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ABSTRACT: An integrated power pack that renders simultaneous solar S [P

energy harvesting and storage represents a particularly promising energy 1.0 Charge Discharge (\\*\

source toward future applications. Herein, we report a high-performance ’ Umf:‘ﬁfm
hybrid power pack of perovskite solar cell (PSC) and supercapacitor via £ (gl

capitalizing on double-sided TiO, nanotube arrays that have a dual-function E Ti Foil

as electron transport layer (ETL) for PSC and cathode for supercapacitor, E 0.6+ 3 Imw
respectively (i.e, a monolithic perovskite solar capacitor). Specifically, a S 0.4 1I>2 R
simple yet robust acid-treatment strategy followed by selective oxygen plasma ’ Carbon
exposure on only the PSC side is employed to concurrently increase the 024 U Ti0, Nanotube Tio,
performance of double-sided TiO, nanotube electrodes in both the PSC and

supercapacitor units. Intriguingly, the integrated power pack delivers fast 0'0_10 R A S AL NP N N
response under photocharging because of efficient charge transfer across the Time (s)

two sides of the TiO, nanotube array electrode, attaining a high overall
optoelectrical energy conversion and storage efficiency of 9.18%. This work demonstrates a viable route to engineering
intimately linked energy conversion—storage systems of interest.

n integrated solar power pack, imparting both solar high cost, and lack of dynamic solar light control. To this end,
Aenergy conversion and electric storage in one device, efforts have been centered on intimately combining the PSC

affords an eflicient platform to mitigate the power and supercapacitor into a single device. Notably, effective
output swing resulting from light intensity fluctuation and routes to rendering monolithic devices have been compara-
diurnal cycles. Notably, supercapacitors are the most widely tively few and limited in scope, within which a shared carbon
adopted energy storage device incorporated with solar cells electrode is often employed because carbon materials have
owing to their high power density, fast charge—discharge rate, been widely used as electrodes in both PSCs and super-
long cycling life, and good operational safety.1 However, CE!-}?N:lCitOI'S.lO_14 Nonetheless, solid-state supercapacitors and
previous attempts to stack solar cells (often dye-sensitized solar thick carbon-based electrodes are often required in order to
cells and organic solar cells) with supercapacitors suffer from prevent the decomposition of PSCs because of the ionic crystal
low charging voltage and low energy density due primarily to nature of perovskites when exposed to humidity, UV light,
the inferior performance of the former."” Recently, perovskite polar solvents, etc. Undoubtedly, the instability of perovskites,

and thus the poor long-term stability of the resulting PSCs,
imposes many obstacles in producing a single, closely
connected PSC—supercapacitor device. As such, it remains

solar cells (PSCs) have rapidly emerged as extremely
promising next-generation photovoltaics because of the
outstanding optoelectronic properties of metal halide perov-
skites, including large absorption coefficient, high ambipolar
carrier mobility, long carrier diffusion length, and inherent
tolerance to defects.” ® Remarkably, the power conversion
efficiency (PCE) of PSCs has skyrocketed to 25.5%,
positioning them as notable candidates to recharge super-
capacitors via harvesting solar energy.

challenging to rationally design such one-piece, integrated
devices that concurrently balance efficiency, long-term stability,
fabrication flexibility and compatibility, and compactness.
Herein, we report a high-performance power stack realized
via integrating a PSC and a supercapacitor rendered by

Integration of a solar cell and supercapacitor can be Received: January 12, 2022
implemented via either independently connecting an opera- Accepted: March 4, 2022
tional solar cell and a supercapacitor through an external Published: March 7, 2022

circuit™ or combining the solar cell and supercapacitor into a
monolithic device via a shared electrode. However, the former
method of integration results in large additional Ohmic loss,
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Figure 1. (a) Schematic of monolithic perovskite solar capacitor (i.e., hybrid power pack composed of PSC and supercapacitor) rendered by
double-sided TiO, nanotube array electrode formed via anodization of Ti foil. (b) Representative SEM image of TiO, nanotube after acid
treatment. (c) Linear sweep voltammetry curves of TiO, nanotube array film with and without (control sample) acid treatment. (d)
Normalized Ti 2p XPS spectra of TiO, nanotubes with and without acid treatment (upper panel). Their spectral difference is shown in the
lower panel. (e) Normalized O 1s XPS spectra of TiO, nanotube with and without acid treatment.

capitalizing on double-sided TiO, nanotube arrays as the
electrode. The direct growth of TiO, nanotube arrays on both
sides of a highly conductive Ti foil not only ensures efficient
charge transfer between the PSC and supercapacitor but also
allows for a robust chemical barrier for the fabrication of the
PSC, thereby greatly impacting the flexibility in processing the
supercapacitor. A simple acid treatment to the TiO, nanotube
array electrode, followed by selective oxygen plasma exposure
on the PSC subcell, is found to simultaneously improve the
performance of both PSC and supercapacitor. Taking
advantage of the optimized PSC and supercapacitor, the
integrated device achieves an enhanced overall optoelectrical
energy conversion and storage efficiency of 9.18% with fast
response and superior cycling capability.

Design of Integrated Power Pack. Figure 1a depicts the
configuration of the integrated device. Specifically, two TiO,
nanotube arrays grown on the two sides of a Ti foil via
electrochemical anodization are employed as electrode. The
upper configuration illustrates the PSC fabricated with TiO,
nanotube arrays that function as the ETL and scaffold for
perovskite deposition. The lower configuration outlines the
TiO, nanotube array-based asymmetric supercapacitor for
storing electricity generated by the PSC. Because of the
excellent conductivity of the Ti foil, electrons could be easily
transferred between the two separated TiO, nanotube array
electrodes bridged by the Ti foil, thus enabling the photo-
charging or discharging of the supercapacitor. It is particularly
noteworthy that the Ti foil, as a robust partition, renders the
fabrication of the PSC and supercapacitor relatively independ-
ent, and more importantly, it protects the perovskite from any
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possible damage caused during the processing and operation of
the supercapacitor.

It is notable that pristine TiO, nanotube arrays produced via
anodization of Ti foil (see Experimental Section in the
Supporting Information) displayed very low specific capaci-
tance because of its low conductivity as a result of its
semiconductor characteristics.'”'® Hydrogenation via hydro-
gen thermal treatment, hydrogen plasma, or electrochemical
reduction has been proven to be an effective means of
improving the conductivity of TiO, via introducing oxygen
vacancies and forming Ti** state for supercapacitor applica-
tions.'” Similarly, simple acid treatment has also been
developed in our previous work to create oxygen vacancies
in TiO, for efficient charge transport in PSCs."* Compared to
the hydrogenation routes noted above, acid treatment does not
involve rigorous heating or extra instruments and is facile and
controllable. Thus, the acid-treatment strategy was imple-
mented in this work to render superior performance of TiO,
nanotube arrays for both PSC and supercapacitor subcells in
hybrid power stack. Notably, no obvious morphology change
of TiO, nanotubes after acid treatment (diameter, D ~ 100
nm; wall thickness, t & 10 nm; Figure 1b). The formation of
oxygen vacancies and Ti’* states in TiO, nanotubes after acid
treatment was examined by X-ray photoelectron spectroscopy
(XPS) (Figure 1d). Specifically, the subtraction in the Ti 2p
spectra of acid-treated TiO, with respect to control sample
displays the characteristic Ti 2p;/, (458.2 eV) and Ti 2p,,,
(463.7 €V) peaks of Ti**.'” In addition, increased hydroxyl
groups were observed in the XPS spectra of O 1s on acid-
treated TiO, nanotubes (Figure le), which can be ascribed to
the reaction between adsorbed H,O and TiO, (H,O + Ti—O—

https://doi.org/10.1021/acsenergylett.2c00090
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Figure 2. (a) Representative SEM image of perovskite absorber over the surface of TiO, nanotube ETL after acid and oxygen plasma
treatments. The inset shows the corresponding grain size distribution. (b) J—V curves of champion PSCs undergoing different treatments on
TiO, nanotube ETL. (c) IPCE spectra, (d) stable Joc and PCE, (e) PL spectra, and (f) Nyquist plots of electrochemical impedance
spectroscopy of PSCs with and without (control sample) acid and oxygen plasma treatments on TiO, nanotube ETL.

Ti — 2Ti—OH).”” Both emerged oxygen vacancies and
increased surface hydroxyl contents in TiO, have been
reported to greatly enhance its capacitance performance.'’
Thus, it is not surprising that the conductivity of TiO,
nanotube arrays was markedly increased by 1 order of
magnitude after acid treatment (Figure lc), which in turn
resulted in superior performance in both PSC and super-
capacitor as discussed below.

PSC Employing TiO, Nanotube Arrays as ETL. The
PSC fabricated on TiO, nanotubes has the configuration of Ti
foil/TiO, nanotube arrays/perovskite/poly[bis(4-phenyl)-
(2,4,6-trimethylphenyl) amine] (PTAA)/ultrathin Ag (see
Experimental Section; Figure 1la). The mixed-cation and
mixed-halide perovskite of CsyosMAg16FAq79Pb(Iyg3Bro17)3
was chosen as the light absorber because of its good
performance and stability. An ultrathin Ag layer of 8 nm
with an average transmittance of approximately 70% in the
range of 400—800 nm (Figure Sla) was applied as the
transparent electrode. To increase the moisture and processing
stability, the PSC was encapsulated with a S pm thick
hydrophobic parylene film via vacuum deposition. Notably,
parylene has a high transmittance (~90%) over a broad range
of 300—1000 nm (Figure S1b). It is worth noting that acid-
treated TiO, nanotube arrays were treated with O, plasma
prior to the deposition of perovskite according to our previous
work."® This is because both surface and bulk oxygen vacancies
were generated in acid-treated TiO, nanotubes. The bulk
oxygen vacancies increase the donor density and bulk
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conductivity of TiO,; the surface vacancies, however, function
as the traps to trigger charge recombination when employed as
ETL in PSC."® Thus, O, plasma exposure was performed to
remove the surface oxygen vacancies yet retain the bulk
vacancies in TiO, nanotube ETL for efficient charge transfer
(Figure S2). It is worth noting that O, plasma also plays two
additional roles in this work, that is, facilitating the infiltration
of perovskite precursor solution into TiO, nanotubes and
eliminating the Cl residual from acid-treatment,'® where the
latter rules out possible Cl passivation to perovskite.

As TiO, nanotube arrays serve as an electron collector as
well as a scaffold for perovskite deposition in the PSC subcell
of the hybrid power pack, their length would greatly affect the
perovskite morphology and device efficiency. In this context,
the length of TiO, nanotubes was first optimized to be 400 nm
in this work (Figure S3a). As shown in Figure 2a, the
perovskite absorber deposited on TiO, nanotubes has an
average grain size of 104 nm, which is nearly equal to D of
TiO, nanotube (~100 nm, Figure 1b), indicating the
significant role of TiO, nanotubes in assisting perovskite
growth. Figure 2b depicts the J—V curves of PSCs using TiO,
nanotubes as ETL with different treatments. As expected, the
champion device with acid treatment followed by O, plasma
exposure of TiO, nanotubes yielded the highest PCE of
13.98% with a short circuit current, ], of 18.37 mA/cm?; an
open circuit voltage, V., of 1.05 V; and a fill factor, FF, of
72.38%, as a direct consequence of suppressed photogenerated
electron—hole recombination (compared to the device with
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Figure 3. (a) CV curves at the scan rate of 50 mV/s and (b) galvanostatic charge/discharge curves at the current density of 100 #A/cm? of
supercapacitors with pristine (control sample) and acid-treated TiO, nanotubes as electrodes. (c) CV curves at various scan rates (i.e., from
10 to 500 mV/s) and (d) galvanostatic charge/discharge curves at various current densities (i.e., from 50 to 800 uA/cm?) of supercapacitor
fabricated using acid-treated TiO, nanotube electrode. (e) Areal capacitance of supercapacitor with acid-treated TiO, nanotube electrode
calculated from (d) as a function of current density. (f) Capacitance stability of supercapacitor with acid-treated TiO, nanotube electrode
measured by the galvanostatic charge/discharge test at a scan rate of 100 mV/s for 5000 cycles.

acid treatment only) and enhanced bulk conductivity owing to
the presence of bulk oxygen vacancies (in comparison to the
control device). The average PCE, extracted from the J—V
curves of 9 independent devices, increased by 20%, that is,
from 11.16 + 0.34% for control devices to 13.43 + 0.23% for
acid- and O, plasma-co-treated devices (Figure S4). The stable
output power was measured to be 11.37% and 13.62% for the
control device and acid- and O, plasma-co-treated device,
respectively (Figure 2d). A notable improvement over the
entire wavelength range in the incident-photon-to-current
conversion efficiency (IPCE) spectra was seen for the acid- and
O, plasma-co-treated device over the control device (Figure
2c), signifying a lower recombination loss. The decreased
recombination loss originated from a more efficient electron
transfer of the TiO, nanotube ETL after acid and O, plasma
treatments, as verified by the PL spectra (Figure 2e).
Accordingly, a larger recombination resistance and a smaller
serial resistance were seen for the acid- and O, plasma-co-
treated device from the Nyquist plots of electrochemical
impedance spectroscopy of PSCs (Figures 2f and S5).
Asymmetric Supercapacitor Based on TiO, Nanotube
Electrode. Different from that in the PSC subcell, the acid-
treated TiO, nanotube arrays do not require oxygen plasma
treatment to remove surface oxygen vacancies for fabricating
the supercapacitor subcell of the hybrid power pack. This is
because the separation and transfer of photogenerated charge
carriers in solar cells are driven by the device’s built-in
potential, while the charge transport in the supercapacitor is
governed by an external field which could effectively eliminate
the unexpected recombination owing to traps imposed by
surface oxygen vacancies. To improve the capacitive perform-
ance of the TiO, nanotube array electrode, its length was
greatly increased to 4 ym (via a two-step anodization, see
Experimental Section; Figure S6) in this subcell compared to
that in the PSC subcell (~400 nm; via the second anodization,
see Experimental Section; Figure S3a). The capacitive
performance of the as-prepared TiO, nanotube electrode was
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investigated in an asymmetric two-electrode configuration with
carbon as counter electrode and poly(vinyl alcohol)
(PVA):LiCl aqueous gel as electrolyte, respectively (see
Experimental Section for detailed supercapacitor fabrication).
As shown in Figure 3a, acid treatment did not alter the
rectangular shape of the cyclic voltammogram (CV) of the
corresponding supercapacitor, indicating an electric double-
layer-based capacitive response. In sharp contrast to the
control sample (pristine TiO,), acid-treated TiO, demon-
strated greatly increased charge storage capacity due to the
presence of a large amount of oxygen-Ti*" vacancies that
served as active sites and resulted in enhanced conductivity of
the TiO, nanotube electrode.'”*"** The areal capacitance of
the device, evaluated by galvanostatic charge/discharge test at
a current density of 100 uA/cm? (Figure 3b), was calculated to
be 0.18 and 2.8 mF/cm? for the control sample and acid-
treated TiO, nanotube-based supercapacitors, respectively,
demonstrating a 16-fold increase of the latter.

The CV curves of the supercapacitor with acid-treated TiO,
nanotubes obtained at various scan rates are shown in Figure
3c. The shapes of the CV curves remain unchanged as the scan
rate increase from 10 to 500 mV/s, signifying the high-rate
capability of the device. Galvanostatic charge/discharge curves
were also collected for the acid-treated TiO, nanotube array-
based supercapacitor at various current densities (Figure 3d).
The areal capacitances derived from the discharge curves
manifested only ~20% loss in the device capacitance (Figure
3e) when the discharge current density increased up to 16
times (from S0 to 800 wA/cm?), suggesting a good rate
capability, which is in good accordance with the CV
measurements. The resulting areal energy density and power
density of the devices were also calculated and are summarized
in Figure S7. A good cycling stability of the acid-treated TiO,
nanotube array-based supercapacitor was also observed with
92% retention of the initial capacitance after 5000 cycles
(Figure 3f).
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Figure 4. (a) Photo charge/galvanostatic discharge curves at various discharging current density, ranging from 50 of 800 gA/cm’. (b) Areal
capacitance of supercapacitor calculated from discharge curves under galvanostatic charge (Figure 3e) and photo charge. (c) Photo charge/
galvanostatic discharge cycling stability of the integrated device (inset: photo charge/galvanostatic discharge curves of 1st, 10th, S0th, and

100th cycles).

Integrated Power Pack of PSC and Supercapacitor.
After the performance of the respective subcell was optimized,
an integrated device composed of PSC and supercapacitor
bridged by double-sided TiO, nanotube on Ti foil was
produced. The strategy for growing TiO, nanotubes with
different lengths on the two sides of a Ti foil can be found in
the Supporting Information (Experimental Section). On the
basis of the results discussed above, acid treatment to TiO,
nanotube electrode to both PSC and supercapacitor subcells,
followed by selective oxygen plasma on the PSC subcell only,
were carried out to concurrently improve the performances of
the two subcells. The performance of such a hybrid power pack
was evaluated in a photo charge/galvanostatic discharge mode.
During the photo charge process (i.e., electrodes 1 and 3 are
connected; Figure 1a), the photoexcited charges generated in
the perovskite absorber were collected by the TiO, nanotube
ETL and then directly transferred to the TiO, electrode of the
other side through Ti foil to charge the supercapacitor. For the
subsequent galvanostatic discharge process, electrodes 2 and 3
in Figure la were connected. It is worth noting that the voltage
window of the supercapacitor and the V,_ of PSC in this work
are highly matched, thereby facilitating energy storage and
improving the performance of the resulting power pack.

Figure 4a depicts the photo charge and galvanostatic
discharge processes of the integrated PSC—supercapacitor
device at different discharge current densities (i.e., from S0 to
800 pA/cm?). The photo charge process proceeded for S s,
during which the voltage of the power pack rapidly increased
to 1 V under light illumination and remained stable, signifying
the efficient charge transfer from PSC to supercapacitor and
excellent electrical conductivity of Ti substrate and acid-treated
TiO, electrode. The areal capacitances were calculated
according to the discharge curves (Figure 4b), which were in
good agreement with the results obtained in the galvanostatic
charge/discharge mode (Figure 3b). The energy density of the
supercapacitor with photo charge was calculated to be 0.40
UWh/cm? at the discharge current density of 100 A/cm? (see
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eqs 1—2 in Experimental Section; Figure S8). Consequently,
the overall photoelectric conversion and storage efficiency
(Moveran) in the integrated power pack was determined to be
9.18% based on eqs 2—35, yielding an energy storage efliciency
of 68.66% according to eq 6. Notably, the 7., obtained in
this work is remarkable among reported integrated PSCs and
supercapacitors (Table S1). The stability of the integrated
power pack was examined via photo charge and galvanostatic
discharge at the current density of 400 uA/cm? Specifically,
the slight increase of the capacitance during the initial 10
cycles could be attributed to the surface wetting-induced
activation process of the electrode.”” The discharge areal
capacitance retained 99% of its initial value after 100 cycles
(Figure 4c), suggesting the superior stability of the as-crafted
monolithic perovskite solar capacitor.

In summary, we demonstrated the assembly of a high-
performance solar power pack via integrating PSC and
supercapacitor into a single, intimately connected device (i.e.,
monolithic perovskite solar capacitor) enabled by employing
double-sided TiO, nanotube arrays on Ti foil as electrode. In
contrast to the two respective subcells (i.e, PSC and
supercapacitor) that utilize a pristine TiO, nanotube array
electrode, their performance is greatly improved concurrently
through increasing the conductivity of the TiO, nanotube
arrays facilitated by acid treatment followed by O, plasma
exposure on one side of double-sided TiO, nanotube arrays for
the PSC subcell and by acid treatment only on the other side
of double-sided TiO, nanotube arrays for the supercapacitor
subcell. Benefiting from eflicient charge transfer between the
two TiO, nanotube arrays bound through highly conductive Ti
toil, the hybrid power pack delivers a high overall optoelectrical
energy conversion and storage efficiency of 9.18% with fast
response and excellent cycling capability. Such a monolithic
perovskite solar capacitor manifests a set of intriguing
characteristics, including a highly compact structure, facile
fabrication, low weight, and outstanding stability. Soft
integrated solar energy conversion and storage systems of
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interest may also be feasible by leveraging the flexible nature of
the thin Ti foil.
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