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Abstract: Photovoltachromic cells (PVCCs) are of great interest for the self-powered
smart windows of architectures and vehicles, which require widely tunable
transmittance and automatic color change under photo-stimuli. Organometal halide
perovskite possesses high light absorption coefficient and enables thin and
semitransparent photovoltaic device. In this work, we demonstrate co-anode and
co-cathode photovoltachromic supercapacitors (PVCSs) by vertically integrating a
perovskite solar cell (PSC) with MoOs/Au/MoQOs transparent electrode and
electrochromic supercapacitor. The PVCSs provide a seamless integration of energy
harvesting/storage device, automatic and wide color tunability and enhanced

photo-stability of PSCs. Compared with conventional PVCC, the counter electrodes
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of our PVCSs provide sufficient balance charge, eliminate the necessity of reverse
bias for bleaching the device, and realize reasonable in-situ energy storage. The color
states of PVCSs not only indicate the amount of energy stored and energy consumed
in real time, but also enhance the photo-stability of photovoltaic component by
preventing its long-time photo-exposure under fully charged state of PVCSs. This
work designs PVCS devices for multifunctional smart window applications

commonly made of glass.

Keywords: photovoltachromic supercapacitor (PVCS), perovskite solar cell,
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Optically switchable materials have broad applications in the building
architectures, vehicle windows, aircrafts, and sunroofs, because they not only reduce
cooling/heating costs and ventilation loads, but also enhance the thermal and visual
comfort for indoor users.!® Therefore, the smart windows with electrochromic (EC),
photoelectrochromic (PECC) and photovoltachromic cells (PVCC) have received
increasing attention, where the optical transmittance change can be stimulated and
reversed in response to an external stimuli. In the conventional PECC, Pt counter
electrode of dye-sensitized solar cells (DSSC) is replaced by WO3 electrode, where
the color change can be driven by photovoltaic potential resulted from optical
illumination. Compared with PECC, patterned WO3/Pt electrochromic electrode are
used in PVCC, which can be colored under short-circuit condition, and realize tunable
transmittance states and fast responses. ! In these conventional PECC and PVCC
devices, the electrochromic materials are typically employed as only one of the
electrodes of the device, and their transmittances can fast response to the illumination
and switch between the bleached and colored states. However, the energy harvested
from the solar cell in these kinds of devices is only used to trigger the change of
optical transmittance, and the devices lack of the ability of storing the harvested solar
energy because of the limited capacity of the counter electrode (e.g., indium tin oxide)
of the capacitor. Thus, the harvested solar energy is not fully used in these kinds of

device configurations.

The light sources for photovoltaic devices are usually intermittent and

unpredictable. The integration of photovoltaic and energy storage/electrochromic
3



device together makes it possible to provide sustainable power source and retain the
PVCC in a desired colored state. There have been a number of works integrating the
photovoltaic cells and energy storage devices (supercapacitor or battery) together to
realize a self-powered energy storage device.!"!> Xu et al. demonstrated the
integration of perovskite solar cell (PSC) and lithium ion batteries, and reported a
high total photoelectric and energy conversion efficiency (~7.8%) and excellent
cycling stability.!® Wang’s research group integrated organometallic PSC and
polypyrrole-based supercapacitor, and realized a high output voltage of 1.45 V and
high energy conversion efficiency of 10%.!” Integrated smart electrochromic windows
for energy storage application have also been studied recently.'®?! However, these
prototypes are connected by two separated energy conversion and storage devices
through external wires or power management circuit. This configuration reduces the
integration level, causes additional Ohmic loss, and lacks of dynamic solar light
control. Subsequently, researchers have made lots of efforts to combine energy
conversion and storage functions into one device and improve the integration level.
Wee and his co-workers demonstrated a stacked photo-supercapacitor, in which the
organic photovoltaics (OPV) and carbon nanotube (CNT) supercapacitor share a
common electrode, and the internal resistance of the device is reduced by 43% as well
as the power loss.**This kind of structure has also been studied for dye-sensitized
solar cell (DSSC) integrated with the CNT supercapacitors. 2> However, there is still

quite few works that report the integration of electrochromic supercapacitor and



semitransparent solar cell into one device, which possesses higher integration level

and allows dynamic solar light control.

In this work, we integrate the semitransparent PSC and electrochromic WO3
supercapacitor into a photovoltachromic supercapacitor (PVCS) in a vertically
stacked configuration. Our structures improve the integration level, achieve widely
and automatically tunable optical transmittance of the integrated device, and store the
electrochemical energy accompanying with the color change. In addition, the
electrochromic supercapacitor enhances the photo-stability of PSC by blocking part of
the solar light during the fully charged state, which alleviates the photo-degradation
issue of the PSC for outdoors application under long-term solar light exposure. This
multifunctional PVCS device provides great advantages over conventional smart

window design.
Results and discussions

Integration of Co-anode and Co-cathode PVCSs. Figure S1 is a schematic of
the fabrication process flow of a PSC by one step method. Figure 1a shows the
schematic diagram and photo of a PSC with a MoO3/Au/MoO3 (MAM) transparent
electrode, which is used for our integrated PVCS structures. The structure of the other
PSC part is similar to our previous works.?® Figure S2a and S2b show the absorption
spectra and SEM image of the perovskite thin film. A typical PSC device with Au top
electrode exhibits a high efficiency of 16.4%, as shown in the Figure S2¢c. Here we

replace top electrode with a stacked transparent structure, MoOs (adjacent to



spirOMeTAD)/Au/MoOs3 (15 nm/12 nm/20 nm), which has been also employed as
transparent electrodes in organic photovoltaic cells (OPV) and light emitting diodes
(LED).?”"* The transparent MAM structure shows a transmission of 77.1% at the
wavelength of 600 nm and the average visible transmission (AVT) of 70.6% within
the wavelength range of 380~780 nm (Figure 1b). The whole PSC device with the
MAM top electrode has a higher transmission (>40%) at a longer wavelength above
650 nm (Figure 1c). We demonstrate a typical PSC with the transparent MAM top
electrodes, showing good power conversion efficiencies (PCE) of 12.54 % and 9.35 %
with the light illuminated from both FTO side and MAM side, respectively, as shown
in Figure 1d. This all-transparent-electrode PSC provides photo voltage for the

electrochromic part, and allows solar light to be illuminated from both sides.
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Figure 1. (a) Schematic diagram and photo of PSC with MAM transparent electrode. (b) UV-Vis
spectra of the as-fabricated MAM, showing an AVT of 70.6 %. (¢) UV-Vis spectra of the whole PSC
device with the MAM top electrode. (d) J-V curves of a typically semitransparent PSC (MAM
electrode) with the light illuminated from both FTO side and MAM side, exhibiting PCEs of 12.54%

and 9.35%, respectively.

Both electrochromism and energy storage of WO;3 electrode involve the
electrochemical reaction at the interface between electrode and electrolyte, where the
valence states of electrochromic WO3 electrode are changed and lead to energy
storage in the meantime. 333 The integration of WO3 based electrochromic device
together with PSC enables a new type of PVCC structures.” Figure S3 shows
characterization results of the WOs3 thin films by thermal evaporation. We further
integrate all-transparent-electrode PSC with electrochromic supercapacitor (ECS) in a
vertically stacked configuration to form a PVCS, which possesses both wide range for

tunable transmittance and seamless integration of energy conversion and storage.

Figure 2a and 2d show the schematic diagrams of the two stacked PVCS
structures, namely co-anode structure and co-cathode structure. More detailed
structure information is illustrated in three-dimensional and cross-sectional schematic
in Figure S4. In the co-anode structure (Figure 2a), a transparent ECS device is
integrated and shares an electrode with the semitransparent PSC. The light is
illuminated from the top side and transmitted through the ECS cathode to PSC. We
fabricated both PSC part and ECS anode on one common glass. The transparent

MAM electrode (15 nm/12 nm/20 nm) serves as a co-anode for both PSC and ECS.

7



We then deposited another 200 nm MoOs thin film in the ECS part as the ECS anode
to obtain a better capacity. The top WOs electrode of the ECS was assembled with the
PSC and the ECS anode through the gel-like PVA/H2SOu4 electrolyte, and works as
both the “electrochromic shelter” of the PSC and the cathode of the ECS. This type of
PVCS structure avoids of the use of electrical wires during the photo-charging
compared with the PVCC designed in Ref. 7. For the co-cathode structure (Figure 2d),
a symmetric WO3 ECS is stacked on the PSC. The PSC and ECS share a glass with
both sides coated with FTO, where both sides are electrically connected. The FTO
serves as the cathodes for both PSC and ECS. The WOs3 thin film was first deposited
on one side of FTO, and the PSC part was fabricated on the other side of the FTO.
The WO3 anode on single-side FTO was then assembled with the above parts through

the PVA/H2SOs4 electrolyte.

Tunable Optical Transmittance of PVCSs. For the integrated co-anode and
co-cathode PVCSs, the solar light can illuminate from the side of ECS, and transmit
through the ECS device to the PSC. Figure 2a-c and 2d-f schematically show the
working mechanisms of the co-anode and co-cathode devices, where the initially
charged state, fully charged state and bleached state are illustrated, respectively. For
both co-anode and co-cathode PVCSs, the devices were photo-charged under AM 1.5
illumination in the short-circuit condition by connecting terminal A and C.
Discharging process was conducted through the external circuit by connecting
terminal A and B of the two ECS electrodes, where the discharged current density

was controlled as 0.1 mA/cm?. For the co-anode device, during the photo-charging
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process, the electrons and holes are generated in the perovskite layer, and are
transported to the electron conducting layer TiO: and the hole transport layer
Spiro-OMeTAD, respectively. The semitransparent MAM electrode collects holes,
which serves as the anode of both ECS and PSC at terminal B. For the co-cathode
device, the two FTO cathodes of the PSC and ECS are kept connected at terminal B
during the whole charging process and collect the photo-generated electrons. The
photovoltaic potential drives the re-distribution of ions in the electrolytes, and the
electricity is stored at the WOs electrode of the ECS in the form electrochemical
energy. Then the charged PVCSs can be discharged through the external circuit by
connecting terminal A and B. During the photo-charging process of the two integrated
PVCSs, electrons are injected into the WOs cathode and H" moves towards the ECS
anode driven by the electric-field (WOs+H+e¢ —HWQO3). Charges are stored at the
WO3 cathode during the oxidation reaction, and the color changes from transparent to
blue, which is accompanied with the chemical state of W changing from 6+ (bleached
state) to 5+ (colored state).>* 3 The other ECS anode works as a charge balancing
counter electrode. During the discharging stage, the reversible reduction process
releases the charge (HWO3—WO3+H+¢), and the WOs thin film recovers to be

transparent, which allows a new working cycle of the integrated device.
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Figure 2. Schematics of co-anode and co-cathode PVCS working mechanism. Original states of (a)

co-anode and (d) co-cathode PVCS. At the original states, ECS parts are transparent and at a bleached
states, which allow solar light to pass through. Initial charged states of (b) co-anode and (e) co-cathode
PVCS: under the solar illumination, electric-fields are formed in the PSC parts which power the ECS.
Electrons are injected into the WO; cathode, and H™ moves towards to the WOs cathode driven by
electric-field. Charges are stored at the WOs cathode during the reversible oxidation reaction. The
colors are starting to change. (c¢) and (f) Fully charged states: with the continuous light illumination, the

PVCSs reach their fully charged states. The ECS color turns to blue, accompanying with the chemical
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state of W charging from 6+ (bleaching state) to 5+ (coloring state). These whole processes are
reversible. After the discharging through external circuit, the reversible reduction process releases the
charge and the WO; thin film recovers to be transparent, thus the PVCSs recover to their bleached

states.

Tunable color states can be achieved in our PVCS devices. Figure 3a and 3b
show the photos of the co-cathode and co-anode PVCSs under bleached, half charged
and fully charged states. The color of the ECS parts turn to deep blue during the
photo-charging and recovers to transparent after discharging. We define a ‘PSC
shelter’ here to describe the PVCS working states. The light transmits from the PSC
shelter to the PSC. In the co-anode device, the PSC shelter is FTO/WQO3/PVA
electrolyte; and in the co-cathode device, the PSC shelter is FTO/WOs3/PVA
electrolyte/WO3/FTO/glass. Figure 3¢ and 3d demonstrate the transmission spectra of
PSC shelters in the two integrated PVCSs corresponding to different colored states.
The transmission peaks in blue-purple region are exhibited in the colored PSC shelters,
and the other wavelengths in the visible light region are largely reduced. The AVT of
co-anode (co-cathode) PVCS is significantly reduced from 76.2% (68.7%) to 54.2%
(38.2%) to 35.1% (23.0%) corresponding to the bleached, half charged and fully
charged states of the PSC shelters in the PVCSs. Figure 3e demonstrates the color
coordinates of the “PSC shelters” with transmission spectra of Figure 3¢ and 3d under
AM 1.5 illumination plotted on the CIE xy 1931 chromaticity diagram. The color
coordinates of both bleached PSC shelters lie in the central region in the chromaticity

diagram, close to the AM 1.5 illumination. As the PVCSs are kept charging, the PSC
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shelters are colored, and there is a shift from central to blue region. However, the
coordinate of the colored PSC shelters still locate close to the central region of CIE
diagram, demonstrating good color neutrality. This neutrality renders this PVCS with
great potential in the building application.
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Figure 3. The photos of (a) Co-anode and (b) co-cathode PVCS color states under bleached, half
charged and fully charged. Transmission spectra of PSC shelters in (c) co-anode PVCS and (d)
co-cathode PVCS corresponding to different color states. Accompanying with energy storage, the color
of PSC shelters changes from transparent to blue with a reduction in AVT from 76.2 % (68.7%) to 35.1
(23.0%) for co-anode PVCS and co-cathode PVCS, respectively. (e) Color coordinates of the PSC
shelters with transmission spectra of 3(c) and (d) under AM 1.5 illumination plotted on the CIE xy

1931 chromaticity diagram.

In-situ Energy Storage of PVCSs. The tunable color state of the PVCS is also an
indicator of the amount of energy stored in the cell, which allows us to estimate the
stored energy in PVCS by differentiating its colored state. Figure 4a and 4b show the
voltages of the two PVCSs as a function of time evolution during the photo-charging
and discharging process, and the color states corresponding to the charging and
discharging processes. The discharging process was conducted at a constant current
density of 0.1 mA/cm? by disconnecting terminals A and C (shown in the Figure 2) and
no additional solar input will charge the supercapacitor during the discharging process.
The co-anode PVCS was charged to 0.61 V within 60 s, and the co-cathode PVCS was

charged to 0.68 V within 85 s. For the color change response, the co-anode (co-cathode)
13



PVCS starts to change its color at a voltage of 0.55 (0.50) V, corresponding to a
charging time of 10 s (13 s), and reach a saturated color state until the charging
continues for 40 s (56 s). The energy density, average power density and specific areal
capacitance of PVCS through photo-charging are calculated as 13.4 (24.5) mWh/m?,
187.6 (377.0) mW/m? and 286.8 (430.7) F/m?, respectively, as documented in Table 1.
The energy density of our PVCS is much larger than other types of self-powered energy
storage systems, such as pizeo-supercapacitor and triboelectric nanogenerator.’®3” The
specific areal capacitances of our PVCSs are much larger than those of the
graphene-based photo-supercapacitor, > !4 the integrated energy fiber based on CNT

fiber and Ti wire,'?

and other energy fiber integrating DSSC and electrochemical
supercapacitor based on TiO2 nanotube-modified Ti wire.!” This is also higher than
self-powered smart electrochromic window based on WO3 supercapacitor.'® We also
integrate the discrete energy harvesting and storage devices through external wires.
Figure S5 shows the integration of a PSC with MAM anode and a symmetric WO3 ECS
connected by external wires. The supercapacitor was fully charged to 0.80 V within a
60-70 s light illumination and the discharging process lasted for 400 s at a current
density of 0.1 mA/cm?. The energy density, average power density and areal
capacitance of the integrated device are 35.9 mWh/m?, 461.5 mW/m? and 459.6 F/m?,
respectively. The performance is comparable with the device integrating commercial Si
solar cell and ECS (Figure S6). However, this configuration with separated PSC and

ECS not only reduces the integration level, but also fails to dynamically control the

light transmission through the PVCS.

Table 1. Lists of internal resistance, energy density, average power density and areal

capacitance of two types of PVCSs. The calculations are according to the discharge curve.
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Device Type Internal Energy density | Power density | Areal capacitance
resistance (Q) (mWh/m?) (mW/m?) (F/m?)
Co-anode 215 13.4 187.6 286.8
Co-cathode 275 24.5 377.0 430.7

In other types of integrated solar-powered electrochromic windows reported in
Ref. 7 and 20, the researchers wusually employed the structure of
TCO/WOs/electrolyte/TCO in the ECS part. The TCO counter electrodes have very
limited charge storage capability, and cannot provide sufficient balancing charge
during the discharging process of the ECS. After the PVCC is converted to the
colored state by a positive voltage (V), a reverse bias (-V) is required for converting
the PVCC from the colored to the bleaching state. From the typical CV curve of the
WOs/electrolyte/TCO, there is no current response under a voltage scanning from V
to 0, unless a reverse bias -V is applied. "-?° In contrast, our integrated PVCS devices
enable an automatically working cycle of the color change during the
charging/discharging process by replacing commonly used TCO anode with
MoO3/WO3 as a charge balancing counter electrode. An extra reverse bias is not
required for converting back to the bleached state, because the MoO3/WO3 counter
electrode in our PVCS can provide more balancing charge than the ITO electrode in
conventional PVCC. Our PVCSs can be bleached by discharging the ECS through
external load. After the stored electrochemical energy is consumed, the ECS recovers
to be transparent, and a new working cycle can be initiated. This feature can be also
confirmed from our cyclic voltammetry (CV) curve and galvanostatic

charging/discharging (GCD) curve. *® Figure 4c and 4d show the CV and GCD curves
15



of a symmetric WO3 ECS. Within a voltage scanning range 0-V, a cycle of forward
and reverse voltage scanning can realize a color change from bleached state to colored
state, and back to the original bleached state. These characteristics provide an

automatically working PVCS device for both energy storage and tunable colored

states.
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Figure 4. (a) and (b)The V-t curves of the co-anode PVCS and co-cathode devices for the
photo-charging process within 100 s and discharging process at a current density of 0.1mA/cm?.(c) and

(d) CV curves and GCD curves of a symmetric WO3 ECS.

The considerably reduced charging current density can be responsible for a
higher energy accumulated. The energy density (24.5 mWh/m?) and areal capacitance

(430.7 F/m?) of the ECS charged to 0.68 V by PSC in our co-cathode PVCS
16



configuration are higher than those of discretely symmetric WO3 ECS (14.8 mWh/m?
and 119.9 F/m?) through electrochemical working station, which is charged with a
small current density of 0.12 mA/cm? to a higher voltage of 1 V (shown in Figure S7).
These characteristics can be attributed to the charging way by photovoltaic device. As
the light on, the PSC generates the photocurrent within a few seconds, which is
considered as the initial charging current (0.4 mA/cm?) and leads to a fast charging
rate. As the supercapacitor is kept charging and colored, the current density supplied
by the PSC is significantly reduced. Additionally, as the supercapacitor reaches its
fully charged state, the charging current is reduced continuously until the
supercapacitor reached saturation. >* 2° After the supercapacitor is charged to 0.45-0.5
V, there is a significant drop in the charging rate, which suggests a continuously
reduced charged current density, thus leading to higher capacitance and energy

density accumulated.

Photo-Stability Enhancement of Perovskite Solar Cells. Figure 5a and 5b show
the J-V curves of the two PSCs utilized in the co-anode and co-cathode PVCSs under
different states. We first characterize the performance of the PSCs utilized in the two
integrated co-anode and co-cathode PVCSs, respectively. The PSC
(PDMS/MAM/spirOMeTAD/perovskite/TiO2/FTO/Glass) for the co-anode PVCS
with the light illumination from the MAM side demonstrates the Vocof 0.983 V, Jsc of
12.46 mA/cm?, fill factor (FF) of 65.4%, and PCE of 8.25%; the PSC
(Glass/FTO/TiOz/perovskite/ spirOMeTAD/MAM) for the co-cathode PVCS with the
light illumination from the FTO side exhibits the Voc of 1.000 V, Jy of 18.17 mA/cm?,

FF 0f 65.4% and PCE of 11.89%, as shown in the Table 2. After the integration with the
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transparent ECS, both Jsc and PCE of the two PVCSs decrease to about 68% of single
PSCs because the ECS has a certain level of light absorption. With the color change of
the ECS by photo-charging, Jsc are further reduced by about half. The PCE of the
co-anode and co-cathode PVCSs drops to 3.73% and 2.26%, respectively. This
suggests the PSCs in the PVCSs supply the ECS part in a small current density and are

at a low-power working state under the colored state of PVCSs.
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Figure 5. The photovoltaic performances of the PSCs utilizing in the two PVCSs before integration, the
bleached PVCS, and the colored PVCS. The J-V curves of (a) co-anode PVCS and (b) co-cathode PVCS,

respectively. The PSCs in the PVCSs is at a low-power working state under the colored state of the
PVCS:s.

Table 2. Lists of V., Js, FF and PCE extracted from the J-V curves shown in the Figure 5(a) and 5(b).

Type Voec (V) | Jse (mA/cm?) | FF (%) | PCE (%)
Single PSC utilized in co-anode PVCS 0.983 12.46 67.3 8.25
Bleached co-anode PVCS 0.978 8.68 68.1 5.78
Colored co-anode PVCS 0.932 3.64 66.6 2.26
Single PSC utilized in co-cathode PVCS 1.000 18.17 65.4 11.89
Bleached co-cathode PVCS 0.981 12.18 66.8 7.98
Colored co-cathode PVCS 0.955 5.75 67.9 3.73
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The low-power working state of PSC under the colored state of PVCSs also
suggests an advantage of energy conservation in our device with extended lifetime.
The color change of the ECS automatically switches off the solar light harvesting of
the PSC and the photo-charging of the ECS, preventing the PSC from the long-time
exposure under solar light, and slowing down the degradation of the PSC by blocking
part of the solar light. Currently, the practical applications of the PSC are hindered by
its stability, which can be resulted from ambient moisture or photo-degradation. -2
In view of this point, we conducted the photo-stability characterization of the
as-fabricated PSC and our integrated co-cathode PVCS. Figure 6 shows the 4
normalized parameters (Voc, Jse, FF and PCE) as a function of the illumination time.
We examined the photovoltaic performances of the PSC, bleached PVCS (to hold the
device in a bleach stage, we disconnected the terminals A and C shown in the Figure
2 and keep the device in an open-circuit condition) and colored PVCS, which were
continuously exposed to AM 1.5 G illumination for 5 hours. The PSC without the
integration of ECS exposed directly to the solar light, and exhibited the most
significant degradation, which is represented by its severe decreased Jsc and PCE to
around 20% of their original values. The bleached PVCS shows a relatively slighter
degradation, where the PCE is reduced to around 70% of the initial value after the
continuous 5-hour photo-exposure. The photo-stability enhancement can mostly be
attributed to that the bleached ECS selectively absorbs the part of the light and reflects

the thermal radiation.”® 2" When the ECS is fully charged and turns to deep blue in

the PVCSs, the PSC part is under a low-power working state and its lifetime is
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prolonged. Once the ECS part is discharged and its color turns to be transparent, the

PSC recovers to a working state.
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Figure 6. Photo-stability characterization of the as-fabricated PSC and the bleached/colored co-cathode
PVCS during 5-hour continuous illumination: normalized 4 parameters (a) V., (b) Ji, (¢) FF and (d)
PCE as a function of the illumination time. The original values (0 min) of the 4 parameters are set as 1.

The variations of the parameters with illumination time are normalized according to the values at 0 min.

Conclusions

In summary, we demonstrate co-anode and co-cathodes PVCSs integrating both
semitransparent PSC and ECS. The PVCSs provide a seamless integration of energy
harvesting and storage device, automatic and wide color tunability, and enhanced

photo-stability of PSCs. The light power efficiency of the PV component in the
20



co-anode (co-cathode) PVCS is 8.25 (11.89) %. The energy density, power density
and areal capacitance of the co-anode (co-cathode) PVCS are 13.4 (24.5) mWh/m?,
187.6 (377.0) mW/m? and 286.8 (430.7) F/m? respectively. Accompanied with
energy storage, the color of energy storage part (“electrochromic shelter” of PSC)
changes from semitransparent to dark-blue with a reduction in AVT from 85%
(76.2%) to 35.1% (23.0%) for co-anode (co-cathode) PVCS. As the colored PVCS
blocks off most of the illuminated light, it automatically switches off the
photo-charging. The PSC then works under a low-power operating state, which
prevents the PSC from long-time photo-exposure and prolongs its lifetime. Our works

provide great advantages over conventional smart window design.

Methods

Fabrication and Characterization of Perovskite Solar Cell. The patterned
fluorine-doped tin oxide (FTO) coated glass substrates were cleaned with acetone,
isopropanol and deionized water sequentially. The pre-cleaned substrates were then
dried with nitrogen gas and further cleaned by UV-Ozone treatment. A solution
prepared by mixing 1.25 ml acetic acid and titanium (IV) isopropoxide (TTIP)
solution (1.25 ml) in anhydrous ethanol (15 ml) was spin coated (3500 rpm, 30 s) onto
the cleaned substrates to from a compact titanium dioxide (c-TiO2) layer. The
prepared c-TiO2 layer was then baked at 450 °C for 2 hours in air. A one-step spin
coating was applied to the deposition of perovskite layer (CH3NH3PbI3xClx) in this

work. The spin coating solution for the perovskite layer was prepared by mixing 2.4
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M methylammonium iodide and 0.8 M lead chloride in N, N-dimethylformamide
(DMF). The spin-coated perovskite thin film was then dried at 65 °C for 15 min and
annealed at 105 °C for 45 min until the color turned to dark brown. To prepare the
2,2°,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene
(spiro-MeOTAD) solution, 29 pl of 4-tert-butyl pyridine and 18 pl of lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-TFSI in 1 ml
acetonitride, Sigma-Aldrich, 99.8%) was added into 953 ul of chlorobenzene
dissolved with 80 mg spiro-MeOTAD powder. The solution was then spin coated on
the  perovskite layer at 4500 rpm  for 30s. The  prepared
FTO/c-TiO2/CH3NH3PbI3.xClx/spiro-MeDTAD films were annealed in oxygen to
enhance the cell performance. Finally, MoO3/Au/MoO3 electrodes (15 nm/ 12 nm/ 20
nm) were evaporated onto the devices, through which the device active area was
defined as 0.06 cm?. The solar source was provided by the Newport solar simulator
(ORIEL Sol3ATM) and the electrical measurement was performed by BI1500A
semiconductor analyzer. The absorption spectra of perovskite film on quartz were
examined using a UV-2550 Shimadzu UV-Vis spectrophotometer. X-ray diffraction
(XRD) patterns of the perovskite film was determined by a Rigaku SmartLab X-ray
diffractometer with a 20 range from 10° to 70° in a step of 0.01°. Scanning electron
microscopy (SEM) image was performed by Hitachi S-4800 field emission scanning
electron microscope.

Fabrication and Characterization of Electrochromic Supercapacitor. A 300

nm-thick WOs thin film was thermally evaporated onto an FTO substrate as
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supercapacitor electrode. The deposition was carried out with the background
pressure of 5x10° Torr and the chamber pressure during the deposition was
maintained at 3x10° Torr. The symmetric electrochromic supercapacitor was
assembled by two identical WOs electrodes coated with the mixture of polyvinyl
alcohol (PVA) and 1M H2SO4. Atomic force microscopy (AFM) image was examined
by Bruker nanoscope 8. The electrochemical performances were characterized by
electrochemical working station (CHI 660e, Shanghai Chenhua).

Integrated Device Characterization. The photo-charging process was performed
under AM 1.5 illumination and the supercapacitor was discharged through
electrochemical workstation. The transmittance spectra were obtained by using the

UV-2550 Shimadzu UV-Vis spectrophotometer.
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PVCS, photovoltachromic supercapacitor; PECC, photoelectrochromic; PVCC:
photovoltachromic cell; DSSC, dye-sensitized solar cells; PSC, perovkiste solar cell;
OPV, organic photovoltaics; CNT, carbon nanotube; AM 1.5, air mass 1.5; PCE,
power conversion efficiency, ECS, electrochromic supercapacitor; CV, cyclic
voltammetry; GCD, galvanostatic charging/discharging; FF, fill factor; Js, short

circuit current; Voc, open circuit voltage.
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