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Integrating energy harvesting devices with energy storage systems can realize a temporal buffer for local

power generation and power consumption. In this manner, self-charging energy devices consisting of

photovoltaic cells and energy storage units can serve as sustainable and portable distributed power

sources that can concurrently generate and store electric energy without the need for external charging

circuits. Herein, an integrated perovskite solar capacitor (IPSC) was realized by combining a perovskite

solar cell (PSC) and a supercapacitor in a single device. Taking advantages of nanocarbon electrodes, the

IPSCs possess a simple configuration, compact structure, and well-matched operation voltage. The

IPSCs could be rapidly charged by different modes (including the photo-charging mode, galvanostatic-

charging mode, and photoassisted-galvanostatic-charging mode), and showed a remarkable overall

photo-chemical-electricity energy conversion efficiency as high as 7.1% in the photo-charging mode.

Moreover, the IPSCs could work efficiently under weak light illumination. This study provides new

insights for the design of novel integrative energy devices that combine the functions of solar power

harvesting and electrochemical energy storage.
Introduction

With the rapidly increasing global demands for green energy,
the research on portable power supplies and integrated energy
devices are making steady progress.1–3 Among the renewable
energy sources, solar power holds great promise owing to its
high abundance, easy accessibility, local applicability, and
cleanliness.4–8 In recent years, hybrid organic–inorganic metal
halide perovskites have emerged as promising candidates for
efficient solar energy harvesting, owing to their exceptional
optoelectronic properties, such as tunable band gap, large
absorption coefficient, high charge carrier mobility, and long
electron–hole diffusion distance.9–13 Based on these merits,
perovskite solar cells (PSCs) have attracted tremendous atten-
tion over the past few years.14–24 The power conversion efficiency
(PCE) of PSCs has exhibited a meteoric rise and reached up to
22.1%, and have shown the potential to approach the Shockley–
Queisser limit of a single-junction solar cell.25 To promote the
MOE, School of Chemistry and Chemical

angsu 210023, China. E-mail: zhongjin@

Durham, NC 27708, USA

tion (ESI) available. See DOI:

is work.

hemistry 2018
practical application of PSCs, it is essential to develop large-
area, low-cost, scalable, and printable PSCs. In the aspect of
counter electrode materials, nanocarbons are considered as
promising candidates to replace expensive noble metal elec-
trodes, bring the advantages of high conductivity, excellent
stability, easy processability, low cost, and good compatibility to
printing technology.17,26–33

Nevertheless, it should be noted that while solar cells can
generate power under the sun, they cannot store energy. The
power output of solar cells is restricted by the ambient factors,
such as the light intensity, temperature, weather, location, and
day–night cycle, thus their deployment as ready-to-use portable
power supplies is seriously limited. To alleviate this problem,
considerable attempts have been made to develop novel inte-
grated energy systems that combine the functions of both
photovoltaic cells and energy storage units into a single
device.1–3,34–50 These integrated “photo-charging” energy systems
can simultaneously achieve photoelectric conversion and elec-
trochemical energy storage, so that they can provide a stable
and continuous source of power output that avoids the uctu-
ations induced by the change in transient daylight intensity and
the diurnal cycle. However, due to the low open voltages of
photovoltaic cells, the operating voltage of the present inte-
grated photo-charging energy systems are relatively low (usually
0.5–0.7 V), and the overall energy conversion efficiencies are still
not very satisfying (normally 0.8–4.7%), as summarized in
J. Mater. Chem. A, 2018, 6, 2047–2052 | 2047
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Fig. 1 (a) Schematic configuration and (b) operatingmechanism of the
IPSC realized by combining a PSC and a supercapacitor into a single
device.
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Table S1.† To simultaneously realize a high overall efficiency,
reasonable energy density, fast charging rate, and long cycling
life, the device architecture and material compositions of self-
powering energy systems need careful design and construction.

For the construction of integrated photo-charging energy
devices, supercapacitors can serve as a good option for energy
storage units, and benet from an ultrahigh power density,
excellent cycling stability, and good safety.51–60 Besides, the
operation voltage of supercapacitors matches very well with the
output voltage of solar cells. Notably, the state-of-the art elec-
trode materials of supercapacitors are generally nanoporous
carbons or carbon-based composites.51–58 Therefore, nano-
carbons can simultaneously serve as both the counter electrode
of PSCs13,23–30 and as the electrode materials of supercapacitors,
thus can play an important role in integrated photo-charging
energy devices.

Following this line of thought, here we report an integrated
perovskite solar capacitor (IPSC) constructed by combining the
units of a perovskite solar cell and a solid-state supercapacitor
together, for the in-sync realization of photovoltaic conversion
and electrochemical energy storage (Fig. 1). Beneting from
nanocarbon electrodes, the IPSC had a compact architecture
and well-stacked interfaces for the process of charge generation,
transfer, and storage. The IPSC showed a high operation voltage
(0.91 V) and a high overall photo-chemical-electricity energy
conversion efficiency of 7.1%. Remarkably, the IPSC could work
efficiently under weak light environment and could be photo-
charged at any stage of the charging/discharging process.
Experimental
Fabrication of IPSC

FTO conductive glass (with the FTO thickness of �1 mm) was
rst etched by 2.0 M HCl solution and Zn powder to obtain the
desired patterns. Then the FTO glass was sequentially ultra-
sonically cleaned with acetone, ethanol, and deionized water.
The c-TiO2 layer was deposited on the FTO substrate by spin-
coating an ethanol solution of titanium isopropoxide (0.5 M)
and diethanol amine (0.5 M) at 7000 rpm for 30 s, and then the
substrate was annealed at 500 �C for 2 h in air. The m-TiO2 layer
was then deposited by spin-coating a mixture of TiO2 paste and
ethanol 1 : 8 (w/w) at 5000 rpm for 30 s, and then sintered at
500 �C for 30 min in air. Then, the FTO substrate was immersed
in a TiCl4 solution of 40 mM at 70 �C for 30 min, cleaned with
2048 | J. Mater. Chem. A, 2018, 6, 2047–2052
water and ethanol, and then annealed at 450 �C for another
30 min.

Subsequently, the MAPbI3 layer was introduced using a two-
step deposition method in an Ar-lled glovebox. Typically,
a 1.0 M dimethylformamide (DMF) solution of PbI2 was spin-
coated on the substrate at 3000 rpm for 30 s, and then dried
at 70 �C for 30 min. Then, the substrate was dipped in an
isopropoxide solution of 10 mg mL�1 MAI for 120 s, washed
with isopropoxide, dried by N2 gas, and then annealed at 100 �C
for 10 min. The carbon layer serving as both the hole-transfer
layer and the counter electrode of PSC (#2) was deposited by
the doctor-blade coating of commercially-available conductive
carbon ink on the MAPbI3 layer using adhesive tapes as the
spacer, and then heated at 70 �C for 60 min.

The gel electrolyte layer for the supercapacitor unit was
prepared by dissolving 3.0 g concentrated H3PO4 and 3.0 g PVA
in 30 mL deionized water. The mixture was heated at 85 �C
under vigorous stirring until the solution became clear. The
viscous gel electrolyte was carefully deposited on the carbon
layer and heated at 70 �C for 2min. Finally, another carbon layer
serving as the anode of the supercapacitor unit (#3) was
deposited on the gel electrolyte layer following the above-
mentioned doctor-blade coating method.
Characterizations

The morphological features of the samples were examined by
eld-emission SEM (HITACH S-4800). The crystal structures of
the samples were analyzed by XRD with a Bruker D-8 Advance
Diffractometer using Cu Ka X-ray radiation. The light absor-
bance spectra were collected with a UV-vis-NIR spectropho-
tometer (Shimadzu, UV-2800). The PL emission spectra were
recorded on a home-built wide-eld uorescence microscope
under an excitation wavelength of 532 nm.
Measurements of IPSC

The photovoltaic performances of the PSC unit in IPSC were
measured under simulated AM1.5G solar illumination provided
by a solar simulator (Oriel Solar Simulator, Model 91160, AAA
class). The current–voltage characteristics were recorded by
a Keithley 2400 source meter. The photocurrent density–voltage
(J–V) curves of the PSC unit were measured at a scan rate of
100 mV s�1.

The CV and galvanostatic-charging/galvanostatic-
discharging characteristics of the supercapacitor unit in the
IPSC were evaluated by a Chenhua CHI-760E electrochemical
workstation. The CV curves were measured by sweeping the
voltage from 0–1.0 V at different scan rates. The galvanostatic-
charging/galvanostatic-discharging curves were recorded
between 0–1.0 V at different current densities. The areal specic
capacitance (Ca), areal energy density (Ea), and areal power
density (Pa) of the supercapacitor unit were calculated by using
the following equations:

Ca ¼ IDt/ADV

Ea ¼ CaDV
2/7200
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Cross-sectional SEM image of the IPSC with functional
layers of FTO/c-TiO2/m-TiO2/MAPbI3/carbon/gel electrolyte/carbon.
(b) Cross-sectional SEM image (with pseudo-colors) of the magnified
PSC unit in the IPSC of (a). (c) XRD pattern, (d) absorbance spectrum
and (e) PL emission spectrum of the MAPbI3 layer, respectively.
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Pa ¼ Ea � 3600/Dt ¼ CaDV
2/2Dt

where I is the current, Dt is the discharge time, DV is the
potential window, and A is the effective area of the electrode.

The photo-charging/galvanostatic-discharging curves of the
IPSC were measured. First, the IPSC was photo-charged under
simulated solar illumination with the designated light intensi-
ties to reach the voltage plateau (0.91 V). Then, the light was
turned off and the IPSC was galvanostatic-discharged at the
designated current densities.

The photoassisted-galvanostatic-charging/galvanostatic-
discharging mode of IPSC was also tested. The IPSC was rst
charged to 0.91 V by galvanostatic-charging coupled with
different durations of photo-charging, then the light was shut
off and the IPSC was further charged to 1.0 V by still-ongoing
galvanostatic-charging. Then, the IPSC was galvanostatic-
discharged to 0 V at the designated current densities.

Results and discussion

Fig. 1a shows the schematics view of the IPSC combining a PSC
and a supercapacitor with functional layers of uorine-doped
tin oxide (FTO)/compact-TiO2 (c-TiO2)/mesoporous-TiO2

(m-TiO2)/MAPbI3 (MA ¼ CH3NH3
+)/carbon/gel electrolyte/

carbon. The working mechanism of IPSC is displayed in
Fig. 1b. The PSC unit acted as the photo-electricity conversion
part, consisting of FTO/c-TiO2/m-TiO2/MAPbI3/carbon layers.
The supercapacitor unit contained carbon/gel electrolyte/
carbon layers. The carbon electrode (#2) between the MAPbI3
and gel electrolyte layers served as both the counter electrode of
PSC and the cathode of the supercapacitor. To achieve the
photo-charging of the IPSC under illumination, the working
electrode of the PSC unit (#1) and the anode of the super-
capacitor unit (#3) were connected. During the photo-charging
process, the MAPbI3 layer absorbs light and generates elec-
tron–hole pairs. The electron–hole pairs are rapidly separated.
The electrons are transferred to the anode of the supercapacitor
unit (#3); meanwhile, the holes are stored by the shared carbon
electrode of the PSC and supercapacitor (#2). In this way,
continuous light illumination on the PSC unit can achieve
efficient photo-charge generation and transfer, and thus can
result in the fast charging of the supercapacitor unit. When the
voltage between the cathode and anode of supercapacitor unit is
close to the open voltage (VOC) of the PSC unit, the photo-
charging process temporarily stops. As a result, the solar
power is converted into electric energy by the PSC unit, and then
stored into the supercapacitor unit as electrochemical energy,
which can be conveniently released again by galvanostatic-
discharging, just like with conventional supercapacitors.

Fig. 2a and b display the cross-sectional scanning electron
microscopy (SEM) images of the IPSC device and the magnied
PSC unit, respectively, showing the uniformly-stacked FTO/c-
TiO2/m-TiO2/MAPbI3/carbon/gel electrolyte/carbon functional
layers. The homogeneous surface features of the c-TiO2 and m-
TiO2 layers are shown in Fig. S1a and b,† respectively. Fig. S2†
exhibits the SEM image of the nanocarbon electrode in the
IPSC, which consists of carbon nanoparticles with an average
This journal is © The Royal Society of Chemistry 2018
diameter of �80 nm. The XRD pattern of the MAPbI3 layer
shows strong diffraction peaks corresponding to the (110),
(201), (220), (310), (322), and (314) lattice planes of MAPbI3
(Fig. 2c).61 The UV-vis absorbance spectra of MAPbI3 layer shows
a light-absorption onset wavelength around 780 nm (Fig. 2d),
and the peak position of the photoluminescence (PL) emission
spectrum of MAPbI3 layer is �770 nm (Fig. 2e), whereby both
indicate that the optical bandgap is about 1.6 eV.

The performances of the PSC unit in the IPSC were exam-
ined. Fig. 3a shows the photocurrent density–voltage (J–V)
curves of the PSC unit under simulated AM1.5G solar light with
different illumination intensities (45–100 mW cm�2). The cor-
responding photovoltaic parameters, including the short-circuit
density (JSC), open-circuit voltage (VOC), ll factor (FF), and
power conversion efficiency (PCE), are summarized in Table
S2.† At the light intensity of 100 mW cm�2, the IPSC showed
a PCE as high as 8.9% with a VOC of 0.92 V, which is remarkable
among the literature reports.1–3,38–50 Under different light
intensities, the values of VOC, FF, and PCE showed minimal
changes. At the light intensity of 45 mW cm�2, the value of PCE
increased to 9.6%, indicating the good performance under weak
light illumination. The histogram of the PCE values of 40
individual IPSC devices at 100 mW cm�2 are shown in Fig. 3b,
showing an average value of 8.2% and a narrow distribution,
demonstrating the good reproducibility originating from the
high quality and homogeneous thickness of the functional
layers.

The electrochemical properties of the supercapacitor unit in
the IPSC were also investigated. Fig. 3c shows the cyclic vol-
tammetry (CV) curves of the supercapacitor unit at different
scan rates (20–100 mV s�1) in a voltage window of 0–1.0 V. The
CV curves retain an approximately rectangular shape, indicating
the high electrochemical performance of the supercapacitor
unit during fast charge–discharge processes. The galvanostatic
charge/discharge curves of the supercapacitor unit were
measured at different current densities (0.1–0.5 mA cm�2,
Fig. 3d). At relatively high current densities, the galvanostatic
charge/discharge curves have a relatively symmetric triangle
shape, indicating the charge-storage behavior of electrical
double-layers. According to the charge/discharge curves, the
J. Mater. Chem. A, 2018, 6, 2047–2052 | 2049
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Fig. 4 (a) Photo-charging/galvanostatic-discharging curves of the
IPSC under fixed simulated AM1.5G solar illumination intensity
(100 mW cm�2 at charging stages) and different discharging current
densities (0.2–0.5 mA cm�2 at discharging stages). The period of light
illumination is highlighted by the light-red color. (b) Photo-charging/
galvanostatic-discharging curves of the IPSC under different simulated
solar illumination intensities (45–100 mW cm�2 at charging stages)
and a fixed discharging current density (0.4 mA cm�2 at discharging
stages). (c) Photo-charging/galvanostatic-discharging curves of the
IPSC with different intervals of simulated solar illumination
(100 mW cm�2) and fixed discharging current density (0.4 mA cm�2 at
discharging stages). (d) Photoassisted-galvanostatic-charging/galva-
nostatic-discharging curves of the IPSC with different durations of
simulated solar illumination (100 mW cm�2 at charging stages) and
a fixed discharging current density (0.4 mA cm�2 at both charging
and discharging stages). (e) h–t curves of the IPSC under different
simulated solar illumination intensities (45–100 mW cm�2).

Fig. 3 (a) J–V plots of the PSC unit in an IPSC under different simu-
lated solar illumination intensities (45–100 mW cm�2). (b) Statistical
histogram of the PCEs of 40 individual IPSCs at the light intensity of
100 mW cm�2 (c) CV curves and (d) galvanostatic charge/discharge
curves of the supercapacitor unit in an IPSC. (e) Capacitances and (f)
Ragone plot of the supercapacitor unit in an IPSC at different current
densities.
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charge-storage capacitances of the supercapacitor unit at
different current densities were calculated (Fig. 3e). As the
current density increased from 0.1 to 0.5 mA cm�2, the areal
capacitance changed from 15.3 mF cm�2 to 10.7 mF cm�2,
suggesting the good rate capability. To evaluate the correlation
between the power density and energy density at different
charge/discharge rates, a Ragone plot was performed for the
supercapacitor unit (Fig. 3f). As the areal power density changed
from 100.8 mW cm�2 to 500.4 mW cm�2, the areal energy
density correspondingly varied from 2.12 mW h cm�2 to
1.49 mW h cm�2, which are also remarkable compared to the
literature reports.1–3,38–50 To estimate the cyclic stability of the
supercapacitor unit, long-term galvanostatic charge/discharge
cycling was performed at a current density of 0.4 mA cm�2

(Fig. S3†). Aer 3000 charge/discharge cycles, the capacitance of
supercapacitor unit still showed a retention of �85%, indi-
cating decent cycling stability. As compared in Table S3,† the
performances of the supercapacitor unit of the IPSC in this work
were competitive with the existing photo-charging devices.

To investigate the “solar-powering” behaviors of the IPSC,
the photo-charging/galvanostatic-discharging mode and
photoassisted-galvanostatic-charging/galvanostatic-
discharging mode were employed, as detailed in the Experi-
mental section of the ESI.† Fig. 4a shows the photo-charging/
galvanostatic-discharging curves of the IPSC. First, the IPSC
2050 | J. Mater. Chem. A, 2018, 6, 2047–2052
was photo-charged under simulated solar illumination
(100 mW cm�2), then the light was turned off and the IPSC was
galvanostatic-discharged at different current densities (0.2, 0.4,
and 0.5 mA cm�2, respectively). During the charging stage, the
photo-charging curves overlapped completely. The voltage of
the IPSC rapidly increased to�0.91 V in less than 1 s under light
illumination and then remained stable. During the
galvanostatic-discharging stage, the IPSC was discharged from
0.91 V to 0 V within 44, 18, and 11 s at the discharging current
densities of 0.2, 0.4, and 0.5 mA cm�2, respectively. The areal
capacitances were also calculated, as shown in Fig. S4,† which
were in accordance with the results for the galvanostatic-
charging/galvanostatic-discharging mode in Fig. 3e. The
photo-charging/galvanostatic-discharging behaviors of the IPSC
This journal is © The Royal Society of Chemistry 2018
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under different simulated solar illumination intensities
(45–100mW cm�2) were also measured. As shown in Fig. 4b, the
time of photo-charging kept very short when the simulated solar
illumination intensities decreased from 100 to 45 mW cm�2,
suggesting the IPSC can work efficiently at weak light condi-
tions. The partially discharged IPSC could also be fully
recharged by photo-charging, as shown in Fig. 4c. The IPSC was
rst photo-charged to 0.91 V and then partially galvanostatic-
discharged to a voltage higher than 0 V; subsequently, the
simulated solar illumination (100 mW cm�2) was turned again
to recharge the IPSC. It was found that the IPSC could be rapidly
re-photo-charged from any partially discharged states to the
voltage plateau of 0.91 V.

The working voltage of the IPSC could be further increased to
1.0 V by a photoassisted-galvanostatic-charging/galvanostatic-
charging mode. As shown in Fig. 4d, the voltage of the IPSC
was rst increased close to 0.91 V by galvanostatic-charging (at
the current density of 0.4 mA cm�2) coupled with different
durations of photo-charging (under the light intensity of
100 mW cm�2), then the light was turned off, and the voltage
was further raised to the cutoff voltage of 1.0 V by the still-
ongoing galvanostatic-charging. These results conrm that the
IPSC can effectively convert solar energy into electric energy by
the PSC unit under photo-charging or photoassisted-charging
modes, and then stores energy in the supercapacitor unit. The
stored electrochemical energy can be released by galvanostatic-
discharging, similar to with conventional supercapacitors.

The overall photo-electrochemical energy conversion effi-
ciency (h) of the IPSC was calculated by the following equation:

h ¼ 0.5C � V2/(Pin � S � t) (1)

where C and V are the capacitance and the voltage of the
supercapacitor unit, respectively; Pin is the power intensity of
incident light, S is the effective area of the PSC unit, and t is the
photo-charging time. According to the photo-charging/
galvanostatic-discharging curves in Fig. 4b, the plots of h

versus the photo-charging time (h–t) under different simulated
solar illumination intensities (45–100 mW cm�2) are displayed
in Fig. 4e. The h–t curves show a volcano shape, which rst
increases and then decreases during the photo-charging stage.
When the power intensity of simulated solar illumination
decreased from 100 mW cm�2 to 45 mW cm�2, the h reached
a peak value of 7.1%, further demonstrating that the IPSC can
work efficiently under weak light. Notably, the h obtained from
the IPSC is remarkable among the existing integrated photo-
powering energy devices (Table S1†).
Conclusions

In summary, by combining a PSC unit and supercapacitor unit
into a single device, we developed an integrated solar capacitor
with a compact architecture that could simultaneously realize
photoelectric energy conversion and electrochemical energy
storage. The as-obtained IPSC could perform well under
different charging/discharging modes, displaying a high voltage
plateau and a high overall energy conversion efficiency, and also
This journal is © The Royal Society of Chemistry 2018
can work efficiently under weak light. We hope this study can
provide new insights for the design of integrated energy devices
with novel congurations to promote the development of solar
utilization and portable power supply technologies.
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