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Abstract

We introduce a new method for fabricating unique on-chip supercapacitors based on CuO/
polypyrrole core/shell nanosheet arrays by means of direct electrochemical co-deposition on
interdigital-like electrodes. The prepared all-solid-state device demonstrates exceptionally high
specific capacitance of 1275.5 F cm > (~40 times larger than that of CuO-only supercapacitors)
and high-energy-density of 28.35 mWh cm >, which are both significantly greater than other
solid-state supercapacitors. More importantly, the device maintains approximately 100%
capacity retention at 2.5 A cm° after 3000 cycles. The in situ co-deposition of CuO /polypyrrole
nanosheets on interdigital substrate enables effective charge transport, electrode fabrication
integrity, and device integration. Because of their high energy, power density, and stable cycling

stability, these newly developed on-chip supercapacitors permit fast, reliable applications in

portable and miniaturized electronic devices.

Online supplementary data available from stacks.iop.org/NANO/26/425402 /mmedia
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1. Introduction

As the global economy is rapidly developing and the human
population is growing, tremendous research efforts have been
devoted to energy storage because of the increasing demand
for energy in the new century [1-5]. The supercapacitor is a
promising energy storage device because of its high power
density, rapid charge/discharge rate, long cycle life, and low
maintenance cost. Recently, miniaturized solid-state energy

3 The first two authors contributed equally to this work.

0957-4484/15/425402+08$33.00

storage devices, which enable designers to place energy sto-
rage devices directly on a chip, have become one of the most
intense research focuses in the field of electrical energy sto-
rage [6, 7]. A flexible electrode with favorable mechanical
strength and large capacitance is a vital component for flex-
ible supercapacitors. However, it still remains a challenging
task to fabricate supercapacitor electrodes that are light-
weight, flexible, and high performance for flexible and on-
chip energy storage devices.

Two main working principles are established for super-
capacitors. The first is electrochemical double-layer charge

© 2015 I0OP Publishing Ltd  Printed in the UK
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storage through which carbon-based materials can work.
Xuebin Wang et al [8] and Xiaowei Yang et al [9] describe
advanced carbon-based materials with high energy/power
density for supercapacitors. The second is pseudocapacitive
charge storage, which includes rapid redox reactions at the
surface and bulk of the electrodes, through which conducting
polymer and transition metal oxide-based materials can work
[10-12]. For pseudocapacitors, properties such as high spe-
cific surface area, electrical conductivity, and a fast cation
diffusion process are important to achieve high power density
and energy density. Ruthenium oxides and hydroxides have
been previously demonstrated to show very high pseudo-
charge capacitance [13, 14]. Of course, other transition metal
oxides were also well studied, for example, NiO, CoO, MnO,,
and WO,, SnO, [15-25]. Among these metal oxides, copper-
based materials such as copper oxides and hydroxides are
attractive and promising pseudocapacitive electrode materials
because of their chemical stability, low cost, and environ-
mental friendliness. To the best of our knowledge, little
research has been conducted on the application of CuO
as on-chip supercapacitor electrodes because of their low
electrical conductivity and unstable cycling performances
[26, 27, 30, 33, 35-37]. Polypyrrole (PPy) is an intrinsically
conductive polymer because of its high conductivity, storage
ability, redox and capacitive current, and good thermal and
environmental stability [18, 28, 29]. Its high electrical con-
ductivity with respect to that of copper oxide will certainly
result in significantly improved electron transport. In this
paper, we constructed an on-chip, flexible, all-solid-state
supercapacitor based on a CuO/PPy nanosheet array through
direct electrochemical co-deposition on interdigital-like cop-
per substrates, which are compatible with current microelec-
tronics. The results reveal that the prepared nanosheets that
are integrated firmly and uniformly with the pre-patterned
copper substrate significantly improve the conductivity of
copper oxide and lead to a high specific capacitance of
1275.5F cm ™ at a current density of 2.5 A cm > with 100%
capacity retention. Moreover, the specific capacitance of the
hybrid CuO/PPy device is ~40 times larger than that of the
CuO-only devices. The extreme high performance is attrib-
uted to the smart synergetic contribution from the CuO/PPy
core/shell nanosheets.

2. Experimental methods

2.1. Synthesis of the CuO/PPy nanosheet arrays on the
interdigital-like copper substrate

We prepared a 10mg mL ™" graphene dispersion with 0.1 M
pyrrole (purchased from Sinopharm Chemical Reagent Co.,
Ltd) and 0.1 M sodium dodecyl sulfate (SDS, purchased from
ChinaSun Specialty Products Co., Ltd). The copper substrate
patterned on polyethylene terephthalat (PET, 2 x 3 cm?,
figure 1) served as the working electrode, an Ag/AgCl
electrode served as reference electrode, and a platinum wire
as counter electrode. Next, the electrochemical co-deposition
was carried out through method of cyclic voltammetry (CV)

in a potential range of —1.2 ~ 0.8 V at a scan rate of 20 mV
s~'. Finally, the product was washed by deionized water
several times and dried in room air.

2.2. Fabrication of an all-solid-state flexible supercapacitor

The flexible all-solid-state supercapacitor was manufactured
by means of the usual procedure: 6 g (Polyvinyl Alcohol)
PVA was added into 50 mL deionized water with continuous
stirring at 90 °C. After the PVA was dissolved completely, 4 g
KOH in 10 mL water was added [33]. Two branches of the
obtained product were covered by the gel electrolyte with the
same size.

2.8. Characterization of the CuO/PPy nanosheets

The morphology of the hybrid nanosheets was observed by
field emission scanning electron microscopy (FESEM,
SUS8010, Japan), and field emission transmission electron
microscopy (FETEM, FEI Tecnai G2 F20 S-TWIN TMP,
Hongkong). X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on a PHI 5000 VersaProbe.

2.4. Electrochemical measurements of the supercapacitor

Supercapacitor performance of the prepared device was
investigated by using CV and galvanostatic charge /discharge
experiments. A three-electrode configuration with a prepared
product working electrode, a platinum wire counter electrode,
and an Ag/AgCl reference electrode was used for the elec-
trochemical impedance spectroscopy (EIS) measurement with
a frequency range of 100kHz to 10mHz in a 6 M KOH
solution. All the measurements were recorded by a CHI 660E
(Chenhua Shanghai, China) electrochemical workstation.

3. Results and discussion

3.1. Physical characterization

Simplified schematic images of the fabrication process of
on-chip and all-solid-state supercapacitor based on CuO/PPy
nanosheet arrays are illustrated in figure 1. Before co-
deposition, 2 four-interdigital-finger copper substrate elec-
trodes were patterned on-chip. After co-deposition, the
electrodes became black with hybrid CuO/PPy nanosheets
selectively grown on the interdigital fingers. Each finger has a
length of 13 mm, a width of 1 mm, and an interelectrode
distance of 1 mm.

The structure of the CuO/PPy core/shell nanosheets
grown on the interdigital-like copper substrate electrode of the
prepared supercapacitor is clearly illustrated in figures
2(A)—(C). To investigate the morphology of the CuO/PPy
nanosheets after electrochemical co-deposition, scanning
electron microscopy (SEM), and high-resolution transmission
electron microscopy (HRTEM) were carried out and the
results are shown in figure 2. SEM images reveal the prepared
nanosheets integrated firmly and uniformly with the inter-
digital-like copper substrate (figures 2(D) and S1). A core/
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Figure 1. Schematics of the fabrication process of flexible all-solid-state supercapacitors based on CuO/PPy nanosheet arrays and the

detailed parameters for the designed electrodes.
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Figure 2. (A) Schematics of the prepared supercapacitor. (B) Illustration of the prepared nanosheet arrays on interdigital-like copper
substrates by partially enlarged view. (C) Cross-section of the core shell nanosheets. (D) Low-magnification and (E) high-magnification SEM
images of the hybrid nanosheets. (F) HRTEM image of a magnified view of the resulting nanosheet showing the CuO crystal lattice and

amorphous PPy structures.

shell structure could be clearly observed in figure 2(E) with a
rough surface of coated PPy layers. These structures are
further confirmed by the detailed morphology in the HRTEM
image. The core/shell structure with highly crystalline CuO
core and amorphous PPy shell can be clearly identified, as
shown in figure 2(F).

To examine the chemical composition, we performed the
XPS measurement of the CuO /PPy nanosheets, as shown in
figure 3(A). In the survey region from 200 to 1000 eV, it is

evident that C, O, and Cu elements all exist in the sample.
The peaks at 932.3 and 952.2 eV are assigned to the binding
energy of Cu2ps/; and Cu2p ,, respectively, indicating the
presence of Cu in the sample. The difference between them is
found to be ~10 eV, further justifying the existence of CuO
in the sample. Additionally, two satellite peaks observed at
943.5 and 962.6 eV, which are positioned at higher binding
energies compared to the main peaks, confirm that the oxide
in the sample is CuO [30]. The high-resolution spectrum of
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Figure 3. XPS spectra of the CuO/PPy nanosheets (A) Full XPS spectra and the high resolution (B) Ols, (C) Cls and (D) N1s XPS

spectrum.

Ols in figure 3(B) shows a curve which can be fit to three
peaks with binding energies at 530.3, 531.5, and 532.6¢eV.
The two peaks at 530.3 and 531.5eV are attributed to the
oxygen in CuO and Cu(OH),, respectively. The XPS peak at
532.6 eV corresponds to the water molecule, indicating that
the CuO nanosheets are in hydrated form [31]. The high-
resolution Cls of the sample (figure 3(C)) is clearly divided
into three components at 284.5, 285.4, and 288.0eV corre-
sponding to C-C, C-N, and C=0 [32]. C-N indicates the
existence of PPy. From figure 3(D), it can be seen that the
only peak at 399.2 eV corresponds to N atoms, which further
justifies the presence of PPy.

3.2. Electrochemical characterization

The electrochemical properties of the supercapacitor were
investigated by CV, galvanostatic charge/discharge, and EIS.
The CV curves in the potential range of 0 ~ 0.4 V at different
scan rates (figure 4(A)) show well-resolved pairs of cathodic
and anodic peaks which are very distinct from those of the
electric double-layer capacitance which is normally close to

an ideal rectangular shape. The current of the electrode
responses quasi-linearly with increasing potential scan rate,
demonstrating its excellent reactivity [33]. Plots of the
galvanostatic charge/discharge voltage vs. the time were
measured with the voltage window of 0 ~ 0.4V at current
densities of 2.5, 3.5, 5.0, 7.5, 10.0 A cm 3 (figure 4(B)). We
observed well-defined plateaus during the discharge pro-
cesses, revealing their satisfactory pseudocapacitive behavior.
The volumetric capacitance (Cy) of the device was calculated
by the following equation:

C, = IAt/VAE (D

where I is the discharge current, At is the discharge time, AE
is the potential window during the discharge process, and V is
the effective electrode volume [34]. The calculated volumetric
capacitance of the prepared supercapacitor was 1275.5F
cm > at a current density of 2.5 A cm_3, which is about 40
times larger than that of CuO-only device (only 31.25F cm >
as shown in figure S4). In comparison with other advanced
electrode materials, the capacitor property in this work is
much greater than those of the other solid-state or solution



Nanotechnology 26 (2015) 425402 T Qian et al
20
A,-\ B 0.4 —25Acm™
‘*.’E 10 — 35Acm™
G —— — 5.0Acm™
< 01 SO — 7.5Acm™
s = — 10.0 Acm™
@ -10- S 02
= c
. L
= 201 £ o1
@
£ .30
S .30
&) 0.0
'40 T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0 50 100 150 200
Potential (V) Time (S)
C 1500 D -
o o ) m
£ \. 84 -
o .
LL 1000 —_ n
- \. £ o .
n
g \._________ :C._)z !.
= n N4 5
g ) [
S 500 -
©
O 2
D)
=
(5]
8 0 T . T i T # T . T 0 T T T T T T T T T T
1) 2 4 6 8 10 0 2 4 6 8 10
Current density (A cm™) Z' (Ohm)

Figure 4. Electrochemical characterization: (A) CV curves of the prepared supercapacitor in a potential range of 0 ~ 0.4 V at scan rates of 20,
10, 8, 6, 5, 4,2, 1 mV s~'. (B) Galvanostatic charge /discharge curves of the prepared supercapacitor device at current densities of 2.5, 3.5,
5.0,7.5, 10.0 A cm™>. (C) Volumetric capacitance at different current densities. (D) Nyquist plot of the prepared CuO/PPy nanosheet arrays

electrode.

Table 1. The comparison results of different capacitor electrode materials for the supercapacitors.

Capacitor materials Specific capacitance (F cm™)  References
Aligned nano-porousgraphite oxide 177 [39]
N and B co-doped graphene 488 [40]
3-D nanoporous NiF,-dominant thin film 733 [41]
Hierarchically structured CNT-graphene fibres 300 [42]
polyaniline nanowire arrays 588 [29]
On-chip CuO/PPy supercapacitors 1275.5 This work

based supercapacitors (table 1). Notably, the capacitance was
calculated to be 625F cm > even at a discharge current
density of 10.0 A cm > (figure 4(C)), suggesting the excellent
capacitor properties of the such on-chip supercapacitors.

EIS measurement in the frequency range of 10 mHz to
10 kHz was performed to clearly understand the ion diffusion
of the electrodes. The Nyquist plot (figure 4(D)) shows a form
with a semicircle at higher frequency region and a spike at
lower frequency which is a characteristic of the capacitive
behavior. At the high frequency, the intersection of the curve

at the real part represents the resistance of the electrochemical
system (R, ~ 0.2 2 including the inherent resistance of the
electroactive material, ionic resistance of electrolyte, and
contact resistance at the interface between electrolyte and
electrode) and the semicircle diameter reflects the charge-
transfer resistance (R ~ 4 €2). The straight line indicates the
diffusion of the electroactive species and a larger slope sig-
nifies more rapid diffusion [35]. We conclude that the pre-
pared electrode has low charge-transfer resistance and ion-
diffusion resistance, corresponding to a much increased
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Figure 5. (A) Cyclic voltammetry curves measured at different bending states. The insert is the image of flexible supercapacitors. (B) Ragone
plots of the prepared device and reportedsupercapacitors in the references. (C) The cycle performance of the prepared Cu/PPy electrode.

conductivity, which is beneficial for the rate capability
enhancement.

To demonstrate the mechanical flexibility, CV measure-
ment was conducted at a scan rate of 20 mV s_l, with devices
under various bending states (figure 5(A)). It is shown that the
CV curves of the prepared supercapacitor measured with
curvature radius ranging from 2.5 to 12mm and without
strain all show similar capacitive behavior with no capaci-
tance decay, indicating the high flexibility of the as-prepared
supercapacitors.

Energy density (E) and power density (P) are two key
factors for evaluating the application of supercapacitors [8, 9],
which can be calculated as

E = CV*/2U 2)
P=E/t 3

where C is total capacitance of the device, V is the cell
voltage, U is the effective electrode volume, and ¢ is the
discharge time [34]. A power density of 500 mW cm* and
an energy density of 28.35mWh cm > were achieved at a
current density of 2.5 A cm™? (figure 5(B)), which are much

higher than most of the reported supercapacitors in the
references [6, 36-38, 43].

The cycling stability performance of the prepared
supercapacitor was tested using the galvanostatic charge/
discharge technique at a current density of 10.0A cm°.
Figure 5(C) shows the specific capacitance retention as a
function of cycle number, indicating the increase trend of the
specific capacitance during the initial 500 cycles, which is
attributed to the gradual increase of the electrochemically
active surface area. This phenomenon is due to the incomplete
exposure of active materials to the gel electrolyte [44—46].
After 500 cycles, the capacitance increases slowly and trends
to stabilization.

4. Conclusion

In conclusion, a new method of using direct co-deposition
method on interdigital-like electrode was developed for the
manufacture of on-chip supercapacitors based on CuO/PPy
core/shell nanosheets. The prepared flexible all-solid-state



Nanotechnology 26 (2015) 425402

T Qian et al

supercapacitor was found to exhibit superior performance in
terms of specific capacitance, energy density, and power
density. These results indicated that such CuO/PPy core/
shell nanosheets could be considered as promising electrode
materials for pseudocapacitor applications, especially for
developing completely flexible pseudocapacitors using solid
polymer electrolytes. In our work, the rationally designed on-
chip supercapacitors allow the supercapacitor to be integrated
with semiconductors, to meet the urgent demand for micro-
scale energy storage devices.
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