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A B S T R A C T   

The development of photo-supercapacitors (PSC), which is an important step towards more efficient use of solar 
energy and reducing the carbon footprint, will be possible with a better understanding and manipulation of the 
properties of photo-active dual-effect electrodes used in these devices. This work demonstrates the existence of 
critical ratios for graphene oxide/zinc oxide (GO/ZnO) composites in terms of PSC performance. In this ratio, 
both photoluminescence intensity in the UV region and the defect densities determined from electron para
magnetic resonance spectroscopy are low. Moreover, the specific capacitance of the best-performing GO/ZnO 
composites increased 2.7-fold and reached 6612 mFg− 1 after UV illumination. Besides, this device showed 
exceptional stability over 30,000 galvanostatic charge and discharge cycles with 99.6 % capacitance retention 
and 100 % Coulombic efficiency. The maximum energy density of 6.3 Whkg− 1 and power density of 625 Wkg− 1 

were calculated for a 2.5 V operating voltage under UV illumination. As proof of concept, a digital watch was 
powered for more than 1 h and 40 min with GO/ZnO-based PSC charging under UV and AM1.5 sunlight illu
mination at 0.2 Ag− 1 for 50 and 130 s, respectively.   

1. Introduction 

Among all other renewable energy sources, solar energy stands out 
with its great potential. Solar energy conversion systems can produce all 
the energy we need globally if used efficiently. Tremendous efforts have 
been paid for innovative, cost-effective production methods, materials, 
and storage technologies to use solar energy more effectively [1–7]. On 
the other hand, like other renewable energy sources, solar energy should 
be stored to use on demand. There are many different routes to store 
solar energy, including photo-electrochemical redox batteries, solar 
hydrogen generation, and solar fuel generation via carbon dioxide 
reduction [7–12]. Compared to these technologies, photo- 
supercapacitors (PSC) are the most attractive technology as they 
enable solar energy storage by directly converting it into electricity 

[13–23]. The design of PSC devices should be simple and cost-effective 
to ensure effective use. However, designs with separately integrated 
solar cells are moving away from this direction. In recent years, in 
innovative designs, including our works, solar energy can be absorbed 
and stored on the same electrode employing dual-use photo-active 
electrodes [24–30]. Thus, a new generation of energy conversion- 
storage devices, which are as simple as the design of supercapacitors 
and increase their performance under light, are being developed. 

As in supercapacitor applications, increasing energy density is one of 
the most important issues in PSC devices. In addition, the structure of 
the photo-active electrode, which provides the absorption of solar en
ergy, is not complex in a way that keeps the cost as low as possible. 
Therefore, we focused on increasing the specific capacitance (Cp), en
ergy density (Ed), and cycle stability of ZnO-based PSC devices 

* Corresponding authors at: Department of Materials Science and Nanotechnology Engineering, TOBB University of Economics and Technology, Sogutozu Caddesi 
No 43 Sogutozu, 06560 Ankara, Turkey. 

E-mail addresses: msankir@etu.edu.tr (M. Sankir), nsankir@etu.edu.tr (N.D. Sankir).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2023.107694 
Received 2 February 2023; Received in revised form 14 April 2023; Accepted 10 May 2023   

mailto:msankir@etu.edu.tr
mailto:nsankir@etu.edu.tr
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2023.107694
https://doi.org/10.1016/j.est.2023.107694
https://doi.org/10.1016/j.est.2023.107694
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.107694&domain=pdf


Journal of Energy Storage 68 (2023) 107694

2

[15,24,25]. In a general manner, the two most important key compo
nents of PSC devices are the active electrode properties and separators. 
In this respect, dual-functionalized electrodes must have good light 
absorption properties so that they provide the formation of light- 
generated electron-hole pairs. These light-generated electrons and 
holes increase the charge amount stored on the electrodes. Thus, using 
grid electricity from fossil fuel sources will be reduced and ultimately 
zeroed. 

Graphene oxide (GO) and zinc oxide (ZnO) composite structures 
provide both the advantages of 2D materials, such as large surface area 
and superior electrical properties, as well as the advantages of ZnO, such 
as high UV absorption and catalytic activity. Therefore, they have come 
to the fore in different applications, from electrochemical sensor appli
cations to antibacterial activity [31–34]. GO/ZnO-based composites 
have also been used in the supercapacitor field [35–38]. These com
posites not only provide enhancement in the specific capacitance but 
also extend the device's stability. Previously, our group reported the GO/ 
ZnO nanowire composite electrodes for PSCs [24]. In that work, we have 
compared the performance of GO and rGO ZnO nanowire-based com
posites integrated into PSC as a photo-active electrode. It has been 
proved that GO/ZnO composites are superior to rGO/ZnO composites, 
especially in terms of stability, due to the presence of carbonaceous- 
based defects and the larger number of carbon layers [24]. 

In this study, we prepared GO/ZnO nanocomposites in different 
weight ratios and focused on composites' morphological, structural, and 
optical properties with the PSC performance results. In addition, the 
effects of varying ZnO amounts on the defect density were investigated 
by electron paramagnetic resonance spectroscopy (EPR) to establish a 
more in-depth connection between material properties and perfor
mance. It is known that the vacancy and interstitial defects seen in ZnO 
nanostructures change the optical, photo-electrochemical, and catalytic 
properties of the materials [12,39,40]. Although ZnO's defective nature 
and properties have been studied extensively, the composites of ZnO 
with 2D material are still subject to interest [41–45]. Previously X. Pan 
et al. reported that the introduction of GO could create oxygen vacancies 
in the lattice of ZnO crystals resulting in visible light photoactivity [44]. 
Recently, B. Saini et al. reported that the photocatalytic activity of the 
Ti3C2 MXene increased via ZnO doping, which introduced the oxygen 
vacancy in the composite [45]. In terms of the photocatalytic activity of 
ZnO, it is known that defect states lower the fast recombination of 
electrons and holes, therefore increasing charge transport and acceler
ating the activity [46]. It has also been reported that oxygen defects in 
metal oxides affect the performance of energy conversion and storage 
devices [47]. Previously, hydrogenated titanium dioxide (TiO2) and zinc 
oxide (ZnO)-based electrodes have been integrated into supercapacitors 
[48–51]. It is known that hydrogenation creates oxygen vacancy in TiO2 
and ZnO, allowing the oxidation/ reduction of surface hydroxyl groups, 
which enhances the pseudocapacitive characteristic. However, it is 
important to emphasize that electrodes were tested in aqueous solutions 
in all these works. The effect of the surface defects differs from solid- 
state to aqueous systems. 

In this study, we changed the defect structures in the composite by 
changing the GO:ZnO ratio. In other words, we manipulated oxygen 
defects, which are thought to have an effect, especially in electro
chemical conversion and storage devices. With this study, we have taken 
an important step towards more widespread use of dual-effect devices 
that both convert and store solar energy in the future, explaining how 
the material properties of different composites affect the performance of 
solid-state PSC devices. 

2. Experimental section 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Sigma Aldrich, 98 % re
agent grade) and ammonium hydroxide (NH4OH, Sigma Aldrich, 38 %) 

have been used for the ZnO synthesis. Lithium chloride (LiCl, Emsure, 
ACS, Reagent) and polyvinyl alcohol (PVA, Merck) were used to prepare 
gel electrolytes. 

2.2. Synthesis of photoactive composite materials 

GO and ZnO nanowires (ZnO NW) have been synthesized as 
described in our previous work [24]. GO was prepared from graphite 
powder following the next steps: preoxidation, oxidation by an original 
modified Hummers method, exfoliation by sonication, and drying by 
lyophilization. The composite photo-active material was synthesized by 
stirring GO and ZnO NW in 1:3, 1:5, and 1:8 wt% in 10 mL DMF solvent 
at 100 ◦C for 3 h. the Resulting product was collected by centrifuge at 
2000 rpm for 5 min, after which it was vacuum-dried at 80 ◦C for 8 h. 

2.3. Characterization 

Raman Spectroscopy measurements were performed in a Renishaw 
Raman InVia System using a laser excitation wavelength of 532 nm 
green laser with a 50× objective at room temperature. UV-VIS. A HeCd 
laser (325 nm) was employed for the photoluminescence (PL) mea
surements, and the emission spectra were recorded in the 350–1100 nm 
range with an Ocean Optics Spectrometer QE65. Environmental scan
ning electron microscopy (ESEM) images were collected on a QUANTA 
400F Field Emission SEM. The morphology and structural properties of 
the ZnO-GO nanostructures were investigated by transmission electron 
microscopy (TEM) (JEOL ARM 200F) with a high-resolution trans
mission electron microscope (200 kV) equipped with an EDX analyzer. 
Electron paramagnetic resonance (EPR) spectroscopy measurements, 
both in X and Q-band, were carried out on a dual-band E500 ELEXSYS 
(Bruker) spectrometer, combined with an M365FP1 UV-diode (Thor
labs), which was used for irradiation (λ = 365 nm with a power of 9.8 
mW). 

2.4. Photoelectrode preparation and electrochemical measurements 

The FTO substrates were cleaned sequentially by sonication in 
alconox, deionized (DI) water, acetone, and ethanol. The colloidal so
lution of the synthesized composite material was prepared in an alcohol 
mixture (isopropanol/methanol/butanol) by sonication for 30 min and 
drop cast on the pre-cleaned FTO (loaded mass 10 mg). The PSC device 
assembly, PVA-LiCl electrolyte, was applied as the gel electrolyte. LiCl- 
PVA gel electrolyte was prepared as described in our previous work 
[24]. The active photoelectrode, a piece of filter paper, carbon paper, 
and bare FTO-coated glass as a counter electrode were wetted with the 
gel electrode, and device assembly was performed. The PSC devices' 
galvanostatic charge-discharge (GCD) and Cyclic voltammetry (CV) 
analysis were performed using a Gamry electrochemical workstation. A 
UV light source (FEMTO-TERA, 8.8 mW.cm− 2) was used for illuminated 
environment-dependent electrochemical measurements. The basic 
supercapacitor parameters, such as specific capacitance (Cp), energy 
density (Ed), power density (Pd), and Coulombic Efficiency (CE%), were 
evaluated as reported in our previous studies [24,25]. Detailed equa
tions are given in the Supplementary file. 

3. Results and discussion 

3.1. Materials characterization 

The surface morphology of the GO/ZnO-based composites investi
gated via SEM can be seen in Fig. 1(a). GO flakes distributed quite well 
between ZnO nanorods in all three used ratios are observable. In addi
tion, it is noteworthy that with the decrease of the ZnO amount, espe
cially at the ratio of 1:3, a more clustered structure is formed. SEM 
images at different magnifications can be seen in Fig. S1 in the Sup
porting Info (SI) file. The Raman spectra of the three different GO:ZnO 
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nanostructures are given in Fig. 1(b), revealing the differences as a 
function of different GO:ZnO weight ratios. Due to the predominance of 
E2 modes in standard backscattering experiments, these modes can be 
used as a Raman fingerprint for ZnO [52]. Fig. 1(b) shows a sharp peak 
at about 428 cm− 1 assigned to characteristic Wurtzite E2(high) mode for 
ZnO. This peak is shifted to lower wavelengths in the case of higher GO 
concentrations, which may be due to possible spatial variances in the 
strain that cause an anisotropic response of ZnO. 

Another strong vibration at 321 cm− 1 is generally attributed to the 
second-order Raman process and assigned to the E2(high)-E2(low) differ
ence mode, which was confirmed by both symmetry considerations and 
temperature-dependent intensity analysis [52–54]. The relatively weak 
and broad bands detected in the spectra at about 565 cm− 1 can be 
assigned to the A1(LO) phonon mode, which occurs when the c-axis of 
wurtzite ZnO is parallel to the sample surface. Looking at the high- 
frequency range, one can deduce that the most significant second- 
order features correspond to LO overtones and the combinations of LO 
modes. The broad bands between 1030 and 1200 cm− 1 likely belong to 
the multiphoton process, and the wide peak at around 1120 cm− 1 may 
correspond to 2LO scattering from flat bands along the A-L-M line, 
possibly in combination with the modes 2A1 (LO) and 2E1 (LO) at the Γ 
symmetry point of the Brillouin zone. As for the GO occurrence in the 
structure, the peaks around 1340 cm− 1 and 1570 cm− 1 indicate the G 

and 2D bands, respectively [24,54]. The D band is due to the transverse 
optical phonons around the K corner of the first Brillouin zone, origi
nating from the breathing modes of the six-atom rings of graphene [55]. 
Activation of such a mode is connected with a defect in the structure. On 
the other hand, the G band emanates from a first-order Raman scattering 
by in-plane optical transverse and longitudinal phonons at the Brillouin 
zone center [54,55]. Room temperature frequencies and symmetries of 
the first- and second-order Raman spectra observed in different ZnO:GO 
molar ratios are listed in Table S1. UV–Vis spectra of GO/ZnO com
posites are presented in Fig. 1(c). It was observed that the optical ab
sorption between 400 and 800 nm increased with the amount of GO in 
the composites. Since more electron-hole pairs are created by optical 
absorption, an increase in the GO content in the structure means that 
more charge carriers will be created. Fig. 1(d) shows the normalized PL 
spectra of ZnO modified by GO and excited with a 325 nm laser. The PL 
spectra show two emission bands at 640 (1.94 eV) and 375 nm (3.24 eV), 
respectively, where the broad and intense peak in the visible range 
corresponds to deep-level emission [56–58]. The PL peak centered in the 
UV range relates to the near-band exciton emission [57]. The modifi
cation by GO of ZnO does not change the shape of the PL curve. One may 
observe the decrease of the UV peak by changing the ratio from 1:3 to 
1:8. Besides, the UV peak position is shifted from 374 nm (1:3 sample) to 
380 nm (1:8 sample), which could be explained by the GO sheets 

Fig. 1. (a) SEM images, (b) First-order and second-order Raman spectra, (c) UV–Vis spectroscopy, (d) PL spectroscopy of GO:ZnO nanocomposites.  
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anchored to the ZnO surface. 
TEM images of ZnO modified by GO with different concentrations 

are presented in Fig. 2. Fig. 2(a)-(c) shows the average diameter and the 
length of the used ZnO nanowires around 100 ± 20 nm and 900 ± 200 
nm, respectively. All samples indicate the presence of GO sheets with 
different lateral sizes. As observed in the SEM measurements, the ZnO 
nanowires are overlapped with GO flakes enabling electron conduction 
pathways through the GO sheets. Moreover, the EDX mapping images 
for GO/ZnO (1:3) are given in Fig. 2(d). Fig. 2(e) exhibits the XRD 
spectra of the composite materials. The Braggs diffraction peaks from 
ZnO nanowire were observed at 31.6◦, 34.4◦, 36.3◦, 47.5◦, 56.5◦, 62.5◦

and 68.1◦ indexed to (100), (002), (101),(102), (110), (103) and (112) 
at different diffraction angles, respectively [59]. The characteristic 
signal observed at 10.2◦ belonging to the GO (001) diffraction angle 
gradually disappears when the ZnO ratio increases. 

The surface element composition and chemical state were investi
gated via XPS spectroscopy. Fig. 2(f) shows the XPS survey spectrum of 
GO/ZnO (1:5) indicating the presence of C, Zn, and O as the main 

elements. The high-resolution XPS spectrum of Zn (Fig. 2(g)) shows that 
two typical Zn 2p peaks appear at 1021.7 and 1044.7 eV which corre
spond to Zn 2p3/2 and Zn 2p1/2, respectively. The spin–orbit splitting is 
almost identical with the pristine ZnO (~23.0 eV) confirming that there 
is no covalent bonding between GO and ZnO [59]. The C 1 s spectrum 
(Fig. 2(h)) of GO/ZnO can be deconvoluted into three Gaussian peaks 
where the signals originate from (i) the C–C or C––C bond at 283.7 eV, 
(ii) C–O bond from alkoxyl group at 284.7, and (iii) carboxyl O–C=O 
bond at 287.6 eV [60]. The O 1 s spectrum can be deconvoluted into two 
Gaussian peaks at 529.1 and 531.0 eV (Fig. 2(i)). These two Gaussian 
peaks can be assigned to the ZnO's lattice oxygen and the oxygen in 
C–OH/C–O–C of the GO/ZnO, respectively. 

EPR spectroscopy was employed to analyze the defect centers pre
sent in the composite materials. Fig. 3(a) depicts the X-band EPR spectra 
of the GO/ZnO-based composites, showing an intense signal with a g- 
value of 2.0034, which is characteristic of carbon-related defects in the 
GO material (inset of Fig. 3a) [24], which suggests that unpaired elec
trons, hence electron spins, are carbon-based although located on the 

Fig. 2. TEM images of GO:ZnO with 1:3 (a), 1:5 (b), and 1:8 (c) ratios; (d) EDX mapping of ZnO nanowires in GO:ZnO with a 1:3 ratio, (e) XRD patterns of GO:ZnO 
nanocomposites, (f) XPS survey, high- resolution XPS spectra for (g) Zn 2p, (h) C 1 s, (i) O 1 s. 

C.T. Altaf et al.                                                                                                                                                                                                                                  



Journal of Energy Storage 68 (2023) 107694

5

carbon atoms in proximity to oxygen atoms. Compared to the EPR 
signal, a very weak ZnO-related EPR signal is observable, characterized 
by a 1.96 g-value (inset of Fig. 3a). Since the same amount of sample was 
used for the EPR measurements, a direct comparison between the EPR 
signal intensities is possible, showing that the composite with the 1:5 
ratio has a very low carbon-related defect concentration compared to 
the other tested ratios, 1:3 and 1:8. 

Q-band EPR measurements (Fig. 3(b)) revealed that the GO EPR 
resonance signal is superimposed to an impurity-type wide six-line EPR 
signal characteristic for Mn2+, originating from KMnO4 used in the 
synthesis procedure of the GO material. As reported in a previous study 
[24], in GO/ZnO-based composites irradiated with UV light at room 
temperature, no evolution of the ZnO-related core defect is observable 
because of a fast charge transfer; this process is significantly slowed 
down at lower temperatures. Hence the EPR signal intensity of the ZnO 
core defects was monitored over 30 min under UV irradiation. The re
sults are presented in Fig. 3(c)-(e), from which, after a monoexponential 
fit, the photogenerated ZnO core defect's reaction constants were ob
tained with k1:3 = 0.133 min− 1, k1:5 = 0.142 min− 1, k1:8 = 0.222 min− 1. 
In addition, the stability of the pristine GO and GO/ZnO (1:5) composite 
films was determined by FTIR and UV–Vis spectroscopy upon applying 
continuous UV irradiation for 15 min intervals (Fig. S2). The FTIR 
spectra of pristine GO thin film showed an absorption peak at 1617 cm− 1 

due to the C––C stretching mode and the peaks at 1718, 1165, and 1033 
cm− 1, corresponding to the stretching modes of C––O, C–OH, and C–O, 
respectively. The transformation of GO to reduced GO (rGO) can be 
detected from the C–O and C––O stretching modes in the FTIR spectrum 
[61]. The preservation of the characteristic peaks at 1033 and 1718 cm- 
1 for C–O and C––O stretching modes, respectively, indicated that there 
was no reduction of GO to rGO upon UV exposure. 

3.2. Photo-electrochemical characterization of the solid-state PSC devices 

Cyclic voltammetry (CV) measurements of the GO/ZnO composites 
having ratios of 1:3, 1:5, and 1:8 have been performed in dark and UV 
illumination conditions. Fig. 4 (a) and (b) show the CV measured at a 
200 mVs− 1 scan rate under dark and UV-radiation, respectively. The 
specific capacitance (Cp) values, calculated from the CV curves, are 
given in Fig. 4 (c). At a 10 mVs− 1 scan rate, the most significant increase 
with UV illumination has been observed for the 1:5 ratio. In other words, 
the Cp of 2427 mFg− 1 increased 2.7-fold and reached 6612 mFg− 1 after 
UV-illumination. The CV measurements at various scan rates for PSC 
devices prepared with 1:3 and 1:8 ratios are given in Fig. S3. The per
formance increase of the GO/ZnO composite with a 1:5 ratio has also 
come to the fore in open circuit potential (Voc) measurements. Fig. 4(d) 
shows that the maximum Voc of 0.6 V has been observed for the PSC with 
GO/ZnO 1:5 as a photo-active electrode. The charge relation time of this 
device after turning off the UV light was also superior to the other ratios. 
The most important reason for this sensitivity to UV illumination, and 
therefore, the increase in performance is thought to be the difference in 
the defect structures summarized in the EPR measurements. 

Results of the galvanostatic charge-discharge (GCD) analysis have 
been summarized in Fig. 4(e)-(g) and Fig. S4. At 0.05 Ag− 1 current 
density and 1.5 V, operating potential, Cp and energy density (Ed) of GO/ 
ZnO 1:5 were 2866 mFg− 1 and 3224 mJkg− 1, respectively, under UV 
illumination. Other GO/ZnO ratios resulted in lower Cp and Ed than the 
1:5 ratio, indicating an optimum GO:ZnO ratio in the composite in terms 
of structural, morphological, and electrochemical properties. Previously 
our research group reported that the GO/ZnO 1:10 ratio resulted in the 
maximum Cp and Ed of 2200 mFg− 1 and 2469 mJkg− 1, respectively [24]. 
As a result, with this study, we could go one step further in producing 
GO/ZnO composite electrodes for PSC devices, which we pioneered. In 

Fig. 3. EPR spectra of the GO/ZnO-based composites (1:3, 1:5, and 1:8 ratios) in (a) X- and (b) Q-band. Evolution of the ZnO-related core defect EPR signal intensity 
(gZnO = 1.96) under UV irradiation, EPR spectra measured at 200 K for (c)1:3, (d) 1:5, (e)1:8 ratios. 
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light of the photo-electrochemical analyses, it can be concluded that 
there is an optimum ratio between the components for the GO/ZnO 
composites we prepared. As the amount of ZnO in the composite 
increased, the energy density as a result of UV illumination compared to 
the dark values also increased. When we look at the Ed(@UV)/Ed 
(@dark) ratios in the 1:3, 1:5, and 1:8 samples, the calculated values 
were 1.14, 1.21, and 1.36, respectively. However, when we analyze it in 
terms of value, the Ed value of the 1:5 sample under UV illumination is 
higher than for the other ratios. As a result, while having more ZnO in 
the structure increases the light sensitivity, GO provides more charge 
storage. 

Further electrochemical analysis has been performed via impedance 
spectroscopy. The EIS analysis results of the composite PSC devices in 
the frequency range of 100 mHz to 100 kHz collected in the dark and 
under UV irradiation have been displayed in Fig. 5. The Nyquist plots of 
each PSC device exhibit a small semi-circle in the high-frequency region. 
The Nyquist plots have been fitted well with the EC Lab program to give 
the same equivalent electrical circuit (EC) model for all PSC devices in 
the dark and under UV radiation (Fig. 5(a), inset). The detailed EC 

parameters are listed in Table S2. In the suggested EC, the electrode's 
ohmic resistance is denoted as R1, while R2 and R3 signify the charge 
transfer resistance. On the other hand, Q is the constant phase element, 
representing the double-layer capacitance. Here, the element repre
senting the Warburg impedance is present because of the semi-straight 
part in the EIS spectra in the lowest-frequency region, showing that 
the electrochemical process is associated with the diffusion-controlled 
manner of the composite materials. As the UV light is on, the R1 value 
remains unchanged. At the same time, the charge transfer resistance 
drops enormously for all PSC devices, indicating much more efficient 
charge transfer throughout the electrodes. Bode plots of the PSC devices 
obtained from the 1:5 ratio and other ratios in the dark and under UV 
radiation have been given in Figs. 5(c)-(d) and Fig. S5, respectively. The 
characteristic frequency at which the phase angle reaches − 45◦ is 
defined as the characteristic frequency (f0). The relaxation time con
stants (τ0) can be found from the reciprocal of the characteristic fre
quency. At this point the capacitive and the resistive impedances 
become equal and after this point, the supercapacitors show more 
resistive behavior at higher frequencies. The corresponding relaxation 

Fig. 4. Comparison of the CV scans of GO:ZnO (1:3, 1:5, and 1:8) based PSC device (a) in the dark and (b) under UV radiation at a 200 mVs− 1 scan rate, (c) 
Comparison of Cp values obtained from CV scans at 10 and 200 mVs− 1 scan rates, (d) the relative change in VOC of PSC devices upon UV on–off conditions, 
Comparison of the GCD curves obtained at a 0.05 Ag− 1 current density (e) in the dark and, (f) under UV radiation, (g) Calculated Cp and Ed values of the PSC devices 
at dark and under UV radiation. 
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time constant (τ0) is the minimum time needed to discharge all the en
ergy from the device with an efficiency greater than 50 % [62]. In other 
words, lower τ0 under dark conditions implies the capability of fast 
discharge resulting from high-speed ion diffusion and transport 
behavior. Since the PSC device with GO: ZnO = 1:5 ratio is more effi
cient than the other studied ratios, we delved into the performance 
analysis of this PSC device. Figs. 6(a) and (b) display the CV scan curves 
taken at various scan rates under dark and UV illumination, respectively. 
It is observed that the higher CV area has been obtained under UV ra
diation, and the maximum enhancement in Cp value has been seen at a 
10 mVs− 1 scan rate as increasing from 2.43 to 6.61 Fg− 1 (Fig. 6(c)). 

Besides increasing CV capacitance, a distinguished shift to positive 
potential has been observed, due to the higher open circuit potential 
under UV radiation. Further, the GCD curves collected at various current 
densities under UV radiation have been given in Figs. 6(d) and (e), 
respectively. At a low current density (0.05Ag− 1), the Cp value increased 
from 2.33 to 2.87 Fg− 1, from dark to UV-on condition. On the other 
hand, the Ed value has increased from 2.62 to 3.63 Jkg− 1 under UV 
radiation. Moreover, Coulombic Efficiency (CE%) values have been 
calculated for PSC (1:5) from the GCD analysis collected at 1 V under UV 
light at dark (Fig. 6f). At low current densities, it was observed that the 
CE% value exceeds %100, possibly owing to the additional electron-hole 
pair generation and thus, enhanced electron transfer between electrodes 
under UV irradiation. Fig. S6 displays the GCD curves at different po
tentials in the dark, under UV and AM 1.5 solar light irradiation at 
various operating potentials such as 1 V, 2 V, and 2.5 V. The prolonged 

discharge time resulted in the PSC's Cp value which reached 6.90 Fg− 1 

under UV irradiation, while this value was 2.75 Fg− 1 (at 0.03 Ag− 1 

current density). 
In Fig. 6(f), the long-term GCD data, collected at 0.12 Ag− 1 of current 

density, display the excellent stability of the fabricated PSC device with 
99.6 % of Cp retention value and 100 % of Coulombic Efficiency after 
30,000 successive cycles. The stability of the PSC device was confirmed 
with the CV and GCD analysis obtained before and after 10,000 cycles 
with aging over 6 months in the air at a 10 mVs− 1 scan rate and a 0.12 
Ag− 1 of current density, respectively (Fig. S7). Table 1 summarizes the 
recent photo supercapacitor devices' detailed performance and impor
tant device parameters, including the present results. This table shows 
that our device provides one of the highest performances with excellent 
stability, up to 30,000 cycles. Fig. 7(a) displays the photo-charging 
process under an applied current density of 0.2 Ag− 1 and a photo
graphic image of the PSC device during photo charging. The Inset of 
Fig. 7(a) shows the self-discharge of the PSC device in the dark under an 
open circuit potential. As seen in this inset figure total discharge of the 
device has not been achieved for more than 10,000 s. In other words, the 
Voc of the device was around 0.6 V after 10,000 s indicating the high 
charge trapping of the GO/ZnO-based PSC. To demonstrate this per
formance a digital watch has been powered with the GO/ZnO (1:5)- 
based PSC (Fig. 7(b)). Before connecting the PSC to the digital watch, the 
device was charged under UV illumination at 0.2 Ag− 1 for the 50s. Fig. 7 
(b) shows that, the digital watch worked for more than 1 h. This proof of 
concept showed that our device has a huge potential to be applied, 

Fig. 5. EIS analysis results: Nyquist plots of all PSC devices (a) in the dark, and (b) under UV radiation, Bode plots (c) in the dark, and (d) under UV irradiation of the 
PSC (1:5) device. 
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Fig. 6. Comparison of the CV of the PSC device (1:5) 
at various scan rates (a) in the dark, (b) under UV 
radiation, (c) Calculated Cp values at various scan 
rates, GCD curves at various current densities under 
UV radiation (d) at 1.5 V and (e) 1 V of operating 
potential, (f) Coulombic Efficiency values at 1 V of 
operating potential, (g) long-term stability (consecu
tive 30 k cycle) of the PCS device taken at 0.12 Ag− 1 

of current density, inset figure is the charging- 
discharging cycles taken at various cycle numbers.   

Table 1 
Literature comparison of photo supercapacitor devices.  

PSC device Electrolyte/separator Operating 
potential 

Cp Ed Cp retention (%) Ref. 

Perovskite/NC//NC Silica gel electrolyte 1.2 V 33.8mFcm− 2 ~6.8 μWhcm− 2 150@1000-cycle [63]/ 
2018 

BiVO4-RGO Na2SO4 0.3 V 33.7 F.g− 1(@0.1Ag− 1) NA ~75@110-cycle [64]/ 
2020 

N-MCN@GH PVA/H2SO4 1.0 V 8.1 F cm− 3(@1 A g− 1) 1.12 mW h cm− 3 80@10,000-cycle [65]/ 
2020 

MnO2-V2O5/WTiO2 1.0 M LiCl 0.5 V 95 mF cm− 2(@0.12 mA 
cm− 2) 

NA 94@5000 cycle [29]/ 
2022 

Methylammonim bismuth 
triiodide (MBI) 

Polymer gel electrolyte (PVA 
+ CB + H3PO4) 

1.0 V ~4.96 Fg− 1 (CV scan 
@10mVs− 1) 

0.70 Wh kg− 1 94.79@5000-cycle 
(CV scan) 

[66]/ 
2022 

V2O5/ZnO PVA-KCl/Filter paper 0.8 V 20 mF g− 1(@ 0.2 μAcm− 2) NA 175@5000-cycle [67]/ 
2023 

PEDOT/ZnS/Ag2S/ZnO PVP/[HEMIm][BF4] 0.4 V 0.667 mFcm− 2(@ 4 
μAcm− 2) 

NA 100@1200-cycle [68]/ 
2020 

g-C3N4/ZnO NW PVA-LiCl/Nafion® 115 1.5 V 0.46 Fg− 1 (@53mAg− 1) 0.45 Whkg− 1 

(@53mAg− 1) 
90.2@25,000-cycle [25]/ 

2022 
GO/ZnO NW PVA-LiCl/Filter paper 1.5 V 2.20 Fg− 1(@28mAg− 1) 2.47 Whkg− 1 

(@28mAg− 1) 
100@5000-cycle [24]/ 

2022 
GO/ZnO NW PVA-LiCl/Filter paper 2.5 V 7.2 Fg− 1 (@200 mAg− 1) 22.5 Jkg− 1 (@200 

mAg− 1) 
99.6@30,000-cycle This 

work 
2.0 V 2.81 Fg− 1(@200 mAg− 1) 5.62 Jkg− 1 

(@200mAg− 1) 
1.5 V 2.87 Fg− 1 (@50mAg− 1) 3.23 Jkg− 1 

(@50mAg− 1) 
1.0 V 6.90 Fg− 1 (@30mAg− 1) 3.45 Jkg− 1 

(@30mAg− 1)  
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especially to portable devices. After applying 0.2 Ag− 1 of current density 
under UV radiation, the discharging process at various current densities 
is given in Fig. 7c. On the other hand, Fig. 7d displays the discharge 
curves collected in dark conditions after the photo-charging process 
with no applied current. Finally, the Ragone plot in Fig. 7e summarizes 
the performance values of the GO-ZnO-based PSC device (1:5) under UV 
radiation and AM 1.5 sunlight simulation. Expectedly, at higher poten
tials, the Ed and Pd values increased and have been calculated as 6.25 
Whkg− 1 and 250 Wkg− 1 at a 2.5 V operating voltage under UV illumi
nation, respectively. As shown in Fig. S6, GCD curves for various current 
densities have been obtained under AM 1.5 solar light, and maximum Ed 
and Pd have been calculated as 4.69 Whkg− 1 and Pd of 250 Wkg− 1, 
respectively. The outdoor proof-of-concept experiment is given in 
Fig. 7f, where after connecting two PSC cells in series, we kept them in 
daylight for a while (about 10s), and then it was observed that the clock 
worked for more than 4 h (Supplementary Video). Additionally, Fig. S8 
displays the charging of PSC under sunlight (AM1.5) followed by con
necting to a watch in dark conditions as the proof-of-concept experi
ments. It is seen that the GO/ZnO NW composite-based PSC devices we 
produced under the light of these results work more efficiently under UV 

light, but also work in sunlight (under AM 1.5 condition) and perform 
quite well compared to the literature. Finally, the 2 PSC devices were 
connected in series for proof-of-concept experiments and related elec
trochemical analysis under UV light and dark conditions (Fig. S9). The 
VOC analysis of the connected devices showed that the VOC increased 
from 0.70 to 1.48 V when the UV light was turned on. Additionally, the 
charging time under UV light was shorter than that of dark conditions, 
while measured VOC after charging at light retained a much longer time. 
Further outdoor experiments have been performed after charging 2cell- 
PSC at UV and 0.05Ag− 1 current density. In this case, the alarm watch 
was powered outdoors for about 5 h (Fig. S10). These studies carried out 
in daylight and outdoors showed better performance compared to the 
laboratory environment. This high performance proves that photo
generated charges can be retained for a long time in GO: ZnO-based PSCs 
(Fig. S11). 

4. Conclusions 

In this study, GO/ZnO composites with different weight ratios were 
prepared and utilized for PSC devices using PVA/LiCl, filter paper, and 

Fig. 7. (a) Photo-charging process of the PSC device under UV irradiation at a 0.2 Ag− 1 current density, (b) Digital photos of the PSC device while connected to a 
watch, (c)-(d) discharge processes depending on various applied current densities after charging at 0.2 Ag− 1 under UV irradiation, (e) Ragone plot illustrating the 
performance summary of the PSC device, (f) outdoor proof of concept experiment of 2cell-PSC charged at daylight and no-bias. 
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carbon paper as gel electrolytes, separators, and conductive electrodes, 
respectively. Changing the GO:ZnO weight ratio while synthesizing the 
composite enhanced the optical absorption within the visible region. In 
addition, the PL intensity at the UV region increased with increasing the 
GO:ZnO ratio. EPR analysis revealed that the composite with the 1:5 
ratio has a very low carbon-related defect concentration compared to 
the other tested ratios, 1:3 and 1:8. Moreover, the photogenerated ZnO 
defect's reaction constants were obtained with k1:3 = 0.133 min− 1, k1:5 
= 0.142 min− 1, k1:8 = 0.222 min− 1. The photo-electrochemical mea
surements revealed that the GO/ZnO composite having a 1:5 ratio was 
superior to other composites. Hence, the Cp calculated from the CV 
analysis at a 10 mVs− 1 scan rate, increased 2.7-fold and reached 6612 
mFg− 1 after UV illumination. Moreover, GO/ZnO-based PSC was highly 
stable up to 30,000 cycles of GCD, having 99.6 and 100 %, capacitance 
retention and Coulombic Efficiency, respectively. The maximum Cp and 
Ed have been calculated as 7.2 Fg− 1 and 22.5 Jkg− 1 at a 2.5 V operating 
voltage under UV illumination, respectively. In conclusion, it has been 
determined that there is a critical ratio for GO/ZnO composites in terms 
of PSC performance. The defect density for this ratio is lower than for the 
other ratios, confirmed by PL and EPR analysis. In the future, we expect 
devices that provide both conversion and storage of solar energy to 
replace solar cells, especially in portable systems where lightness is at 
the forefront, with the creation of different heterojunctions or composite 
materials. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2023.107694. 
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