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A B S T R A C T

Integrated energy “harvesting-storage” devices, especially photocharging devices that can simultaneously
achieve the functions of photoelectric energy conversion and electrochemical energy storage, have attracted
enormous attention to serve as sustainable and portable distributed power sources. However, the performance of
photocharging devices is usually restricted by small voltage plateau and low energy conversion efficiency.
Herein, we report a novel “solar capacitor” realized by combining a CsPbBr3 based all-inorganic perovskite solar
cell (PSC) and an all-inorganic silica-gel-electrolyte based supercapacitor into a single device. Benefited from the
synergy of these two components, the solar capacitor can simultaneously realize the functions of solar power
harvesting and electrochemical energy storage without the aid of galvanostatic charging. This device has the
merits of compact structure, very fast photocharging rate and high stability, exhibiting a record voltage plateau
of 1.2 V and a remarkable overall “photo-electrochemical-electricity” energy conversion efficiency of 5.1%. This
work provides new insights for designing novel energy conversion-storage integrated systems.

1. Introduction

Solar power, as a clean and renewable energy source, has been re-
garded as one of the most promising alternative to substitute traditional
fossil fuels [1,2]. Over the past few years, metal halide perovskite solar
cells (PSCs) have been regarded as promising candidates for efficient
solar energy harvesting, owing to the high power conversion efficiency
(PCE), tunable light absorption properties and exceptional optoelec-
tronic performances [3–8]. Recently, the record PCE of PSCs has been
increasing rapidly, and have the potential to approach the theoretical
Shockley-Queisser limit of single-junction solar cells [9]. Nevertheless,
to promote the practical application of PSCs, the industrial require-
ments on operation stability, mass productivity and cost economy are
still to be fulfilled. For this purpose, the material compositions and
device architecture of PSCs have to be carefully designed and opti-
mized. For example, by replacing the labile organic-inorganic hybrid
perovskite absorber and organic hole-transfer materials (HTMs) with
all-inorganic components, the stability of PSCs can be significantly
improved [10–12]. On the other hand, a huge obstacle hampering the
incorporation of state-of-the-art photovoltaic technologies into the ex-
isting power grids is the intrinsic intermittence and fluctuation of solar

irradiation influenced by ambient factors, such as location, weather and
diurnal cycle [13–16]. A possible route towards ready-to-use dis-
tributed power systems is to append affordable and portable energy
storage technologies that can effectively in-situ store electrical energy
harvested from photovoltaic devices. Therefore, it is essential to de-
velop integrated energy “harvesting-storage” devices with spontaneous
photocharging capability, thus can conveniently in-situ store the elec-
trical energy generated by solar cells. Recently, considerable attempts
have been made to develop novel integrated energy systems that
combine the units of photovoltaic cells and electrochemical energy
storage cells into a single device, so that it can provide a stable and
continuous source of power output that avoids the fluctuation of solar
irradiation [17,18]. Notably, integrated energy “harvesting-storage”
devices with light weight and compact structure are particularly sui-
table for wearable smart electronics, which can avoid unnecessary ex-
ternal charging circuits and electrical connections. Up to now, several
types of electrochemical energy storage units, such as redox flow bat-
teries, lithium-ion batteries and lithium-oxygen batteries, have been
proposed to be used for photocharging [19–23]. Nevertheless, applying
them into practical integrated energy systems is still challenging for
now, owing to the limited overall energy conversion efficiencies,
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complex fabrication process, safety issues and high cost.
For the construction of integrated photocharging energy devices,

supercapacitors can serve as a good option with its capability to per-
form high-frequency cycling, high-power delivery and high long-term
stability while maintaining high round-trip energy efficiencies [24,25].
Moreover, the charging voltage of supercapacitors and the output vol-
tage of solar cells are well matched. Therefore, photo-chargeable “solar
capacitors”, consisted of integrated solar cell units and supercapacitor
units, have been put forward and attracted tremendous attention
[26–43]. Previously, the solar cell units employed into solar capacitors
were usually dye-sensitized solar cells (DSSCs) and organic-polymer
solar cells. However, the low open voltages of these solar cells could
cause the low operation voltage of solar capacitors (normally
0.5–0.7 V), and the assistance of external electric charger was often
needed. Besides, in the previous reports, the solar cell unit and the
supercapacitor unit were generally treated as separated components, as
presented in Fig. 1a. This kind of device architecture requires un-
necessary external electrical wiring and power management circuits,
leading to additional Ohmic loss, low integration level and increased
cost. In contrast, if the back electrode of the solar cell unit and a
working electrode of the supercapacitor unit could be merged into a
single charge-storage electrode (Fig. 1b), apparently the performances
and integrity of solar capacitors shall be effectively enhanced.

According to this line of thought, here we demonstrate an integrated
all-inorganic perovskite solar capacitor constructed by combining to-
gether an all-inorganic PSC unit and an all-inorganic supercapacitor
unit, for the synchronous realization of highly-stable photoelectric
conversion and unassisted spontaneous photocharging. The all-in-
organic PSC unit is based on a CsPbBr3 light absorber layer and a na-
nocarbon based back electrode, which are free of labile organic species
and bring facile fabrication process, high open-circuit voltage and ex-
cellent operation stability [10,11]. The all-inorganic solar capacitor
unit is consisted of an acidic silica-gel electrolyte layer and two nano-
carbon based working electrodes, in which one of the nanocarbon
electrode is shared with the all-inorganic PSC unit. Notably, nano-
porous carbon materials or carbon-based composites are extensively
studied as electrode materials for supercapacitors, and have the ad-
vantages of high conductivity, good stability, easy fabrication, cheap
cost and good processability for large-area screen printing [44,45]. The
intermediate layer of nanocarbon simultaneously served as the counter
electrode of PSC unit and the electrode material of supercapacitors,
thus play a vital role in the integrated photo-chargeable solar capaci-
tors. In this device configuration, all components are inorganic

materials with good stability, and unstable organic species and ex-
pensive noble metal electrodes are completely excluded. As a result, the
solar capacitor possesses a compact configuration and well-contacted
interfaces for efficient charge generation, transfer and storage. The
solar capacitor exhibited very fast photocharging rate and a high vol-
tage plateau of 1.2 V, which was the highest value as far as we know.
Moreover, the solar capacitor showed a high overall “photo-electro-
chemical-electricity” energy conversion efficiency of 5.1%, and dis-
played excellent stability even after working for 1000 photocharging/
galvanostatic-discharging cycles.

2. Results and discussion

The device configuration of the solar capacitor reported in this work
is presented in Fig. 1b, which shows a compact device structure with an
all-inorganic PSC unit and an all-inorganic supercapacitor unit by
sharing a conjunct nanocarbon electrode. The all-inorganic solar ca-
pacitor is consisted of fluorine-doped tin oxide (FTO)/compact TiO2

layer (c-TiO2)/mesoporous TiO2 (m-TiO2)/CsPbBr3 perovskite/nano-
carbon/silica-gel electrolyte/nanocarbon functional layers. The fabri-
cation process of this all-inorganic solar capacitor is simple and con-
venient, as detailed in the Method section. Firstly, the c-TiO2 and m-
TiO2 layers were deposited on commercial FTO glass substrate by spin-
coating processes. Subsequently, the inorganic perovskite CsPbBr3 layer
was coated by sequential deposition method. After annealed at 250 °C
for 10min, the nanocarbon back electrode was deposited by a doctor-
blading process. Then, a silica-gel electrolyte layer was deposited on the
nanocarbon electrode. Finally, another layer of nanocarbon was de-
posited on silica-gel electrolyte by the same method.

The operation mechanism of the all-inorganic solar capacitor is also
shown in Fig. 1b. During the photocharging processes, the photoanode
(#1) of all-inorganic PSC unit and the anode (#2) of all-inorganic su-
percapacitor unit were connected. When placed under illumination, the
CsPbBr3 layer absorbed light and generated electron-hole pairs, and
then the electron-hole pairs were rapidly separated. The photo-excited
electrons were transported from the photoanode (#1) of PSC unit to the
anode (#2) of the supercapacitor unit. Meanwhile, the photo-generated
holes were collected by the nanocarbon electrode (#3) of solar capa-
citor unit. In this manner, continuous light illumination upon the PSC
unit can achieve the rapid transfer and storage of electrons in the anode
(#2) of supercapacitor unit, resulting in the fast photocharging of the
solar capacitor. When the voltage between cathode and anode of su-
percapacitor unit is close to the open voltage (VOC) of PSC unit, the

Fig. 1. Configurations and operating mechanisms of solar capacitors. (a) Schematic illustration of a solar capacitor based on traditional separated device
structure with a photovoltaic cell unit and a supercapacitor unit. (b) Schematic illustration of the solar capacitor reported in this work based on a compact device
structure with an all-inorganic PSC unit and a supercapacitor unit by sharing a nanocarbon electrode.
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photocharging process will gradually stop. Through the photocharging
process, the solar capacitor converts solar power into electric energy by
the all-inorganic PSC unit and then stores electrochemical energy in the
all-inorganic supercapacitor unit. The stored electric energy can be used
as energy supply for electronic devices by connecting electrodes #2 and
#3 with the power load.

According to Fig. 1b, the solar capacitor integrated with all-in-
organic PSC unit and all-inorganic supercapacitor unit was fabricated.
Fig. 2a and b display the cross-sectional and top-view SEM images of
the all-inorganic solar capacitor. Because the thickness of the all-in-
organic PSC unit is much thinner than that of the supercapacitor unit,
the detailed cross-section structure of all-inorganic PSC unit cannot be
shown in Fig. 2a. Fig. 2c displays the magnified cross-sectional SEM
image of all-inorganic PSC unit, clearly showing its layered structure of
FTO/c-TiO2/m-TiO2/CsPbBr3/nanocarbon. Fig. S1 shows plane-view
SEM images of the c-TiO2 layer, m-TiO2 layer, CsPbBr3 film and na-
nocarbon electrode. The dense and uniform surface features of c-TiO2

layer (Fig. S1a), m-TiO2 layer (Fig. S1b) and CsPbBr3 film (Fig. S1c)
would be beneficial for their application in all-inorganic PSCs. The
carbon nanoparticles possess an average diameter of ~80 nm (Fig. S1d).
Moreover, the XRD pattern in Fig. S2 exhibits the typical diffraction
peaks belonging to cubic perovskite-phase CsPbBr3. The peak marked
with TiO2 (101) is originated from the c-TiO2/m-TiO2 layer. In this
study, CsPbBr3-based all-inorganic PSC unit was introduced in the solar
capacitor, because it has high open-circuit voltage (VOC), remarkable
stability and easy fabrication process without the need of glovebox,
thus very conducive to improve the photocharging properties and the
stability of solar capacitor [10]. The photocurrent density-voltage (J-V)
curve of the all-inorganic PSC unit under simulated AM1.5 G solar il-
lumination (1 sun, 100mW/cm2) is shown in Fig. 2d. The corre-
sponding photovoltaic parameters of all-inorganic PSC unit, including
short-circuit density (JSC), VOC, fill factor (FF), and PCE, are

summarized in the insert of Fig. 2d. Owing to the relatively-wide
bandgap of CsPbBr3 (2.3 eV), the all-inorganic PSC unit exhibit a VOC as
high as 1.22 eV. The value of VOC is much higher than normal organic-
inorganic hybrid PSCs (usually less than 1.0 V) [14], thus very bene-
ficial to the operation voltage of solar capacitor. The JSC and PCE were
measured to be 7.3 mA cm−2 and 6.1%, comparable to the previous
results [10]. Fig. 2e displays the incident photon-to-electric current
conversion efficiency (IPCE) spectrum of the all-inorganic PSC unit.
According to the IPCE test, the integrated photocurrent density was
measured to be 5.8 mA cm−2, which is slightly smaller than the JSC,
mainly owing to the instrument limit that the IPCE in the UV region
(wavelength< 400 nm) could not be measured.

The electrochemical properties of the all-inorganic supercapacitor
unit were firstly investigated by cyclic voltammetry (CV) and galva-
nostatic charge-discharge tests. Fig. 3a shows the typical CV curves of
the supercapacitor unit with nanocarbon/silica-gel electrolyte/nano-
carbon functional layers at different voltage windows. In the voltage
window of 0–0.7 V, the CV curves of the supercapacitor unit showed an
approximately rectangular shape, indicating the high electrochemical
performances of double electric layer capacitor. As the voltage window
broadened, the current density of the supercapacitor increased ac-
cordingly. Fig. 3b displays the galvanostatic charge-discharge behaviors
of the supercapacitor unit within different voltage windows. The charge
and discharge time durations increased when the voltage window wi-
dened form 0–0.7 V to 0–1.3 V. Initially, the galvanostatic charge-dis-
charge curves showed nearly symmetric triangle shapes, indicating that
the supercapacitor unit has the properties of a double-layer super-
capacitor. As the voltage window widened to 0–1.3 V, the galvanostatic
charge-discharge curves became asymmetric and exhibited increased
voltage drop at the beginning of galvanostatic discharging process,
which was ascribed to the electrode polarization and gas evolution of
the supercapacitors [46,47]. Other key parameters of the all-inorganic

Fig. 2. Structure configuration and photovoltaic performances of all-inorganic PSC unit. (a) Cross-sectional and (b) top-view SEM images of the all-inorganic
solar capacitor. (c) Cross-sectional SEM image of all-inorganic PSC unit with the functional layers of FTO/c-TiO2/m-TiO2/CsPbBr3/nanocarbon. (d) J-V plot, (e) IPCE
spectrum and integrated current density of the all-inorganic PSC unit.
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supercapacitor unit, such as the capacitance and energy density are also
evaluated. Fig. 3c exhibits the capacitances of the supercapacitor unit at
different voltage windows. The capacitances increased from 14.2 mF
cm−2 to 39.1 mF cm−2 as the voltage window widened from 0 to 0.7 V
to 0 to 1.3 V. The areal energy density and power density of the su-
percapacitor unit exhibited similar changes with the capacitance, as
shown in Fig. 3d. Specifically, when the voltage window increased from
0 to 0.7 V to 0–1.3 V, the areal energy density increased from
1.0 μWh cm−2 to 9.2 μWh cm−2, corresponding to the increase of
power density from 262.5 to 487.5 μWcm−2. It can be concluded that a
relatively high voltage is beneficial for the performance of the super-
capacitors. Moreover, the voltage of 1.2 V is lower than the oxidation
voltage of H2O to O2 (1.23 V), therefore, it is suitable to be used as the
operation voltage of all-inorganic solar capacitor. Within the voltage
window of 0–1.2 V, the capacitance, areal energy density and power
density of the supercapacitor unit are 33.8 mF cm−2, 6.8 μWh cm−2 and
450 μWcm−2, respectively. These results indicate that the voltage
window plays an important role in determining the electrochemical
properties of the supercapacitor unit. Benefited from the high VOC (~
1.22 V) of all-inorganic PSC unit, the photocharging voltage of super-
capacitor unit is well optimized.

The photocharging and discharging processes of the all-inorganic
solar capacitors were studied. During the photocharging process, the
working electrode (#1) of all-inorganic PSC unit and the anode (#2) of
supercapacitor unit were connected, as shown in Fig. 4a. Under solar
light illumination, the solar power was converted and stored as elec-
trochemical energy. For the subsequent discharging process, the anode
(#2) and cathode (#3) of supercapacitor unit were connected with

power load (Fig. 4b) to generate electric current output, similar to
normal energy storage devices. As shown in Fig. 4c, the all-inorganic
solar capacitor based on CsPbBr3 light absorber layer can directly reach
a remarkable voltage level as high as ~ 1.2 V by spontaneous photo-
charging without the need of any assistance from galvanostatic-char-
ging. To the best of our knowledge, so far this voltage plateau level is
the highest among the existing photocharging capacitors, as shown in
Table S1. Moreover, the supercapacitor unit reached a flat voltage
plateau within less than 3 s by photocharging, and then kept at a stable
level without any voltage drop. For comparison, another solar capacitor
using MAPbI3-based organic-inorganic hybrid PSC unit (with the
functional layers of FTO/c-TiO2/m-TiO2/MAPbI3/carbon) were also
fabricated. In this control device, the voltage of the supercapacitor unit
can only reach ~0.9 V by photocharging (Fig. 4c), and thus the op-
eration voltage window is low unless with the help of additional gal-
vanostatic charging. The overall photo-electrochemical-electricity en-
ergy conversion efficiency (η) of the solar capacitor can be calculated by
the following equation: η=0.5 C*V2/(Pin*S*t). In this equation, C and
V are the capacitance and the voltage of supercapacitor unit, respec-
tively; Pin is the energy density of incident light, S is the effective area of
the PSC unit, and t is the charging time. According to the photochar-
ging/galvanostatic-discharging curve in Fig. 4c, the η of the CsPbBr3-
based all-inorganic solar capacitor was plotted as a function of the
photocharging time (η-t curve) in Fig. 4d. In this curve, the η firstly
increased to a maximum value of 5.1% and then decreased as the
voltage level became stable. The η value of all-inorganic solar capacitor
in this study is very competitive among other photo-chargeable solar
capacitors in previous reports (Table S1), without the need of any

Fig. 3. Electrochemical performances of the all-inorganic supercapacitor unit within different voltage windows. (a) CV curves at 100mV s−1, (b) galva-
nostatic charge/discharge curves at 0.375mA cm−2, (c) areal capacitances, (d) energy densities and power densities of the all-inorganic supercapacitor unit with the
configuration of nanocarbon/silica-gel electrolyte/nanocarbon functional layers at different voltage windows.
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additional galvanostatic-charging. Compared with traditional polymer
electrolytes and aqueous-phase liquid electrolytes, the silica-gel elec-
trolyte has better thermal stability and environmental tolerance.
Moreover, the silica-gel electrolyte layer can be prepared and in-
tegrated in to all-inorganic solar capacitor conveniently, without the

issue of leakage.
The long-term stability of all-inorganic solar capacitor was tested in

ambient atmosphere without the need of any encapsulation. Fig. 4e
shows the normalized capacitances of the all-inorganic solar capacitor
tested with photocharging and galvanostatic-discharging at a current

Fig. 4. Photocharging performances of all-inorganic solar capacitor. Schematic illustrations of the (a) photocharging and (b) discharging processes of the all-
inorganic solar capacitor. (c) Photocharging/galvanostatic-discharging curves of CsPbBr3-based all-inorganic solar capacitor and MAPbI3-based solar capacitor (as a
control device) at 0.375mA cm− 2. (d) Overall photo-electrochemical-electricity energy conversion efficiency of the all-inorganic solar capacitor as a function of the
photocharging time. (e) Photocharging/galvanostatic-discharging cycling stability of the all-inorganic solar capacitor. The insert shows the photocharging/galva-
nostatic-discharging curves of the 1st, 200th, 400th, 600th, 800th, and 1000th cycles. (f) Voltage stability test under simulated AM1.5 G solar illumination (1 sun).
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density of 0.375mA cm−2. The photocharging performance of all-in-
organic solar capacitor exhibited no degradation after long-term cy-
cling, indicating its excellent stability. Interestingly, after 200th pho-
tocharging/galvanostatic-discharging cycles, the areal capacitance
obviously increased to a higher level than its initial value, which can be
ascribed to the activation of electrode materials during the testing
process and the elevated temperature under solar simulator (40–50 °C).
The insert in Fig. 4e depicts the typical photocharging/galvanostatic-
discharging curves at the 1st, 200th, 400th, 600th, 800th, and 1000th
cycles, respectively, which almost overlap for each other, further sug-
gesting the good stability of this solar capacitor. Finally, the long-term
stability of the all-inorganic solar capacitor in ambient air under con-
stant illumination was also tested, as shown in Fig. 4f. When the all-
inorganic solar capacitor was exposed under simulated AM1.5 G illu-
mination for a long period, the output voltage kept at a stable level of
1.2 V, suggesting its god stability under constant illumination.

3. Conclusion

In summary, we demonstrate the design and fabrication of an all-
inorganic solar capacitor by integrating a PSC unit and a supercapacitor
unit into a single device. The CsPbBr3-based all-inorganic PSC unit with
high open-circuit voltage and remarkable stability was introduced for
solar power harvesting. The solar capacitor employed a shared nano-
carbon electrode that simultaneously served as both the counter elec-
trode of the PSC unit and the cathode of the supercapacitor unit, thus
bringing highly compact structure for portable applications. The all-
inorganic PSC can provide an appropriate operation voltage for the
photocharging of supercapacitor unit. In result, the all-inorganic solar
capacitor exhibited fast photocharging rate, high voltage plateau, re-
markable overall energy conversion efficiency and good operation
stability. We expect this work may promote the research of integrated
energy devices for efficient solar utilization and wearable power source
technologies.
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