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On-chip electrochemical energy storage devices have attracted growing attention due to the decreasing
size of electronic devices. Various approaches have been applied for constructing the microsupercapaci-
tors. However, the microfabrication of high-performance microsupercapacitors by conventional and fully
compatible semiconductor microfabrication technologies is still a critical challenge. Herein, unique three-
dimensional (3D) CozO4 nanonetwork microelectrodes formed by the interconnection of CozOy4
nanosheets are constructed by controllable physical vapor deposition combined with rapid thermal
annealing. This construction process is an all dry and rapid (<5 minutes) procedure. Afterward, by sputter-
ing highly electrically conductive Pt nanoparticles on the microelectrodes, the 3D Coz0O4/Pt nanonetworks
based microsupercapacitor is fabricated, showing a high volume capacitance (35.7 F cm™) at a scan rate of
20 mV st due to the unique interconnected structures, high electrical conductivity and high surface area of
the microelectrodes. This microfabrication process is also used to construct high-performance flexible
microsupercapacitors, and it can be applied in the construction of wearable devices. The proposed strategy
is completely compatible with the current semiconductor microfabrication and shows great potential in the
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Introduction

On-chip electrochemical energy storage devices (OEESDs), a
kind of independent power supplies for portable electronic
devices, wireless sensor networks and other self-powered
microsystems, have attracted great attention due to their excel-
lent electrochemical performance and miniaturized size.'”
Various OEESDs including microbatteries, microsupercapaci-
tors (MSCs) and microscale hybrid devices made up of battery
and capacitor materials with high energy/power density and
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applications of the large-scale integration of micro/nano and wearable devices.

long lifetime have been constructed recently.®*' The
MSCs based on interdigital microelectrodes, a kind of
OEESD, have been widely studied because of their high areal/
volumetric utilization of active materials and short ion
diffusion distance, contributing to their high electrochemical
performance.”>™"*

Similar to traditional OEESDs,">*! most of the recently pro-
posed devices are fabricated by various wet chemical pro-
cesses, such as electrodeposition, chemical bath electrodeposi-
tion, drop-cast method and layer-by-layer assembly.*>* A
great number of micro/nanostructures have been investigated
for their applications in OEESDs, such as those of graphene
based composites,”>” Ni(OH),,>® MnO0,,>*?*° conductive
polymers,>%* Ru0,,** etc. However, these wet chemical pro-
cesses are usually less controllable, and the thickness of the
microelectrode is non-uniform. The use of an aqueous solu-
tion would introduce various ions, which would result in
unstable electrochemical performance of the devices.>® In
addition, the toxic waste water produced during the fabrica-
tion process causes environmental problems. Also, chemical
vapor deposition (CVD) is a common kind of construction
method.*® Considering the inflammability and toxicity of the
raw materials, sometimes CVD is dangerous and complicated.
Recently, nanoporous carbon®”* based MSCs were constructed
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by the pyrolysis of a photoresist. However, the construction
process is always accompanied by a high pyrolysis temperature.
Therefore, these methods are not fully suitable for the large-
scale integration of nanomaterials into OEESDs since they are
not fully compatible with the current semiconductor micro-
fabrication technologies. In order to realize the mass production
of OEESDs, it is important to develop a kind of microfabrica-
tion method which is completely compatible with modern
micro/nanofabrication technologies. In addition, with the
development of portable devices, wearable electronic devices
have attracted a lot of attention in the past decade. Due to
their high power density, flexible MSCs show their potential in
applications of the power sources of wearable electronic
devices. A method which can also help us construct flexible
OEESDs will greatly extend its applications in the construction
of wearable devices.

Among the electrode materials applied in supercapacitors,
Co30, is particularly attractive by virtue of its great redox
activity and high capacity as the cathode material of hybrid
devices.*® Distinctive capacitive characteristics of Co;0, are
also observed when it is used as the anode material of super-
capacitors.*’ Most of the reported synthesis methods and inte-
gration approaches of Co;0, nanostructures are complicated
or require long-time annealing.”*™* As a result, the Co;0,
nanomaterials are difficult to be integrated on the microscale
current collectors which makes the applications of Co;0, in
MSCs a critical issue.

Herein, we proposed a facile, rapid and -controllable
approach utilizing rapid thermal annealing (RTA) to convert
Co thin films into three-dimensional (3D) Co;0, nanonetworks
at a low temperature on a large scale, which are employed
as the interdigital microelectrode of MSCs. The microfabrica-
tion process includes photolithography, physical vapor depo-
sition (PVD) and RTA, which are the most common and
useful procedures in the modern semiconductor industry. This
construction process is an all dry process with a rapid
(<5 minutes (min)) annealing treatment. The 3D Co;0, nanonet-
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works employed as the active material are constructed by the
interconnection of individual Co;0, nanosheets. A large number
of nanopores form within the nanonetwork due to the overlap of
nanosheets. Considering the poor electrical conductivity of
Co30,4, 3D Co30,/Pt nanonetworks MSC (Co;04/Pt MSC) is
further fabricated by a combination of Co;0, with sputtered Pt
nanoparticles (NPs), which can deliver electrons quickly; thus the
electrochemical performance of MSC is improved. The Pt NPs
in Coz04/Pt MSC enhance the transportation of electrons
between the Co;0, nanosheets by an order of magnitude. The
3D interconnected nanonetwork and the inner porous struc-
ture promote the electron transport and ion diffusion, which
result in the optimized electrochemical performance of the
MSC.*> As a result, the stack capacitance of Co;0,/Pt MSC
reaches 35.7 F em™>, 1.5 times higher than that of Co;0, MSC
(22.3 F em™®). The microfabrication process is also used to
construct the flexible MSC, showing similar electrochemical
performance. Their excellent performance demonstrates that
our strategy which is well compatible with the modern semi-
conductor industry provides a new design and approach for
high-performance energy storage microdevices.

Experimental details
Microfabrication of on-chip Co;0,/Pt MSC

The microfabrication process of Co;0,/Pt MSC is illustrated in
Fig. 1. A Si/SiO, wafer with a 300 nm thick SiO, or PI wafer was
cleaned using an isopropyl alcohol solution for several
minutes and utilized as the substrate on which the PR1-9000A
photoresist (Futurrex, Inc. Co., Ltd) was uniformly spin-coated.
Then the photolithography was followed to obtain the inter-
digital micropatterns of the photoresist. The PVD technique was
utilized to deposit Cr/Au/Co layers (5/50/60 nm) on the surface
of the sample in sequence and Pt NPs were deposited on the
sample by magnetron sputtering (JEOL JFC-1600 Auto Fine
Coater, power: 2 W and sputtering time: 40-240 s). Afterward

(c) Photolithography (d) Cr/Au deposition
(g) Lift-off (h) RTA treatment
Co;0,/Pt

&

Fig. 1 Schematic illustration of the microfabrication process of the on-chip Coz04/Pt MSC.
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the lift-off process was conducted to remove the photoresist
using acetone, and the patterned Cr/Au/Co/Pt microelectrodes
were obtained. Finally, the Co;0,/Pt microelectrodes on the
Cr/Au current collectors were fabricated by RTA at 350 °C for
5 min under an O, atmosphere. The efficient area of the MSC
is ~0.1066 cm®. 1 M KOH was used as the electrolyte. The on-
chip MSC was assembled after the electrolyte was dropped
onto the microelectrodes. A Co;0, MSC without Pt NPs was
also fabricated by the same procedures except for the sputter-
ing of Pt NPs for comparison. The fabrication process of
double-layer Coz;0,/Pt MSC is shown in Fig. S13.f The
PR1-9000A photoresist was uniformly spin-coated on the
Co3;0,/Pt MSC. Photolithography was utilized to obtain the
interdigital micropatterns of the photoresist on the microelec-
trode of Coz;0,/Pt MSC. The second Cr/Au/Co layer was de-
posited by PVD and Pt NPs were deposited by magnetron sput-
tering. Finally, the double-layer Co;0,/Pt MSC was obtained
after annealing under an O, atmosphere for 5 minutes.

Characterization of the MSC

The thicknesses of on-chip Co;0, MSC and Co3;0,/Pt MSC
were measured using a stylus surface profiler (Bruker Dektaker
TX). Scanning electron microscopy (SEM) images were
observed using a JEOL-7100F field-emission SEM at an accel-
eration voltage of 20 kV. Energy-dispersive X-ray spectra (EDS)
were collected by an Oxford IE250 system. The crystallographic
information of the as-fabricated microelectrodes was charac-
terized using a Bruker D8 Discover X-ray diffractometer

View Article Online

Paper

equipped with a Co-Ka radiation source (A = 1.7902 A).
Transmission electron microscopy (TEM) images were col-
lected using a Titan G2 60-300 Probe Cs Corrector HRSTEM.
X-ray photoelectron spectroscopy (XPS) spectra were recorded
using a VG Multilab 2000. Raman spectra were obtained using
a Renishaw RM-1000 laser Raman microscopy system. All of
the electrochemical tests were conducted using an Autolab
PGSTAT302N. Electrical conductivity measurements were per-
formed using a semiconductor device analyzer (Agilent,
B1500A) and a probe station (Lake shore, PPT4).

Results and discussion

The digital photograph of the as-fabricated MSC is shown in
Fig. 2a. The width of each interdigital microelectrode and the
interspace of two microelectrodes are 400 and 100 pm, respect-
ively. As shown in Fig. 2b, the Co film is uniformly deposited
on the Cr/Au collector and no cracks are observed on its
surface after the RTA treatment. The SEM images of the Co3;0,/
Pt microelectrode are shown in Fig. 2c; it can be found that
the Co;0, nanonetworks consist of Co;0, nanosheets which
are grown homogeneously on the Cr/Au current collectors on a
large scale after annealing at 350 °C for 5 min. The length and
width of the Co;0,/Pt nanosheets are about 100 and 5 nm,
respectively. The nanoscale thickness of the interdigital micro-
electrode is 153.6 nm, which would increase the accessible
surface area of the electrolyte. Furthermore, the nanonetwork
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Fig. 2 Morphology, elemental composition and phase composition of planar MSCs. (a) Digital camera image of a Cos04/Pt MSC. (b) Bright-field
optical images of the Coz04/Pt MSC. (c) FESEM image of Co304/Pt nanonetworks on the interdigital microelectrode. (d—g) SEM image and corres-
ponding elemental mappings of Au, Co, and Pt of an interdigital microelectrode. (h) TEM image of the Co30,/Pt microelectrode. (i) HRTEM image of
Co30,4 in the Co304/Pt microelectrode. (j) XRD patterns of the Co3;04/Pt and Coz04 microelectrodes. (k) XPS spectra of the Co 2p binding energy
region of the Co304/Pt and Co30,4 microelectrodes. (I) Raman spectra of the Coz0,4/Pt and Coz04 microelectrodes.
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structure can further enhance the electron conduction.
Meanwhile, lots of nanopores in the inner space of the
nanosheets could promote the penetration of the electrolyte
and the ion diffusion. The corresponding elemental mappings
of the selected area, with one interdigital microelectrode and
its adjacent interspace of Co30,/Pt MSC, are shown in Fig. 2d-g,
and Fig. 2d is the SEM image of the selected area. A clear
comparison between the interdigital microelectrode and the
interspace indicates that the fine patterned microelectrode
reserves its geometrical configuration after the RTA process.
The distribution of Au, Co and Pt on the interdigital microelec-
trode is uniform. Pt NPs are located on an individual Co;0,
nanosheet. Thus, the aggregation of Pt NPs could be fully
avoided. The interdigital microelectrode which consists of the
Co3;04 nanonetwork and Pt NPs is observed in the TEM image
(Fig. 2h). Pt NPs show a higher contrast owing to their high
molecular weight in the dark-field TEM image (Fig. S1%). The
high-resolution TEM (HRTEM) image (Fig. 2i) shows the lattice
fringes with the lattice spacing of 2.43 and 4.68 A, which
correspond to the (311) and (111) crystal planes of Co03;0,
(JCPDS No. 00-042-1467), respectively. The SEM and TEM
images of the Co30, microelectrode without the sputtering of
Pt NPs are shown in Fig. S2.t Similarly, the Co;0, nano-
networks with lower density are homogeneously distributed on
the current collector. Few Pt NPs have no influence on the
growth of Co;0, nanosheets during the RTA process. The (311)
and (222) crystal planes of Co;0, with the spacing of 2.43 and
2.32 A are observed in the HRTEM image of the Co30, nano-
network.’® Temperature and annealing time of the RTA
process as well as the sputtering time of Pt NPs pose important
influence on the morphology of Coz;0,/Pt microelectrodes.
Fig. S31 shows the SEM images of the Co film with Pt NPs
after annealing under an O, atmosphere at 450 °C for 5 min.
However, the morphology of the film annealed at 450 °C for
5 min is non-uniform and the nanosheets are contorted due to
the higher annealing temperature, decreasing the interface
area of the nanostructures, which makes ion/electron immigra-
tion difficult. The nanonetwork cannot form due to the low
growth density of Co;0, nanosheets. Fig. S41 shows the mor-
phology of the Co;0,4/Pt microelectrode with longer Pt sputter-
ing times of 160 and 240 s followed by the RTA treatment
at 350 °C for 5 min. It is inferred that the thick Pt layer
(Fig. S4b-dt) hinders the growth of Co;O, nanosheets and
impedes electrolyte penetration.

The phase of the active material obtained by the RTA
process was characterized by X-ray diffraction (XRD). Fig. 2j
shows the XRD patterns of Co;0, and Co;0,/Pt microelec-
trodes after RTA at 350 °C for 5 min. By comparing these two
patterns, the main diffraction peaks of the two samples are
well indexed to the cubic Co;0, phase (JCPDS No. 00-042-
1467) with the space group of Fd3m,*” demonstrating that both
samples have been oxidized into Co;0, after a short annealing
treatment at 350 °C for 5 min. No clear peaks of Pt can be
observed due to its low content in the Co;0,/Pt microelec-
trode. Fig. 2k shows the XPS results of the Co;0, and Coz;0,/Pt
microelectrodes, in which two elemental signals of Co and Pt
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are apparently observed. The XPS spectra of Coz;0, and Co30,/
Pt show two main peaks of Co 2p;, and Co 2p,, at the
binding energies of 779.3 and 794.3 eV with a spin energy sep-
aration of 15 eV, together with two satellite peaks, corres-
ponding to the characteristic peaks of Co;0,*® Besides, the
peak of Pt 4f;, is also captured in the XPS spectrum of Coz;0,/
Pt (Fig. S5), which can further confirm the existence of Pt in
the Co;0,/Pt microelectrode. Based on the XPS spectrum, the
content of Pt in Co;0,/Pt is calculated to be ~2.8%. The low
content of Pt NPs does not increase the cost of the MSC
obviously. The Raman spectra of Co;0, and Co;0,/Pt micro-
electrodes are shown in Fig. 21. Both of the microelectrodes
have the same peaks at 198, 484, 522, 622 and 694 cm™},
corresponding to the F},, Eg, F3,, F}, and A;; modes of crystal-
line Co;0,, respectively.”* This result demonstrates that Pt NPs
sputtered on the surface of the Co film have no influence on
the composition and structure of the active material, and Pt
NPs are still retained in the initial metal state. All the charac-
terization studies conducted above confirmed that the active
electrode is the Co;0, nanonetworks and highly electrically
conductive Pt NPs deposited on the Co;0, nanonetworks.

The electrochemical behaviors of the Co;0,/Pt MSC using a
1 M KOH electrolyte were evaluated using two-electrodes with
symmetrical Coz04/Pt or Co;0, microelectrodes as cathode
and anode. The potential window ranged from 0 to 0.8 V.
Cyclic voltammetry (CV) curves measured at various scan
rates varying from 20 to 10 000 mV s~ are presented in Fig. 3a
and b. To accurately identify the intrinsic properties of
MSCs, stack capacitance (C, in F cm™), energy density (E, in
Wh cm™) and power density (P, in W cm™>) are calculated
using the equations from a previous study.*’

It is apparent that the shapes of the CV curves in Fig. 3a are
quasi-rectangular at a low scan rate, which indicates that the
faradaic reactions exist during the charge and discharge pro-
cesses. The faradaic reactions accompanied by the reversible
transformation between Co®" and Co*" are observed using a
three-electrode test system (Fig. S6at). The negative electrode
shows capacitance characteristics due to the high surface area
of the Co;0, nanosheets (Fig. S6bt). The quick redox reaction
increases the capacitance of the whole device.’® Meanwhile,
the shapes of the CV curves still remain rectangular at a high
scan rate of 2000-10 000 mV s™', as shown in Fig. 3b. It is
demonstrated that the Co;0,/Pt microelectrodes show excel-
lent ion/electron conduction. At a low scan rate of 20 mvV s™*,
the energy density of the Co;0,/Pt MSC is 3.17 mWh cm ™ and
its stack capacitance is 31.7 F cm > which is superior to
those of Co;0, MSC (22.3 F cm™) and some recently reported
values of transition metal oxide-based MSCs (17.4 F ecm ™ for a
CoO nanoflower-based MSC" and 11.57 F cm ™ for an rGO/
Fe,0;-based MSC>). The specific stack capacitance of Coz0,/
Pt MSC remains 2.96 F cm ™ with a high stack power density
of 47.4 W em™ at an ultrahigh scan rate of 10 000 mV s™*. The
CV test of the Co;0, MSC was conducted as well, the result of
which is shown in Fig. S7a and b.f The shapes of the CV
curves of the Co;0, MSC are nearly rectangular which further
confirms its similar electrochemical performance to that of

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C7NR01789H

Published on 14 July 2017. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 08/09/2017 03:03:33.

View Article Online

Nanoscale Paper
(a) (b) (
©)
0.015 0.3
—20mVs' — 2000mVs" ié —0.05mA cm?
024 = 5000mvs’ —0.10 mA c...‘:
0.0104 3 — Acm®
= - — 10000 mV s 020 mA cm
< - ~ 06
£ £ 0.1 z
= 0.005 = =
= 04
H S 00 =
- - =
- - o
= 0.000 3 s
- O -0 & 02
-0.005 0.2 L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0 2 4 6 s 10 12
Potential (V) Potential (V) Time (s)
(d) (e) (
100
0.064 = Co0,0, 084 "-’E —e— Co,0,
— (‘ﬂ_‘OI/PI “ —— ('ﬂj()J/P(
004 a
2 =
z = 06 2 104
< 0.02 < £
H E o4 =
2 0.00- - H
= @ -9
S Z 02 g
-0.02 = - g
]
v
-0.044
0.0 g
¥ v Y y Y - - - - - g - L 0.1 Ay —r —~ r
0.0 02 0.4 06 L 00 05 10 15 20 25 30 0.01 0.1 1 10 100
. ; T ~ e |
Potential (V) Time (s) Scan rate (Vs)

Fig. 3 Electrochemical performance of planar CozO4/Pt and Cos0,4 MSCs. (a, b) CV curves of the Coz0,4/Pt MSC at different scan rates in 1 M KOH
with a potential window from 0 to 0.8 V. (c) Galvanostatic charge—discharge curves of the Co3z0,4/Pt MSC at various current densities. (d) CV curves
of the Coz04/Pt and CozO4 MSCs at the scan rate of 1V s™. (e) Galvanostatic charge—discharge curves of Coz04/Pt and Coz0,4 MSCs at a current
density of 0.2 mA cm™2. The inset in (e) represents the initial voltage drop of the CosO4/Pt and Coz0,4 MSCs. (f) Evolution of the stack capacitance of

the Co304/Pt and Coz0O4 MSCs at different scan rates.

Co3;0,/Pt. However the response current of the Co;O, MSC at
the same scan rate is much less than that of Co;0,/Pt MSC,
corresponding to a lower capacitance.

The galvanostatic charge-discharge curves of the Co;0,/Pt
MSC under different current densities (from 50 to 200
HA cm™?) are presented in Fig. 3c. Both charge and discharge
curves display relatively symmetric triangular shapes. The
stack capacitance of the Co;0,/Pt MSC is calculated using the
equation from a previous study.’® At the current density of
0.5 mA cm™>, the capacitance of Co;04/Pt MSC is 25.0 F cm™
with a coulombic efficiency (CE) of 93.1%. The capacitance of
the Co;0,/Pt MSC remains 15.0 F em ™ with a CE approaching
100% at the current density of 2 mA em™>. Furthermore, the
same evaluation was also conducted for the Co;0, MSC, the
result of which is shown in Fig. S7c and d.f The discharge
time of the Co;0, MSC is shorter than that of the Co;0,/Pt
MSC, showing a lower capacitance which is due to the lower
electrical conductivity.

To investigate the effect of Pt NPs clearly, the CV curves of
C050, and Co;0,/Pt MSCs at the same scan rate of 1 V s™* are
shown in Fig. 3d; it is apparent that the CV curve of the Coz;0,/
Pt MSC is 2.91 times bigger than that of the Co;0, MSC, indi-
cating a higher capacitance of the Co;0,/Pt MSC. Similarly, the
galvanostatic charge-discharge curve in Fig. 3e apparently
indicates that the Co;0,/Pt MSC has a higher capacitance at a
high current density of 200 pA cm™2. The volume capacitance
increases from 4.29 to 12.10 F cm™> after the sputtering of Pt
NPs. In addition, the initial voltage drop of the Co;0,/Pt MSC
decreases from 0.135 to 0.053 V, showing its lower internal

This journal is © The Royal Society of Chemistry 2017

resistance. The specific capacitances of the Co;0,/Pt and
Co3;0, MSCs which were calculated from their CV curves are
shown in Fig. 3f. After the sputtering of Pt NPs, the capaci-
tance and rate performance of the Co;0,/Pt MSC improved
remarkably compared with those of the Co;0, MSC, especially
at 50 V s~', where the capacitance of the Co;0,4/Pt MSC is 3.48
times higher than that of the Co;0, MSC.

The bare Pt microelectrode based MSC is also fabricated
and its symmetrical two-electrode CV behavior is evaluated in
Fig. S8.1 Comparing the current of the bare Pt microelectrode
based MSC with that of the Co;0,/Pt MSC at the same scan
rate, it is clear that pure Pt and the current collector make
little contribution to the stack capacitance. It is indicated that
Co;0, plays a main role in the capacitance of the MSC. Also,
different sputtering times of Pt have a nonnegligible effect on
the electrochemical performance of the Co;0,/Pt MSC. The
areal specific capacitances of MSCs with different sputtering
times of Pt NPs at the scan rate of 20 mV s " are shown in
Fig. S9,T which demonstrate that the electrochemical perform-
ance of the Co;0,/Pt MSC with a Pt sputtering time of 80 s is
the best. A thicker layer of Pt with a sputtering time of 160-240
s hinders the oxidation of the cobalt film, resulting in a lower
capacitance.

Fig. 4a shows the cycling performance of the Co;0,/Pt and
Co30, MSCs after 5000 cycles at a scan rate of 2000 mV s~ .
The Co3;0,/Pt MSC shows better cycling stability with a
capacitance retention of 91.9% after 5000 cycles. In contrast,
the capacitance of the Co;0, MSC shows extreme decreases
after 1500 cycles, and barely retains 49.2% of the initial value
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Fig. 4 Cycling performance, Ragone plots and EIS curves of planar MSCs. (a) Cycling performance (normalized) of the Co304/Pt and Coz04 MSCs
at the scan rate of 2 V s™* over 5000 cycles. (b) Ragone plots of volumetric specific energy and power densities of Cos04/Pt MSC, Cos0,4 MSC, Li-
ion thin film battery, other reported MSCs and electrolytic capacitors. (Thicknesses of K,Coz(P,0),-2H,O nanocrystal whiskers, PANI and reduced
graphene/carbon nanotube are 1.2 pm, 0.9 pm and 6 pm, respectively.) (c) Nyquist plots of the Coz04/Pt and Coz04 MSCs. The inset shows the
high-frequency region. (d) Bode plot of the impedance of Co30,/Pt and Coz04 MSCs.

after 5000 cycles, which can be ascribed to its low electrical
conductivity, whereas the MSC integrated with Pt NPs, which
strengthen the ionic accessibility and diffusion and increase
the surface area of the electrochemically active material, exhi-
bits stable cycling performance. The Ragone plots of the
energy density and the power density of Co;0,4/Pt and Co30,
MSCs are shown in Fig. 4b. At all scan rates, higher energy
density and power density of the Co;0,/Pt MSC show its
better electrochemical performance, especially at a higher
scan rate. The energy density of the Co;0,/Pt MSC is compar-
able with that of lithium ion film batteries, and it shows
much higher power density. Notably, the Co;0,/Pt MSC
also shows a higher energy density than those of super-
capacitors, electrolytic capacitors and other MSCs with
K,Co5(P,05),-2H,0 nanocrystal whiskers,>® polyaniline** and
reduced graphene/carbon nanotubes® at comparable power
densities.*® It is indicated that the Co;04/Pt MSC shows great
potential in applications for high-performance micro-energy
storage devices/systems.

It is inferred that the great improvement of the Coz;0,/Pt
MSC in electrochemical performance can be ascribed to the
fact that Pt NPs sputtered on the surface of Co;0, accelerate
the electron migration process during the charge and dis-
charge processes. As shown in Fig. S10,T current-voltage tests
of one finger of both the Co;0,/Pt and Co;0, microelectrodes
are conducted. The current of the Co;0,/Pt MSC increases by
almost 1 order of magnitude compared to that of the Coz;0,
MSC at a bias voltage of 1 V, presenting a much higher conduc-
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tivity of Co30,/Pt. In addition, the increased specific surface
area of the microelectrodes would account for the improve-
ment in their performance as well. To further confirm this
assumption, we investigated the electronic double layer capaci-
tance (EDLC) of the Co;0,/Pt and Co;O, microelectrodes
(Fig. S11%), which can be used to estimate the magnitude of
the electroactive electrode’s surface. The Co;0,/Pt MSC shows
a much higher current density of 3.91 pA cm™>, which is two
times higher than that of the Co;0, MSC at the scan rate of
5-20mVs.

The Co;0,4/Pt MSC shows an enhanced EDLC, indicating
the increased specific surface area of the Co;0,/Pt microelec-
trodes. This is consistent with the SEM images which show
that the growth density of Co;0,/Pt nanosheets is higher than
that of pristine Co30, nanosheets (Fig. 2c and Fig. S2aft).

The electrochemical impedance spectroscopy (EIS) results
of the Co3;0,/Pt and Co3;0, MSCs in the range of 100 kHz to
0.01 Hz are shown in Fig. 4c. The Co30,/Pt MSC shows a
lower equivalent series resistance (ESR) compared with the Co;0,
MSC. The small ESR is ascribed to the following reasons: (a)
high electrical conductivity of Co;0,/Pt after the sputtering of
Pt NPs on the Co;O, nanonetworks; (b) high contact area
between the electrolyte and the electrode; (c) enhanced elec-
tron conduction due to the unique 3D interconnected network
structure; (d) short ion diffusion distance after the electrolyte
infiltrates into nanopores. In the region of medium frequency,
the much shorter Warburg region of the plot, which reflects the
frequency dependence of the electrolyte ions’ diffusion into

This journal is © The Royal Society of Chemistry 2017
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the Co;0,/Pt microelectrodes, indicates that the ion diffusion
of Co30, is enhanced. A comparison of the high frequencies of
the EIS curves shows that the Co;0,/Pt MSC is more like an
ideal capacitor than the Co;0, MSC due to its more vertical
line.>® Also, the dependence of the phase angle on the fre-
quency of the MSCs is shown in Fig. 4d. The RC time constant
(70 = 7.9 ms) of the Coz0,/Pt MSC is shorter than that of the
Co30, MSC (7, = 12.9 ms). It is indicated that the Co3;0,4/Pt
MSC can provide excellent power response.’

By virtue of the rapid construction process, the PI substrate
also can be annealed using a quick annealing oven. The digital
image and the electrochemical performance of the Coz;0,/Pt
MSC are shown in Fig. S12.1 The flexible Co;0,/Pt MSC shows
similar CV and galvanostatic charge-discharge curves to those
of the Co;0,/Pt MSC on the Si/SiO, substrate. The capacitance
of the flexible Co;0,/Pt MSC is 23.05 F cm™ at a scan rate of
0.02 V s~' and remains at 6.27 F ecm ™ at a high scan rate of 10
V s'. The equivalent series impedance of the flexible Co;0,/Pt
MSC is not so much different from that of the Co;0,/Pt MSC
on the Si/SiO, substrate. The above results illustrate that the
construction process is also suitable for fabricating the flexible
energy storage devices.

The vertical stacked electrode configuration is used to
increase the areal capacitance of the whole device.”® The CV
and charge-discharge curves of the double-layer Co;0,4/Pt MSC
are similar to those of the single-layer Coz;0,/Pt MSC
(Fig. S14a-dt). However the areal capacitance of the
double-layer Co;0,/Pt MSC increases from 0.49 mF cm™? to
0.93 mF cm ™2 at the scan rate of 20 mV s (Fig. S14et). The
charge-discharge time of the double-layer Co;0,/Pt MSC is
10.51 s at the current density of 0.05 mA em ™2, which is much
higher than that of the single-layer Co;0,/Pt MSC (Fig. S14f¥).

Conclusions

In summary, a MSC with 3D Co;0, nanonetworks decorated
with Pt NPs was fabricated by PVD combined with RTA. Many
advantages including rapid microfabrication (<5 min), low cost
and all dry process (avoiding potential ion contamination) are
associated with the microfabrication process of the Coz;0,/Pt
MSC. Through constructing the 3D interconnected nano-
network structure and sputtering of highly electrically conductive
Pt, the capacitance of the Co;0,/Pt MSC is almost 1.5 times
higher than that of the pristine Co;0, MSC at a low scan rate,
and increases to 3 times at a high scan rate (10 V s™'). The
capacitance fading rate after 5000 cycles also decreases from
59.8% to 8.9% after the deposition of Pt NPs. Based on the
above advantages, this microfabrication process is fairly facile,
and lends itself to mass production easily. Furthermore, other
kinds of metals and high conductivity materials are also extre-
mely promising to be applied and integrated into micro-
devices/systems by this highly productive microfabrication
process, which will promote the development of micro electro-
chemical energy storage devices and other electronic
microdevices.

This journal is © The Royal Society of Chemistry 2017
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