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he development of novel battery ar-
Tchitectures with increased energy

and power density is essential for
the miniaturization of battery devices for
small-scale power applications. Some of
these include miniaturization of commercial
electronics, development of portable med-
ical devices and implants,’ as well as efforts
toward the widespread use of wireless sen-
sor networks for structural, homeland se-
curity, and environmental monitoring.? The
common denominator in all of these applica-
tions is the small overall footprint and com-
patibility with standard CMOS fabrication
that can enable monolithic integration on
the same chip. The small footprint require-
ment limits the available area for the on-
board power source and affects battery
energy and power density. The fabrication
compatibility introduces additional limita-
tions related to the assembly and packaging
of the device. These stem from the complex-
ity involved in using traditional battery fabrica-
tion and assembly technologies in miniatu-
rized systems. As a result, the development
of battery architectures that combine a small
footprint with enhanced performance is highly
desirable.

Two major research approaches have
been pursued for the improvement of bat-
tery performance at the micro/nanoscale.
The first employs microelectromechanical
systems (MEMS) technology and is based on
the fabrication of three-dimensional elec-
trode structures. This approach results in
increased available surface area and active
material loading for the same device foot-
print. Increased surface area enhances the
energy and power density compared to
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The realization of next-generation portable electronics and integrated microsystems is directly linked with
the development of robust batteries with high energy and power density. Three-dimensional micro- and
nanostructured electrodes enhance energy and power through higher surface area and thinner active
materials, respectively. Here, we present a novel approach for the fabrication of hierarchical electrodes
that combine benefits of both length scales. The electrodes consist of self-assembled, virus-templated
nanostructures conformally coating three-dimensional micropillars. Active battery material (V,05) is
deposited using atomic layer deposition on the hierarchical mico/nanonetwork. Electrochemical
characterization of these electrodes indicates a 3-fold increase in energy density compared to
nanostructures alone, in agreement with the surface area increase, while maintaining the high power
characteristics of nanomaterials. Investigation of capadity scaling for varying active material thickness
reveals underlying limitations in nanostructured electrodes and highlights the importance of our method
in controlling both energy and power density with structural hierarchy.
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techniques'®'" to conformally coat pores formed in

silicon or glass substrates. While in these investigations
superior energy densities compared to 2D devices
have been reported, key challenges still remain. For
example, in addition to inherent problems in 3D de-
signs (for example, non-uniform current density
distribution'?), the thickness of the 3D electrode has
also been identified as a potential limitation. Since the
diffusion pathway is still in the microscale, full lithiation
of the active material may not be achieved,® limiting
the available power density. In addition to their effect
on kinetics, thicker electrodes can result in catastrophic
failure when chemistries accompanied by huge active
material volume expansion are used (for example,
silicon). These issues can be addressed by reducing
the thickness to the submicrometer range,’ at the
expense of active material mass loading.

A second approach has leveraged on advances in
nanotechnology and is aimed at the use of nanostruc-
tured materials in battery electrodes. Indeed, nanoma-
terials have shown significant potential for improving
battery performance due to improved properties com-
pared to bulk or microsize particles. These include
larger electrode/electrolyte contact area, improved
mechanical stability due to the available volume to
accommodate structural changes, as well as shorter
distances for electron transport and ion diffusion, as
has been documented in several reviews.”>™"” These
attributes combined can enhance the power density
and cyclic stability of the electrodes and address the
shortcomings of thicker electrodes. Limitations related
to nanostructured materials include the difficulty
in synthesis and integration as well as performance
concerns such as undesired reactions with the electro-
lyte.'* However, the main critical bottleneck in their
practical use in micropower sources is the limited
energy density. More specifically, the total electrode
mass that can be assembled in a given area is low,’
particularly in cases where nanostructures are grown
directly on current collectors.'®'® Inevitably, even
though excellent rate performance and cycle lives
can be achieved, the energy density per unit area
cannot be easily scaled up accordingly to meet desired
levels.

This review of the literature is a clear indication that
3D micro- and nanostructured electrodes indepen-
dently exhibit advantages for small-scale power appli-
cations. However, benefits for one approach are
limitation for the other. In this work, we present a
new method for the fabrication of three-dimensional
microbattery electrodes that combines the advantages
of both micro- and nanosized electrodes. The innovat-
ing characteristic of our technology is that it utilizes, for
the first time, both micro- and nanocomponents in
the electrode architecture. This is accomplished by
integrating bottom-up nanostructure self-assembly
with top-down microfabrication processes in a unique
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design. The active battery material is a thin film con-
formally deposited on a three-dimensional nanoforest
scaffold grown on three-dimensional microstructures.
This hierarchy in the electrode design has two distinct
benefits. First, using the nanostructure approach, ac-
tive battery material thickness is kept in the nanometer
range, which enhances rate performance and power
density. Second, the microstructures enable further
increase in the total surface area and mass loading,
which increases the energy density.

A key enabling technology in this process is the use
of the Tobacco mosaic virus (TMV) as a template for the
synthesis of nanostructured materials. The TMV is a
cylindrical plant virus (300 nm long, 18 nm in diameter)
which can be genetically modified with cysteine resi-
dues (amino acids with thiol groups) that facilitate
electroless metal coating and self-assembly onto var-
ious surfaces,®®?' due to the enhanced metal binding
properties of thiols. The metallic thin film encasing the
virus is uniform and highly conductive and enhances
the rigidity of the resulting 3D nanonetwork. In pre-
vious work, we have combined the self-assembled
metallized TMV with thin film deposition techniques
such as sputtering, electrodeposition, and atomic layer
deposition (ALD) to synthesize core/shell Li-ion battery
electrodes including Si, TiO,, and V,05s22~2° that do not
require binders and other conductive additives. In
addition to material synthesis, the robustness and
self-assembly of the TMV template allows facile inte-
gration with microfabrication processes such as photo-
lithographic patterning and coating of 3D geometries
fabricated in silicon and other materials.?® The self-
assembly and patterning capabilities are important
parameters in our approach. These features are un-
characteristic of other templating methodologies
(such as porous membranes), which are planar in
nature and can only be combined with 2D current
collectors. As a result, further increase in surface area
and mass loading can be achieved by utilizing the out-
of-plane dimension. In addition, they overcome limita-
tions of nanotube-based micro/nanoforest hierarchical
designs that are substrate/catalyst specific.'”?”® Con-
sequently, they enable fabrication on substrates with
various topologies that can also be compatible with
standard semiconductor processes. In this first genera-
tion of electrodes, the microstructures were fabricated
by electroplating gold micropillars with a moderate
aspect ratio of ~3:1 to demonstrate the merits of
this technology. This geometry was chosen due to
its relatively simpler fabrication. As shown in previous
work, however, higher aspect ratios with excellent
uniformity can also be achieved.?® TMV was self-
assembled and metallized on the micropillars, and
V,05 was deposited as the active battery material using
ALD. V,05 was selected due to its stability on the
TMV template®® as well as the exceptional suitability
of ALD to conformally coat complex three-dimensional
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Figure 1. Schematic representation of the hierarchical elec-
trode fabrication. (a) Photoresist mold is patterned on the
silicon wafer (the inset shows the full layer structures); (b)
gold is electroplated through the mold; (c) mold is dissolved
in an acetone bath; (d) TMV self-assembles onto the chip
surface and then is coated with Ni in an electroless plating
solution followed by ALD of V,0s. Insets show the textured
micro/nanostructure of the electrode and an individual viral
nanorod.

architectures.?® Recently, ALD of V,0s on highly con-
ductive nanowires has been used in a similar fashion
for supercapacitor electrodes.>**' Electrodes with and
without micropillars were tested to investigate the
energy capacity increase in the hierarchical design at
various current densities and rates as well as different
thicknesses of active materials.

RESULTS

Hierarchical Electrode Fabrication. The hierarchical elec-
trodes consist of arrays of gold micropillars that are
coated with the virus-structured nanomaterials. Gold
was selected as the material of choice for the micro-
pillars due to the excellent TMV attachment properties
as well as its electrochemical inertness in the voltage
range of interest. A conceptual schematic of the pro-
cess is shown in Figure 1. The electrodes were fabri-
cated on 4 in. silicon wafers covered with a thin SiO,
film. Layers of Cr (20 nm) and Au (250 nm) were
deposited using e-beam evaporation to form the
adhesion and seed layers, respectively, for the micro-
pillar electrodeposition. A thick positive photoresist
(AZ 9260) was used as the electroplating mold, due
to the relative simplicity in forming the mold and
removing it after deposition using an acetone bath.
The photoresist thickness was 60 um, defined by a
modified three-spin process,* while the hole diameter
and pitch size (center-to-center spacing) were 20 and
40 um, respectively (Figure 1a). The dimensions in this
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first prototype design were selected based on previous
work on the transparency and aspect ratio capabilities
of the AZ 9260 resist.>* The lithographic parameters for
the AZ 9260 three-spin process are listed in detail in the
Methods section. After lithography, gold was electro-
plated from a gold sulfite plating solution at pH 7, using
a niobium-clad platinum mesh as a counter electrode
(Figure 1b). Following electrodeposition, the photore-
sist mold was removed using sonication in an acetone
bath and the wafers were diced into 10.5 mm x 10.5 mm
chips, with an area of 1 cm? covered by micropillars
(Figure 1c). For comparison, planar chips consisting only
of chrome/gold layers (without micropillars) with an
identical footprint were also prepared.

TMV self-assembly and nickel coating on the gold
micropillars was performed using the general three-
step process previously described by our group.?®?'
Coating 3D microstructures, however, is not as straight-
forward as that for planar surfaces due to the complex
topography and the higher aspect ratios involved.
Factors such as surface wettability, concentration gradi-
ents, and diffusion have to be taken into consideration.?®
Consequently, modifications were made to this general
process to facilitate conformal coating of the dense
electrode array (details are given in the Methods section).
Briefly, the process consists of immersing the chips in a
TMV-containing phosphate buffer solution which allows
the virus to self-assemble on the gold surfaces, followed
by palladium catalyst activation on the surface-exposed
viral protein sites and nickel deposition in an electroless
plating solution. After nickel coating, the V,0Os active
material was deposited using ALD at 170 °C with vana-
dium triisopropoxide and ozone as the vanadium pre-
cursor and oxidizing source, respectively®® (Figure 1d).
This process has been found to produce films with high
crystallinity after deposition, as indicated by XRD analysis
shown in the Supporting Information (Figure S1). As a
result, no further annealing of the structures is required.
V,0s5 films with different thicknesses were deposited, as
defined by the number of ALD cycles. Here, 1000, 2000,
and 4000 ALD cycles were used, expected to produce
thicknesses of 30, 60, and 120 nm, respectively.

Figures 2 and 3 show SEM and TEM images of the
hierarchical electrode micro- and nanostructure. Very
uniform TMV coating of gold micropillars is observed in
Figure 2a—c, which contain orthogonal and side views
of the hierarchical electrodes. Such uniform coating is a
result of the liquid suspension-based TMV attachment
(i.e., surfaces that are in contact with the liquid will be
coated with TMV) as well as the strong bonds between
the TMV and the substrate, enabled by the thiol—gold
interactions. These features underline the significance
of the TMV approach compared to other nanomater-
ials' synthetic methods that cannot be easily scaled up
to 3D geometries. A close-up view of the top of the
micropillar (Figure 2d) shows the highly porous area
formed by the three-dimensional virus nanonetwork.
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Figure 2. SEM images of the hierarchical electrodes. (a—c) Micropillars coated with the TMV/Ni/V,05 layers at different
magnifications (V,05 was deposited for 1000 ALD cycles); (d) close-up image showing the top of one such micropillar.

Figure 3a shows a cross-section TEM image of an
individual viral nanorod with 1000 ALD cycles of V,05
deposited. The distinct Ni and V,0s layers encasing the
whole TMV rod can be identified. The thickness of the
V,0s film is approximately 30 nm, in close agreement
with the expected value estimated by the growth
rate.® A similar cross-section TEM for 2000 cycles of
ALD with its corresponding EDS signal for a line scan
across a particle is shown in the Supporting Informa-
tion (Figure S2), verifying the presence of the V,0s
along the Ni core. In addition to an individual TMV
particle, cross-sectional TEM images were taken from
the sidewalls of micropillars that were mechanically
scraped off the substrate for TEM analysis. Figure 3b
shows the electrode nanostructure at the sidewall of
the pillar, and it can be observed that the V,05 coating
is uniform regardless of the orientation of the particle.
This is a significant attribute of ALD, which is ideally
suited to create uniform, conformal coatings of com-
plex 3D geometries with precise control over film
thickness.

Surface Area and Mass Loading Increase. In order to
estimate the expected increase in surface area added
by the micropillars, top-view and cross-sectional SEM
images were taken as well to evaluate the diameter
and height of the electrodes. Characteristic SEM
images are shown in Figure S3 in the Supporting
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Information. Examination of various samples revealed
height variation between approximately 55 and 60 um,
while a variation in the diameter of the pillar across this
height was also observed (ranging from roughly
21-22 to 27—28 um from bottom to top). This di-
ameter variation is attributed to the nonvertical side-
walls formed during photolithography, which is typical
in thick positive photoresists.>?

The increase in surface area A induced by the
micropillars for a cylindrical pattern can be calculated if
a unit cell of side s is drawn from the centers of four
adjacent pillars (where s is the center-to-center spacing).
Then the ratio of surface areas with and without pillars for
this unit cell gives the increase in surface area, which is
described by the following equation:**

A= —+1 m

where d and h are the diameter and height of the
micropillars, respectively. The theoretically expected
gain in surface area extracted by the design param-
eters (d = 20 um, h = 60 um, s = 40 um) is 3.35. On
the basis of the fabrication results on the range of
heights and diameters measured with SEM character-
ization, the gain is estimated to be between 3.4 and
4.2. The actual mass loading increase corresponding to
this areal gain was calculated by depositing V,05 for
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Figure 3. Cross-section TEM images of the nanostructures
and hierarchical surfaces. (a) Image of an individual virus-
templated nanorod showing the distinct layers of TMV, Ni,
and V,0s; the V,05 thickness is approximately 30 nm, in
close agreement with the expected value for 1000 ALD
cycles; (b) image obtained from the sidewall of a micropillar,
showing excellent V,05 coverage for particles regardless of
their orientation.

1000 ALD cycles and measuring the mass difference for
various sample types before and after ALD deposition.
As shown in Figure 3, ALD produces uniform thin
coatings across the entire micro/nanogeometry, which
implies that the added mass will be proportional to the
increase in surface area. The bar graph in Figure 4 plots
the average added mass after 1000 ALD cycles of V,05
for four types of samples: flat gold-coated silicon
substrates, substrates with micropillars, substrates with
virus structures only (denoted nanostructured only),
and samples with both micropillars and viral nano-
structures (denoted hierarchical). The measurements
show average added mass of 13 ug for flat substrates,
41 ug for substrates with micropillars only, 97 ug for
nanostructured only substrates, and 296 ug for hier-
archical substrates. The larger error bars for samples
containing TMV are attributed to some variability in the
virus coating uniformity from sample to sample. As
indicated previously, the samples used for these ex-
periments were 1.1 ¢cm? in area with only 1 cm?
covered by the micropillars; therefore, this factor
should be accounted for in eq 1 to interpret the mass
measurement results. Taking this into account, it is
observed that the increase in added mass follows the
anticipated trend of surface area increase. Specifically,
a 3-fold increase in added mass is observed due to the
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Figure 4. Weight measurement results on different sam-
ples. Bar graph showing the added mass as measured by
microbalance measurement before and after deposition of
V,0;5 for 1000 ALD cycles. The four different sample types
that were used are a flat gold-coated Si substrate, a sub-
strate with gold micropillars only, a flat substrate coated
with Ni/TMV (nanostructured only), and a sample with both
micropillars and Ni/TMV (hierarchical).

micropillars, while a 7.5-fold increase is estimated for
virus-structured surfaces. Both of these results are in
good agreement with our previous measurements on
the virus-induced surface area increase'® as well as the
estimations for the increase in area added by the
micropillars in the current work.

Electrochemical Characterization. Electrochemical tests
were performed in half cell configurations with lithium
foil as the counter electrode. The goal was to study the
behavior of hierarchical electrodes at various current
densities and rates and compare their performance to
electrodes with virus-structured electrodes on flat
surfaces. The characterization of these half cells can
serve as a foundation for future development of full
cells based on this hierarchical technology. Specific
details about the half cell preparation and testing are
provided in the Methods section. In our previous work,
the performance of virus-templated V,0s electrodes
was compared to flat V,0s films and exhibited an up to
8-fold increase in energy density;”> consequently,
samples without TMV were not tested. The focus of
the current work was to investigate the energy density
and rate capability characteristics of the three-dimen-
sional electrodes compared to those with nanostruc-
tures alone. More specifically, tests were intended to
study the scaling of the energy density for the hier-
archical electrodes while analyzing the rate perfor-
mance for different currents. Finally, experiments
were performed to analyze the energy density limits
of this technology as a function of the active material
thickness. It should be noted that capacity values are
normalized per unit area (cm ). This has been identi-
fied previously as the primary figure of merit for
microbatteries.>* All current parameters, unless other-
wise specified, are given in absolute applied values.
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Figure 5a shows cyclic voltammetry (CV) scans for
electrodes with and without micropillars in the voltage
range of 2.6 to 3.6 V, which is a typical voltage range for
V,0s cathode cycling. The thickness of V,0s in these
experiments was 30 nm (1000 ALD cycles). Two oxidation
peaks at 3.35 and 3.15 V as well as two reduction peaks at
3.25 and 3.45 V can be observed for both the hierarchical
and nanostructured only electrodes, which are character-
istic for lithium insertion in/extraction from the V,Os
crystal structure, respectively. It can be seen that the
surface area under the curves as well as the peak currents
are higher by a factor of 3 for the three-dimensional
electrodes. This is in excellent agreement with the in-
crease in mass and surface area. This feature is more
clearly illustrated in Figure 5b, which shows discharge/
charge curves at a current of 10 uA for these two samples
in the same voltage range. The energy storage capacity
for the hierarchical electrode is 38 #Ah cm ™2, while the
nanostructured only electrode exhibits a capacity of -
13 uAh cm™2 On the basis of the mass measurements,
the gravimetric capacities for the hierarchical and nano-
structured only electrodes are 129 and 134 mAh g’1,
respectively. These are within the range of the theoretical
capacity for V,0s in this voltage window (147 mAh g~ ").3*
As indicated in Figure 5¢, where the capacity versus cycle
number for the first 35 cycles of operation is plotted,
this 3-fold increase in energy density is demonstrated
throughout the course of testing. On the basis of the
previously reported good stability of V,05 in the selected
voltage range and since testing was focused on investi-
gating energy and power density scaling, further cycle
stability experiments were not performed and testing
was stopped after 35 cycles.

The rate performance and power density of the
electrodes were also investigated. We studied the behav-
ior of electrodes with similar V,0s5 thickness at different
loads and current rates. In these studies, half cells were
cycled in increments of 10 cycles for progressively in-
creasing current values. Figure 6a shows the average
capacities obtained for hierarchical and nanostructured
only electrodes for different current densities. The applied
currents of 12, 25, 50, and 100 uA correspond to current
densities of 11, 22.7, 45.5, and 91 uA cm ™2, respectively.
The capacities obtained are 3 times higher for the hier-
archical electrode for all current densities, indicating that
the energy density scales by the same factor, independent
of the battery load. A similar trend is also observed when
the samples are cycled at similar C rates (it is noted that
a rate of nC means that a battery is fully charged and
discharged at 1/n hours). As shown in Figure 6b, the
capacity remains 3 times higher for the hierarchical
electrodes for all C rates, while both the hierarchical and
nanostructured only electrodes demonstrate similar rate
capabilities that vary within 2—5% (the rate capability is
described in terms of the percentage of capacity retention
at each current rate, and it is plotted in Figure S4 in the
Supporting Information). This result implies that the
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Figure 5. Electrochemical characterization of virus-struc-
tured electrodes with and without micropillars. (a) Cyclic
voltammetry scan in the 2.6 to 3.6 V voltage range at
scan rate of 0.5 mV/s for hierarchical and nanostruc-
tured only electrodes; (b) galvanostatic charge/discharge
curves for hierarchical and nanostructured only electro-
des in the same voltage range at an applied current of
10 A (electrode footprint areawas 1.1 cm?); (c) capacity vs
cycle number for the samples used in b for the first 35
cycles of operation.

addition of the micropillars increases the energy density
of the electrodes without affecting the high rate perfor-
mance. This is characteristic of nanostructured materials
since higher energy densities are achieved without in-
creasing the thickness of the active material. The energy
and power density results combined highlight the merits
of the hierarchical fabrication approach.

The effect of increasing active material thickness on
hierarchical electrode performance was also investigated.
This was performed to identify potential limitations of this
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Figure 6. Capacity data virus-structured electrodes with
and without micropillars at different currents and rates.
(a) Average capacities obtained for hierarchical and nano-
structured only samples at different currents; the capacities
are averaged from 9 cycles at each current value; (b)
capacity vs cycle number data for hierarchical and nano-
structured only electrodes for the same C rates.

technology in energy density scaling due to gradual loss
of the electrode nanostructure. V,05 was deposited on
three-dimensional electrodes for 1000, 2000, and 4000
ALD cycles. Characteristic galvanostatic discharge/charge
curves for three such samples at a current of 12 uA are
shown in Figure 7. Capacities of 33, 63, and 86 uAh cm ™2
are obtained for 1000, 2000, and 4000 cycles of ALD,
respectively. Interestingly, the capacity increase exhibits a
nonlinearity as the thickness of the active material in-
creases from approximately 60 nm (2000 ALD cycles) to
120 nm (4000 ALD cycles). This behavior, as expected, is
closely related to the increase in mass loading, as mea-
sured for several samples with different V,05 thicknesses.
Figure S5 in the Supporting Information shows the
average added mass measurements for these three types
of samples that can be used to explain the trend
observed in Figure 7. The underlying cause of this
behavior can be further understood if the micro/nano-
structure of the electrodes is taken into consideration.
Figure 8 shows SEM images taken from the top of the
micropillars for 1000, 2000, and 4000 V,05 ALD cycles.
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Figure 7. Capacities for hierarchical samples with different
active material thickness. Galvanostatic discharge/charge
curves for hierarchical electrodes at a current of 12 uA; V,05
was deposited for 1000, 2000, and 4000 ALD cycles, aiming
at thicknesses of 30, 60, and 120 nm, respectively.

While for thicknesses of up to 60 nm the three-dimen-
sional nanomorphology of the electrodes is maintained,
higher active material thickness results in loss of surface
area and porosity. Examination of cross-section TEM
images taken from hierarchical samples with 2000 and
4000 ALD cycles of V,05 verify the reduced porosity and
effective surface area for the thicker active material
(Figure 9). This effect is attributed to progressive blocking
of open spaces between closely packed adjacent TMV
nanorods with increasing deposition thickness. Pre-
viously accessible areas are partially planarized, resulting
in a nonlinear increase in added material mass.

DISCUSSION

The hierarchical electrode architecture presented
here leverages on two characteristics that are unique
to our approach: the self-assembly properties of the
TMV (which enable coating of complex geometries)
and the robustness of the metalized template (which
maintains its 3D shape and can be incorporated into
standard microfabrication). Despite the wealth of avail-
able nanomaterials synthesis techniques, the aforemen-
tioned features cannot be easily accomplished with other
methods, limiting their use to planar current collectors or
traditional slurry forms. In fact, nanomaterials mixed with
binders and conductive additives in a paste (which was
then molded into a 3D electrode’) constitute the only
other example of using nanostructures in microfabri-
cated architectures. Our work, however, is the first de-
monstration of a three-dimensional electrode that
combines two distinct elements in a truly hierarchical
geometry, while at the same time experimentally verify-
ing the benefits of each length scale.

The design adopted in this work is based on the use
of micropillars as substrates for the assembly of the
nanostructured active materials, rather than pores
formed in silicon, as shown by other research groups.'®"!
There are two major requirements when pores in silicon
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Figure 8. Hierarchical electrode morphology for different active material thickness. SEM images showing the top of
micropillars for (a) 1000 ALD cycles of V,0s, (b) 2000 ALD cycles of V,0s, and (c) 4000 ALD cycles of V,0s.

Blocked Pores

Blocked Pores

Figure 9. Hierarchical electrode morphology for 2000 and
4000 ALD cycles of V,0s. Cross-section TEM images taken
from the sidewalls of micropillars for samples with (a) 2000
ALD cycles of V,05 and (b) 4000 ALD cycles of V,0s,
showing the porosity of each sample.

are used. The first is the electrochemical isolation of the
structural bulk silicon, which dictates the use of a barrier
layer. The second is related to the use of suitable methods
to conformally deposit the current collector in the high
aspect ratio pores. Previously, TiN has served as both the
barrier layer and the conductive substrate,'®'" blocking
the silicon from any electrochemical reaction and
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enabling electron transport. Due to poor attachment of
the TMV on TiN as well as the lack of efficient methods to
deposit both barrier layers and current collectors that also
promote TMV assembly, other methodologies were ex-
plored. Specifically, gold micropillars were selected to
form highly conductive 3D current collectors as well as
facilitate very uniform viral self-assembly. As in the case of
pores in silicon or glass, the micropillars also suffer from
“dead volume” since the gold microstructure is not
electrochemically active. This can be minimized signifi-
cantly in future designs by increasing the aspect ratio or
using more intricate geometries. One such example is
hollow pillars which would be a more desirable architec-
ture as it provides higher surface area with less unusable
volume.

While gold is suitable as a current collector for
cathodes, similarly, nickel could be used for either anodes
or cathodes, while copper micropillars could form the 3D
element of anodes. Both materials are significantly
cheaper than gold and alleviate any cost concerns
involved with the use of gold in practical commercial
production. At the same time, active materials can be
deposited with various conformal coating deposition
techniques, demonstrating the versatility of this ap-
proach. This versatility in synthesis and the patterning
capabilities of the TMV create tangible opportunities for
3D full cells (microbatteries) based on this technology.
Potential designs include interdigitated hierarchical elec-
trodes (leveraging on the photolithographic patterning
of TMV) or alternatively sequential deposition of anode,
electrolyte, and cathode solid thin films following the
protocol presented in the current work.

In this first prototype microbattery electrode architec-
ture, the micropillars were fabricated using a moderate
aspect ratio of 2.5:1 to 3:1 to demonstrate the significant
merits of this technology. In our previous work, equally
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uniform viral coatings of gold-coated silicon-etched
microstructures with aspect ratios as high as 9:1 have
been accomplished.?® Consequently, even higher energy
density enhancement can be achieved with higher as-
pect ratio geometries since the nanostructure compo-
nent of the electrode is based on the TMV self-assembly.
As indicated previously, this will significantly improve the
volumetric energy density, as well. Even though V,05 was
used as a model material, when compared to previously
reported data on V,0s electrodes, the capacities obtained
from this moderate geometry are comparable to those
achieved for nanostructured electrodes or much thicker
films.3>3¢ More specifically, Nanove et al. reported
capacities of ~38 and 60 uAh cm 2 for RF sputtered
2D electrodes with thicknesses of 1.2 and 1.8 um,
respectively.>> Similarly, Patrissi et al. achieved capacities
of 86 uAh cm~2 with V,0s nanofibers (8 um height,
600 nm diameter) synthesized in modified polycarbonate
membranes.3® In the current work, similar capacities to
these nanostructured electrodes were obtained. When
compared to the thick films, comparable values with V,05
films as much as 30—40 times thinner (30—60 nm) are
reported herein. This was achieved via the combination
of high surface area nanostructures with three-dimen-
sional micropillars. A significant characteristic of this
approach is that further increase in the aspect ratio of
micropillars can result in superior energy densities, com-
parable to values reported for state-of-the-art three-
dimensional designs.” For example, based on eq 1, elec-
troplating of gold micropillars with similar diameter
(20 um) through 300 um silicon wafer molds can result
in a surface area gain of 12.8, with a projected capacity of
up to 320 uAh cm 2 for a 60 nm V,0s film.

In addition to the structural versatility of this tech-
nology, the most significant benefit of the hierarchical
approach is highlighted by the effect of increasing active
material thickness as discussed in the Results section. It
was observed that a nonlinear increase in added mass
and energy density was obtained, accompanied by a
reduction in surface area and porosity. This might not be
too much of a concern for V,0s films that were deposited
up to thicknesses of 3—4 um with little capacity fading at
various C rates.>® However, it can be catastrophic if other
battery chemistries are used, based for example on Si or
TiO,?*** as active materials. These electrochemical sys-
tems require high surface area to accommodate volume
expansion during lithiation (Si) or store additional lithium
at the grain boundaries (TiO,). In addition to this

METHODS

Micropillar Fabrication. The electroplating mold was fabricated
using a three-spin process in positive AZ9260 photoresist. First,
hexamethyldisilzane (HMDS) was spun at 3000 rpm for 30 s on
the wafer as adhesion promoter. The first AZ9260 layer was
spun at 1000 rpm for 40 s, followed by 105 s of soft-baking at
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functionality, active materials with nanometer thickness
are needed to mitigate the effects of poor electronic and
ionic conductivity. Consequently, in such electrodes,
energy density cannot be effectively enhanced by merely
increasing the thickness of the active material, as this may
cause cracking and progressive capacity fading (Si) or
capacity loss due to reduced surface area (TiO,). The
hierarchical design proposed in this work is ideally suited
for the fabrication of high energy and power density
microbatteries for such material systems. Using this ap-
proach, very high surface area nanostructured materials
can be self-assembled onto microstructures. The energy
density can be tuned by the microstructures, allowing for
thin active materials with highly porous structure.

CONCLUSION

In summary, the development of three-dimensional
microbattery electrodes that consist of micro- and nano-
components is presented. The electrodes are made of
self-assembled nanostructured forests templated using
Tobacco mosaic virus particles, which conformally coat
three-dimensional microfabricated gold pillars. The active
battery material is V,0s, and it is deposited using atomic
layer deposition across the entire micro/nanosurface. Due
to the excellent conformality achieved by both the viral
self-assembly and the ALD process, the energy density of
the three-dimensional electrodes has been increased by
a factor that is in good agreement with the expected
increase in surface area added by the micropillars. At the
same time, thin active material coatings enable fast
discharge/charge rates while maintaining higher energy
densities. While V,05 was used as a model material, the
process can be expanded to a variety of active materials
that can be deposited using conformal deposition tech-
niques. The scalability of this approach enables the
fabrication of microstructures with higher aspect ratio
that can further increase the available energy densities
and minimize the “dead volume” from the inactive
micropillars. While previous investigations have indepen-
dently presented the advantages of 3D micro- and
nanostructures, the hierarchical electrode in this work is
the first demonstration of an architecture that integrates
both length scales and combines their respective bene-
fits. Building upon previously demonstrated fabrication
capabilities of the TMV template, this technology can
serve as the foundation for the development of next-
generation energy storage devices with high energy and
power densities for small-scale power applications.

110 °C. Similarly, the second and third layers were spun at
1000 rpm for 50 s and 800 rpm for 60 s and soft-baked at the
same temperature for 160 and 300 s, respectively. Between each
spin, edge bead removal was performed with EBR solvent at
800 rpm. The wafer was allowed to rehydrate overnight before
exposing with a dose of 2400 mJ cm™2. Finally, the resist was
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developed in a 1:4 AZ400K/DI water mixture for 10 min. After
lithography, the wafer was treated with O, plasma at 75 W for
60 s to clear any residues from the holes. Before electroplating,
an additional treatment with 5% H,SO, was performed to
improve the hydrophilicity of the holes. Electroplating was
done at constant current densities of 2 and 4 mA cm 2 to
ensure proper bottom-up deposition without voids for 2.5 and
6.5 h, respectively. The distance between the wafer and the
anode was kept at 3 cm, and the bath temperature was set at 30
°C while mechanical agitation from a magnetic stirrer was used
to stir the electrolyte solution.

TMV Coating. The TMV self-assembly and metallization on flat
substrates was performed as previously described.'®?° This
process was modified to ensure conformal coating of the
three-dimensional microstructures, based on findings from
our previous work.? Briefly, chips with micropillars were sub-
merged in a sodium phosphate buffer solution at pH 7, contain-
ing TMV at a concentration of 0.2 g L™". The substrates were
placed on a rocking platform to assist the diffusion through the
dense microstructure matrix and allowed to incubate overnight
to maximize TMV assembly. The chips were then immersed in a
fresh solution of TMV at 0.1 g L™ since in previous work it was
observed that mechanical agitation resulted in partial removal
of TMV from the top of the microstructures.?® Next, the sub-
strates were immersed in a solution containing phosphate
buffer and sodium tetrachloropalladate (NaPdCl,, 98%, Sigma
Aldrich, MO, USA) in a 12:1 ratio for 2—3 h. During this stage, the
TMV surface was functionalized with Pd nanoclusters. Finally,
nickel was deposited from an electroless plating bath. The stock
solution (25 mL) was prepared by mixing 0.6 g of nickel chloride
(NiCly, 99%, Sigma Aldrich, MO, USA), 0.45 g of glycine (tissue
grade, Fischer Scientific, PA, USA), 1.5 g of sodium tetraborate
(NayB407, 99%, Sigma Aldrich, MO, USA), and 0.77 g of dimethy-
lamine borane (DMAB, 97%, Sigma Aldrich, MO, USA). This
solution was mixed with DI water in a 1:1 ratio, and chips were
immersed in the bath for 3—5 min. Nickel is initially deposited
onto the Pd catalyzed sites and then the reaction proceeds
autocatalytically to form a uniform 20—30 nm Ni coating on the
TMV rod. Flat electrodes were coated with this method, as well,
and the resulting substrates were compared with samples
coated with one overnight TMV step at 0.1 g L. As expected
from previous studies,” no significant differences were ob-
served for these samples in terms of both their morphology and
their added mass.

V,05 Deposition. The ALD V,05 process was developed in a
BENEQ TFS 500 reactor with a 2 mbar base pressure. VO(OCzH;)3
(VTOP) was used as the vanadium precursor, which was kept at
45 °C with a vapor pressure of 0.29 Torr. Ozone served as an
oxidizing agent, and it was delivered in the system at room
temperature. An MKS O3MEGATM ozone delivery subsystem
was employed to supply a stable 18 wt % flow of O3 from a pure
O, source. The sequence of pulses used was as follows: 0.5 s
VTOP pulse, 1 s N, purge, 2 s Os pulse, and 1s N, purge. The flow
rate of the carrier gas (N,) was set at 75—100 sccm, while the
flow of O; was set at 400 sccm. The deposition rate was
measured to be 0.03 nm/cycle (where a cycle denotes one
sequence of precursor pulses and purging pulses in the ALD
reactor). The V,05 was deposited for 1000, 2000, and 4000 ALD
cycles, aiming at target thicknesses of 30, 60, and 120 nm,
respectively. The mass of the active material was determined by
weight measurements of the measurements with a high preci-
sion microbalance (Mettler Toled, XS105 dualRange, 1 ug)
before and after V,05 deposition.

Structural Characterization. The electrode morphology was
analyzed using scanning electron microscopy (Hitachi SU-70
HR-SEM). The structural features and composition of the elec-
trode materials were investigated using transmission electron
microscopy (JEOL 2100F field emission TEM) with energy-dis-
persive X-ray spectroscopy (EDS). Phase identification was
carried out by X-ray powder diffraction experiments on a Bruker
D8 Advance powder diffractometer equipped with LynxEye PSD
detector and Ni S-filter using Cu Kot radiation (step size 0.02° in
the range of 14° < 26 < 37°). This range is adequate to identify
the main V,0s peaks while avoiding strong reflections from the
Si substrate.
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Electrochemical Characterization. Electrochemical cells were as-
sembled in standard coin cells (R032). Layers of chrome and
gold were sputtered on the backside of the silicon chips before
assembly to facilitate the formation of a current collector. The
hierarchical and nanostructured only electrodes served as the
cathode, lithium foil (Sigma Aldrich, MO, USA) pressed against a
stainless steel disk served as the anode, while a Celgard
separator (Celgard 3501) was placed between the two electro-
des. The electrolyte was a 1 M LiPF¢ solution in ethyl carbonate/
diethylcarbonate (EC/DEC, 1:1, Novolyte Technologies, OH,
USA). Cell assembly was performed in a glovebox with oxygen
concentration of less than 0.2 ppm and argon as the carrier gas.
Galvanostatic experiments were performed using a multiple
channel battery test station (Arbin Instruments, TX, USA), while
cyclic voltammetry scans were obtained using a Gamry G750
series potentiostat (Gamry Instruments, PA, USA), both in the 2.6
to 4 Vrange.
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