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Micro-supercapacitors (MSCs) are promising power solution facilities for miniaturized portable electronic
devices. Microfabrication of on-chip MSC with high specific capacitance and high energy density is still
a great challenge. Herein, we report a high-performance MnO,/polypyrrole (PPy) microelectrode based
MSC (MnO,/PPy-MSC) by modern micromachining technology. Interdigital Au micro current collectors
were obtained by photolithography, physical vapor deposition and lift off. A layer of PPy was
electrochemically deposited on Au current collectors followed by deposition of urchin-like MnO, micro/
nanostructures. The electrochemical performance of MnO,/PPy-MSC was explored employing LiClO,4/
PVA gel electrolyte. The assembled MSC demonstrated a high areal capacitance of 13 mF cm™2, an
energy density of 1.07 x 107> mW h cm~2 and a power density of 0.53 mW cm™2. In addition, the MnO,/
PPy-MSC showed an improved cycling stability, retaining 84% of the initial capacitance after 5000 CV
cycles at a scan rate of 500 mV s~%. Our proposed strategy provides a versatile and promising method
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Introduction

With the emerging trend and advancement of miniaturized
portable electronics, there is an increasing demand for high-
performance microscale energy storage systems with high reli-
ability." In this regard, planar micro-supercapacitors (MSCs) are
beneficial power sources due to their small size, excellent rate
performance and long cycling life.»* MSCs are highly promising
for wafer-level integration and applications in microsystems
due to their great potential of bridging the gap between
microbatteries and conventional supercapacitors.® They are
capable of recharging and delivering power faster than those of
microbatteries and store more energy than those of capacitors.
Based on the inner energy storage phenomenon, MSCs are
usually categorized into electrochemical double layer capacitors
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for the fabrication of high-performance MSCs with large-scale applications.

(EDLCs), and pseudocapacitors.” EDLC stores charge through
ion adsorption/desorption while pseudocapacitor involves
rapid reversible redox reaction at the electrode-electrolyte
interface.

MSCs have the advantages by virtue of their distinctive
interdigital structure with finger microelectrodes.*” MSCs
based on pseudocapacitive mechanism provide opportunity to
achieve higher capacity and energy storage compared with
EDLC, but lack fast charge-discharge rate. Various factors are
under consideration that have potential to improve overall
performance. A decrease in equivalent series capacitance (ESR)
will significantly increase the specific capacitance and endow
MSC with a high specific energy.®? The ESR can be decreased by
fabricating a device with small migration distance of ions that
can be controlled by adjusting the width of microelectrodes and
the insulating gap.” The energy and power densities can be
considerably improved with reduced ESR and improved elec-
trical conductivity.'®" Enormous amount of researches have
been done in this context with different active materials and
techniques.

Conducting polymers and metal oxides/hydroxides have
gained attention as the auspicious electrode materials for
electrochemical energy storage.”® These materials show
pseudocapacitive behavior in MSCs, offering a way for achieving
high energy density without compromising their high power
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density.” Among conducting polymers, polypyrrole (PPy) is
considered highly promising owing to its high electrical
conductivity, easy production and high chemical stability."®
However, due to the polymeric nature and structural properties
of PPy, the problems associated with stability and deterioration
in cycling life over long-term charge-discharge hinder its large-
scale applications.'” The expedient morphology of metal
oxides possesses high performance due to their high electro-
chemical activity but they have the problem of aggregation.'®
Structured PPy film significantly restricts the aggregation of
metal oxides in the production of active electrode material."
Manganese dioxide (MnO,) has been explored as an electro-
chemically active transition metal oxide with high theoretical
specific capacitance (1370 F g~ ), low cost and environmental
friendliness.*®** Although, its practical applications with high
power density are limited due to its poor electrical conductivity
(~1077 S em™') at room temperature.?*** Various composites
based on MnO, have been developed to yield high electro-
chemical performance. MnO,-based supercapacitors exhibit
high electrical conductivity by compositing with graphene,****
highly conductive Zn,SnO, (ZTO) nanowires,** carbon nano-
tubes,””*® PPy** and PEDOT.****

Herein, we demonstrate the fabrication of a planar MSC with
stacked MnO,/PPy microelectrodes through facile electrodepo-
sition and study its electrochemical performance. A layer of PPy
was electrochemically deposited on Au current collectors fol-
lowed by electrodeposition of urchin-like MnO, micro/
nanostructures. We employed electrodeposition method to
tailor the thickness and morphology of MnO, decorated PPy
microelectrodes by optimizing the parameters such as current
density, potential and deposition time.**** The electrochemical
performance of MnO,/PPy-MSC was evaluated by using LiClO,/
PVA gel electrolyte. Our approach provides distinct pathways for
access of electrolyte and maximum charge transfer through
microelectrodes, while preventing the aggregation of MnO,.
The fabricated MSC exhibits an improved specific capacitance
and energy density by the virtue of highly conductive PPy and
high capacitive property of MnO,. A layer of PPy strengthens the
conductivity of microelectrodes by fast electron transfer and
ensures the high utilization of active material.*® While, MnO,
micro/nanostructures have more active sites which facilitate the
fast ion diffusion and exchange at electrode-electrolyte inter-
face, providing high capacitance.

Experimental
Microfabrication of planar MnO,/PPy-MSC

The microfabrication procedure of MnO,/PPy-MSC is sche-
matically shown in Fig. 1. A silicon substrate with 300 nm SiO,
layer was prepared using RCA cleaning process. The in-plane
interdigital micropatterns of photoresist were obtained by
photolithography, followed by deposition of 50 nm thick Au
current collectors through physical vapor deposition (PVD)
technique. Electrodeposition of MnO,/PPy was carried out
using 3-electrode system with Au current collector as working
electrode, platinum (Pt) counter electrode and saturated
calomel electrode (SCE) as the reference electrode. PPy was
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electrochemically deposited on Au current collectors using
electrolyte prepared by 0.1 M pyrrole (Py), 0.5 M LiClO, and
NaCl as supporting salts at a current density of 1 mA cm > for
10 min. Then urchin-like MnO, micro/nanostructures were
deposited using the solution of 0.1 M Mn(CH3CO,),-(H,0),
and 0.1 M Na,SO,. The anodic deposition was conducted at
a current density of 0.2 mA cm > at room temperature for
5 min and then washed thoroughly with deionized (DI) water.
Thin-film topology of microelectrodes was obtained with 1.4
pm thick layer of PPy decorated with 500 nm thick (average)
MnO, structures. The device has 4 interdigital fingers per
polarity, and the total area of microelectrodes was calculated
to be 0.1066 cm®. The total foot-print area of device is 0.1287
cm” as determined from the detailed dimension and config-
uration design shown in Fig. S1 (ESIt).

Materials characterization and electrochemical
measurements

The surface morphology of microelectrodes was characterized
by field emission scanning electron microscopy (FE-SEM)
through JEOL JSM-7100 microscope. The thickness of active
electrode material was assessed using stylus surface profiler
(Bruker DEKTAK XT). X-ray diffraction (XRD) measurement was
conducted to obtain crystallographic information of the elec-
trode material by means of Bruker D8 Advance X-ray diffrac-
tometer with Cu Ko. X-ray source (1 = 1.5418 A). Raman spectra
of samples were collected using Renishaw RM-1000 laser
Raman microscope. Energy-dispersive X-ray spectroscopy (EDS)
test was conducted for elemental analysis using Oxford IE250
system. Fourier transform infrared (FTIR) spectra of samples
were acquired by 60-SXB IR spectrometer. The electrochemical
tests of MSC were performed by cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) using Autolab 302N.

The electrochemical performance of MSC was determined by
evaluating the areal capacitance (C,) via GCD using the
following equation.

C, = AV (mF cm™) (1)

where i (mA) and At (s) are the discharging current and time,
respectively, a (cm?) is the area of microelectrodes and AV (V) is
the operational voltage window excluding IR drop.

The areal energy density (E,) and power density (P,) were
evaluated by following equations:

_G(AV) .,
e (mW h cm™) (2)
P, = E‘,\XT?OO (mW cm™) (3)

ESR of device was estimated from discharge curve by using
the following equation:

(Q cm?) (4)

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of fabrication of MnO,/PPy-MSC.

where Vg,op is the voltage drop in the beginning of discharge
curve and I is the constant discharge current.

Results and discussion

SEM image (Fig. 2a) reveals the cauliflower-like structure,
indicating the incorporation of electrochemically deposited
PPy. A layer of PPy participates actively in electron transfer from
microelectrodes to current collectors. A fine PPy layer can be
obtained by optimizing the deposition time and other param-
eters. Fig. 2b shows the urchin-like MnO, structures uniformly
deposited onto the PPy layer, and the size of MnO, structures
lies in 500 nm to 1 pm. Usually MnO, offers high ion diffusion
but due to its poor electrical conductivity the ions interaction is
limited only to the near surface. It can be observed from the
morphology that MnO, micro/nanostructures offer large inter-
calation channels and more diffusion pathways for redox reac-
tion. MnO, micro/nanostructures hold the PPy chains from
breaking and create additional active sites for the transfer of
ions and electrons during charge and discharge processes.

PR1 9000A /N
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Fig. S2(a and b, ESI}), respectively shows the optical and SEM
images of microelectrodes with no obvious defects. The
microelectrodes are not broken or cracked, thus physical prac-
ticability of fabrication process is confirmed. The energy-
dispersive spectroscopy (EDS) test was performed for
elemental analysis and to estimate the relative abundance of
elements. Fig. S3 (ESIt) shows the EDS mapping of MnO,/PPy
microelectrode and the elements of manganese (Mn), oxygen
(0), carbon (C) and nitrogen (N) are uniformly dispersed, con-
firming the existence of MnO, and PPy.

The crystal structure of MnO,/PPy microelectrodes was
characterized by XRD, as shown in Fig. 3a. It is observed that the
sharp diffracting peaks indicate high degree of crystallinity and
are indexed to tetragonal structure of MnO, phase (JCPDS card
no. 01-081-2261, a = b = 4.404 A, and ¢ = 2.876 A). The crystal
structure in correspondence with the morphology shows that
the deposited MnO, exhibits high diffusivity and capacitive
properties. The XRD pattern also shows the amorphous nature
of composite as it exhibits a broad peak at ~21° in XRD dif-
fractogram.?® The broadening of peak is due to the scattered X-

Fig. 2 SEM images of (a) electrochemically deposited PPy, (b) MnO, micro/nanostructures deposited onto the PPY and inset is the magnified

SEM image of MnO, microstructure.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3

rays from the interplanar spacing of polymer chains and could
be ascribed to the amorphous PPy.*” Fig. 3b shows the Raman
spectra of PPy and MnO,/PPy. The spectrum of MnO,/PPy at
1570 cm™ ' corresponds to the C=C symmetry stretching of
oxidized PPy. The peaks at 1326 and 1400 cm " are attributed to
pyrrole ring of PPy stretching. The characteristic peaks of PPy at
1047, 980 and 932 cm ™' show the C-H in-plane deformation
and the ring deformation due to bipolaron and polaron species,
respectively.** Finally, the peaks observed at 510 and 576 cm ™ *
show the vibration of Mn-O lattice resulting from the deposi-
tion of MnO, onto PPy microstructure matrix. Fig. 3c shows the
Fourier transform infrared (FTIR) spectrum ranging from
3900 cm ' to 400 cm ' that confirms the species of as-
electrodeposited PPy. The broad signal with high intensity at
3425 cm™ ' is ascribed to N-H stretching vibration and the peak
at 2923 cm™ ' could be referred to C-H stretching owing to the
smaller mass of H atom.*>** The characteristic peak in diag-
nostic region at 1651 cm™ ' is referred to stretching vibrations of
C=C bonds of PPy rings.*” Other transmittance peaks in finger
print region of C-N (1384 cm '), C-C (1195 cm '), N-H
(1090 em ™) and C-H (935, 841, 690 cm ') can be observed,
confirming the formation of PPy.*>**

The MnO,/PPy-MSC was assembled by applying 1 M LiClO,/
PVA gel electrolyte and tested for electrochemical performance
from CV, GCD and EIS with 2-electrodes system. Fig. 4a displays
the CV curves of MnO,/PPy-MSC under 0-0.8 V at different scan
rates. The quasi-rectangular CV curve shows a successive redox
reaction on the electrode surface that corresponds to the
capacitive properties of MnO,. The larger enclosed area and
high response current density represent the charge storage and
excellent pseudocapacitive behaviour due to the synergistic
effect of MnO, and PPy. PPy plays an important role in utiliza-
tion of active electrode material for redox reaction and electron
transfer. Electrochemical performance of MnO,/PPy-MSC was
further examined by performing GCD measurement at different
current densities (Fig. 4b). It shows the relatively symmetric
charge-discharge curve, indicating high reversibility with the
characteristics of reversible redox reaction. The voltage drop of
0.029 V in the discharge curve at the current density of 0.1 mA
cm™? shows the smaller internal resistance of ~147 Q cm” as
calculated by the eqn (4). CV and GCD curves at high scan rates
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(a) XRD pattern of MnO,/PPy, (b) Raman spectra of PPy and MnO,/PPy, and (c) FTIR spectrum of PPy.

and current densities are shown in Fig. S4(a and b, ESIY),
respectively. Fig. 4(c and d) presents the comparison of CV and
GCD of MnO,/PPy-MSC with that of MnO,-MSC. The CV curves
at 10 mV s~ ' demonstrate significant increase in the capacitive
performance of MSC with PPy as conducting layer for micro-
electrode. The GCD curve at a current density of 0.2 mA cm ™
also shows a notable increase in the discharge time and
capacitance, consequently the fabricated MSC exhibits an
enhanced energy density. Moreover, the electrochemical
performance of MnO,/PPy-MSC was also compared with
another device fabricated by electrodepositing PPy over the
MnO, (PPy@MnO,-MSC), as shown in Fig. S5(a and b, ESI?).

EIS test was performed to further investigate the resistance
and kinetic process of electrode reaction. The typical Nyquist
plot at open circuit voltage over a frequency ranging from 100
KHz to 0.01 Hz is shown in Fig. 5a. The impedance spectrum
presents a well-defined semi-circle at real axis in a high
frequency followed by a sheer graph with steep slope in low
frequency Warburg region. The amplified curve in high
frequency region is shown in the inset. The intercept at real axis
represents the lower internal resistance of about 45 Q and the
diameter of semi-circle indicate the charge transfer resistance
(Re) of 6.7 Q caused by faradaic reaction on the electrode-
electrolyte interface and interior. The vertical graph at low
frequency is nearly aligned with imaginary axis and represents
the ideal capacitive behavior of composite electrode due to the
ion diffusion and mobility. Rate capability is significant for the
evaluation of the power applications of MSC. Fig. 5b shows the
specific capacitances at different corresponding current densi-
ties. The MnO,/PPy-MSC demonstrates a rate capability of
62.2% at 1 mA cm > as compared with the capacitance at
current density of 0.1 mA cm™ 2. The percentage of capacitance
retention at different current densities with corresponding IR
drop is shown in Fig. S6 (ESIT). The sudden voltage drop in the
discharge curve is the measure of total resistance of the MSC
and is proportional to the discharge current. A smaller voltage
drop at a high current density indicates low internal resistance
of the tested device. The voltage drop increases at higher
current density, as shown by the Vg, graph in Fig. 5b.

CV cycling was conducted at a higher scan rate to evaluate
the stability of MnO,/PPy-MSC. The percentage of capacitance

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Cyclic voltammetry and (b) galvanostatic charge—discharge curves of MnO,/PPy-MSC. (c) Comparison of CV and (d) GCD of MnO,/
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retained after 5000 cycles at 500 mV s~ ' is shown in Fig. 5c.
Generally, the doping and undoping of ions in polymers could
cause volume change of electrode.* This swelling and shrinking
affect the mechanical structure and eventually aggravate the
electrochemical performance.*® Usually, pure PPy presents a low
stability due to the degradation of polymer chains and deteri-
oration of electrode material during continuous CV cycles.*”**
Herein, the inclusion of MnO, keeps the PPy polymer chains
stable and enhances the cycling life of MSC. Consequently, 84%
of actual capacitance is retained after 5000 cycles, showing
improved stability and cycling performance.* The inset graph
shows the reduction in current density and enclosed area of the
5000th CV curve during the cycling process. The specific areal
energy and power densities are further determined from
charge-discharge curves, Fig. 5d shows the results and Ragone
plot analogy. MnO,/PPy-MSC achieves an energy density of 1.07
x 107> mW h ecm™? and a power density of 0.53 mW cm 2,
greater than those of MSCs based on interdigital Au/MnO,/Au,*
nanoporous gold (NPG)/MnO,,”* MWNT/MnO,,”> Ag/
PEDOT:PSS/MnO, (ref. 53) and graphene quantum dots/
MnO,.** Fig. S7 (ESIt) shows the corresponding energy and
power densities at various current densities. Improved energy
density is attributed to the pseudocapacitive properties of
MnO,, high electrical conductivity of PPy and the fine
patterning with narrow gap between the fingers.

Conclusions

In summary, we have fabricated a distinctive on-chip micro-
supercapacitor with enhanced capacitance from a trivial foot-
print. The fabricated MSC demonstrates improved electro-
chemical and mechanical performances by highly effective
combination of high electrical conductivity of PPy and pseu-
docapacitive properties of MnO,. PPy facilitates the fast electron
transport and clearly reduce the resistance of MSC. While,
MnO, micro/nanostructures efficiently increase the ionic
penetration by creating more electrochemically active sites and
thus enhance the specific capacitance. MnO,/PPy-MSC shows
an areal capacitance of 13 mF cm ™2 in PVA/LiClO, gel electrolyte
at a current density of 0.1 mA cm > The MnO, micro/
nanostructures deposited onto the PPy further improve the
cycling stability and the MnO,/PPy-MSC possesses 84% of
capacitance after 5000 CV cycles. Cooperative action of layered
MnO, and PPy demonstrates higher electrochemical perfor-
mance than that of microelectrodes based on pristine materials.
These findings promote new opportunities for polymer/metal
oxide based state-of-the-art micro-supercapacitors.
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