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Self-Powered Electronics by Integration of Flexible
Solid-State Graphene-Based Supercapacitors with High
Performance Perovskite Hybrid Solar Cells

Pengcheng Du, Xiaowen Hu, Chao Yi, Huckleberry C. Liu, Peng Liu, Hao-Li Zhang,*

and Xiong Gong*

To develop high-capacitance flexible solid-state supercapacitors and explore
its application in self-powered electronics is one of ongoing research topics.
In this study, self-stacked solvated graphene (SSG) films are reported that
have been prepared by a facile vacuum filtration method as the free-standing
electrode for flexible solid-state supercapacitors. The highly hydrated SSG
films have low mass loading, high flexibility, and high electrical conductivity.
The flexible solid-state supercapacitors based on SSG films exhibit excellent
capacitive characteristics with a high gravimetric specific capacitance of

245 F g7 and good cycling stability of 10 000 cycles. Furthermore, the flexible
solid-state supercapacitors are integrated with high performance perovs-

self-powered electronics have potential
applications in flexible electronics, such as
portable and wearable personal devices.”!

The supercapacitors, also known as
electrochemical capacitors, are widely
recognized as a new generation of clean
energy-storage devices, owing to its high
power density, fast charge—discharge
rate, long cycling life, and good opera-
tional safety.1%13] As compared with
the supercapacitors fabricated by liquid
materials, the light-weight flexible super-
capacitors fabricated by all solid-state
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kite hybrid solar cells (pero-HSCs) to build self-powered electronics. It is
found that the solid-state supercapacitors can be charged by pero-HSCs and
discharged from 0.75 V. These results demonstrate that the self-powered
electronics by integration of the flexible solid-state supercapacitors with
pero-HSCs have great potential applications in storage of solar energy and in
flexible electronics, such as portable and wearable personal devices.

1. Introduction

Recently, pervoskite hybrid solar cells (pero-HSCs) as an alter-
native to silicon-based photovoltaics have attracted significant
attention due to their promising high power conversion effi-
ciency (PCE).31 The PCEs of pero-HSCs have skyrocketed to
over 19%.11 However, pero-HSCs, same as other photovoltaics,
have to be applied in sunlight to generate electric energy and
their PCEs are dependent on the time, location, and weather.!
In order to alleviate these problems, pero-HSCs would be
better to integrate with energy storage devices, such as super-
capacitors, to build self-powered electronics, which can store
the electric energy generated by pero-HSCs.[®) Moreover, these
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materials possess the advantages in the
applications for portable and wearable
devices.*1l Numerous efforts have been
devoted to develop flexible solid-state
supercapacitors based on nanostructured
carbon materials.'’”-2l  Among these
nanostructured materials, graphene was
stood out to be one of excellent mate-
rials due to its excellent electrical con-
ductivity, mechanical flexibility, large surface area, and good
chemical stability.?224 Flexible solid-state supercapacitors
have been fabricated by using graphene films,?>?% graphene
hydrogels,?”28] and graphene fibers??”) as the free-standing
electrode. In order to fabricate graphene-based supercapaci-
tors with high charge-discharge rate, graphene films with
3D structure by chemical vapor deposition (CVD),2% facile
vacuum filtration,/?>3! and hydrothermal method*? have been
developed to produce the graphene films with high surface
area.}¥l However, 3D graphene films produced by either CVD
or hydrothermal method need to be further posttreated, which
greatly restricts its applications in fabrication of the solid-state
supercapacitors.[32:34

In this study, we report the fabrication of flexible solid-state
supercapacitors based on self-stacked solvated graphene (SSG)
films prepared by facile vacuum filtration as the free-standing
electrode. The flexible solid-state supercapacitors exhibit
the capacitance of 245 F g! at the current density of 1 A g!
and maintain 83% original capacitance retention after 10 000
charge—discharge cycles. We further integrate SSG-based flex-
ible solid-state supercapacitors with high-performance pero-
HSCs to build self-powered electronics. It was found that the
flexible solid-state supercapacitors can be charged by pero-HSCs
under the AM 1.5 white light illumination. These results dem-
onstrate that the self-powered electronics have great potential
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Figure 1. SEM images of the freeze-dried SSG films: a) surface SEM
image and b) cross-section SEM image.

implications in the applications of storing solar energy and flex-
ible electronics, such as portable and wearable personal devices.

2. Results and Discussion

As described in the Experimental Section, the free-standing
SSG films were prepared by chemical converted graphene
(CCG) dispersion through facile vacuum filtration.[?>313%]
Figure 1a presents the scanning electron microscopy (SEM)
images of the freeze-dried SSG films. It is clear that the freeze-
dried SSG films possess smooth surfaces; however, as shown
in the cross-section image of the SSG films (Figure 1b), a
uniform layer-by-layer structure is observed from entire SSG
films. These results demonstrate that the SSG films formed a
microporous structure between the graphene layers due to layer
aggregation and 77 attractions within graphene.?%l

Figure 2a displays the Fourier transform IR (FT-IR) spectra
of graphene oxide (GO) powder and CCG powder. The broad
peak at 3400 cm™! is attributed to the O-H group, the peak at
1740 cm™ is assigned to the C=O stretching vibrations, and
the peaks at 1365, 1425, and 1615 cm™' are associated with
the O-H deformations from the C-OH groups and water,
respectively.3®37] After GO was reduced by hydrazine hydrate
in ammonia solution, the FT-IR spectrum was significantly
changed. The intensity of asymmetric and symmetric C-O
stretching from the C-O-C group became weak and the C=0
peaked 1740 cm™! is almost disappeared. These results indicate
that the CCG was successfully prepared from GO.3®!

Raman spectroscopy was carried out to further confirm that
the CCG was prepared from GO. As shown in Figure 2b, the
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GO powder, CCG powder, and the freeze-dried SSG films dis-
play both G band at =1582 cm™ and D band at =1350 cm ™3¢
However, the ratios of D/G for the CCG powder and the freeze-
dried SSG films are higher than that of the GO powder, which
is evidence that the GO powder was converted to the CCG
powder.

By measuring the weight, it was found that the as-prepared
SSG film contains about 94 wt% of water. After freeze-dried
treatment, the thickness of the SSG film was decreased to 9 pm
from 80 pm, which indicates that the as-prepared SSG film
indeed has high hydrated hydrogel with high specific area than
that of the freeze-dried graphene film. The electrical conductivi-
ties measured by four-probe method are =0.38 and =1.78 S cm™
for the as-prepared SSG films and the freeze-dried SSG films,
respectively. The electrical conductivity of the as-prepared SSG
films is comparable to that of the dried graphene aerogels with
3D structure (=0.87 S cm™).% These results indicate that the
as-prepared SSG films possess high electrical conductivity.

Scheme 1 shows the detailed processing steps for fabrication
of the flexible solid-state supercapacitors based on SSG films.
Figure 3a,b present the capacitance behaviors of SSG films with
a potential range from 0 to 1 V at various scan rates. As shown
in Figure 3a, all cyclic voltammetry (CV) curves exhibit a nearly
rectangular shape with no obvious peaks even at a high scan
rate 500 mv s~', which indicate that the SSG films possess an
ideal electrical double-layer capacitance.l*”) The specific capaci-
tance (C,) of the solid-state supercapacitors can be calculated
according to the equation of Cy = 4(IAt)/(mAV), where I is the
discharge current, At is the one cycle discharge time, m is the
mass of the SSG film electrodes, and AV is the potential change
after voltage drop during discharge, respectively. Figure 3c,d
present the galvanostatic charge—discharge behaviors of the
flexible solid-state supercapacitors based on SSG films. Based
on the data presented in Figure 3c,d, the calculated C, values
at different current densities are shown in Figure 3e. The flex-
ible solid-state supercapacitors based on as-prepared SSG films
exhibit C, of =250 F g! at the current density of 0.5 A g”'. The
C, remains in 245 F g1 at the current density of 1 A g™}, which
is 98% of its original values. Moreover, the solid-state superca-
pacitors still possess C; of =145 F g1, which is 59% of its orig-
inal value at the current density of 20 A g™!. The decreased C;
at the high current densities is attributed to high internal resist-
ance and slow ion diffusion rate in the solid electrolyte.l*”) On
the other hand, the flexible solid-state super-
capacitors based on the freeze-dried SSG
films only possess C, of =181 F g1 at the cur-
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Figure 2. a) FT-IR spectra of GO and CCG powders and b) Raman spectra of GO powder, CCG

powder, and the freeze-dried SSG films.
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differences in the above two different super-
capacitors, electrochemical impedance spec-
troscopy (EIS) measurement is carried out to
investigate the electrical properties of the SSG
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Scheme 1. Schematically diagram of fabrication of the flexible solid-state supercapacitors.
films. Figure 3f presents the Nyquist plots of the SSG films.  films and the freeze-dried SSG films, respectively. These obser-

The equivalent series resistances (R,) defined by the high-fre-  vations are in good agreement with the electrical conductivities
quency Nyquist plot, are 2.1 and 1.2 Q for the as-prepared SSG = measured by the four-probe method. The small R, indicates the
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Figure 3. CV curves of solid-state supercapacitors based on a) the as-prepared SSG films and b) the freeze-dried SSG films; galvanostatic charge—
discharge curves of solid-state supercapacitors based on c) the as-prepared SSG films and d) the freeze-dried SSG films; e) comparison of specific
capacitances of the solid-state supercapacitors based on the as-prepared SSG films and the freeze-dried SSG films and f) Nyquist plots of the solid-state
supercapacitors based on the as-prepared SSG films and the freeze-dried SSG films.
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Figure 4. The mechanical properties of the flexible solid-state supercapacitors based on the
as-prepared SSG films a) schematically show how the flexible solid-state supercapacitors was
bend and b) CV curves of the flexible solid-state supercapacitors scan at 100 mV s while the

devices were bend at different bending angels.

supercapacitors possess small internal resistance.?® The charge
transfer resistance (R of the SSG films can be estimated from
the diameter of the semicircle in the high frequency region.
The small diameter of the semicircle indicates a small R. It
is obvious that the as-prepared SSG films possess smaller R
than that of the freeze-dried SSG films. The large R from the
freeze-dried SSG films was likely due to the changes of film
morphology and the shrinkage of pore structures of the freeze-
dried SSG films during the drying processes.[>31

The mechanical property of the flexible solid-state super-
capacitors based on the as-prepared SSG films was further
investigated. Figure 4a schematically displays how the flexible
solid-state supercapacitors were bended. The CV curves of the
solid-state supercapacitors bent at various angles are shown
in Figure 4b. The flexible solid-state supercapacitors possess
approximately the same capacitor behaviors and it is even bent
at 135° indicating that the solid-state supercapacitors have
excellent mechanical properties.

The CV of the solid-state supercapacitors measured as it was
prepared, stored for one-week and for one-month are shown in
Figure 5a. It was found that there are improved capacitance for
the supercapacitors stored after one-week and one-month. Such

www.afm-journal.de

improvement is likely due to the ions that
were further diffused inside of the SSG films.
In order to further evaluate the cyclability and
performance durability of the solid-state super-
capacitors, the galvanostatic charge—discharge
tests were carried out up to 10 000 cycles
at the current density of 5 A g''. As shown
in Figure 5b, the degradation of capacitance
takes place mainly after 2000 cycles. The
capacitance keeps 83% of its initial values
after 10 000 cycles. These results demonstrate

® 0 degree K R .

445 degree that the solid-state supercapacitors exhibit

* 2g5d§g;er:e excellent stability and capacitive performance.
: 3 The energy density and the power density
0.8 1

are two important parameters used to evaluate
the performance of supercapacitors. The energy
density (E) and the power density (P) can be
calculated by E=1/2 C,AV? and P = E/t, respec-
tively,384% where C; is the specific capacitance,
AV s the potential change during the discharge
process after voltage drop, and ¢t is the dis-
charge time of one cycle. Figure 6 shows the correlation between E
and P, which is termed as the Ragone plot. The flexible solid-state
supercapacitors based on the as-prepared SSG films possess E of
8.01 Wh kg! at P of 5.97 kW kg™. The P can even reach to
10.1 kW kg™ at E of 4.44 Wh kg™'. However, the flexible solid-
state supercapacitors based on the freeze-dried SSG films cannot
possess such excellent energy density and power density. The
E can only reach to 5.87 Wh kg! at P of 3.05 kW kg%, and the
highest P reaches to 4.25 kW kg! at E of 4.31 Wh kg™l. Both
E and P from the solid-state supercapacitors based on the as-
prepared SSG films are higher than those from the solid-state
supercapacitors based on carbon nanotubes and other graphene
films,[1821:33:40-42] indicating that solid-state supercapacitors based
on the as-prepared SSG films possess excellent performance of
supercapacitors.

In order to explore the potential applications of the flexible
solid-state supercapacitors based on the as-prepared SSG films,
three supercapacitor units were connected in series to make a
tandem supercapacitor. Each supercapacitor unit has the same
area (1 x 1 cm?) and same mass loading (=0.4 mg for one
electrode) of the SSG film. The CV and galvanostatic charge—
discharge curves of both single supercapacitor and the tandem
supercapacitors are shown in Figure 7a. It is
clear that the potential windows are 1.0 and
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| charge-discharge measurement, as shown in
Figure 7b. The potential of the tandem super-
capacitors can increase to 3 V, which is three
times of that from single supercapacitor.
Thus, these results indicate that the tandem
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Figure 5. a) CV curves of the flexible solid-state supercapacitors stored at different time dura-
tions with scan rate at 100 mV s™' and b) cycling stability of the flexible solid-state supercapaci-
tors at the current density of 5 A g7
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supercapacitors have potentials to be used in
some devices that need high voltage.

In order to explore potential applica-
tion as new clean energy-storage devices,
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“ - heterojunction solar cells provided that optimized perovs-
® As-prepared SSG film | kite films.*8-31 The photocurrent hysteresis of pero-HSCs is
12 A Freezer-dried SSG film tested by sweeping the J-V measurement from both forward
2 ] and reversed directions. The results are shown in Figure 8c.
E 10 - o 5 The efficiency difference between J-V under forward and
= . ° reversed directions is less than 2%, which is probably attrib-
28 ° uted to high quality of perovskite film with high surface cov-
2 ° erage. These results demonstrate that pero-HSCs possess high
8 6" o performance.
5 Figure 9a displays the schematic diagram of integration of
% 4 . 4 A the flexible solid-state supercapacitors with pero-HSCs. After
o = integration of pero-HSCs with the solid-state supercapacitors to
2 4 assemble the self-powered electronics, the solid-state superca-
pacitors are charged by pero-HSCs under the white light illu-
° 8 ; ; ‘ é ‘ ‘ 3 ‘ 1o mination. As shown in Figure 9b, the charged supercapacitors

Energy Density (Wh/kg)

Figure 6. Ragone plots (power density vs energy density) of the flexible
solid-state supercapacitors based on the as-prepared SSG films and the
freeze-dried SSG films.

the solid-state supercapacitors is integrated with pero-HSCs.
Figure 8a presents the -V characteristics of pero-HSCs. The
more details in pero-HSCs fabrication and characterization
are reported in refs. [43-45]. The pero-HSCs exhibits a short-
circuit current (Jsc) of 22.59 mA cm™2, an open-circuit voltage
(Voc) of 0.90 V, a fill factor of 69.5%, with a corresponding
PCE of 14.13%, which is comparable to that observed from the
pero-HSCs fabricated by similar method and with the similar
device structure.'?l The incident photon to current efficiency
(IPCE) spectrum of pero-HSCs is presented in Figure 8b.
The onset of the photocurrents observed from Figure 8b is
at 800 nm, which is in good agreement with the bandgap of
CH;NH;PbI; Cl, observed from absorption spectrum.*6:47]
Based on IPCE spectrum, the Jsc of pero-HSCs is estimated
to be 21.14 mA cm™2, which is consistent with that observed
from the J-V characteristics (Figure 8a). It was reported that
the photocurrent hysteresis are originated from the presence
of traps, ferroelectrically respond in the perovskite materials
and the ion migration in the perovskite films and interlayers,
but the devices with negligible photocurrent hysteresis have
also been reported in the case of perovskite/fullerene planar

can discharge from 0.75 V, which is smaller than V¢ (0.90 V)
of pero-HSCs, to 0 V at the current density 1 A g}, and can
hold about 45 s discharge time as well. These results demon-
strate that self-powered electronics by integration of the flexible
solid-state supercapacitors with high performance pero-HSCs
can store the solar energy from pero-HSCs and has potential
implications in flexible electronics, such as portable and wear-
able personal devices.[?!

3. Conclusions

In summary, the SSG films prepared by a facile filtration
method were used as the free-standing electrode in the flexible
solid-state supercapacitors. The flexible solid-state supercapaci-
tors exhibit a high specific capacitance of 245 F g at 1 A g!
and retain 83% of its original values up to 10 000 charge—dis-
charge cycles. We further integrated the flexible solid-state
supercapacitors with high performance pero-HSCs to build
self-powered electronics. It was found that the solid-state super-
capacitors can be charged by pero-HSCs and discharged from
0.75 V which is smaller than the open-circuit voltage of pero-
HSCs. These results demonstrate that the self-powered elec-
tronics by integration of the flexible solid-state supercapacitors
with pero-HSCs have great potential implications in the appli-
cations of storing solar energy and flexible electronics, such as
portable and wearable personal devices.

4. Experimental Section

®Singl
X 3series Materials: Graphite powder, hydrazine hydrate,
poly(vinyl ~alcohol) (PVA) (molecular weight:
89 000-98 000 g mol™"), ammonia methylamine

solution (33 wt% in ethanol), hydriodic acid

\“A (57 wt% in water), and lead chloride (PbCl,) were

\ purchased from Sigma-Aldrich, used as received
] without further treatment. Poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS)
and PC¢BM were purchased from Clevious and
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Figure 7. a) CV curves with scan rate at 100 mV s™' and b) galvanostatic charge-discharge
curves at 1 mA of a single solid-state supercapacitor and three solid-state supercapacitors in

series.
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S0 ‘ 1-Material Inc., respectively. Methylammonium
iodide (CH3NH;l) was synthesized according to
reported reference.?’l To prepare the perovskite
precursor solution, CH3NH;l and PbCl, powder
were mixed in anhydrous dimethylformamide
(Aldrich) with a molar ratio of 3:1. Specifically,
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Figure 9. a) Schematically diagram of the integration of solid-state super-
capacitors with perovskite solar cells and b) discharge curve of the flexible
solid-state supercapacitors at the current density of 1 A g™ after it was
charged by perovskite solar cells.
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the concentration of CH3;NH;l and PbCl, were 2.64 and 0.88 M L.
The solution was stirred at 60 °C for 6 h and then placed for standstill
overnight before device fabrication.

Preparation of SSG Films: GO was synthesized by oxidation of natural
flake graphite following the modified Hummers’ method.B’l A stable
CCG dispersions was prepared by reducing the GO solution with
hydrazine hydrated under ammonia aqueous. Then, SSG films were
formed by using CCG dispersion through facile vacuum filtration.?31]

Characterization of SSG Films: SEM (S-2150 microscope, Hitachi,
Japan) was carried out to investigate the film morphology of the freeze-
dried SSG. The four-point method was used to measure the electrical
conductivities of SSG films. Thermo Scientific DXR Raman Microscope
using a 532 nm laser source and FT-IR Spectroscopy (Bruker Inc) were
used to characterize the samples.

Fabrication of Flexible Solid-State Supercapacitors: The fabrication
procedures for the flexible solid-state supercapacitors based on SSG
films are schematically displayed in Scheme 1. The H,SO,-PVA gel
electrolyte was prepared by first diluting 6 g H,SO, (98%) into 30 mL
deionized (DI) water and then adding the above H,SO, solution into 6 g
PVA with 30 mL DI water. The suspension solution was stirred at 85 °C
until the solution became clear. After that the SSG film with thickness
of =80 ym (step a) was cut into rectangular strips with an area of
1 cm X 1 cm and then dried the SSG film to the weight of =0.4 mg cm™?,
After that, the SSG film was immersed into 1 M H,SO, solution overnight
to allow H* protons to be infiltrated inside of the SSG film (step b).
The SSG film was carefully assembled on the silver-coated polyimide
substrate as one electrode (step c). After that, the H,SO,~PVA gel is
casted on the top of SSG film from H,SO,~PVA water solution and then
evaporated the excess water at room temperature for 12 h in the ambient
condition to form the SSG film electrode coated with H,SO,~PVA solid-
state electrolyte (step d). Finally, two SSG film electrodes coated with
H,SO,—PVA solid-state electrolyte were face-to-face assembled together.
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In this supercapacitor, the SSG film acts as the electrode, the H,SO4—
PVA gel acts as the electrolyte and the separator as well (step e).

Characterization of Flexible Solid-State Supercapacitors: CV  and
galvanostatic charge—discharge measurement were conducted by using
Gamry reference 3000 at the potential ranging from 0 to 1 V. EIS was
measured in the frequency ranging from 10° to 1072 Hz.

Fabrication of the Perovskite Hybrid Solar Cells (Pero-HSCs): The
pero-HSCs were fabricated in the device with a configuration of ITO/
PEDOT:PSS/CH;NH;Pbl; ,Cl,/PCsiBM/Al, where ITO is indium tin
oxide, CH3NH;Pbls,Cl, is perovskite materials, and Al is Aluminum.
Approximately 35 nm of PEDOT:PSS was spin-coated on precleaned ITO
glass substrates followed by thermal annealing at 150 °C for 10 min.
The perovskite films were spin-coated on top of ITO/PEDOT:PSS from
perovskite precursor solution in the glove box with nitrogen atmosphere.
The perovskite thin films were processed by two-step procedures. In the
first procedure, the spin-time was kept at 20 s, with the rotating-speed
of 2500 rpm, but the acceleration-time was 10 s with the rotating-peed
increased from 0 to 2500 rpm in the acceleration-time. In the second
procedure, the acceleration-time was kept at 8 s, but the spin-time was
tuned from 20 s, with the rotating-speed of 2500 rpm. The wet perovskite
thin films were placed in petri-dish without cover for 30 min and then
annealed at 90 °C for 3 h. Next, =100 nm of PCs;BM was spin-coated
on the top of perovskite thin films. Finally, =120 nm Al electrode was
evaporated under high vacuum (2 X 10® mbar) through a shade mask.
The device area is defined as 4.5 mm?Z.

Characterization of Pero-HSCs: The current densities versus voltage
(J-V) characteristics of pero-HSCs were recorded using a Keithley 2400
Source Meter. The device photocurrent was measured under air mass
(AM) 1.5 illumination at the light intensity of 100 mW cm™2. The light
intensity was accurately calibrated by a standard Si photodiode. The
Incident photon-to-current efficiency (IPCE) spectra of pero-HSCs were
measured through the IPCE measurement setup in use at European
solar test installation (ESTI) for cells and mini-modules. A 300 W steady-
state xenon lamp provides the source light. Up to 64 filters (8-20 nm
width, range from 300 to 1200 nm) are available on four filter-wheels
to produce the monochromatic input, which is chopped at 75 Hz,
superimposed on the bias light and measured via the usual lock-in
technique.

Fabrication and Characterization of Self-Powered Electronics: The self-
powered electronics were built by integration of the flexible solid-state
supercapacitors with pero-HSCs through two-copper wires. The flexible
solid-state supercapacitors were charged by the current generated from
pero-HSCs under white light illumination. After the flexible solid-state
supercapacitors were charged, the electrochemical workstation was
connected with the copper wires to study the discharge properties of the
flexible solid-state supercapacitors.
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