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A B S T R A C T

There is a proliferation of autonomous microscale devices, which are increasingly in need of power sources
of commensurate form factors. The trade-off between the areal energy and power capabilities of miniature
energy storage devices restrict their abilities to meet the requirements of these microscale devices. Three-di-
mensional micro- and nanoarchitectures, however, have the potential to meet the energy requirements of au-
tonomous microscale devices, while retaining the power capabilities of thin-film systems. In this paper, we
present a novel full-cell architecture and fabrication strategy for 3D microscale energy storage devices based
on template-assisted electrodeposition of three-dimensionally interconnected metallic nanowire network, and
subsequent laser-patterning of the deposited nanowire network to form interdigitated electrodes. The pat-
terned nanowire networks are functionalized with the polyaniline active electrode material via an electroless
deposition procedure. We show that a footprint areal capacitance/energy enhancement of more than 5 times is
achieved by just 10μm-high nanowire networks, in addition to enhanced power capabilities.

© 2019.

1. Introduction

There is an increasing demand for high-performance power
sources for autonomous microscale devices (microelectronic and mi-
croelectromechanical systems) [1–3]. For many of these microscale
devices, high power levels, i.e., high current densities for fast dis-
charge and recharge, for varying pulse times are intermittently re-
quired. Although microsupercapacitors are able to store less energy
than microbatteries, they are far more practicable to meet the power
requirements of microscale devices [4,5].

The pioneering works on microsupercapacitors (as well as micro-
batteries) for microscale device applications were based on a stacked
configuration of thin films of the cell components (i.e., current collec-
tors, electrodes, and solid electrolyte) [6,7]. However, these devices,
in comparison to their bulk counterparts, suffered from low specific
capacitance, rapid capacitance fade, and low power capabilities, which
were mostly attributed to the poor ionic conductivity of the solid elec-
trolyte. These drawbacks led to the development of microsupercapaci-
tors with interdigitated planar electrodes having shorter inter-electrode
distance, leading to improved performance, in addition to easier fabri-
cability, and the possibility to use with all kinds of electrolytes [4,8].
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While microsupercapacitors with the interdigitated configuration
perform better than those with the stacked configuration, the presence
of small amounts of active materials limits their areal energy storage
capabilities, therefore requiring large areas to store sufficient energy
to power microscale devices. To increase the areal energy, fabrication
of thick-film microsupercapacitors (whether in the interdigitated or
stacked configuration) is not an adequate option, since a thicker film
implies longer ion- and electron-diffusion distances within the elec-
trode material, resulting in poorer power capabilities. Consequently,
there is the need for microsupercapacitors with decoupled areal energy
and power capabilities to meet the requirements of microscale devices
[9–12].

As with microbatteries [11,13–15], researches on decoupling the
areal energy and power capabilities of microsupercapacitors have led
to the development of 3D microsupercapacitors [4,9,11,16–18], which
are microsupercapacitors based on 3D nanoarchitectured electrodes.
By using 3D nanoarchitectures, the mass loading (i.e., the amount of
material per unit area) of the electrode is increased, resulting in high
areal energy storage, while retaining the nanosize required for fast ion
diffusion within the electrode material.

Various architectures have been proposed for 3D microscale en-
ergy storage devices [11], but most of the reported advances for 3D
microsupercapacitor electrodes centred on half-cells [9], mainly be-
cause of the difficulty in assembling full cells with 3D nanoarchi-
tectures. More recently, advances have been reported for full-cell 3D
microsupercapacitors developed by active material deposition on 3D
current collecting structures, which were micro-machined by tech

https://doi.org/10.1016/j.ensm.2019.05.025
2405-8297/ © 2019.
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Fig. 1. Schematic of the PANI/PANI symmetrical 3D-INED microsupercapacitor fabrication process: (a) Track-etching process is used to create crossed cylindrical pores oriented
at ± 25° (to the normal) in a PC membrane; (b) The resulting PC template is centred on a Cr/Pt-coated quartz substrate, after which Pt is electrodeposited through the interconnected
pores of the template to form a Pt 3DNWN; (c) The electrodeposited Pt 3DNWN is then revealed by dissolution of the PC template; (d) The Pt 3DNWN, together with the Cr/
Pt-coated quartz substrate, is laser-patterned to form interdigitated electrodes; (e) Finally, the Pt 3DNWN is functionalized with PANI by electroless deposition.

niques such as hydrogen bubble dynamic template synthesis [17], CO2
laser induction [19], and high-aspect-ratio deep reactive ion etching
[20]. While these approaches present impressive performances, they
are all in the stacked configuration, which limits their power perfor-
mances. This drawback has led to a growing interest in full-cell, 3D
microsupercapacitors with the interdigitated configuration, because of
the increased power performance resulting from shorter interelectrode
distance, and the ease of on-chip integration, since they have both
electrodes in the same plane [4,9,21]. Therefore, to simultaneously
meet the energy and power requirements of microscale devices, there
is need for microsupercapacitors with high-performing 3D architec-
tures fabricated by facile techniques.

In this context, the unique architecture and high degree of in-
terconnectivity of three-dimensionally interconnected nanowire net-
works (3DNWN) make them attractive nanodevice components for
a wide range of applications in energy harvesting/storage systems
[22–24], electronic sensing devices and actuators [25–27], magnetic
and spin-caloritronic devices [28–31], catalysts [32], electrochromic
elements [33], solar cells [34], biosensors [35], and bio-analytical de-
vices [36,37]. Although self-assembled 3D nanostructures can be ob-
tained by using chemical methods [23,38], template-assisted synthesis
is the most promising route for low-cost, reliable, and large-scale fab-
rication of 3DNWN with controlled size, geometry, composition, and
surface morphology. Typically, these nanoarchitectures are obtained
by simple electrochemical deposition within hierarchical nanopores
of a suitable template. So far, various 3D nanoporous templates have
been used for this purpose, including silica templates [39], diblock
copolymers [33], 3D alumina nanoporous hosts

[22,40,41], as well as track-etched polymeric membranes [28,32].
The last is the most attractive for this purpose, as dense networks
of crossed cylindrical nanopores can be obtained through sequen-
tial polycarbonate film irradiation with energetic heavy ions at dif-
ferent incidence angles, followed by selective chemical etching of
the ion tracks within the polymer film [28]. The 3DNWN are subse-
quently fabricated by using a template-assisted electrochemical depo-
sition process, followed by chemical dissolution of the polymer mem-
brane to form macroscopic 3DNWN that are mechanically robust.
In a previous work, it was shown that self-supporting 3DNWN dis-
play several advantages as electrode materials for lithium-ion batter-
ies, thanks to the high degree of electrical connectivity and large sur-
face area of the macroscopic sample [24].

In the present work, we developed an experimental platform that
allows for the fabrication and characterization of a 3D microsuperca-
pacitor architecture based on 3DNWN. The 3DNWN is not self-sup-
ported but is integrated on a rigid quartz chip substrate, with good
adhesion between nanowires and substrates, thus providing enhanced
mechanical stability of the 3DNWN films, and better potential for in-
tegration within microelectronics circuitry and devices. Using laser
ablation for patterning electrodes, we successfully demonstrated the
3D interdigitated nanowire electrode design (3D-INED), which we
define as a microbattery/microsupercapacitor architecture with
side-by-side interdigitated electrodes, each consisting of sub-
strate-supported metallic 3DNWN that act as scaffolds and current
collectors for the electrode active materials. There are many advan-
tages of the 3D-INED for the foreseen applications. First, by func-
tionalizing the metallic 3DNWN with a thin layer of active mate-
rial, the small thick
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Fig. 2. (a) SEM image of as-electrodeposited Pt 3DNWN array. The height of the
nanowires network is ∼10μm; (b) Optical microscope image accentuating the dimen-
sions of the digits and interelectrode separations.

ness required for high power capabilities and facile strain accommoda-
tion upon cycling is retained, while considerably enhancing the areal
capacitance of the microsupercapacitor. Furthermore, interdigitated
electrodes have short interelectrode ion-transport distances, which
lead to very low ohmic resistance, hence high-power capabilities, of
the device. To prove the feasibility of this approach, we have fabri-
cated and tested a symmetrical 3D-INED microsupercapacitor based
on core/shell platinum/polyaniline (Pt/PANI) 3DNWN. PANI is ex-
tensively used as an active material in energy storage systems, either
as cathode in (micro)batteries [42–45] or in (micro)supercapacitors
[46,47]. Features such as its large capacitance due to redox pseudo-
capacitive charge-storage mechanism, much lower cost compared to
other pseudocapacitive materials (e.g., RuO2), and the possibility of
synthesis by electroless deposition, make it a promising material for
3D microsupercapacitor applications [46,48].

2. Materials and methods

Fig. 1(a–e) shows the multi-step fabrication process of the struc-
tured electrodes based on Pt/PANI 3DNWN. The polycarbonate (PC)
porous membranes with interconnected pores were fabricated by ex-
posing a 22μm-thick PC film to a two-step irradiation process (Fig.
1a). The topology of the membrane is defined by exposing the film to
a first irradiation step at two fixed angles of – 25° and +25° with re-
spect to the normal axis of the film plane. After rotating the PC film
in the plane by 90°, the second irradiation step takes place at the same
fixed angular irradiation flux to finally form a 3D nanochannel net-
work. The diameter of the latent tracks was enlarged by following a
previously reported protocol to obtain membranes with average pore
diameter of 230 nm and volumetric porosity of 22% [49].

Then Pt 3DNWN were grown by electrodeposition within a 7-mm
diameter PC template centred on a 1.5cm × 1.5cm Cr (5nm)/Pt
(100 nm)-coated quartz substrate (Fig. 1b). The ultra-thin Cr film
acts to enhance the adhesion of the Pt layer onto the quartz sub-
strate. Electrodeposition was done with a PAR 263A Potentiostat by
applying −0.3V versus a double-junction Ag/AgCl reference elec-
trode (KCl-saturated) from a commercial Pt-DNS electrolyte (10 gPt/
l, Metakem), and a Pt strip used as counter electrode. To ensure
proper adhesion of the nanowires on the substrate, electrodeposi-
tion was carried out at two temperature regimes – first at 25°C for
1500s, then at 50°C until process completion. During the Pt elec-
trodeposition process, the total charge was monitored and maintained
at 10 Coulombs. Next, the Pt 3DNWN supported on the Cr/Pt-coated
quartz substrate was revealed by dissolving the PC template in
dichloromethane, followed by gentle rinsing with distilled water (Fig.
1c).

After fabrication of Pt 3DNWN on the Cr/Pt-coated quartz sub-
strate, the sample was laser-patterned with an Oxford Technologies
picosecond laser to form side-by-side interdigitated electrodes (Fig.
1d). A small, constant pulse rate of 1 pulse per 5μs (i.e., frequency
of 200kHz), was used to give an ultra-precise control of surface ab-
lation. The laser beam wavelength was 355nm, the operating power
was 3W, the spot diameter was 10μm, and the engraving speed was
200mm/s. Each digit was 200μm wide, 6mm long and the interelec-
trode distance (pitch) was 100μm. Finally, PANI was grown by elec-
troless deposition on supported 3DNWN scaffolds to form core/shell
platinum/polyaniline (Pt/PANI) 3DNWN (Fig. 1e), using a reported
procedure described elsewhere [50–52]. To allow for direct compar-
ison, Pt (100 nm)-coated quartz substrates were also functionalized
with the active material, PANI films, by electroless deposition. To as-
sure process reproducibility, all samples were thoroughly cleaned for
2min. in a RF plasma (5 mTorr Ar, 100W) prior to PANI growth.
In the electroless deposition procedure, PANI is obtained through the
polymerization of aniline on the Pt surface acting as catalyst. The
process is based on spontaneous chemical reactions in acidic medium,
involving reduction of dissolved oxygen as cathodic half-reaction and
oxidation of aniline as anodic half-reaction at the metal/solution inter-
face [50]. Briefly, the aniline stock reagent (99.5%, Sigma Aldrich)
was first purified by filtration through a micro-column made up of alu-
mina nanoparticles. Then, the aniline solution was prepared by mixing
equimolar quantities (0.4 M) of aniline and H2SO4. The solution was
afterwards saturated with O2 gas by bubbling for 30min. The elec-
troless deposition process was carried out in a temperature-regulated
double-wall glass reactor at 25°C under continuous O2 gas flow (kept
at 0.5 sccm) for sample immersion durations ranging from 2 to 8h.
In addition, the PANI deposition process was done at 25°C for 2h to
yield PANI thin films, and at 50°C for 6h to yield PANI thick films,
on bare Pt substrates.

Linear sweep voltammetry was done in a three-electrode cell
set-up (screen-printed electrode, Metrohm), with Pt working and
counter electrodes, Ag as the pseudo-reference electrode, and 1M Li-
ClO4/acetonitrile solution as the electrolyte. The anodic potential was
scanned from 0 to +3 V, and the cathodic potential was scanned from
0 to −2 V, both at a scan rate of 10 mV/s. Cyclic voltammetry (CV)
of a 2 μm-thick PANI film in 1 M LiClO4/acetonitrile solution was
recorded in a three-electrode cell setup, using an Ag wire pseudo-ref-
erence electrode and Pt wire counter electrode. The electrode potential
was scanned from −0.2 V to 1.4V at a rate of 10mV/s. For both tests,
all cell components were first vacuum-dried in a Haraeus Vacutherm
vacuum oven for 18h, then assembled in an Ar-filled glovebox. The
tests were carried out on a BioLogic SP-300 potentiostat.
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Fig. 3. Calibration of PANI growth: SEM images of (a) 2μm-thick PANI film; (b) 50nm-thick PANI film; SEM top-view images of Pt 3DNWN (c) before PANI deposition; (d, e)
after 2 and 4h, respectively; (f) Linear correlation of PANI shell thickness with growth time.

Morphological observation of the samples was performed using a
JEOL 7600F field-emission scanning electron microscope (FE-SEM).
The PANI film microsupercapacitors and 3D-INED microsupercapac-
itor were assembled in different kinds of cells. The thin- and thick-film
electrodes were each assembled into CR2032 coin cells, while the
3D-INED microsupercapacitor was tested in a custom-made cell. Be-
fore assembling, all cell components were dried at 70°C for 18h in
the vacuum oven. Assembling of CR2032 coin cells containing thick-
and thin-film electrodes were done in an Ar-filled glovebox, using thin
stainless-steel foil as electrical connectors from the PANI film to the
coin cell case, two pieces of 18-mm diameter Whatmann 1823-150
glass microfiber filters as separator, and 1M LiClO4/acetonitrile as
electrolyte. The acetonitrile solvent was anhydrous and the LiClO4 salt
was dried before use. In the case of the 3D-INED microsupercapaci-
tor, only after assembly in the custom-made cell, drying, and placing
in the glovebox was the electrolyte added and tested. The cycling tests
were performed on an Arbin battery testing system model BT2043.

3. Results and discussion

Electrodeposition has been proven to be an excellent tool for fill-
ing host porous templates with metallic nanowires to a very high de-
gree of replication of the nanopores. Fig. 2a shows a SEM image
of the Pt 3DNWN after complete dissolution of the PC template. As
expected, the 3DNWN scaffold exhibits a complex branching struc-
ture, imposed by the 3D nanoporous template. The Pt 3DNWN di-
rectly grown on the Cr/Pt-coated quartz substrate displays a high de-
gree of electrical connectivity and good mechanical stability. For our
purpose, the charge for Pt 3DNWN electrodeposition was set to 10
Coulombs per 0.4cm2 of deposition area, resulting in a nanowire ar-
ray with a vertical height of about 10μm (Fig. 2a). We note that this
height is a function of the deposition area, as well as the volumetric
porosity of the template (22%) and diameter of each nanowire. The
diameter of each nanowire (230nm) corresponds to the pore size of
the PC template (see Fig. 3a). Fig. 2b is an optical microscope image
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Fig. 4. Ambipolar electrochemistry/charge storage of PANI. Cyclic voltammogram of
a 2μm-thick PANI film in 1M LiClO4/acetonitrile electrolyte, highlighting both anodic
and cathodic processes. Inset: the linear scan voltammogram of 1M LiClO4/acetonitrile
electrolyte at the surface of a Pt working electrode. Three-electrode configuration us-
ing Ag wire as the pseudo-reference electrode and Pt wire as the counter electrode were
used for both measurements at a scan rate of 10mV/s.

Scheme 1. Redox mechanism of polyaniline in LiClO4/acetonitrile solution.

of the interdigitated electrodes after laser-patterning. It can be ob-
served that the electrode width and interelectrode spacing are 200μm
and 100μm, respectively. A small thickness of the substrate is also ab-
lated during the laser patterning process to ensure electrical isolation
of the electrodes to avoid short-circuiting.

PANI was deposited on planar Pt substrates at 50°C for 6h to yield
PANI thick films, and at 25°C for 2h to yield PANI thin films. Fig.
3a and b show the SEM images of the deposited thick and thin films,
respectively. The observed morphologies of both cases are similar. As
the magnified images show (inset of Fig. 3a and b), they are homoge-
nous, dense, and well adhered onto the Pt substrate, in agreement with
the literature [50,53]. The Pt 3DNWN was also functionalized by the
electroless deposition procedure to form a core/shell (Pt/PANI) struc-
ture, as shown in Fig. 3c–e. All depositions on the Pt 3DNWN scaf-
folds were done at 25°C for 2–8h. PANI can be seen to conformally
coat each nanowire. The thickness of the PANI shell on Pt 3DNWN
was found to be between 50nm and 160nm by varying the deposi-
tion time between 2h and 8h, as shown in Fig. 3f. In Fig. 3e, we
see that the surface of the scaffold structure appears more blurred af

ter longer deposition time, due to the increasing thickness of the PANI
layer.

The PANI shell of the core/shell 3DNWN used for 3D-INED mi-
crosupercapacitor was 50-nm thick (see Fig. 3d). This thickness was
used to ensure short diffusion paths for ions and improved electronic
charge transfer during cycling to enhance active material utilization
and power capabilities. The PANI mass loading on the Pt 3DNWN
was ∼0.34mg/cm2. The thickness of the thick film electrodes was
2μm, corresponding to similar PANI mass loading (∼0.28mg/cm2).
However, because in the 3D-INED configuration, each electrode oc-
cupies one-third of the total surface area, the active PANI mass on
each electrode is 0.04mg, while the active mass on each thick-film
electrode is 0.23mg. To compare with the 3D-INED microsuperca-
pacitor, the thin-film microsupercapacitor had the same PANI thick-
ness (50 nm) as the thickness of the PANI shell in the core-shell struc-
ture, a mass of ∼0.006mg.

The electroless deposition process used for PANI synthesis re-
stricts the choice of current collector to Pt; hence, there is the need
to ascertain the suitability of Pt as current collector in the fabricated
devices. The potential range within which the electrolyte (1 M Li-
ClO4/acetonitrile solution) is stable in the presence of Pt, i.e., the
electrochemical stability window, was determined by linear sweep
voltammetry (LSV), using Pt wire as the working electrode, Ag wire
as pseudo-reference electrode, and another Pt wire as the counter
electrode, all assembled and tested in an Ar-filled glovebox. The in-
set of Fig. 4 shows the result of the LSV; taking the conventional
cut-off current density of ±1mA/cm2, the stability window of the elec-
trolyte is seen to be ∼4.4 V. Fig. 4 shows the cyclic voltammogram
of 2μm-thick PANI film, tested in a three-electrode setup, using Ag
wire as pseudo-reference electrode and Pt wire as counter electrode. It
shows that PANI redox reactions occur well within the stability win-
dow of the electrolyte, confirming the suitability of Pt as the current
collector.

PANI is a conducting polymer with three main redox states – leu-
coemeraldine (LM), emeraldine (EM), and pernigraniline (PN) – de-
pending on the fraction of the benzenoid and quinoid states in the
overall structure [54,55]. PANI derived by the electroless deposition
process in this work is in the EM-salt state, the mid-redox state; thus,
its oxidation leads to the PN state, while reduction leads to the LM
state. The cyclic voltammogram of PANI (Fig. 4) shows two distinct
pairs of anodic and cathodic peaks, whose potentials correspond to
transitions from one redox state to another. The presence of these suc-
cessive redox processes, and the (almost) mirror image with respect
to the potential axis at zero current, in the scanned potential win-
dow, is characteristic of charge storage by fast and reversible faradaic
processes at (or close) to PANI surface, a charge-storage mechanism
formally defined as pseudocapacitive [48,56]. Consistent with reports
in other works [57–60], the potential difference between the EM-PN
peak and LM-EM peak is ∼0.7 V, implying that the voltage of a sym-
metrical (PANI/PANI) supercapacitor will be of the order of 0.7 V.

Three symmetrical PANI/PANI microsupercapacitor configura-
tions were fabricated and tested – 3D-INED microsupercapacitor
(3D-INED), 2μm-thick film microsupercapacitor (thick-film), and
50nm-thick film microsupercapacitor. (thin-film). Scheme 1 shows
the mechanism of PANI (dis)charging. Each electrode is initially in
the EM-salt state. By applying an oxidizing current to one electrode
(i.e., charging, causing reduction of the other electrode), the electrode
is oxidized to the PN state, while the other is reduced to the LM state,
which results in a potential difference between the electrodes [61].
Both electrodes return to the EM-salt state after discharge. Charge
storage in PANI is well-known to be by electrochemical p-doping, in
which the application of a positive current (during device charge, for



UN
CO

RR
EC

TE
D

PR
OO

F

6 Energy Storage Materials xxx (xxxx) xxx-xxx

Fig. 5. Performance of microsupercapacitors: Galvanostatic charge-discharge curves for the (a) 3D-INED microsupercapacitor, (b) Thick-film microsupercapacitor, and (c) Thin-film
microsupercapacitor, at different current densities (μA/cm2). Evolution of the (d) Areal capacitance, (e) Areal energy, and (f) Areal power, as a function of current density.

instance) causes electron abstraction through the external circuit, lead-
ing to the incorporation of anions for charge balance [62].

Fig. 5a–c show the typical galvanostatic charge/discharge curves
for the 3D-INED, thick-film, and thin-film, symmetrical microsuper-
capacitors, respectively, cycled between 0.1 and 0.8V at current den-
sities from 2.5 to 50μA/cm2. For devices in the stacked configura-
tion (i.e., the thin- and thick-film microsupercapacitors), the current
densities are based on the active surface area of individual electrodes
(0.8 cm2), while the total surface area occupied by both electrodes and
the interelectrode spacing (0.4 cm2) is used for the interdigitated con-
figuration. These values correspond to the devices' footprint area. The
very small active material mass of the thin-film device limited the
cycling current to only 2.5μA/cm2. The triangular-shaped charge/dis-
charge curves for the microsupercapacitors indicate the pseudocapac-
itive nature of PANI [56]. It can also be seen that the charge and dis-
charge times, which correspond to the stored and delivered capacities,
respectively, is highest at the lowest current density. This is due to in-
creased active material utilization when cycling at lower current den-
sities.

Since microsupercapacitors are to be integrated on microscale de-
vices, which have very limited footprint area, it is more appropriate to
present the performance metrics of microsupercapacitors on the basis
of their footprint area [4,11]. These metrics were calculated from the
charge-discharge curves according to Equations (1)–(3) [63]:

where Cs is the areal capacitance (mF/cm2), Q is the total charge
(mAh) delivered over the discharge time of Δt (s) in the potential

(1)

(2)

(3)
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Fig. 6. (a) Comparative areal capacitance and cycling performances of the 3D-INED,
thick-film, and thin-film symmetrical PANI/PANI microsupercapacitors at various cur-
rent densities; (b) Post-cycling SEM image of the Ptcore/PANIshell (50nm) 3DNWN after
130 cycles.

window of ΔV (V), A (cm2) is the device footprint area, Ws is the areal
energy (mWh/cm2), and Ps is the areal power (mW/cm2).

Fig. 5d–f show the calculated areal capacitance, energy and power
of the microsupercapacitors at different current densities. It can be
seen that at the lowest current density, the 3D-INED microsuper-
capacitor has areal capacitance and energy 2 times more than the
thick-film, and 7 times more than the thin-film, microsupercapaci-
tors. To have a clearer view of the improvements conferred by the
3D-INED architecture, consider, as we have seen, that each electrode
has a mass of 0.04mg, 0.23mg, and 0.006mg, for the 3D-INED,
thick-film, and thin-film, microsupercapacitors, respectively. Thus,
the areal capacitances per active mass of a single electrode are sim-
ilar for the 3D-INED and thin-film microsupercapacitors (∼100mF/
cm2g), while the thick-film microsupercapacitor attains less than 10%
of this value. This result is ascribed to a combined influence of in-
creased PANI utilization, because of its nanometric thickness on the
3DNWN and thin film (i.e. shorter diffusion length), and a higher con-
tribution of the double-layer capacitance to the observed pseudocapac-
itance, because of active surface area enhancement of more than 30
times by the 3DNWN. Furthermore, Fig. 5d shows that the improved
areal capacitance and energy of the 3D-INED microsupercapacitor did
not result at the expense of its areal power. In fact, at low current
densities (<30μA/cm2), the 3D-INED supercapacitor exhibits higher
power capabilities.

The rate capabilities of the microsupercapacitors are shown in Fig.
6. In all cases, an initial increase in the discharge capacitances can be

observed, evidence of enhanced material utilization of the electrode
materials with cycling. Subsequently, while the thin-film microsu-
percapacitor holds a constant discharge capacitance of 0.7mF/cm2

throughout its cycle life (more than 800 cycles), the discharge capac-
itance of the thick-film and 3D-INED microsupercapacitors begin to
slightly fade after reaching maximum values on about the 30th cy-
cle. All the devices exhibit good rate capabilities, with very slight
capacitance fade with increase in cycling current density. Overall,
the thin-film microsupercapacitor exhibited the best cycle life, fol-
lowed by the 3D-INED microsupercapacitor. Evidenced by Fig. 6b,
the PANI shell, while slightly deformed, still remains on the Pt 3D-
NWN scaffold after more than 130 cycles, which explains its long cy-
cle life. The thick-film microsupercapacitor exhibited the worst cycle
life, and we attribute this to the fact that thicker films do not undergo
size changes as facilely as thin films during cycling.

4. Conclusion

The inability of state-of-the-art stacked microsupercapacitors to si-
multaneously meet the performance and size requirements for con-
stantly miniaturizing autonomous microscale devices has triggered an
extensive interest in looking for microsupercapacitor architectures ca-
pable of fulfilling these requirements. Whereas some progress has
been reported for 3D microsupercapacitors, the fabrication processes
for these microsupercapacitors suffer from important drawbacks. We
have shown in this work a simple and versatile technique based on
laser-patterning of substrate-supported metallic 3D interconnected
nanowire network (3DNWN) that act as 3D scaffolds and current col-
lectors for the electrode active materials.

Electrodeposition and electroless deposition methods have also
been identified as key tools for the 3D interdigitated nanowire elec-
trode design (3D-INED), because they satisfy the process require-
ments of, importantly, being selective, and able to form conformal ac-
tive material deposits on complicated 3D geometries, in addition to
being low-cost processes. The PANI/PANI symmetrical microsuper-
capacitor is not presented as an ideal microsupercapacitor, because it
has a small voltage (0.7 V). it is instead presented as a proof of the
symmetrical 3D-INED concept. Although having 5 times less material
than the thick-film stacked configuration, the 3D-INED configuration
shows a footprint areal capacitance enhancement of more than twice
for only 10μm-high interconnected nanowires, in addition to higher
power capabilities at current densities less than 30μA/cm2. Therefore,
the 3D-INED configuration increases the areal capacitance/energy of
microsupercapacitors without penalizing the power capabilities of the
stacked configuration, despite having much smaller active material.
We ascribe this improvement to the possibility of increasing the active
material while retaining the nanometric thickness required for high
power capabilities, and increased active material utilization.

It has been shown that 3DNWN with height of 20μm and diame-
ter of 40nm, an aspect ratio of 500, is attainable [29]; therefore, the
performance of the 3D-INED microsupercapacitor can be vastly im-
proved by varying the thickness of the active material, increasing the
height of the nanowires and/or reducing their average diameter, as
well as by ultimately changing the device chemistry. The promising
results obtained in this work open the pathway towards low-cost pro-
cessing and manufacturing of integrated microsupercapacitors and mi-
crobatteries for modern autonomous microscale electronic and opto-
electronic devices.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ensm.2019.05.025.
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