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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Harvested visible light for charging 
supercapacitors. 

• Charging was achieved through illumi
nating the supercapacitor using blue 
laser diode. 

• The supercapacitor exhibited a light 
induced-charging voltage of 354 mV, 
without any external bias. 

• The illuminated cell exhibited an areal 
energy density of 2.5 times higher than 
non-illumiated cell.  
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A B S T R A C T   

The increasing demand for energy storage devices has initiated research on alternative sustainable energy 
storage mechanisms, such as supercapacitors. Here, we report a skillful design strategy that harvests visible light 
energy and has immense potential applications in boosting the storage capacity of supercapacitors – one of the 
energy storage devices. A down-conversion phosphor layer is introduced over a reduced graphene oxide-based 
supercapacitor electrode having an optical window to harvest visible light. The fabricated cell exhibits an 
excellent areal energy density of 233 μWh/cm2 (at an areal current density of 4 mA/cm2 for the voltage ranging 
from 2 to 4.25 V) under optical illumination, which is 2.5 times higher than that achieved without illumination. 
Under light illumination, the cell operates across a high voltage range (0–4 V) and current density (40 mA/cm2) 
and shows a light-induced charging voltage of 354 mV, without any external bias. Thus, such exceptional 
supercapacitor performance generates significant possibilities for developing novel energy storage devices with 
high energy and power densities, through which portable devices can be charged using visible light.   
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1. Introduction 

Renewable energy technologies play an essential role in reducing 
greenhouse gas emissions, and the importance of developing renewable 
energy conversion techniques has gained widespread recognition [1]. 
Owing to the highly intermittent characteristics of renewable energies, 
such as solar and wind power generation, power grids incorporating a 
large percentage of renewables require high energy storage capacity for 
their stable operation. Supercapacitors, which are an emerging elec
trochemical energy storage technology, have attracted significant 
attention owing to their excellent characteristics, such as high power 
density, operational safety, ultra-fast charging/discharging capability, 
and long cycle life [2,3]. Although supercapacitors exhibit quick char
ging/discharging capability and a longer lifetime, their energy densities 
are lower than those of Li/Na/K-ion batteries, which hinders their use in 
applications requiring high energy density [4–6]. Currently, batteries 
are used in high-energy-density applications. By developing a technol
ogy to increase the energy density of supercapacitors comparable to that 
of batteries, supercapacitors will become useful for both high energy and 
high power density applications. Numerous strategies to enhance the 
energy density of supercapacitors include (i) doping the active electrode 
using pseudocapacitive materials [7], transition metal/rare earth metal 
oxides [8], and conducting polymers [9]; (ii) fabricating 
honeycomb-like 3-dimensional (3-D) graphene structures [9] and car
bon nanotube (CNT) sponges [10], and integrating metal tungstate with 
graphene electrodes [11]; (iii) incorporating metal ferrites [12] and 
manganites [13]; (iv) using large surface area-activated carbon elec
trode [14]; (v) modifying surface functional groups [15], including 
heteroatoms (N, O) [16], and doping with electronically conducting 
polymers such as polyaniline [17] and polypyrrole [18]. However, the 
aforementioned strategies have not demonstrated adequately high en
ergy densities; therefore, novel strategies should be developed to 
enhance the energy density of supercapacitors. Additionally, 
self-charging devices were proposed for sustainable energy storage de
vices [19]. For this, triboelectric/piezoelectric materials were integrated 
with the electrochemical cell to convert mechanical energy into elec
trical energy [20]. Such devices provide uninterrupted power supply 
owing to its self-charging capability. However, piezoelectric materials 
require longer time to charge the device. Novel strategies should be 
explored for the development of self-sustaining energy storage devices. 

In this study, a skillful strategy was introduced to increase the energy 
density of supercapacitors by harnessing optical energy. A super
capacitor electrode was fabricated using a down-conversion phosphor, 
Ce doped yttrium aluminium garnet (YAG:Ce3+), a material that emits 
visible light upon optical excitation using ultraviolet or visible light), 
along with reduced graphene oxide (rGO) scrolls [21]. The YAG:Ce3+

phosphor exhibits broad absorption spectra (250–470 nm) with a peak 
absorption wavelength of 450 nm [22]. The phosphor material was 
chosen for the following two reasons: (i) phosphors exhibit high 
photoconductivity and therefore, effectively release additional electrons 
under optical illumination, and (ii) these additional electrons signifi
cantly improve the rate of Faradaic intercalation redox reaction, 
resulting in exceptionally high energy density values. During 
photo-excitation, Ce3+ ions oxidise to Ce4+, releasing electrons that are 
transported to the active electrode, enhancing the electrical conductiv
ity, which causes the Faradaic intercalation redox reaction between the 
electrode and electrolyte ions. 

2. Methods 

2.1. Preparation of GO 

GO was prepared using Hummer’s method. Graphite powder (8 g, 
sigma-Aldrich; purity 99.997%) was first pre-oxidized using H2SO4 (120 
mL, sigma-Aldrich, 99.9%), K2S2O8 (4 g, Sigma-Aldrich, 99.9%), and 
P2O5 (4 g, sigma-Aldrich, 99.9%) at 80 ◦C. The solution was washed 

until the pH became neutral. The oxidized graphite powder (4 g) was 
placed in cold (0 ◦C) concentrated H2SO4 (80 mL), and KMnO4 (12 g) 
was added subsequently while stirring in an ice-bath. The mixture was 
then stirred at 35 ◦C for 2 h, after which deionized water (560 mL) and 
30% H2O2 solution (40 mL) were added to the mixture to stop the re
action. For removing the metal ions, this mixture was washed by 
repeated centrifugation and filtration with 5% HCl solution. For getting 
the GO powder, the resultant mixture was dried under vacuum at 50 ◦C 
for 6 h. The details of the preparation methods have been explained in a 
previously published study [23]. 

2.2. Preparation of MnO2 encapsulated within rGO scrolls (GMS) 

To synthesise the MnO2-rGO scrolls, graphene oxide (GO) (0.6 g, 
sigma-Aldrich; purity 99.997%) was dispersed in 50 mL water, and 0.15 
g MnO2 (sigma-Aldrich, 99.97%) was added to the dispersion and son
icated for 1 h 30 min using an ultrasonic reactor. The mixture was then 
centrifuged at 10,000 rpm for 15 min, followed by filtration. The soni
cation, centrifugation, and filtering were repeated multiple times, and 
the solution was dried overnight at 110 ◦C to form a powder. The 
powder was further annealed at 400 ◦C under a nitrogen atmosphere for 
2 h to remove impurities. The MnO2 particles attached to the GO pow
der, which resulted in the bending of the GO sheets. Finally, the GO 
sheets formed scrolls and wrapped around the MnO2 particles. SEM 
images of the powder confirmed that the synthesised powder consisted 
of MnO2 particles encapsulated within the rGO scrolls. The nitrogen- 
annealed MnO2 encapsulated by rGO scrolls was termed as GMS and 
was used to fabricate the supercapacitors. 

2.3. Preparation of rGO wrapped phosphor material (rGOP) 

The phosphor YAG:Ce3+ was mixed with the rGO solution at a con
centration of 0.7 mg/mL, followed by continuous sonication for 4 h. The 
mixture was centrifuged at 10,000 rpm for 15 min. Sonication, centri
fugation, and filtering were conducted multiple times, followed by 
overnight drying at 110 ◦C to obtain the mixed rGO-phosphor composite 
powder samples. The powder was annealed at 1200 ◦C under a reducing 
atmosphere (N2/H2). The final powder consisted of rGO-wrapped 
phosphor particles, which were labeled as rGO-Phosphor (rGOP). GMS 
and rGOP were mixed in a ratio of 4:1 to form GMS-rGOP composites 
that were labeled as GMSP. 

2.4. Cell fabrication 

A composite anode slurry was synthesised using a 15:3:2 mixture of 
active materials (GMSP), Ketzen black (KB), and teflonised acetylene 
black (TAB) in ethanol, followed by pressing on a 200 mm2 nickel steel 
mesh current collector. The pressed slurry was dried at 160 ◦C for 4 h in 
a vacuum oven. An active material with a mass of 8 mg/cm2 was used for 
the cell fabrication. The electrodes were separated by a porous poly
propylene film (Celgard 3401, USA), and an ionic electrolyte, 1 Ethyl 3 
methylimidazolium tetrafluoroborate EMIMBF4, was used. Finally, a 
layer of rGOP powder (1 mg) coating was deposited on the electrode 
material of the GMSP. The electrochemical performances of the hybrid 
supercapacitor cells were investigated for different voltage windows 
(0–1 V, 2–4.25 V, and 0–4 V) using a battery tester (WBCS 3000, 
WonATech, Korea). 

2.5. Fabrication of the light-harvesting supercapacitor 

Complete stainless steel electrodes are not suitable for fabricating 
cells operating under optical illumination; a specially designed stainless 
steel electrode with a 9 mm diameter quartz window was used to 
fabricate the light-harvesting supercapacitor cells. The quartz window 
allowed visible light to fall on the electrode material. Both sides of the 
quartz window were coated with a transparent conductor - indium tin 
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oxide (ITO) before cell fabrication. The power density of the laser is 210 
mW/cm2. The tested cell has 20-mm-diameter and 3-mm-thickness. 

2.6. Characterizations 

Scanning electron microscopy (SEM) (JEOL, JSM-6700 F) and high 
resolution transmission electron microscopy/selected area electron 
diffraction (HRTEM/SAED) (JEM.ARM.200 F) were used to analyse the 
morphological, structural, and compositional properties of the GMS, 
rGOP, and GMSP powders. The current-voltage characteristics of the 
fabricated rGO and GMSP scrolls were measured using a Keithley 4200 
semiconductor parameter analyser at room temperature. 

2.6.1. Current-voltage measurements 
For the current-voltage measurements, rGO and GMSP were depos

ited on the ITO-coated glass substrate. The substrate was cleaned using 
acetone, isopropanol, and deionized (DI) water in an ultrasonic bath for 
5 min each, 3 g of GMSP powder was dispersed in 9 mL water, and the 
solution was sonicated for 30 min. Then, the solution was drop-cast onto 
the substrate and subsequently annealed at 90 ◦C for 10 min using a 
hotplate. Finally, a 100-nm-thick Pt top electrode was deposited using 
electron beam evaporation. The fabricated two-terminal devices were 
subjected to current-voltage characterization. To study the light illu
mination response of the devices, the current-voltage characteristics of 
the device were measured under optical illumination with a blue laser 
diode and under dark conditions. 

2.6.2. Ultraviolet photoelectron spectroscopy (UPS) measurements 
Silicon was used as the substrate for UPS measurements. The sub

strate cleaning and deposition methods were similar to those mentioned 
in the current–voltage (I–V) measurement section. An rGO-phosphor 
solution was also prepared and drop-cast on the Si substrate and sub
sequently annealed at 90 ◦C for 10 min for comparison. 

2.6.3. Cyclic voltammetry (CV) measurements for lowest unoccupied 
molecular orbital (LUMO) calculations 

For CV measurements, ITO-coated glass was used as the substrate, 
and the GMSP and rGO films were deposited, as described in the 
Photoconductivity Measurement Section. A standard three-electrode 
cell with a Ag/AgCl reference electrode and a Pt wire counter elec
trode was used to measure the CV characteristics (CV curves) of the 
films. An aqueous solution of (0.5 M H2SO4 was used as the electrolyte. 
The films deposited on ITO were utilised as working electrodes in a 
three-electrode configuration using a computerized potentiostat/ 
galvanostat. 

3. Results and discussion 

In this study, the charge storage efficiency was successfully enhanced 
by illuminating the supercapacitor using a blue laser diode (450 nm), 
which matched well with the peak absorption wavelength of the YAG: 
Ce3+ phosphor. Thus, photo-excitation facilitated the enhancement of 
storage capacity, and thereby, a high energy density was achieved in the 
supercapacitor. Without light illumination, the areal energy density was 
91 μWh/cm2 at an areal current density of 4 mA/cm2. When the 
supercapacitor was illuminated with a blue laser diode, an energy 
density of 231 μWh/cm2 was achieved at an areal current density of 4 
mA/cm2 for the voltage range of 2–4.25 V, which enhanced the energy 
density by 2.5 times compared with that achieved without light illu
mination. This is one of the highest energy density values reported thus 
far. Furthermore, an exceptional light-induced charging capability was 
demonstrated with phosphor-incorporated supercapacitors. A light- 
induced charging voltage of up to 354 mV was achieved by illumi
nating the cell using a blue laser. Several recent studies have focused on 
harvesting light through solar cell-supercapacitor and/piezoelectric- 
supercapacitor hybrid devices [24–27]. However, notably, the proposed 
design is simpler and entirely different from those of previous studies, 
and light-induced charging was efficiently achieved by including a 
phosphor material. 

A specially designed stainless-steel electrode with a quartz window 

Fig. 1. (a) The schematic structure of the supercapacitor with the electron transfer from the phosphor layer to the electrode (the light and dark pink spheres denote 
EMIM and the orange spheres denote electrons), (b) SEM image showing the scroll structure of the MnO2 encapsulated by rGO scrolls, (c) HRTEM image showing the 
enlarged view of the single scroll in Fig. 1(b), (d) Digital photograph of the supercapacitor in the operating mode under blue laser diode illumination, (e) Ragone plot 
of the supercapacitor in the 2–4.25 V voltage range, exhibiting an energy density of 233 μWh/cm2. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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was used to fabricate cells operating under optical illumination. The 
quartz window facilitated the incidence of visible light on the electrode 
material. A blue laser diode was used to illuminate the cell through this 
quartz window, as shown in Fig. 1(a). The layers of the electrode are 
shown separately in the schematic diagram. To incorporate phosphor 
particles into the electrode, first, the phosphor particles were wrapped 
using reduced graphene oxide (rGO) and is described as (rGOP), which 
was deposited as the top layer on the active electrode, absorbing visible 
light, and generating free electrons. The active electrode was fabricated 
by mixing rGOP with MnO2-encapsulated rGO scrolls (GMS) and was 
labeled as GMSP. In previous studies, it was observed that MnO2 added 
to rGO facilitates scroll formation and achieves better supercapacitive 
performance [28]. We have also fabricated three separate super
capacitors using pure MnO2, MnO2-rGO composite and rGO electrodes. 
We investigated the electrochemical performance with and without 
light. Fig. S1 depicts the galvanoscopic charge-discharge curves of those 
supercapacitors, which shows inferior performance even under light 
illumination. Thus, we choose GMSP as electrode material. 

Under optical illumination, the top phosphor material in the cell 
absorbed light and then re-emitted photons with a longer emission 
wavelength of 550 nm. The electrons released through the photo- 
oxidation of Ce3+ ions in the phosphor material were then transported 
to the GMSP active material electrode and enhanced the Faradaic 
intercalation redox reaction with electrolyte ions. 

Fig. 1(b) shows scanning electron microscopy (SEM) images of the 
GMS material depicting the formation of the scroll structure in the active 
material. 

Fig. 1(c) shows the HRTEM images of the single scroll in Fig. 1(b). 
Fig. 1(d) shows a digital photograph of the supercapacitor in the oper
ating mode. Fig. 1(e) shows the Ragone plot of the supercapacitor, which 
exhibited a high energy density of 233 μWh/cm2. Under both conditions 
(dark and illumination), the energy density decreases as output power 
increases. 

A video of the supercapacitor working under light illumination is 

provided in the Supplementary Information. 
The morphology and distribution of MnO2 particles on rGO sheets 

were observed using a scanning electron microscope (SEM) and are 
shown in Figs. S2(a–d). The scroll structure of the rGO sheets was visible 
in the SEM images. Furthermore, HRTEM was used to observe the scroll 
structure of the GMS samples, as shown in Figs. S2(e–g). Morphological 
analyses using SEM and HRTEM showed the formation of scroll struc
tures in which flat rGO sheets were transformed to scrolls through the 
attachment of MnO2 particles. Size distribution analysis of the images 
revealed that the formed scrolls were approximately 300–350 nm in 
length. An expanded view of a single scroll structure is shown in Figs. S2 
(f) and (g), and the selected area electron diffraction (SAED) pattern is 
shown in Fig. S2(h). In summary, the rolling of the rGO layers in one or 
more directions resulted in the formation of GMS [29]. 

A schematic diagram of the manufacturing procedure and the 
supercapacitor cell design for harvesting light are shown in Fig. 2. 

The electrochemical properties of the fabricated supercapacitor with 
and without light illumination in a voltage range of 0–4 V are shown in 
Fig. S3. Fig. S3 (a) shows the CV curves measured with and without light 
illumination at a scan rate of 20 mV/s. Figs. S3(b) and (c) show the GCD 
curves measured with and without light illumination at various current 
densities. The areal capacitances were calculated from the GCD curves, 
as shown in Fig. S3 (d). The electrochemical properties at different 
voltage ranges, such as 0–1 V (Fig. S4) and 2–4.25 V (Fig. S5), are shown 
in the Supporting Information. Notably, the cells operated effectively for 
both high-and low-voltage ranges. 

The CV curves with and without light illumination exhibited similar 
shapes (Fig. S3(a)). However, the CV characteristics of the cell measured 
under light illumination showed a larger curve area than those measured 
without illumination, indicating that optical illumination enhanced the 
specific capacitance. The GCD curves with and without light illumina
tion had similar triangular shapes. Moreover, the cell exhibited high 
performance up to a high current density of 32 mA/cm2 in the 0–4 V 
voltage range under light ON conditions; however, without light 

Fig. 2. Schematic diagram illustrating the synthesising procedure of the GMS, GMSP powder materials, and the supercapacitor cell.  
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illumination, the cell could only operate up to a current density of 16 
mA/cm2. 

For non-symmetric GCD curves, the capacitance (C) and energy 
density (E), and Power density (P) is given by [30], 

Careal =

2ia
∫

Vdt

V2
⃒
⃒vf

vi

Cvol =

2iv
∫

Vdt

V2
⃒
⃒vf

vi

(1)  

Eareal = ia

∫

VdtEvol = iv

∫

VdtEgra = im

∫

Vdt (2)  

Power density,Pareal =
Eareal

t
Pvol =

Evol

t
(3)  

Where Careal (F/cm2), Cvol (F/cm3) are the areal and volumetric, ca
pacitances, Eareal (Wh/cm2) Evol (Wh/cm3), are the areal, and volumetric 
energy densities, and Pareal (W/cm2), Pvol (Wh/cm3), are the areal and 
volumetric. iareal = I/A (A/cm2), iv = I/V (A/cm3), are the areal and 
volumetric current densities. 

∫
Vdt is the integral area of the discharge 

curve, V is the potential with vi and vf as initial and final values. 
For the voltage range of 0–4 V and at a current density of 4 mA/cm2, 

the areal energy density values were 148 μWh/cm2 and 40 μWh/cm2 

with and without light, respectively. With light, the cell functioned up to 
32 mA/cm2 with a maximum areal power density of 64 mW/cm2. 

For the voltage range of 2–4.25 V and at a current density of 4 mA/ 
cm2, the areal energy density values were found to be 233 μWh/cm2 and 
91 μWh/cm2 with light and without light, respectively. With light, the 
cell could operate up to 40 mA/cm2 with a maximum areal power 
density of 45 mW/cm2 Without light, the cell only functioned up to 32 
mA/cm2 with a maximum areal power density of 36 mW/cm.2 

The areal/volumetric/gravimetric energy densities, power densities, 
and capacitances of the cell with and with out light are listed in 
Tables S1–4. Under light illumination, the cell operated at a high voltage 
range (0–4 V) and a high current density (40 mA/cm2). Notably, 

compared to the cell operated without light, the illuminated cell could 
operate at higher current densities for all voltage windows used in this 
study. 

Nyquist plots (electrochemical impedance spectroscopy) were 
recorded and extensively analysed to gain insight into the exceptional 
performance of the fabricated cells, as shown in Fig. 3. The Nyquist plot 
provides a better understanding of the electrode-electrolyte interface. 
Fig. 3(a) shows the Nyquist diagrams of the cell showing the imaginary 
part (Z") vs. the real part (Z′) of the impedance with light (WL 30 s, WL 
45 s, and WL 60 s) and without light (light OFF) illumination. Fig. 3(b 
and c) show the fitted Nyquist plots recorded without light and WL 60 s, 
respectively. All the Nyquist plots were fitted using the equivalent cir
cuit model shown in the inset of Fig. 3(b) consisting of resistances (Rs, 
Rct, Rlat, R1, and R2), constant phase elements (CPEs), such as CPE1, 
CPE2, CPE3, and CPE4, and Warburg impedance (WO). Rs is the solution 
resistance, Rct is the charge transfer resistance at the electrode surface/ 
solution interface, Rlat is the resistance of the intercalation lattice, and R1 
and R2 are the additional resistances formed during the light-induced 
intercalation of electrolyte ions deep into the electrode layers. 

The fitted Nyquist plots of WL 30 s and WL 45 s are shown in Fig. S6. 
In the high-frequency region (1–100 MHz), an intercept on the real axis 
provides Rs, and the semi-circle feature reflects Rct. The Warburg 
diffusion in the mid-frequency region (10–200 kHz) is attributed to the 
ion diffusion of electrolytes in the active materials. The Nyquist plots 
recorded under light illumination (WL 30 s, WL 45 s, and WL 60 s) 
confirmed that the Rs and Rct values decreased with prolonged light 
illumination. The CPEs depicted the non-ideal capacitance behavior of 
the electrolyte/electrode interface. The fitted curves were well-matched 
with the corresponding recorded spectra. The fitted equivalent circuit 
parameters are presented in Table S5, and clearly show an increase in 
capacitance (CPE3 and CPE4) with prolonged light illumination. How
ever, considerable decreases in Rlat (8 Ω (light OFF) to 2.5 Ω (WL 60 s), 
WO (7 Ω (light OFF) to 0.6 mΩ (WL 60 s)), and Warburg diffusion time, 
Wo-1-T ((4 × 10− 7 s (light OFF) to 4.98 × 10− 12 s (WL 60 s)) were also 

Fig. 3. (a) Nyquist plot of electro
chemical impedance spectroscopy (EIS) 
with and without light illumination, 
(b–c) impedance spectra and the fitted 
curves under light illumination, (d) |Z|
vs (angular freqeuncy)− 1/2 curves (fre
quency region 1–40 kHz) with and 
without light illumination from which 
the diffusion coefficient is calculated. 
The inset of (b) shows the circuit model 
used to fit the Nyquist plots shown in 
(b–c). WL 30 s, WL 45 s, and WL 60 s 
correspond to the impedance spectra 
recorded after 30, 45, and 60 s of light 
illumination, respectively.   
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observed. Notably, the CPE4 and CPE3 values were very low without 
light illumination. However, under prolonged light illumination, the 
CPE4 and CPE3 values increased rapidly. The WO value in the mid- 
frequency region could be attributed to the diffusion process, and a 
significant variation in the diffusion region with illumination can be 
observed in Fig. 3(a). Thus, the increase in CPE4 and CPE3 indicated 
that further diffusion of the electrolyte ions occurred under light illu
mination, resulting in additional capacitance. 

The diffusion coefficient of electrolyte ions in the electrode material 
with and without light illumination can be calculated from the imped
ance data at lower frequencies using previously suggested methods. 

The magnitude of the impedance is given by 

|Z| =
T

CT(D⋅ω)1 /

2
(4) 

Imaginary part of impedance is given by, 

Im Z=
1

CT ω (5)  

where, T, CT, and D are the film thickness, low-frequency redox capac
itance, and diffusion coefficient, respectively. The plot of |Z| vs. 1

ω0.5 with 
and without light (frequency region 1–40 kHz) is shown in Fig. 4(f), and 
the slope of the curve provides T

CTD1

/

2
. The plot of Im{Z} vs. 1

ω with and 

Fig. 4. (a) Current-voltage characteristics of rGO and GMSP samples under light illumination, (b) ultraviolet photoemission spectroscopy (UPS) spectra of GMSP and 
rGOP samples, (c) kinetic energy cut-off of the secondary electron, and (d) cyclic voltammetry curves (current vs. working electrode potential, Ewe) at a scan rate of 
20 mV/s for reduction processes. 

Fig. 5. Schematic diagram of the photoconductivity and charge transfer process in the rGOP layer to GMSP.  
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without light is shown in Fig. S7, and the slope of the curve provides 1
CT

. 
The diffusion coefficients were calculated from both slope values and 
were found to be 106.33 × 10− 6, 133.06 × 10− 6, 144.6 × 10− 6, and 
156.92 × 10− 6 m2/s for light OFF, WL 30 s, WL 45 s, and WL 60 s, 
respectively. This clearly showed that the D increased under light illu
mination. The increase in D might originate from the thermal effect of 
the laser heating due to prolonged illumination. However, further 
studies are required to investigate the exact reason for the increase in D 
value during light illumination. 

Impedance spectroscopy analysis revealed that the superior perfor
mance of the light-controlled capacitors could be attributed to the (i) 
decrease in Rs leading to enhanced electrode conductivity, and (ii) sig
nificant decrease in WO, Wo-1-T, and Rlat, and an increase in D. 

To identify the factors leading to the enhancement of the electrode 
conductivity (decrease in Rs), the current-voltage characteristics of the 
electrode material were measured with and without light illumination 
(Fig. 4(a)). The conductivity increased sharply (102 times) in the GMSP 
sample under light illumination. The absorbed photons in YAG:Ce3+

excite electrons from the ground state to the excited state. In the absence 

of an external electric field/voltage these electrons de-excite and emits 
the photons in the visible range, which is utilised in light-emitting di
odes. The photoluminescent excitation and emission spectra of the YAG: 
Ce3+ phosphor are shown in Fig. S8. However, under an applied electric 
field, those photo-excited electrons are swept away by the applied 
voltage, increasing the net conductivity of the GMSP. The photo- 
excitation of Ce3+ ions in the phosphor generated free electrons, lead
ing to a higher carrier density and higher conductivity in GMSP. The 
excitation band of Ce3+ matched well with the emission wavelength of 
the blue laser diode (450 nm), resulting in efficient absorption of blue 
light, and thus, high conductivity. The absorption spectrum of undoped 
YAG is approximately 190 nm; therefore, 450 nm light illumination 
using a laser diode does not affect the YAG matrix. 

The transport of electrons from the rGOP layer to the GMSP layer 
requires an appropriate energy-band alignment. To calculate the work 
function and analyse the energy band alignment, the highest occupied 
molecular orbit (HOMO) to lowest unoccupied molecular orbit (LUMO) 
levels in rGOP and GMSP were estimated from the ultraviolet photo
emission spectroscopy (UPS) spectra and three-electrode CV 

Fig. 6. (a) Schematic diagram of the light-induced voltage developed under light illumination. (pink spheres denote EMIM yellow spheres denote Ce3+ and brown 
spheres denote BF4

− ) (b) Diffusion of electrolyte ions in the electrode material under light OFF and light ON for 30 s and 60 s. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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measurements, which are shown in Fig. 4(b–d). The work function dif
ference (φ2 - φ1) between the rGOP and the GMSP was 0.2 eV, which was 
calculated from the secondary cut-off at a high binding energy [31], as 
shown in Fig. 4(b) (red dotted lines). Additionally, the HOMO level [31] 
of rGOP and GMSP are 1.02 eV and 1.1 eV below the Fermi level (EF), 
respectively (Fig. 5(c)). The HOMO values were determined from the 
extrapolated value of the intercept [31–33] (see Fig. 4(c)). The cyclic 
voltammetry reduction curve can be used to determine the LUMO en
ergy level [34,35]. 

According to the onset potential of the reduction processes, the dif
ference in the LUMO levels of rGOP and GMSP was 0.03 eV (Fig. 4(d)). 
This indicated a reasonable energy band alignment between the rGOP 
layer and GMSP, which facilitated electron transfer between them. 
Notably, both rGO-phosphor and GMSP had similar band alignments, 
which are entangled. 

Thus, additional electrons generated by photo-excitation from the 
phosphor layer were transported to the GMSP, which enhanced the 
conductivity. A schematic diagram of the photoconductivity and charge 
transfer process in the rGOP layer to GMS is shown in Fig. 5. 

The significant decrease in the WO, Wo-1-T, and Rlat, and an increase 
in the D reflected the very high rates of Faradaic intercalation redox 
reactions at the electrode. The enhancement in the Faradaic reaction 
was attributed to the light-induced oxidation of Ce3+ to Ce4+ in the 
phosphor material, resulting in the intercalation of the electrolyte ions 
(EMMIM+). First, the photo-excitation of Ce3+ occurred in the phosphor 

material (YAG:Ce3+ + hν → YAG:Ce4+ + e− ) followed by the redox re
action, as shown in the following chemical equation:  

YAG:Ce4+ + EMIM+ + e ⇄ (YAG:Ce3+EMIM)                                (6) 

Ce exists as Ce3+ in YAG:Ce; therefore, photo-excitation of Ce is a 
prerequisite for this redox reaction (Ce should exist as Ce4+) because the 
Ce3+⇄ Ce2+ redox reaction cannot occur. Thus, the extremely high rate 
of redox reactions occurring between Ce4+ ions in YAG and EMIM +

resulted in the significant changes in WO, Wo-1-T, Rlat, and D 
Fig. 6(a) shows a schematic of the Faradaic redox reaction in the 

electrode material under light illumination. 
The prolonged diffusion of the electrolyte ions toward the phosphor 

layer under continuous light illumination is schematically shown in 
Fig. 6(b). Under prolonged light illumination, owing to the light-induced 
redox reaction, the electrolyte ions diffuse deeper into the phosphor 
layer, resulting in enhanced capacitance, energy, and power density 
values. 

The capacitance and energy density could have increased owing to 
two reasons: (i) enhanced conductivity and (ii) enhanced redox reaction. 
Thus, visible light was successfully utilised to enhance the energy den
sity of a supercapacitor by three-fold compared to that achieved under 
dark conditions. 

Fig. 7. Schematic of the light-induced charged voltage developed under light illumination. (The pink spheres denote EMIM yellow spheres denote Ce3+ and the 
orange spheres denote electrons). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
A comparison of the performance parameters of the proposed supercapacitor with the recently reported supercapacitors.  

Material Current density (mA/cm2) Capacitance (mF/cm2) Energy density 
μWh/cm2) 

Power density (mW/cm2)  Reference 

S-α-Fe2O3@C/OCNTF 2 201.3 135.3 2.19  [36] 
Zn-ion hybrid MSCs 0.16 1297 115.4 0.16  [37] 
siloxene sheets based symmetric supercapacitor – 2.18 2.72 0.2  [38] 
PEDOT NW film-based SC 1 413.5 48.3 0.22  [39] 
graphene foam-based supercapacitor 0.67 38 3.4 0.27  [40] 
CH NTAs@NiAl LDH NSs based SC 2 586 181.9 1.45  [41] 
Flexible textile-based supercapacitors 1 245.5 21.82 0.4  [42] 
CH NTAs/CF-based supercapacitor 1 – 93.8 0.193  [43] 
(CoMoO4@Co(OH)2) core–shell structure based SC 2 536 167.5 1.5  [44] 
NC LDH NSs@Ag@CC) based SC 1 230.2 78.8 0.785  [45] 
rGO/PPy composite electrodes based SC 0.1 222 20 0.04  [46] 
GMSP electrodes based SC 4 331 233 9.7  This study  
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3.1. Light-induced charging properties of the cell 

Because an enhancement was achieved in the energy density and 
capacitance values under light illumination, the light-induced-charging 
characteristics of the cell were investigated by illuminating the device 
with blue laser light (without any external bias). The open-circuit 
voltage during light-induced charging with light is shown in Fig. S9. 
The GCD properties measured during light-induced charging are shown 
in Fig. S10. After light-induced charging without any external bias, the 
cell was discharged to its initial state using a discharge current of 100 
nA, We charged up to 354 mV with light ON for 15 min. Notably, under 
light illumination, the voltage of the cell continuously increased without 
any external charging source. It is clear from the previous discussions 
that light-induced charging occurred due to a light-induced Faradaic 
intercalation redox reaction. Light illumination triggers the Ce3+ →Ce4+

oxidation, followed by the release of an electron resulting in the Fara
daic redox reaction with the EMIM+ ions. Fig. 7 shows a schematic of the 
light-induced charging process. 

The light-induced charging voltage of the fabricated cell is compa
rable with that of recently reported studies where light-induced 
charging was achieved via other methods, using piezoelectric-driven 
(112 mV, 110 mV, and 207 mV) [24,26,27] and conducting polymers 
(48 mV) [25]. Fig. S11 shows a digital photograph representing the 
measurement of the light-induced charged voltage with light, without 
any external bias. Thus, light-induced charging was achieved in the 
proposed supercapacitor by simply including an additional phosphor 
layer. 

A comparison of the performance parameters of the recently re
ported supercapacitors is shown in Table 1. It is worth noting that, at a 
current density of 4 mA/cm2, the energy and power density of the 
supercapacitor were significantly higher than the previously reported 

values, and the fabricated cell could operate up to a higher current 
density of 40 mA/cm2. 

Areal Ragone plots with and without light for the cell in voltage 
window regions 0–4 V and volumetric Ragone plots with and without 
light in voltage window regions 2–4.25 V are shown in Fig. 8(a and b), 
respectively. The cell exhibited excellent and stable cycling performance 
(Fig. 8(c)) under optical illumination. The cycling performance of the 
cell indicated that the cell maintained 93% of its initial capacitance after 
10,000 cycles. The coulombic efficiency is shown in supporting Fig. S12. 
The Ragone plot shown in Fig. 8(d) compares the energy density vs. 
power density of the fabricated cell with those of previously reported 
supercapacitors, demonstrating the superior performance of cells 
fabricated in this study that can harvest visible light. 

A three-fold enhancement in the energy density was achieved under 
light illumination in the 0–4 V, 2–4.25 V, and 0–1 V voltage window 
regions. The enhancement in the energy/power density indicated that 
visible light illumination could effectively increase the charge storage 
capacity/energy density of the supercapacitors reported herein. Hence, 
through proper optimisations, visible light could be used to charge 
portable devices and provide a method for the development of next- 
generation self-powered supercapacitor devices. 

4. Conclusions 

The present study successfully harvested visible light to improve the 
energy density and light-induced charging capacity of a supercapacitor 
by including a phosphor layer over the electrodes. A rGO-coated phos
phor layer was deposited on top of the GMSP electrodes. For facilitating 
light illumination, a stainless-steel case equipped with a quartz window 
was used. When illuminated with a blue laser diode, the supercapacitor 
exhibited an energy density of 233 μWh/cm2 at a current density of 4 

Fig. 8. (a) Areal Ragone plots with and without light for the cell in voltage window regions 0–4 V, (b) volumetric Ragone plots with and without light in voltage 
window regions 2–4.25 V, (c) electrochemical stability of the cell with light, (d) Ragone plot indicating energy density vs. power density of the fabricated cell 
(2–4.25 V window) compared with values reported in other literature [36–43]. 
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mA/cm2. The fabricated cell could operate over a high voltage range 
(0–4 V) and high current density (40 mA/cm2). The operating current 
densities of the cell under light illumination were approximately twice 
as those without light illumination. The achieved energy density under 
light illumination was approximately 2.5 times higher than that ach
ieved without light illumination. The high energy density was achieved 
owing to the generation of photocarriers and a light-induced Faradaic 
intercalation redox reaction at the electrode-electrolyte interface. The 
generated photocarriers were successfully utilised to enhance the stor
age capacity of the supercapacitor through Faradaic diffusion. EIS 
analysis confirmed that the diffusion of electrolyte ions was enhanced by 
light illumination. The light-induced Faradaic redox reaction and 
diffusion also led to charging of the supercapacitors. Moreover, solar 
energy could be utilised instead of blue laser light to achieve a higher 
energy density in supercapacitors, and the transparent nature of the 
quartz window could be utilised to develop portable self-charging de
vices with high energy density. 
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