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ABSTRACT: Highly ordered and flexible nanopillar arrays
have received considerable interest for many applications of
electrochemical devices because of their unique mechanical
and structural properties. Here, we report on highly ordered
polyoxometalate (POM)-doped polypyrrole (Ppy) nanopillar
arrays produced by soft lithography and subsequent electro-
deposition. As-prepared POM-Ppy/nanopillar films show
superior electrochemical performances for pseudocapacitor
and enzymeless electrochemical sensor applications and good
mechanical properties, which allowed them to be easily bent
and twisted. Regarding electrochemical characteristics for
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pseudocapacitive electrodes, the POM-Ppy/nanopillar electrodes are capable of delivering high areal capacitance of 77.0 mF
cm ™2, high rate performance, and good cycle life of ~100% retention over 3500 cycles even when bent. Moreover, the study
suggests that the POM-Ppy/nanopillar electrodes have an excellent electrocatalytic activity toward hydrogen.
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B INTRODUCTION

Lightweight and stretchable conductors are essential compo-
nents for realization of flexible/wearable devices, such as
displays, energy supplies, sensors, and electronics that can
facilitate a human'’s daily life.'~® Well-controlled nanostructure
materials, particularly nanopillar arrays, are of great interest as
an important family of electrode materials in many applications
of flexible electrochemical devices because of their unique
features of large surface area, mass transfer, and optical and
mechanical properties.””” Hence, considerable research efforts
continue to be directed at fabricating nanopillar arrays
containing various metal and metal oxides (e.g, Ni, Pt, Au,
TiO,, and ZnO) by techniques such as focused ion beam
milling, thermal evaporation, and template-assisted synthe-
sis.'"”'® Of the fabrication methods used to produce nanopillar
arrays, template-assisted synthesis, mainly using a porous
anodic alumina oxide (AAO) membrane, is widely adopted
because it enables the production of highly ordered arrange-
ments and desired shapes and sizes with high aspect ratio.'>~"®
However, the mechanical properties of metal or metal oxide
arrays could not be guaranteed for applications requiring
flexible electrodes. In addition, the high aspect ratio of
nanopillars made using the AAO templates usually lead to
collapse or aggregation of nanopillars due to strong adhesive
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forces between nanopillars, particularly when substrates are
bent.'”"*®

Polyoxometalates (POMs) are composed of transition metal
oxide clusters at nanoscale and have intriguing optical,
electronic, catalytic, and electrochemical properties.'”*’ In
particular, because of their high electrocatalytic activities and
reversible multi-charge charge transfer reactions, POM-
functionalized nanocomposites offer great potential as electrode
materials in many electrochemical applications, such as water
oxidation, CO, transformation, lithium ion batteries, super-
capacitors, and electrochemical sensors.”' > Various strategies
have been used to fabricate POM-modified electrodes,
including electrodeposition, sol—gel techniques, adsorption,
self-assembled monolayers, layer-by-layer self-assembly, and
entrapment in conductive polymers.27 Among these strategies,
the incorporation of POMs as dopants into conducting
polymers during electropolymerization appears to be the
most suitable for fabricating electrochemical electrodes because
of the reversible redox properties and good electrical
conductivities of the conjugated polymers.”® In addition, the
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lightness and mechanical flexibility of conducting polymers and
nanodimensionality of POMs make them eminently suitable as
components for realization of flexible electrodes.*”*’

Here, we developed the rational design and fabrication of
flexible POM-doped polypyrrole nanopillar array (POM-Ppy/
nanopillar) films using a photo-/soft-lithography process
followed by electrodeposition. The photo-/soft-lithography
technique is usually conducted using a polydimethylsiloxane
(PDMS) as the polymeric system for scalable fabrication of
flexible nanopillar array films. Recently, we described a method
for preparation of large-area nanopillar arrays using a
nanostructured silicon master using a polymeric blend of
polyurethane acrylate and NOA63 (PUNO), which has greater
adhesion and mechanical strength than PDMS.* When PUNO
nanopillar arrays were coated with POM-Ppy, we found the
POM-Ppy/nanopillar films obtained could be used to make
highly flexible electrochemical electrodes. Furthermore, the as-
prepared POM-Ppy/nanopillar films demonstrated remarkable
electrochemical performances as pseudocapacitor electrodes in
terms of capacitance, rate performance, and cycle life even
under harsh mechanical condition of bent state. Moreover, they
showed superior electrocatalytic ability for the detection of
hydrogen peroxide.

B EXPERIMENTAL SECTION

Preparation of POM-Ppy/Nanopillar Electrodes. Highly
ordered polymer nanopillar arrays were prepared by photo/soft
lithograghy process on the silicon mold as described in our previous
report.”® A polymeric blend containing polyurethane acrylate (Minuta
Tech. Co., Ltd.) and NOA63 (Norland optical adhesive) was used to
prepare nanopillar structured polymer films. To produce a conductive
substrate, a thick layer of Au (with a 20 nm thick Ti adhesion layer)
was coated onto the nanopillar structure of polymer films. As-prepared
films were used as supporting electrodes for further electrodeposition
of POM and Ppy. Co-electrodeposition was conducted under a
chronoamperometric technique by a VersaSTAT 4 (Princeton Applied
Research) potentiostat. A chronoamperometric potential (+0.65 V)
was applied continuously for a specific period of time to obtain POM-
Ppy/nanopillar film. The electrolyte solution for POM-Ppy electro-
plating was prepared by mixing 7 mM pyrrole monomer (98%, Sigma-
Aldrich) and S mM POM (H;PMo;,0,y«H,0) in deionized (DI)
water. Finally, the nanopillar films after electrodeposition of POM-Ppy
were carefully picked up from a bath and cleaned repeatedly with DI
water and ethanol. Moreover, POM-Ppy was deposited on Ti/Au-
coated polymeric films with flat structure under an identical procedure
of POM-Ppy/nanopillar films.

Morphology and Structural Characterization. Microstructure
and morphology of POM-Ppy/nanopillar were investigated using a
scanning electron microscopy (SEM, Hitachi S$-4800). Chemical
composition and states of POM-Ppy/nanopillar was evaluated using
X-ray photoelectron spectroscopy (XPS, Thermo MultiLab 2000) and
Raman microscopy (ARAMIS, Horiba Jobin Yvon) equipped with a
laser excitation (514 nm).

Electrochemical Measurements. Cyclic voltammetry (CV),
galvanostatic charge/discharge, electrochemical impedance spectros-
copy (EIS), and chronoamperometry were conducted on a
VersaSTAT 4 using a three-electrode system. A Pt wire and an Ag/
AgCl electrode were used as the counter and reference electrodes,
respectively. The electrolyte used is a 0.05 M H,SO,, aqueous solution.
To evaluate the electrocatalytic activity of POM-Ppy/nanopillar
electrode with respect to the H,O, detection, POM-Ppy/nanopillar
electrodes mounted on plastic substrates were integrated into a flow-
injection system equipped with Rheodyne manual sample injection
valve (20 uL). The carrier solution (1 mL min™") was continuously
pumped into flow-through cell with an reference electrode (Ag/AgCl)
and a counter electrode (Pt wire) by syringe pump. A chronoampero-
metric technique was performed to evaluate the sensing performance.

B RESULTS AND DISCUSSION

Flexible POM-Ppy/nanopillar films were typically fabricated in
three steps, as follows (Figure S1): (i) PUNO nanopillar arrays
were prepared using a photo-/soft-lithography technique. (ii)
An Au/Ti metal layer was then deposited onto the nanopillar
arrays by electron beam evaporation. (iii) POM and Ppy were
then co-electrodeposited on nanopillars. Briefly, PUNO
solution was spin-coated onto a prefabricated silicon template
and then UV cured. After a replication process, the PUNO
nanopillar arrays were easily released from the Si mold and then
directly transferred onto polyethylene terephthalate (PET) film.
The strong interfacial adhesion of PUNO enables this to
transfer onto PET substrates.”’ The nanoimprint lithography
technique allows nanopillar size and position to be controlled.
The PUNO arrays used in this work had diameters of 500 nm,
heights of 1.25 pum, and a center-to-center distance of 1 ym
(Figure S2ab). To deposit the POM and Ppy, we coated
PUNO nanopillar arrays with a thin Ti/Au film by electron
beam evaporation (Figure S2c,d). POM and Ppy were then co-
electrodeposited, and its yellow color changed to dark green
(Figure la).

(a) Bent state Twisted state
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Figure 1. (a) Photograph of POM-Ppy/nanopillar films with bent and
twisted states. (b) SEM image of bare polymeric nanopillar array. SEM
images of POM-Ppy/nanopillar array: (c and d) surface and (e) cross
sections.

The photograph in Figure 1a shows the excellent mechanical
flexibility of the POM-Ppy/nanopillar films produced, which
can be easily bent and twisted in a completely reversible
manner. This mechanical characteristic of the POM-Ppy/
nanopillar film was attributed to the intrinsic mechanical
properties of PUNO and Ppy. The thin and conformal coating
of POM-Ppy layers was confirmed by SEM. The rough surface
of the Ti/Au-coated nanopillar was dramatically changed with
smooth surface after deposition of POM and Ppy (Figures S2,
1, and 2). Obviously, the nanopillar structure was maintained
after co-electrodeposition of POM and Ppy. The coating layers
of POM-Ppy were controlled by means of electrodeposition
time from 30 to 1000 s. The surface morphology of POM-Ppy/
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Figure 2. SEM surface images of POM-Ppy/nanopillar films-deposited
under different time: (a) 30's, (b) 100's, (c) 300 s, (d) 600 s, (e) 900
s, and (f) 1000 s (scale bar, 1 ym).

nanopillar film was also investigated by SEM images obtained at
different electrodeposition times (Figure 2a—f). As the
deposition time increased, the coating thickness increased
gradually onto the nanopillar structure, and the surface
roughness of POM-Ppy/nanopillar decreased compared to
that of the Ti/Au coated nanopillar. After a deposition time of
900 s, a thick coating layer of POM-Ppy adhered to nanopillars
and eventually buried the voids among the nanopillar
structures. A short deposition time is unfavorable to obtain
high areal capacitance, while a long deposition time could cause
inferior electron and ion transfer because of loss of pore
structure. In a preliminary test, a thick coating of POM-Ppy led
to high areal capacitance but failed to obtain capacitance
retention at high current density and long cycles. Therefore, in
this work, the optimized deposition time is 30 s, generating a
24.5 nm thick layer of POM-Ppy on nanopillars (Figure S3).
The chemical compositions and states of POM-Ppy/
nanopillar films were investigated by XPS and Raman
spectroscopy. As shown in Figure 3a, survey spectra of XPS
results reveal the presence of C, N, P, Mo, and O elements,
confirming codeposition of POM and Ppy on nanopillar films.
In Figure 3b, the Mo 3d spectrum presents two peaks of Mo
3ds), (232.7 eV) and Mo 3d;, (235.9 eV), assigned to the 3d
orbital doublet of Mo®" in POM, in accordance with previous
reports.”' > Figure 3¢ exhibits the O 1s spectrum, indicating
the Mo—O (530.0 eV) bonds and the hydroxyl O—H (531.3
eV) bonds, respectively.”> As shown in Figure 3d, the C Is
spectrum can be deconvoluted into three peaks; the binding
energies are located at 284.4 (a carbon atoms in Ppy), 285.7
(=C—N or C=N bonds), and 287.4 eV (—~C=N"* bonds).**
The N 1s spectrum in Figure 3e can be split into three peaks of
=N— (397.8 eV), —=NH— (399.7 eV), and —N*— (401.6 V)
in the Ppy, respectiviely.””*> Figure 3f shows the Raman
spectra of Ppy/nanopillar and POM-Ppy/nanopillar films. The
peaks at 1602 and 1489 cm ™" were assigned to C=C and C—C
stretching vibrations, respectively.”> The C—N stretching and
C—H in plane bending vibrations lead to the peaks at 1378 and
1251 cm™, respectively.’® The strong peaks were observed at
1082, 1052, 976, and 930 cm™'. The former two and other
peaks were assigned to C—H in?lane bending and ring
deformation vibration, respectively.”> The peaks at 1082 and
930 cm™! are associated with dications (bipolarons) and those
at 1052 and 976 cm™' are associated with radical cations
(polarons).” The intensity ratio of C=C to C—C stretching
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Figure 3. (a) Survey scan of XPS spectrum of POM-Ppy/nanopillar
film. High-resolution XPS data of (b) Mo 3d, (c) O 1s, (d) C 1s, and
(e) N 1s for POM-Ppy/nanopillar films. (f) Raman spectra of POM-
Ppy/nanopillar and Ppy/nanopillar films.

band for POM-Ppy/nanopillars films (2.50) was greater than
that of Ppy/nanopillar films (2.36), indicating the increased
conjugation length of Ppy chains in POM-Ppy.”’~*

The electrochemical characteristics of the POM-Ppy/nano-
pillar films were intensively investigated in a conventional
electrochemical cell. A supporting electrolyte of 0.0S M H,SO,
was used. For comparison, the flat Ti/Au-coated PUNO was
employed as substrate to deposit POM-Ppy under identical
deposition condition as that used for fabrication of POM-Ppy/
nanopillar films. This control sample is referred to as POM-
Ppy/flat film. The CV curves of the POM-Ppy/nanopillar
electrodes displayed three sharp and symmetric redox peaks,
which corresponded to the two-, four-, and six-electron redox
process of PMo,,0,, (vs Ag/AgCl) (Figure 4a).”’ These
prominent redox peaks were not observed at Ppy/nanopillar
electrode without deposition of POM. Although POM/
nanopillar electrode showed three redox peaks of PMo,,0,,
these peaks, were weak and irreversible because of immobiliza-
tion issues of POMs originating from the strong anionic nature
of POMs.”” As compared with the POM-Ppy/flat electrode, the
POM-Ppy/nanopillar electrode delivered higher current density
because of more efficient and faster electron transfer in the
nanopillar structures (Figure 4a). The CV curves were almost
maintained during 100 cycles (Figure S4), indicating stable and
reversible redox reactions of POM in Ppy/nanopillar electrode.
Peak-to-peak potential separation (AE,), which is related to the
electron transfer rate coeflicient, was evaluated for the POM-
Ppy/nanopillar electrode at its three redox peaks. A 14 mV AE,
for the POM-Ppy/nanopillar electrode resulted in a rapid
electron transfer of POMs, which is close to the value expected
for the kinetics of an ideal two-electron electrochemical

DOI: 10.1021/acsami.6b06579
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06579/suppl_file/am6b06579_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b06579/suppl_file/am6b06579_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b06579

ACS Applied Materials & Interfaces

Research Article

(a) 600

400
200

o — T —=—A

Current (pA)

-200

POM/nanopillar

- Ppy/nanopillar
400 POM-Ppy/flat
POM-Ppy/nanopillar

-600 !
0.0 0.2 0.4 0.6 0.8

Potential ( V vs. Ag/AgCl )

(b) 500mV s

20an s’

Current (mA)
o
|
|

4

0.0 0.2 04 0.6 0.8
Potential (V vs. Ag/AgCl )

Figure 4. (a) CV curves of POM/nanopillar, Ppy/nanopillar, POM-
Ppy/nanopillar, and POM-Ppy/flat electrodes at scan rate of 50 mV
s\ (b) CV curves of POM-Ppy/nanopillar electrodes with various
scan rates of 25, 50, 100, 200, 300, 400, and 500 mV s™* (Inset: plot of
I, versus scan rates at POM-Ppy/nanopillar electrode). Supporting
electrolyte: 0.05 M H,SO, solution (pH 1.23).

reaction.”” The effect of pH on the electrochemical behavior of
POM-Ppy/nanopillar electrode was also investigated at differ-
ent pH values (Figure SS). As the pH increased, the oxidation
and reduction peaks of POM were moved to negative
potentials, and the current peaks decreased. Moreover, the
three redox peaks of POM-Ppy were maintained on increasing
the scan rate from 25 to 500 mV s~ (Figure 4b). Meanwhile,
oxidation and reduction peak current responses increased
linearly with respect to the scan rate in the range 25—500 mV
s (R* values were 0.9987 for I, and 0.9988 for I,
respectively). These results suggest that the POM-Ppy/
nanopillar electrodes exhibit the surface-controlled redox
reactions at the surface of the electrode.*’

Owing to the fast and reversible redox reactions of Ppy and
POM, they could be used as energy storage materials for
pseudocapacitors. To evaluate pseudocapacitive performance of
POM-Ppy/nanopillar electrodes, galvanostatic charge/dis-
charge measurements were performed at various current
densities ranging from 1 to 10 mA cm™> (Figure Sa). All
curves appeared as nonlinear profiles because of the redox
reactions of POM-Ppy, which is in a good agreement with CV
curves of POM-Ppy/nanopillar electrodes. Areal capacitances
were calculated at these current densities and results were
plotted in Figure Sb. The POM-Ppy/nanopillar electrode had
an areal capacitance as high as 77.0 mF cm™ at 1 mA cm ™2,
which was higher than those of the POM-Ppy/flat (19.8 mF
cm™?) and Ppy/nanopillar (432 mF cm™2, Figure S6)
electrodes. The enhanced areal capacitance of POM-Ppy/
nanopillar samples relative to those of the Ppy/nanopillar and
POM/nanopillar counterparts should be associated with
synergistic effects of Ppy and POMs, in which POMs were
strongly incorporated into Ppy matrix and thus provide fast and
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Figure S. (a) Galvanostatic charge/discharge curves of POM-Ppy/
nanopillar electrodes with various current densities of 1, 2, 4, 6, 8, and
10 mA cm™ (b) Specific capacitances of POM-Ppy/nanopillar
electrode as a function of current density. (c) Cycling performance of
POM-Ppy/nanopillar electrode under normal and bent states with a
constant current density of 1 mA cm™ over 3500 cycles. (d) Nyquist
plots of POM-Ppy/nanopillar and POM-Ppy/flat electrodes measured
with an amplitude of 10 mV over the frequency range of 100 kHz and
0.01 Hz. Supporting electrolyte: 0.05 M H,SO, solution (pH 1.23).

reversible redox reactions of POMs. This high value of POM-
Ppy/nanopillar was also higher than those of previously
reported results including graphite flakes/Ppy (37 mF
em™)," Ppyco, (27 mF ecm™),” and graphene/Ppy film
(51.3 mF ecm™2).*’ As the current density was increased to 10
mA cm™?, the areal capacitance decreased slightly: 74.0, 66.3,
604, 59.1, and 58.5 mF cm™>, respectively. These high
capacitances were attributed to the contributions made by the
efficiencies and speeds of redox reactions of Ppy and POM and
the basic feature of nanopillar structure. Moreover, the initial
areal capacitance measured at 1 mA cm™> maintained 76%
retention relative to the value of areal capacitance measured at
10 mA cm ™2 In contrast, the POM-Ppy/flat electrode showed
43% retention under the same condition of the POM-Ppy/
nanopillar electrode. These results suggested that POM-Ppy/
nanopillar electrode had high rate capability which was
attributed to facilitated transport behavior at 1D structures.
The cycling stability of the POM-Ppy/nanopillar electrode was
further investigated by taking galvanostatic charge/discharge
measurements at 1 mA cm™* (Figure Sc). The POM-Ppy/
nanopillar electrode exhibited ~100% retention after 2000
cycles, suggesting excellent long-term stability of the POM-
Ppy/nanopillar electrode. Continuously, the cycling perform-
ance of the POM-Ppy/nanopillar electrode was further
examined under harsh mechanical condition of bent state.
Remarkably, the POM-Ppy/nanopillar electrode maintained
around 100% retention of its initial specific capacitance after
additional 1500 cycles (a total of 3500 cycles). This result
indicates that the POM-Ppy/nanopillar has excellent charge
storage ability and is mechanically robust.

EIS was employed to demonstrate the effect of the nanopillar
structure on the electrochemical performance of POM-Ppy.
Nyquist plots of POM-Ppy/nanopillar and POM-Ppy/flat
electrodes were shown in Figure Sd. In the high-frequency
region in Nyquist plots, the POM-Ppy/nanopillar electrode had
smaller diameter of semicircle than the flat electrode;
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corresponding charge transfer resistances (Rcyp) were 0.24 Q
for the POM-Ppy/nanopillar and 4.3 Q for POM-Ppy/flat
electrodes, respectively. This result indicates that the
incorporation of the nanopillar structure enhanced electron
transfer kinetics at interface between electrode and electrolyte.
After semicircle plots, the linear slopes of Warburg impedance
were observed. This low-frequency plot depends on electrolyte
ion diffusion behavior."* The POM-Ppy/nanopillar electrode
exhibited a more vertical slope than the POM-Ppy/flat
electrode because of the facilitated ion diffusion behavior in
the nanopillar structures.** Therefore, the enhanced electro-
chemical performance of the POM-Ppy/nanopillar electrode
was imputed to the high surface to volume ratio of the
nanopillar structure, in particular, a greater number of efficient
active sites, a rapid ion diffusion, and a facilitated charge
transfer.

The detection of hydrogen peroxide (H,O,) is of pivotal
importance as it is a physiological signaling molecule in many
biological processes for analyzing biological reactions and it
plays essential role in the development of electrochemical
sensors for environmental, pharmaceutical, clinical, and
industrial research.”> Considerable efforts have been made to
develop electrocatalytic materials that can be used to detect
H,0, over wide concentration ranges with high sensitivity.**~**
Although several studies have shown that POM-based electro-
des not incorporating enzymes or other mediators are capable
of detecting H,0,,*”°" the nanopillar arrays of POM-
embedded Ppy described in this study have not been previously
investigated in this context. To investigate the electrocatalytic
activity of POMs with respect to the electroreduction of H,O,,
we first used CV measurements. In Figure 6, with the presence
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Figure 6. CVs of POM-Ppy/nanopillar electrode in the absence and
presence of H,0, (10 and 20 mM) at a scan rate of S0 mV s~
Supporting electrolyte: 0.05 M H,SO, solution (pH 1.23).

of H,0,, the POM-Ppy/nanopillar electrode exhibited an
increase of the cathodic peak current, which corresponds to the
reduction process from two- to four-electron reduced species.
Chronoamperometric measurements were also investigated
using a fabricated flow-injection system incorporating a POM-
Ppy/nanopillar electrode. As shown in Figure 7a, the typical i—t
curves for POM-Ppy/nanopillar electrodes were obtained at a
constant potential of +0.02 V in 0.05 M H,SO, electrolyte (pH
1.23) when H,0, concentrations were increased (10—1000
uM). The cathodic current of the POM-Ppy/nanopillar
electrode appeared temporally within S s and then returned
to the background level. As H,O, concentration was increased,
the cathodic peak current increased sharply. Resulting peak
currents were plotted with respect to the concentration of
H, 0, (Figure 7b). The current response increased linearly with
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Figure 7. (a) Amperometric responses of POM-Ppy/nanopillar
electrode-based fluidic biosensor devices with increasing concentration
of H,0, ranging from 10 to 1000 yM in the flow injection system at
+0.02 V. (b) Calibration curves of the electrocatalytic current on the
concentration of H,0, at POM-Ppy/nanopillar and POM-Ppy/flat
electrode-based fluidic biosensor devices. Supporting electrolyte: 0.05
M H,SO0, solution (pH 1.23).

the incremental H,0, concentration. Furthermore, the POM-
Ppy/nanopillar electrode had sensitivity as high as 54.8 yA
mM ™" cm™? based on the slope of the plot, whereas POM-Ppy/
flat electrode had a sensitivity of 15.2 yuA mM™' cm™. The
sensitivity of the POM-Ppy/nanopillar electrode is exception-
ally higher than those of other reported materials previously,
such as Co;0, cube,”’ Se/Pt nanocomposite,”” and
PFeW,,03,""-doped silica gel.53 The limit of detection (S/N
= 3) was evaluated to be 0.57 yM POM-Ppy/nanopillar
electrode and 6 uM POM-Ppy/flat electrode, respectively.
Compared to our previous results of POM-doped polyaniline,”*
POM-Ppy/nanopillar electrode has much higher -electro-
catalytic ability for reduction of hydrogen peroxide. Con-
sequently, the conducting polymer matrix also plays a
significant role in electron delocalization during redox reaction
of POMs, which accelerates the kinetics of reduction of
hydrogen peroxide. To apply POM-Ppy/nanopillar electrode
into biological applications, we further investigated sensor
performance of POM-Ppy/nanopillar electrode at different pH
values of 3.2 and 7.4 (Figure S7). The POM-Ppy/nanopillar
electrode-based fluidic biosensors had sensitivities of 9.4 (at pH
3.2) and 1.8 A mM™' ecm™ (at pH 7.4), respectively (Table
S1). The POM-Ppy/nanopillar electrode showed a stable
sensing stability (Figure S8). The amperometric response of the
electrode was still maintained after 30 cycles of 2 mM H,O,
injection, 90% retention of its initial value (Figure S8a). In
addition, the POM-Ppy/nanopillar electrode was stable in
electrochemical response after storage for 1 week at room
temperature (Figure S8b). The superior electrochemical
performance of POM-Ppy/nanopillar electrode was attributed
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to the well-defined redox reaction of POMs anchored to the
highly ordered nanopillar structure.

B CONCLUSIONS

The flexible POM-doped Ppy nanopillar array films were
fabricated through a soft-lithography and post-electrodeposi-
tion process. The stable incorporation of POMs in Ppy was
achieved by electrodepositing POMs during the electro-
polymerization of pyrrole monomers. As-prepared POM-Ppy/
nanopillar films exhibited superior electrochemical performance
when evaluated as electrochemical electrodes for supercapacitor
and electrochemical sensor applications. The enhanced electro-
chemical performance of the POM-Ppy/nanopillar electrode
was attributed to incorporation of the nanopillar structure,
which presumably increased redox efficiency of POM and Ppy
by increased active sites with facilitated ion and electron
transfer. The unique structures and properties of POM-Ppy/
nanopillar electrode led to high areal capacitance, high rate
capability, and long cycle life (even when bent). In addition, the
superior electrocatalytic activity of POM-Ppy/nanopillar
electrodes enabled the enzymeless detection of H,O, in a
flow-injection system, showing improved sensing performance
(sensitivity, response time, and detection limit). Further work
on the fabrication of such flexible nanopillar electrodes could
result in a film that meets the requirements of flexible/wearable
devices, such as energy storage devices, sensors, and displays.
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