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Flexible All-Solid-State Asymmetric Supercapacitors

Junzhi He,” Junhong Zhao,” Zhen Run,” Mengjun Sun,” and Huan Pang*® !

Abstract: Ultrathin CeVO, nanobelts were successfully
synthesized by a hydrothermal method. The thickness of
a single nanobelt is about 2.4 nm, which can effectively
shorten the ion diffusion and fasten the charge pathway.
More importantly, ultrathin CeVO, nanobelts and gra-
phene are easily assembled as a flexible all-solid-state
asymmetric device, which shows a highly flexible property
and achieves a maximum energy density of
0.78 mWhcm™ and a high life cycle of >6000 cycles.

-

Supercapacitors (SCs) are a new kind of charge storage device
which can be used for digital cameras, communication devices,
mobile phones, electric tools, electric hybrid vehicles, pulse
laser technique, uninterruptible power supplies for computers,
and energy storage for solar cells."® However, to meet the in-
creasing energy demands for next-generation portable and
flexible devices, the energy density of SCs should be substan-
tially increased to afford enough power density and cycle life.”!
The energy density (E) of a SC device increases with the in-
crease of the device capacitance (C) and the cell voltage (V)
based on the equation E=1/2 CU>.® Though organic (vs. aque-
ous) electrolytes can effectively increase the cell voltage (up to
~3 V),° " they usually have poor ionic conductivity, high cost,
and high toxicity, which could limit their wide application.
Asymmetric supercapacitors (ASCs) with a battery-type Farada-
ic electrode as energy source and a capacitive electrode as
a power source are a promising alternative due to the use of
aqueous electrolytes that have higher ionic conductivities and
are more environmentally friendly.®'>"® Intensive efforts have
been devoted to explore various ASC systems,®'>"® such as
graphene-MnO,//activated carbon nanofibers,®™ Ni(OH),-gra-
phene and graphene,"® V,0//active carbon,” and MnO,//
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FeOOH." However, aqueous ASC device fabrication usually re-
quires high-cost encapsulation techniques to avoid the possi-
ble leakage of electrolytes, which makes small and flexible de-
vices hard to obtain. Due to their small size, light weight, ease
of handing, excellent reliability, and a wider range of operating
temperatures, solid-state SCs are advantageous compared with
conventional SCs,"*! holding great promise for flexible and
wearable electronics. However, there are only few reports
about the fabrication of solid-state ASCs. Recently, Lu etal.
have successfully reported a solid-state ASC based on H-
TiO,@Mn0,//H-TiO,@C core-shell nanowires.”® The challenge
to fabricate low-cost, high-performance solid-state ASCs.

Over the past years, cerium(lll) orthovanadate (CeVO,) nano-
structures as one important member of metal orthovanadates
have been widely investigated, as they may find use as next-
generation catalysts, solar cells, magnetic and optoelectronic
nanodevices, and biochemical labels.?**! However, there are
no reports using CeVO, nanostructures as electrode materials
for electrochemical capacitors. Here, we report on the hydro-
thermal synthesis of ultrathin CeVO, nanobelts and their appli-
cation as high-performance, flexible, all-solid-state asymmetric
supercapacitors. More importantly, the electrochemical results
show that the assembled ultrathin CeVO, nanobelt//graphene
ASCs achieve a maximum energy density of 0.78 mWhcm™,
which is higher than the values of most reported solid-state
SCs. Furthermore, the CeVO, nanobelts have an efficient cycle
ability for 6000 cycles, which makes them as one of the most
promising candidates for high-performance, flexible, solid-state
asymmetric supercapacitors in the field of energy storage devi-
ces.

Figure 1a shows the XRD pattern for the as-prepared sam-
ples. All diffraction peaks in the experimental pattern can be
indexed to pure CeVO, phase (JCPDS No-72-0282). No peaks
from other phases have been detected, thus indicating the
high purity of the product. Figure 1b shows a typical scanning
electron microscopy (SEM) image of the as-synthesized CeVO,
nanobelts obtained at 200°C for 5h. The overview image
shows that the nanobelts have a uniform diameter of 25 nm
along their entire length, which can be up to tens of microme-
ters. Moreover, these nanobelts are interconnected to form
a porous network architecture, which might improve the diffu-
sion of ions and electrolytes. The morphology and structure of
the CeVO, nanobelts were further analyzed by transmission
electron microscopy (TEM) and selected-area electron diffrac-
tion (SAED). The TEM image in Figure 1c shows that the diam-
eters of the nanobelts are around 25 nm, which is consistent
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Figure 1. a) XRD patterns of an as-prepared CeVO, sample and JCPDS No.
72-0282 (top), b) FE-SEM image, ¢) TEM image (insets: HRTEM image and
corresponding SAED pattern), and d) AFM image (inset: height of the cross
section marked by arrowheads in panel d) of the as-prepared sample.

with the observation in the SEM image. From the SAED pattern
of an individual nanobelt in the left inset of Figure 1c¢, one can
see that the nanobelt is structurally uniform and can described
as a single crystal. The high-resolution TEM image (Figure 1¢,
right inset) taken near the dodecahedral edges displays dis-
tinct lattice fringes with a d spacing of 0.37 nm, which is in
good agreement with the (200) lattice planes of CeVO,. The
thickness of a single nanobelt
was measured by the AFM
image shown in Figure 1d. From
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Figure S1b, inset), within the range of mesopores. These
porous structures not only result in high surface areas but also
provide good electrolyte access. The ultrathin CeVO, nanobelts
offer a stable structure for intercalatation/extraction of ions
into/out of its structure, which might improve the cycle life of
the electrode.

Figure 2a shows the cyclic voltammogram (CV) curves of ul-
trathin CeVO, nanobelts in the potential range of —0.2 to 0.7 V
(vs. SCE) in 1.0m LiCl electrolyte solution at scan rates of 5-
50 mVs™' in a conventional three-electrode system. As shown,
the current response increased with the scan rate, and the
shapes are different from that of electric double-layer capaci-
tance, suggesting that the capacity mainly results from pseu-
docapacitive capacitance. We also propose the reversible
redox reactions in the as-prepared electrode:

HS-Ce" + OH ;< HS-(OH )Ce" + e~ (M
where HS stands for vanadate group [-VO,].

Figure 2b shows chronopotentiometry (CP) curves at differ-
ent current densities. The symmetrical characteristic of charg-
ing/discharging curves is good, which signifies that the excel-
lent electrochemical capability and redox process are reversible
in the ultrathin CeVO, nanobelt electrode. The relationship be-
tween the specific capacitances calculated by the CP curves
and current densities is also given in Figure 2b. Based on the
CP curves, the ultrathin CeVO, nanobelt electrode has a large
specific capacitance that reaches up to 605Fg™' at a cur-
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the AFM result (the inset in Fig-
ure 1d), the thickness of the
single nanobelt is determined to
be about 2.4 nm. This ultrathin
property can effective shorten
the distance of ion difussion.

To gain further insight into the
specific surface area and pore
size distribution of the ultrathin
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a distinct hysteresis in the range
of about 0.7-1.0 P/P, (Support-
ing Information, Figure S1a), in-
dicating the presence of meso-
pores, possibly formed by the in-
terconnected stacking of nano-
belts. The BET surface area of the
ultrathin  CeVO, nanobelt is
108 m?g~'. The corresponding
Barrett—Joyner-Halenda (BJH)
pore size distribution curve
shows that the pore size is uni-

form (Supporting Information, current densities.
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Figure 2. a) Cyclic voltammetry measurements carried out using the ultrathin CeVO, nanobelt electrode in 1.0m
LiCl at room temperature within the range of —0.20 to 0.70 V at a scan rate of 5-50 mV's
charge-discharge curves at current densities of 1.0, 1.5, and 3.0 Ag™". ¢) Cycle life performance tests at different

~'. b) Galvanostatic
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rent density of 1.0 Ag™' and remains at 520 Fg™' even at
30Ag™".

The cycling performance of the ultrathin CeVO, nanobelt
electrode at different current densities (1.0, 1.5, 2.0, 3.0, and
1.0 Ag™") is shown in Figure 2c. One can see that increasing
the current density from 1.0 Ag™' to 3.0 Ag™"' resulted in a re-
duction of the capacity from 605 Fg™' to 518 Fg™', while the
stable cycling performance at each current density is still main-
tained, further confirming the stability of the electrode.

With the aim to develop flexible power sources, a flexible
solid-state asymmetric supercapacitor was further fabricated
using the ultrathin CeVO, nanobelts and graphene (CeVO,
nanobelts//graphene) as active materials according to our pre-
vious method.”™ CV curves of the flexible solid-state asymmet-
ric supercapacitor at different scan rates (ranging from 5 to
100 mVs™") were measured below 1.9V (Figure 3a). Unlike the
three-electrode electrochemical feature of the ultrathin CeVO,
nanobelt electrode, the ASC device displays a quasi-rectangular
CV geometry with weak redox peaks, indicating a combination
of both pseudocapacitive and electric double-layer capacitor
properties at all scan rates. Moreover, at a scan rate as high as
100 mVs~' and a maximum cell voltage of 1.9V, the shape of
the CV curve was still well maintained, suggesting a good rate
capability of the flexible solid-state ASC.

Galvanostatic charge-discharge curves of the flexible solid-
state ASC at various current densities are shown in Figure 3b.
The corresponding specific capacitance is shown in Figure 3b,
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0.50 mAcm™ In order to test the flexibility of our solid-state
ASC, it was bent to different angles (Figure 3c), while the cor-
responding electrochemical tests were conducted. CV meas-
urements were conducted at a scan rate of 30 mVs™' with two
bending angles (90° and 180°), as shown in Figure 3c. Only
small changes of the CV curves were observed with different
bending angles. Remarkably, throughout the bending process-
es, the specific capacitance of the device was maintained. The
calculated decay ratio is 1.2% at 90° bending and 1.4% at
180° bending compared with that of the normal condition. In
fact, we have measured the performance of the as-prepared
device after bending for 300 times (Supporting Information,
Figure S2b). The as-prepared device shows only 3.1% reduc-
tion upon bending to different angles for 300 times. The flexi-
ble characteristic is shown in some optical photos (Supporting
Information, Figure S3 and Figure 3¢, inset). The variation of
open cell voltages under different bending modes is listed in
Table S1 in the Supporting Information. It is seen that the
open cell voltages changed little under different bending
modes, again confirming the good flexible ability of the as-pre-
pared ASC device. Moreover, it is found that the flexible solid-
state ASC can maintain the initial value of the specific capaci-
tance for 1000 cycles and even shows good cycling per-
formance (96.8% retention at 0.5 mAcm™) after 6000 cycles
(Figure 3d, inset). In addition, the electrochemical impedance
spectroscopy (EIS) data before and after cycling were com-
pared (Supporting Information, Figure S4). The data showed

and it reached 1558 mFcm™ at a current density of that the resistance changed only slightly, further confirming
the stability of the electrochemi-
cal performance.
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Figure 3. a) Cyclic voltammetry measurements carried out on the CeVO,//graphene ASC device within the range
of 0-1.9 V at a scan rate of 5-100 mVs™". b) Galvanostatic charge-discharge curves at current densities of 0.5-

1.5 mAcm™ and the corresponding specific capacitance. c) Cyclic voltammetry measurements within the range of
0-1.9 V at a scan rate of 30 mVs™' carried out at different degrees of bending (0°, 90° and 180°). d) Cycle life per-

formance tests at 0.5 mAcm™2
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ic capacitance of the CeVO,
nanobelts//graphene device is
much larger than that of the
other two ASCs. In fact, we have
measured the performance of
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the as-prepared three devices after 300 bending times with dif-
ferent bending angles (Supporting Information, Figure S2b).
The specific capacitance of CeVO, nanoparticles//graphene
and CeVO, microparticles//graphene decreased largely due to
the poor mechanical and flexible properties of isolated CeVO,
nanoparticles and microparticles. From the cycling life of the
three devices (Figure S2c) one can see that the specific capaci-
tance of the CeVO, nanobelts//graphene device retains 99.9%
of the initial value, while that of CeVO, nanoparticles//gra-
phene and CeVO, microparticles//graphene decreases to
81.4% and 68.8%. To rationalize these data, we have measured
the electrochemical impedance spectra of the three devices at
room temperature in the frequency range of 0.01-10° Hz
under open-circuit conditions, as shown in Figure S2d in the
Supporting Information. Furthermore, the charge-transfer re-
sistance (R.,) of the device was calculated by using the ZSimp-
Win software. The CeVO, nanobelts//graphene device has the
lowest R, value of 10.5 , while that of CeVO, nanoparticles//
graphene and CeVO, microparticles//graphene is 59.5 and
113.0 Q, respectively. The small charge-transfer resistance clear-
ly demonstrates the reduced charge-transfer resistance of as-
prepared CeVO, nanobelts, an effect possibly due to their
structure, which may both decrease the electrode polarization
and increase its electrochemical active sites.

The energy and power densities of the flexible solid-state
ASCs measured in the potential window of 0-1.9 V at different
scan rates are shown in Figure 4. Figure 4 also compares the
volumetric power and energy densities of the CeVO, nano-
belts//graphene ASC device reported in this work to the values
reported for other energy storage devices. The as-fabricated
ASC device has a maximum volumetric energy density of
078 mWhcm™ at a current density of 0.5mAcm™, and
0.55mWhcm™ at 1.5 mAcm™2 again confirming the good
rate performance of the CeVO, nanobelts//graphene ASC
device. Moreover, the obtained maximum volumetric
energy density is considerably higher than those of recently
reported symmetric supercapacitor devices (SSCs)!'*3>-3#
and comparable to some developed ASCs, %1 such
as  Ti0,@Mn0O,//Ti0,@C (0.30 mWhcm™, 0.5 mAcm 3),&

e |
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Figure 4. Ragone plots of the CeVO, nanobelts//graphene ASCs. The values
reported for previous devices have been added for comparison.['233543]
Inset: A red LED (1.5 V) powered by the ultrathin CeVO, nanobelts//gra-
phene ASC.
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VO,//VN (0.61 mWhecm™3, 0.5 mAcm 9%  ZnO@MnO//gra-
phene (0234 mWhcm™3, 05mAcm )*  MnO,//Fe,0,

(041 mWhecm™3, 0.5mAcm3),*" and Co,0,//graphene ASCs
(0.62 mWhcm3, 20 mAcm—3).2% However, the obtained maxi-
mum volumetric energy density is lower than that of some
previously reported ASCs.Fo***Y Additionally, the CeVO,//gra-
phene ASC device can deliver a maximum power density of
118 mWcm™ at a current density of 1.5 mAcm~2 which is
much higher than that of the recently reported ZnO@MnO,
SSC,B¥ polyaniline//WO,@Mo0, ASC®¥ and ZnO@MnO,//gra-
phene ASC,* but lower than that of devices based on carbon
materials or metal nitrides.'**3>37 The results above confirm
that the ultrathin CeVO, nanobelts are very promising as
a high energy-density anode material for ASCs. To demonstrate
the potential application of the CeVO, nanobelts//graphene
ASC device, an ASC device was used to power a red light-emit-
ting diode (LED) (Figure 4, inset). The ASC device can power
a red LED (1.5 V) for about 2 min after charging at 1.5 mAcm™?
for 30s.

In summary, ultrathin CeVO, nanobelts have been success-
fully synthesized by a hydrothermal method. More importantly,
a flexible solid-state asymmetric device has been successfully
assembled by using the ultrathin CeVO, nanobelts and gra-
phene. The assembled ultrathin CeVO, nanobelts//graphene
ASCs achieve a maximum energy density of 0.78 mWhcm™3,
which is higher than that of most reported solid-state SCs, and
can be efficiently cycled for 6000 cycles, which makes them
one of the most promising candidates for high-performance
flexible solid-state asymmetric supercapacitors in the field of
energy storage devices. Other applications of these nanobelts
are also anticipated by exploiting the advantages of flexibility
and high energy density originating from both the architecture
of the material and the novel design of the device. Further
work is ongoing in our laboratory to improve the device per-
formance and extend the scope of this work to other systems
within the framework of flexible/stretchable energy devices.

Experimental Section
Synthesis of the CeVO, nanobelts

The CeVO, nanobelts were synthesized through a hydrothermal
route from the reaction of Ce(NO;); and NH,VO; in a Teflon-lined
autoclave. All of the chemical reagents were of analytical grade
and used without further purification. In a typical procedure,
NH,VO; (35.1 mg, 0.3 mmol) was dissolved in deionized water
(25 mL) at 80°C. Then Ce(NO,);:6H,0 (200 mg, 0.46 mmol) was
added, and the mixture was transferred into a 50 mL Teflon-lined
autoclave and maintained at 200 °C for 5 h. After cooling to ambi-
ent temperature, the resulting yellow solid powder in the auto-
clave was collected by centrifugation, washed several times with
deionized water and ethanol, and finally dried at 40°C for 1 h in
air.

Preparation of graphite oxide

Graphite oxide was produced from natural graphite powder (uni-
versal grade, 99.985%) according to the Hummers method. First,
the graphite powder was treated twice with 5% HCI. It was then
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filtered, washed thoroughly with distilled water, and dried at 110°C
for 24 h. Subsequently, the pre-treated graphite powder (10 g) was
placed in cold (0°C) concentrated H,SO, (230 mL). Next, KMnO,
(30 g) was added gradually with stirring and cooling, and the tem-
perature of the solution was not allowed to go up to 20°C. The
mixture was stirred for 40 min, and distilled water (460 mL) was
added slowly, resulting in an increase in temperature to 98°C. The
mixture was then cooled to 35+3°C and maintained at this tem-
perature for 30 min. Finally, distilled water (1.4 L) and 30% H,0, so-
lution (100 mL) were added to the reaction mixture. The solution
was held at room temperature for 24 h and then the mixture was
filtered, washed with 5% HCl aqueous solution until sulfate could
not be detected with BaCl,. The reaction product was dried under
vacuum at 50°C for 24 h.

Preparation of functionalized graphene sheets

The dried GO was thermally exfoliated at 300 °C for 5 min under air
atmosphere. The obtained samples were subsequently heated to
700°C in Ar for 3 h at a heating rate of 2°Cmin".

Characterizations

The morphology of as-prepared samples was observed by using
a JEOL JSM-6701F field-emission scanning electron microscope (FE-
SEM) at an acceleration voltage of 5.0 kV. The phase analyses of
the samples were performed by X-ray diffraction (XRD) on
a Rigaku-Ultima Ill with Cu,, radiation (1=1.5418 A). Transmission
electron microscopy (TEM) images were captured on a JEM-2100

electron microscope at an acceleration voltage of 200 kV. Atomic

force microscopy (AFM) images were measured using a CSPM4000

instrument (Benyuan, Beijing).

Fabrication and electrochemical study of the CeVO, nano-
belt electrode in a conventional three-electrode system

All electrochemical performances were carried out on Arbin-
BT6000 electrochemical instrument in a conventional three-elec-
trode system equipped with a platinum electrode and a saturated
calomel electrode (SCE) as counter and reference electrode, respec-
tively. Before each electrochemical measurement, O, was purged
out from the solution by the inert gas Ar. The working electrode
was made from mixing of active materials—the CeVO, nanobelt
electrode, acetylene black, and PTFE (polytetrafluoroethylene) with
a weight ratio of 80:15:5, followed by coating on a piece of nickel
foam of about 1 cm? and pressing it to a thin foil at a pressure of
5.0 MPa. The typical mass load of the electrode material was
5.0mg. The electrolyte was 1.0m LiCl solution. Galvanostatic
charge-discharge methods were used to investigate capacitive
properties of the ultrathin CeVO, nanobelt electrode, which were
all carried out with an Arbin-BT6000 electrochemical instrument.
Cyclic voltammetry measurements of the ultrathin CeVO, nanobelt
electrode were conducted by using a PARSTAT2273 instrument.

Fabrication and electrochemical study of flexible solid-state
ultrathin CeVO, nanobelts//graphene ASCs

The PET substrates (PET=polyethylene terephthalate ) were first
deposited with a layer of Pt film (ca. 3x5 nm thick) and then
coated with the slurry containing the active materials (the ultrathin
CeVO, nanobelts or graphene nanosheets) by a process similar to
that in the three electrode system and were used as the working
electrode after drying. In the meantime, the PVA/LICl (PVA=poly-
vinyl alcohol) gel electrolyte was prepared as follows: the gel elec-
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trolyte (2.0 g PVA, 4.2 g LiCl, and 20 mL deionized water) was pre-
pared by heating at 85°C for 30 min under vigorous stirring (We
have measured the PVA-LICl gel-like and LiCI-H,O electrolyte solu-
tion at different LiCl concentrations. In this work, the ionic conduc-
tivity of the gel-like electrolyte is 5.6 Sm™', while that of 1.0m LiCl
solution is 5.2Sm™'; Supporting Information, Figure S6). Subse-
quently, two pieces of such electrodes were immersed in the PVA/
LiCl gel solution for 5-10 min to adsorb a layer of solid electrolyte.
After the excess water was vaporized, two pieces of such electro-
des containing electrolyte were pressed together on a sheet roller.
Thus, the stacked all-solid-state ASCs were fabricated. CV measure-
ments were carried out at 5, 10, 20, 30, 50, and 100 mVs™' be-
tween 0 and 1.9V on an electrochemical work station (PARSTAT-
2273). The flexible solid-state CeVO,//graphene ASCs were galva-
nostatically charged and discharged at a current density of 0.5-
1.5mAcm~? in the voltage range of 0-1.9V on an Arbin-BT6000
electrochemical instrument. All electrochemical measurements
were conducted at room temperature.
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