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HIGHLIGHTS

o A method of selective patterning of RuO, on microelectrodes is described.

e The microelectrodes consist of titanium nitride with Au and Ni functional areas.
e Micro-supercapacitors in solid Nafion electrolyte are tested.

o Electrode capacitance has been measured as high as 203 mF cm 2.
e The presence of Tobacco mosaic virus nanotemplate improves rate capability.
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A three-dimensional micro-supercapacitor has been developed using a novel bottom-up assembly
method combining genetically modified Tobacco mosaic virus (TMV-1Cys), photolithographically defined
micropillars and selective deposition of ruthenium oxide on multi-metallic microelectrodes. The three-
dimensional microelectrodes consist of a titanium nitride current collector with two functionalized
areas: (1) gold coating on the active electrode area promotes TMV-1Cys adhesion, and (2) sacrificial
nickel pads dissolve in ruthenium tetroxide plating solution to produce ruthenium oxide on all elec-
trically connected areas. The microfabricated electrodes are arranged in an interdigitated pattern, and the
capacitance per electrode has been measured as high as 203 mF cm 2 with solid Nafion electrolyte. The
process integration of bio-templated ruthenium oxide with microfabricated electrodes and solid elec-
trolyte is an important advance towards the energy storage needs of mass produced self-sufficient micro-
devices.
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1. Introduction

Integration of capacitors, inductors and resistors with micro-
electronics is attractive due to the decreased overall size, reduced
packaging compared to discrete devices, and increased reliability
due to fewer chip-to-chip and chip-to-board connections. The
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addition of integrated energy-storage elements would further
decrease size and lead to an anticipated revolution of micro-sized
self-sufficient devices. The use of solid electrolyte allows this
miniaturization to proceed without complex packaging steps
needed for application and sealing of liquid electrolyte. All-solid
micro-supercapacitors have the potential to fill the energy-
storage need due to their high power density, low maintenance
and long cycle-lifetimes.

The characteristic features of micro-supercapacitors are defined
by the microfabrication methods used to produce them. Traditional
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energy storage devices are constructed with facing electrode plates
and an electrolyte sandwiched between them, but this is a highly
challenging geometry when using photolithographically defined
layers. Instead, electrode plates are arranged in the same plane and
defined with an interdigitated geometry to reduce diffusion lengths
through the electrolyte. It is desirable to increase surface area for
two reasons. First, the effective capacity of redox materials is
closely related to the penetration depth of the electrolyte ions.
Second, the overall mass loading is increased for surface deposition
methods such as electroless plating. The combination of high sur-
face area and thin materials leads to both higher energy and power
densities.

Ruthenium oxide (RuO,) has been intensely studied as a redox
material for electrochemical supercapacitors due to its high gravi-
metric capacity. Anhydrous RuO; is an electronic conductor with
high stability and chemical resistance, but it conducts H" ions
when prepared as RuO,-xH;0. The H" conduction allows a reduc-
tion—oxidation reaction to occur within the bulk of the material,
not just on the surface, resulting in high gravimetric capacitance.
The methods of preparation, chemical and physical structure of
Ru0;-xH,0 have been extensively researched [1-5]. Interestingly,
RuOy is used as an electron microscopy stain due to the deposition
of conductive RuO, nanoscrystals in biological tissues and plastics.
RuO; films can be deposited on surfaces by vapor phase RuQOy4 [6],
and methods for selective deposition of RuO,-xH>0 from vapor
phase RuO4 have been developed [7]. When RuO,-xH,0 possesses
nanoscale dimensions and is in contact with a good current col-
lector, gravimetric capacitances over 1000 F g-1 have been re-
ported. For instance, ruthenium oxide powder mixed with
activated carbon black [8], colloidal ruthenium oxide loaded on
carbon powder [9], sol-gel-derived ruthenium oxide nanoparticles
on carbon powder [10], ruthenium oxide nanotubes [11], and facile
ruthenium oxide nanoparticles on carbon powder [12] have all
been found to display such gravimetric capacitances. In addition,
the role of mesoporous structure in anhydrous RuO, capacitance
has been investigated [13], and RuO; and RuO;-xH,0 powders with
nanoscale dimensions have also been similarly studied [14]. The
authors direct the reader to a review [15] of nanostructured ma-
terials in electrochemical supercapacitors for more information
about this field.

A well-known disadvantage of RuO, is the cost, but material
expense is often secondary to performance when considered in
terms of the overall microfabrication expense. Due to the inherent
challenges of microfabrication process integration, there are far
fewer reported breakthroughs with RuO, micro-supercapacitors
than with RuO,; electrodes prepared by bulk synthesis methods. A
mix of RuO; nanorods and RuO,-xH,0 on interdigitated electrodes
produced supercapacitors with 12—41 mF cm~! in aqueous
0.5M H,S04 electrolyte [ 16], and electrodeposition of hydrous RuO;
onto gold microelectrodes was reported at 0.2 mF cm ™! in aqueous
0.5M H,S04 electrolyte [17]. Recently, electrodeposition of hydrous
RuO; on a high-aspect-ratio silicon microtemplate produced elec-
trodes with 92 mF cm~2 (or 23 mF cm 2 based on device footprint)
in neutral aqueous 0.1M NaySO4 electrolyte [ 18], and this value was
increased to 148 mF cm™2 (or 37 mF cm~2 based on device foot-
print) by introducing CNT into the deposition process [19]. Few
reports exist on the full integration of micro-electrodes with a solid
electrolyte, which is desirable to avoid the complex packaging
methods for a liquid electrolyte. This is surprising despite work on
RuO, with Nafion solid electrolyte in traditional sandwich struc-
tures [20], [21]. One such rare device in solid electrolyte is based on
polypyrrole  micro-electrodes which were reported at
29—60 mF cm~2 in hydrated PVA gel with LiCiO4 [22]. A related
technology is carbon-based EDL capacitors (without redox mate-
rial) using organic electrolytes. Silicon microwells have been used

as a template for activated carbon with resulting capacitance of
91 mF cm~2 [23]. A useful summary of micro-supercapacitor values
is found in Table 2 [23]. Notably, the challenging aspect of encap-
sulating activated carbon micro-electrodes with liquid organic
electrolyte (1M Et4NBF; into propylene carbonate) has been
described with capacitance of 81 mF cm~2 [24].

The micro-supercapacitor described here uses a novel bottom-
up assembly method combining genetically modified Tobacco
mosaic virus (TMV-1Cys), photolithographically defined micro-
pillars and selective deposition of RuO, on multi-metallic micro-
electrodes. The 3D microelectrodes consist of a titanium nitride
current collector with two functionalized areas: (1) gold coating on
the active electrode area promotes TMV-1Cys adhesion, and (2)
sacrificial nickel pads dissolve in RuO4 plating solution to selec-
tively deposit RuO; on all electrically connected areas. The T. mosaic
virus has a cylindrical structure (300 nm by 18 nm) and functions as
a nanotemplate for the RuO, coating. The genetically modified TMV
variant (TMV-1Cys) contains an additional cysteine amino acid in
the coat protein, which improves electrolessly deposited metallic
coatings through the presence of the thiol side chain present on
each of the more than 2100 coat proteins that comprise one virus
particle [25]. The resulting micro-supercapacitor is tested with
solid Nafion perfluorosulfonate ionomer. Incorporation of solid
electrolyte is an important aspect of the process integration since it
significantly reduces packaging complexity and improves device
stability. Related work with TMV-1Cys has used TMV-1Cys/Ni as a
template for battery electrodes [26], and RuO, deposited by ALD
has been tested on a TMV-1Cys/Ni/TiN template [27]. The engi-
neering applications of TMV have been extensively reviewed [28]
as well as the biological approaches using self-assembly for pro-
ducing nanomaterials [29].

2. Materials and methods
2.1. Fabrication

The fabrication process for the micro-supercapacitors is based
on metal electrodes on a polyimide insulating substrate which are
photolithographically defined on 3-inch silicon wafers. The layout
of a typical device is shown in Fig. 1 (a). The result of the TMV-1Cys/
RuO, coating method (see in Fig. 1 (b,c)) is a forest-like surface of
hydrated RuO,-xH,O covering the micropillars and TMV-1Cys
biotemplate (see Fig. 2). For simplicity, micropillars are not
shown in the cross-section diagrams.

Fabrication started with a 5 pm spin-coated film of HD-4100
polyimide precursor (HD Microsystems) that was flood exposed,
followed by a 5 pm coat exposed with a mask to define 4 pm
diameter micropillars. The HD-4100 polyimide precursor was
baked in a vacuum oven at 200 °C for 1 h followed by 375 °C for
90 min. Next, Ti/Au (500 A/2000 A) was deposited in an e-beam
evaporator (CH Industries Mark-40). ATi/TiN (1000 A/1000 A) layer
was deposited by RF sputtering in an Ar/N2 gas mixture (Trikon
Sigma 200). A final Ti/Au (50 A/750 A) layer was deposited in an e-
beam evaporator. The titanium nitride acts as a chemically resistant
coating, and the top gold provides good adhesion for the TMV-1Cys
biotemplate.

Nickel (5000 A) deposited in an e-beam evaporator was used as
a hard mask, and the layer was defined with AZ nLOF 2035 lift-off
photoresist. The electrodes were etched in a PlasmaTherm 790
series reactive ion etcher using four steps. First, the top gold layer
was sputter etched in Ar plasma. Second, the Ti/TiN/Ti layers were
etched in SFg plasma, and a hydrogen plasma etch was used to
remove fluorine-containing residue. Third, the bottom Au layer was
removed in another Ar plasma sputter etch. Finally, the thin Ti
adhesion layer was removed in a short CHF; plasma etch.
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Fig. 1. (a) Photograph of a single chip with interdigitated micro-electrodes and elec-
trode area of 2.00 mm by 1.25 mm, or the same size as a 0805 surface-mount
component. (b) The TMV-1Cys/RuO, coating process on TiN/Ni electrodes starts with
TMV-1cys assembly on the Au coated TiN electrodes and adheres by thiol bond to
cysteine in the coat protein. (c) Next, nickel is used as a sacrificial metal during the
reduction of RuO4 to RuO, on the surface of the electrode in the presence of TMV-1cys.
Both nickel and gold can be dissolved in the RuO4 solution, but titanium nitride is
chemically stable and adheres well to RuO,.

Afterwards, Transene Nickel Etchant TFG at 40 °C was used to
selectively removed Ni from the electrode area after a photoresist
pattern (AZ 9260) was defined. A final cleanup was performed with
photoresist stripper and an oxygen plasma descum.

After wafer dicing, the 3.5 mm by 10 mm chips were submerged
in a suspension of TMV-1Cys (0.2 mg ml~!) in 1.0M phosphate
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buffer, and a few seconds of sonication was used to remove any
surface bubbles. The TMV-1Cys coating method is based on the
work of Gerasopoulos et al. [26]. During the 16 h coating process,
the chips were refrigerated at 4 °C and the TMV-1Cys self-assem-
bled on Au-coated TiN electrodes. A thiol bond occurs between the
cysteine amino acid in the virus coat protein and the gold surface,
immobilizing the virus particles. Next, the chips were dip-rinsed in
DI water to remove excess material and submerged in fresh 0.5%
RuO4 solution (Polysciences) that was brought to room tempera-
ture. Note that RuQy is volatile and a strong oxidizer that must be
handled with care. RuO4 produces hazardous vapor at room tem-
perature and must be used in a fume hood with appropriate PPE. A
visible coating of RuO; formed on the electrodes due to two
simultaneous reactions. As shown in the schematic diagram in
Fig. 1 (b,c), nickel dissolves on the pad region of the electrically
connected electrode by 2Ni®® — 2Ni*2 + 4e", and ruthenium te-
troxide is reduced on the electrode region by RuO4 + 4e~ —
RuO%) + 0,. The TiN acts as a chemically stable support during the
coating process since even gold can be removed in the strongly
oxidizing RuQy4 solution. However, it was found that without a gold
surface layer, the TMV-1Cys does not produce a dense coating and
without TiN, the RuO; film adheres poorly and delaminates during
the subsequent drying step. Furthermore, the presence of micro-
pillars mechanically secures the film, significantly reducing large
cracks and preventing delamination during the drying and
annealing steps. After 5—20 min the chips were rinsed in DI water
and dried under nitrogen.

A gap of 96 um exists between pairs of interdigitated electrodes
with a “finger” dimension of 96 x 992 um. The gap was partially
filled by lateral growth adjacent to the electrodes and estimated to
be approximately 10 um based on SEM observation and EDX line-
scan, leading to a fill factor of 60% based on electrode geometry. The
overall device footprint is 0.025 cm? with each electrode occupying
0.00754 cm?. These values were used for the calculation of current
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Fig. 2. SEM image of a flexible polyimide substrate with TMV-1Cys/RuO;, coated titanium nitride microelectrodes. The array of 5 um tall micropillars are obscured by the thick TMV-
1Cys/Ru0;, coating, but impart a periodic appearance to the surface. The diameter of the nanorods attached to the 3D electrode surface is approximately 150 nm.
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density and areal capacity. The mass of RuO; could not be deter-
mined since RuO, deposition occurs simultaneously with erosion of
the sacrificial Ni, therefore gravimetric values of RuO, are not
reported.

The devices were baked in a clean-room oven at 150 °C for 12 h
in order to optimize the water content in the RuO,-xH,0 coating.
Devices tested in solid electrolyte were coated with Nafion
dispersion (Ion Power D2021) by drop casting on the electrode area.
The dispersion was allowed to dry at ambient conditions for
approximately 30 min. The devices were then annealed again in a
nitrogen purged ramping oven at 70 °C for 2 h and 150 °C for 4 h.

2.2. Electrochemical test

The finished chips were designed to fit in the slot of a standard
micro-USB plug to facilitate rapid testing of the micro-
supercapacitors. Electrochemical tests in aqueous 1.0M H,SO4
electrolyte were completed with a Ag/AgCl reference electrode and
Pt foil counter electrode. A BioLogic VSP potentiostat was used for
cyclic voltammetry and chronopotentiometry; the results were
analyzed in BioLogic EC-Lab v10.37 software. For testing in solid
Nafion electrolyte, the micro-supercapacitors were mounted in
sockets connected to a PCB that was in turn connected to the Bio-
Logic VSP potentiostat. The PCB was housed in a controlled tem-
perature and humidity chamber (Espec SH-241) set at 25 °C and
80% relative humidity. Nafion electrolyte requires a level of hy-
dration in order to perform well, and 80% was chosen based on
reported values of ionic conductivity as a function of relative hu-
midity and water uptake [30]. Since the interdigitated electrodes
are coated with a film of solid electrolyte, there is no room for an
external reference electrode. The micro-supercapacitors are tested
in symmetric 2-electrode configuration; this is standard practice
for supercapacitor testing. Energy storage capacity was calculated
in EC-Lab by using a feature to automatically compute the total
discharge (Q) per cycle. Capacitance was measured as Q divided by
the maximum test voltage of 800 mV. Since each electrode is in
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series in the 2-electrode configuration, the capacitance of the
tested device is one-half that of the individual electrodes. Unless
stated otherwise, the reported areal capacitance values represent
the value for each individual electrode.

3. Results and discussion

The combination of micro-pillars, nanoscale TMV-1Cys and se-
lective coating of RuO; on electrode areas has produced a micro-
fabrication method with a number of benefits. The coatings are
specific to the micro-electrode areas without the need for physical
templating or etch-back steps. The substrate does not require a
seed layer or any external electrical current source during the
deposition process as is typical with electroplating. The plating
reaction stops when the sacrificial nickel is exhausted providing a
straightforward means of controlling thickness. Finally, the com-
bination of selective coating and integration with a solid electrolyte
is highly advantageous for microelectronics applications. This sys-
tem produced a capacitance measurement of 203 mF cm™~2 with a
solid Nafion electrolyte, demonstrating excellent energy storage
capacity for a thin solid micro-supercapacitor.

The selective coating of RuO; on the microelectrodes was veri-
fied by SEM and EDX spectral imaging (see Fig. 3), and the RuO,
coating is specific to the electrode area. The titanium nitride elec-
trodes are covered with ruthenium, while the carbon-containing
polyimide is still visible between the interdigitated electrodes.
The ability to selectively coat electrodes is the critical feature of this
process since it allows process integration without the need for an
electroplating seed layer, and without the material waste of etching
RuOs. The electrical separation of the interdigitated electrodes is
confirmed by the low leakage current value reported below.

The rate capability of the solid micro-supercapacitors was
measured by cyclic voltammetry with scan rates between 0.5 and
250 mV sec” . A comparison between solid Nafion electrolyte and
aqueous 1.0M H,SO4 electrolyte is shown in Fig. 4 (a). The elec-
trodes in 1.0M H;SO4 were tested against a Ag/AgCl reference, and
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Fig. 3. SEM and EDX spectral map at (a,d) 120X, (b,e) 750X and (c,f) 5000X where red = ruthenium, yellow = carbon, and cyan = titanium. The selective deposition of TMV-1Cys/
RuO, can be seen on the microelectrodes while the polyimide area is uncoated (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).



M. Gnerlich et al. / Journal of Power Sources 293 (2015) 649—656

(@ -
8 4 10 min coating
1.0M H,SO,
. 61
N 5 min coating
£ 4] 1.0M H,SO,
S , | —
< g
g 0 4 - 5 min coating
-~ Nafion
c 2.4 —
g 10 min coating
S -4 Nafion
O 61
-8
-10 T T T T T T T
0 100 200 300 400 500 600 700 800
Potential (mV)
5
(C) 4 5 min coating 10 min coating
- o I [ o
25 °C 25°C
3 !
2
-3 5 min coating 10 min coating
4 | 45°C 45°C
-5 T T T T T T T
0 100 200 300 400 500 600 700 800

Potential (mV)

653
(b) 300
~ 250
(\ll 10 min coating A :
£ Nafion 10 min coating
S 500 | 1.0M H,SO,
L
E L
8)150 5 mincoating < . 5 min coating
= Nafion ™S 1.0M H,SO,
2 N
S 100 \
L
©
O 50
0 T : :
0.1 1 10 100 1000
Scan Rate (mV s-1)
250
(d) 5 min coating
— 25°C ‘
N | s 10 min coating
1 200 25 °C
£
[$]
[T
é150
)
—
@ 100 -
6 5 min coating
@ 45°C l 10 min coating
o 45 °C
50
(@]
0 T T T
0.1 1 10 100 1000

Scan Rate (mV s-1)

Fig. 4. (a) Cyclic voltammetry at 25 mV s~ and (b) rate dependence results for samples tested in Nafion electrolyte at 25 °C and 80% RH with comparison to 1.0M H,S0, electrolyte.
The electrodes in 1.0M H,SO4 were tested against a Ag/AgCl reference, and the electrodes in Nafion were tested in a 2-electrode configuration without a reference. (c) Cyclic
voltammetry at 25 mV s~ and (d) rate dependence results for samples tested in Nafion electrolyte after the temperature was increased to 45 °C at 80% RH.

the electrodes in Nafion were tested in a 2-electrode configuration
without a reference. The absence of redox peaks is typical when
measured in a 2-electrode configuration [31]. The corresponding
comparison of discharge capacitance as a function of scan rate is
shown in Fig. 4 (b). A value of 199 mF cm 2 was measured at
2.5 mV s~! with solid Nafion electrolyte, which compares very
favorably to 272 mF cm~2 at 2.5 mV s~ ! in aqueous 1.0M H,S04
electrolyte at 2.5 mV s~ . Despite moving to a solid electrolyte,
devices in Nafion retained 73% of the areal capacitance when
compared to aqueous electrolyte. The maximum recorded areal
capacitance of the micro-supercapacitor electrode was
203 mF cm~2 at 0.5 mV s, which is an excellent value for inter-
digitated micro-electrodes in a solid electrolyte. The corresponding
capacitance of a full device which occupies the 0.025 cm? footprint
of a standard 0805 SMD was 765 pF. In order to explore the effect of
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increased temperature on the micro-supercapacitors, the cyclic-
voltammetry tests of electrodes in Nafion were repeated at 45 °C
and 80% RH. The shape of the curves in Fig. 4 (c) did not change
significantly although redox peaks would be difficult to discern in a
2-electrode configuration. A comparison of discharge capacitance
as a function of scan rate is shown in Fig. 4 (d), and the increase in
temperature caused a significant loss of capacity in Nafion elec-
trolyte. The effects of temperature are discussed further below with
regard to EIS measurements.

The supercapacitors were also tested by chronopotentiometry
with current density between 3.3 pA cm~2 and 33 mA cm ™2 (Fig. 5
(a)), which corresponds to a C-rate up to approximately 1000 (Fig. 5
(b)). At the highest current densities, the limiting factor is believed
to be the conduction of the current collector because at 33 mA cm 2
the capacity retention of electrodes coated for 5 min was 1% while
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Fig. 5. Rate capability shown as (a) discharge capacity versus cycle number and (b) percentage of 1 C value versus C-rate for devices tested in Nafion electrolyte (25 °C and 80% RH).
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Fig. 6. (a) Cycle lifetime of devices tested in Nafion electrolyte (25 °C and 80% RH) at 25 pA or 3.3 mA cm 2. Cycle lifetime was evaluated following rate capability testing on the
same devices. (b) Leakage current at 800 mV for devices tested in Nafion electrolyte at 25 °C and 80% RH as well as 45 °C and 80% RH.

that of the electrodes coated for 10 min was 38%. The TiN plays an
import role in the chemical stability of the electrodes, but the re-
sistivity of TiN is much higher than other ductile metals and in-
troduces an undesirable resistance. The improved performance of
the devices with longer coating time is believed to be due to
increased electronic conductivity of the interdigitated electrode
fingers with a thicker RuO; layer.

After rate capability testing, the cycle lifetime of supercapacitors
in Nafion electrolyte was measured at constant current charge/
discharge of 25 pA or 3.3 mA cm~2. Unlike devices tested in aqueous
H,S04 electrolyte, the devices did not fail even after 9000 cycles
(Fig. 6 (a)). The EIS results in Fig. 7 (a, b) demonstrated a positive
relationship between the number of cycles and both the charge
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transfer and the uncompensated resistance parameters, indicated
by the semi-circle diameter and high frequencies and the real
impedance value at the highest measured frequency, respectively.
The uncompensated resistance increase is due to the limited con-
ductivity of the solid electrolyte governed by the diffusion pro-
cesses in Nafion. The increasing values of the charge transfer
resistance are due to a gradual and mild material failing process
that was supported also by the gradual decrease in the capacity
retention. After increasing the temperature from 25 °C to 45 °C, the
EIS results in Fig. 7 (c, d) show an increase in the uncompensated
resistance, but not necessarily the polarization resistance. This
seems to imply that the conductivity of solid electrolyte is
adversely affected, while the interface between electrode and
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Fig. 7. Impedance spectroscopy evolution during cycle lifetime testing for devices in Nafion electrolyte (25 °C and 80% RH) for (a) 5 min coating and (b) 10 min coating. Afterwards,
the environmental temperature was increased to 45 °C at 80% RH and the effect of temperature is shown for (c) 5 min coating and (d) 10 min coating. The electrodes were tested at
10 mV AC amplitude from 100 kHz to 10 mHz.
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Fig. 8. (a) Impedance spectroscopy comparison between aqueous 1.0M H,SO,4 and solid Nafion electrolyte (25 °C and 80% RH). The electrodes were tested at 10 mV AC amplitude

from 100 kHz to 10 mHz. A close-up of the lower left of the graph is provided in (b).

electrolyte is not. Nevertheless, the properties of solid Nafion
electrolyte at various relative humidities and temperatures have
been carefully studied [30], and the conductivity of Nafion was
reported to increase slightly for conditions comparable to this
work. One is left to conclude that a structural change is occurring in
the TMV-1Cys/RuO; coated titanium nitride microelectrodes, and a
partial failure at the interface between the TiN and RuO, layers,
resulting in increased equivalent series resistance, is a possibility.

The performance limit of the TMV-1Cys templated RuO, micro-
supercapacitors may be diffusion in the electrolyte, diffusion within
the RuO;-xH,0 active material or electronic conduction in the
current collector. The diffusivity of H" ions in water is approxi-
mately 2 x 10~ cm? sec™! at room temperature [32], however the
diffusivity in Nafion is slower: approximately 5 x 10~8 cm? sec™! at
80% relative humidity [30]. Since the diffusivity is highly dependent
on relative humidity, the devices were tested in a controlled envi-
ronment at 80% RH. Measurement of the proton diffusivity in RuO,
has been reported to be 6 x 10~ cm? sec™! for powder treated at
200 °C [33] and 5 x 10~1> cm? sec™! for powder treated at 450 °C
[34]. The transport mechanism in RuO,-xH,0 has been discussed
by Dmowski et al. [4] and involves the diffusion of ions along
nanocrystalline boundaries, which is much faster than bulk diffu-
sion. A detailed study of RuO,-xH,0 by impedance spectroscopy
[35] reported diffusion values between 1 x 10~ and
1 x 10712 cm? sec™ L. When tested in liquid electrolyte a doubling of
coating time increased capacity by ca. 40%, but in Nafion the ca-
pacity increased by only ca. 25%. The additional mass from longer
coatings is likely not available for reduction/oxidation due to the
kinetic limitations of the solid electrolyte. This conclusion is sup-
ported by a significantly larger charge transfer and uncompensated
resistances in Nafion electrolyte than in aqueous 1.0M H,SO4
electrolyte due to lower ion diffusion rates, as shown in a com-
parison of Nyquist plots in Fig. 8. A detailed discussion of Nafion as a
supercapacitor electrolyte can be found in Lufrano et al. [36]. A
notable difference between this work and other work using Nafion
membranes (for use in applications with both faradaic and non-
faradaic processes) is the lack of an acid wash step since the
deposited Nafion film would swell and delaminate from the micro-
supercapacitor electrodes. This wash step is usually performed to
improve ionic conductivity by removing metallic cations from the
ionomer, therefore the Nafion electrolyte used here may have lower
than ideal ionic conduction.

Finally, the leakage current of the described device with solid
electrolyte was measured to be as low as 32 nA after 8 h when held
at a voltage of 800 mV (see Fig. 6 (b)). This is an excellent value
considering that commercially available supercapacitors have
leakage currents of approximately 1 pA [37] to 5 uA [38], and the

values for aluminum electrolytic capacitors are significantly higher.
It is expected that the micro-supercapacitors can be scaled up in
parallel configurations for increased total capacitance while
retaining low leakage characteristics.

4. Conclusions

Micro-supercapacitors with a 3D hierarchical electrode with
micro- and nano-length scales have been fabricated based on the
TMV-1Cys bio-template with a conformal RuO; coating. Excellent
values for areal capacitance as high as 203 mF cm 2 were measured
with Nafion solid electrolyte. A self-assembly method of TMV-1Cys
has been combined with selective coating of hydrated RuO, on
metallic electrodes with sacrificial Ni leading to a robust and effi-
cient process integration strategy. The low leakage current and high
rate capability of these micro-supercapacitors are conducive to
applications in energy-harvesting and pulse-power delivery. The
extremely small size (the device shown in Fig. 2 without electrolyte
is only 10 um thick) will lead to micro-supercapacitors with high
energy and power density. Future work entails the patterning and
encapsulation of Nafion solid electrolyte using a layer to prevent
absorbed water from escaping in low humidity environments with
the goal of a micro-supercapacitor fully integrated into a flexible
polyimide device process.
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