscopy (EIS) studies,
which provide useful information about the electrochemical
charge transportation properties, have been performed to
investigate further the rGO/ZnO dual-acting electrodes in the
dark and under UV illumination (Fig. 7(a) and (b)) in the
frequency range of 100 mHz to 100 kHz. All the PSC devices
could be modeled with the same equivalent circuit (EC). Each
obtained curve indicated a well-defined semicircle in the high-
frequency region followed by a tail in the low-frequency region
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and a clear diminishing in the resistance when the condition
changes from dark to UV light.>® However, the size of the
semicircle decreases with increasing rGO contents in the com-
posite owing to the intrinsic high ionic conductivity of rGO fast
electron transfers. It is known that the diameter of the semi-
circle defines the charge-transfer resistance (Rcr), coming from
the resistance of electrochemical reactions.”> The real axis
intercept defines the contact resistance (Rs) in the high-
frequency region. This EC parameter relates to the electrolyte’s
ionic resistance, the electrode’s intrinsic resistance, and the
interface resistance between the electrolyte and the working
electrode. The slope of the vertical line in the low-frequency
region is adversely related to the ion diffusion resistance within
the electrodes. Therefore, the observation of more vertical lines
for the (32%) rGO/3D ZnO-based PSC device as compared to
that with the least rGO content (8%) means that this PSC device
exhibited a more enhanced capacitance characteristic, support-
ing the results obtained from the CV and GCD analysis. Circuit
equivalents of these Nyquist graphs and numerical values of
the circuit elements are given in the ESIt (Table S2). The
modeled EC circuit was also given in Fig. S6 (ESIt). Bode plots
of the (16%) rGO/3D ZnO composite-based PSC device were also
examined to understand their capacitive behavior in the dark
and under UV illumination, respectively (Fig. 7(c) and (d)). As
seen in the Bode plot, the decreased |Z| value at the lower
frequency suggests the higher conductivity of the PSC device
under UV radiation.”® Bode plots of (8%) rGO/3D ZnO and
(32%) rGO/3D ZnO-based PSC devices under UV and in the dark
conditions are given in Fig. S7 (ESIf) for comparison.

A proof-of-concept test was conducted to determine the
performance of the single PSC device after charging under UV
light (Fig. 8). As expected, according to GCD tests, the charge
time increases as the charge current density decreases
(Fig. 8(a)). It has also been determined that the device can
operate efficiently at a high operating potential of 2.2 V. More-
over, upon UV-charging, the (16%) rGO/3D ZnO device holds
the charge for a long time (Fig. 8(b)). In other words, after
charging up to 2.2 V at 0.88 mA cm >, an IR drop has been
observed, resulting in 1.9 V of initial discharge voltage. After
1000 seconds, the voltage was about 1.4 V, and the device held
the 1.0 V for more than 5000 seconds. Besides, after charging at
0.88 mA cm > to 2.2 V, a single PSC device could power a digital
clock for about 2 hours under UV illumination (Fig. 8(c)). In

Table 1 A comparison table for performance parameters of the present work with the literature based on solar-assisted supercapacitors

Photo-electrode Electrolyte Cy(mFem™2) J(mAcm ) Eq (W hem 2) Pg (mW cm ?)
N;-dye adsorbed TiO,> 0.5 M Lil/0.05 M 1,/0.5 M TBP in CH;CN 6.5 NA 0.0213 0.6
GO-PEDOT:PSS'® PVA/H;PO, 6.12 0.005 0.71 0.05
Zn0/ZnCo,0,%® PVA/KOH 0.15 1.2 x10°°  11.6 x 10° NA
CF-MoS,*° PVA/H,SO, 7.00 0.01 NA NA
Hematite/Ni(OH),/Prussian white’® 1 M KCI 2.16 0.12 NA NA
MAIBII;"* PVA/CB-H;PO, 4.00 0.01 0.55 7.5
BiVO,—PbO,”” 0.1 M phosphate buffer 6.0 0.015 NA NA
Ni(OH),/TiO,”* 1 M NaOH 22.9 0.05 NA NA
TiO,/CsPbBr;/C™* Silica gel/H;PO, 33.8 0.375 6.8 0.45
rGO/3D ZnO (this work) PVA/LiCl 40.00 0.4 22 0.36
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Fig. 7 Nyquist plots of rGO/3D ZnO photoelectrodes (a) in the dark and (b) under UV illumination, Bode plots of the (16%) rGO/3D ZnO based PSC
device (c¢) in the dark and (d) under UV light.

addition, Fig. S8 (ESIt) shows GCD curves at various current
densities under AM1.5 simulated solar irradiation, photo
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charging, self-discharge processes, and the related proof of
concept photographs. The self-discharge time was observed to

Fig. 8 Proof of concept experiments: (a) GCD curves at 2.2 V under UV illumination, (b) charging at a 0.88 mA cm™2 current density, and (c)
photographic images of the PSC device for powering a digital watch after charging under UV illumination.
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be more than 5000 s to decrease to 1.1 V (well enough to power
the digital clock) after photocharging under solar irradiation at
0.2Ag " (0.9 mAcm ?) upto22V.

Conclusions

In conclusion, in this work, we presented that reduced graphene
oxide (rGO) and zinc oxide nanoflake (ZnO) structures have been
successfully combined to produce dual-acting electrodes for
photo-supercapacitor devices. To better understand the effect
of rGO and ZnO separately, three different compositions have
been studied, in which the weight percent of rGO changes from 8
to 32%. SEM and TEM analysis showed that when the rGO
percent increased, ZnO nanoflakes dispersed better in the
composites. Raman analysis revealed that as the percentage
increased in the composites, characteristic structural peaks of
rGO became more dominant. All samples presented strong
optical absorption in the UV region. Besides, via increasing the
rGO, an optical shift through the visible range has been
observed. Combined with the PL measurements, it can be
concluded that the decrease in UV emissions and an increase
in blue emissions by varying the composite ratio can be attrib-
uted to anchoring the rGO sheets on the ZnO surface.

Furthermore, the ZnO-related EPR signals start to vanish when
increasing the rGO content, indicating that the defect centers
present in the pristine ZnO material play a key role in forming the
composite materials. When the results of EIS measurements were
examined, it was seen that with the addition of rGO, the compo-
sites’ bulk and interfacial layer resistances decreased, but the
charge transfer resistances increased. UV illumination resulted in
a further decrease in bulk and interfacial layer resistances com-
pared to the dark condition. On the other hand, charge transfer
resistance increased drastically under UV, probably due to the
high capacitive effect of the (16%) rGO/ZnO-based PSC. It has
been observed that the device performance varies depending on
the amount of rGO in the structure so that the CV and GCD
measurements coincide with the information obtained from the
material properties. Generally, as the amount of rGO increases,
the energy density increases, but above a critical value, the
composite material begins to lose its light sensitivity. Therefore,
the electrodes containing 16% rGO performed better than those
containing 32% and 8%. As a result, the (16%) rGO/ZnO-based
PSC exhibited superior performance compared to other samples,
with its ability to maintain 100% of its performance at 40 000
cycles, its areal capacitance of 40 mF em™> and energy density
values of 22 pW h em 2. The devices we produce seem to have
great potential for use in portable systems that meet their own
power needs in the future due to their advantages, such as
working in sunlight and the device design being simple and
suitable for mass production.
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