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An all-in-one nanopore battery array

Chanyuan Liu'?, Eleanor I. Gillette®', Xinyi Chen'247, Alexander J. Pearse'?, Alexander C. Kozen'?,
Marshall A. Schroeder'?, Keith E. Gregorczyk?>, Sang Bok Lee** and Gary W. Rubloff2*

A single nanopore structure that embeds all components of an electrochemical storage device could bring about the
ultimate miniaturization in energy storage. Self-alighment of electrodes within each nanopore may enable closer and more
controlled spacing between electrodes than in state-of-art batteries. Such an “all-in-one' nanopore battery array would also
present an alternative to interdigitated electrode structures that employ complex three-dimensional geometries with
greater spatial heterogeneity. Here, we report a battery composed of an array of nanobatteries connected in parallel, each
composed of an anode, a cathode and a liquid electrolyte confined within the nanopores of anodic aluminium oxide, as an
all-in-one nanosize device. Each nanoelectrode includes an outer Ru nanotube current collector and an inner nanotube of
V,0;5 storage material, forming a symmetric full nanopore storage cell with anode and cathode separated by an electrolyte
region. The V,0; is prelithiated at one end to serve as the anode, with pristine V,05 at the other end serving as the
cathode, forming a battery that is asymmetrically cycled between 0.2 V and 1.8 V. The capacity retention of this full cell
(relative to 1C values) is 95% at 5 C and 46% at 150 C, with a 1,000-cycle life. From a fundamental point of view, our
all-in-one nanopore battery array unveils an electrochemical regime in which ion insertion and surface charge mechanisms
for energy storage become indistinguishable, and offers a testbed for studying ion transport limits in dense

nanostructured electrode arrays.

electrical energy storage devices, with their large surface

areas and short ion transport time through the electrode
enabling high energy storage at any given power density, and their
enhanced mechanical properties under strain facilitating the fabri-
cation of flexible architectures. Moreover, power and energy
metrics could be further improved if anode and cathode nanostruc-
tures were to be brought into close proximity in a full cell configur-
ation. Rolison and colleagues' have reported a random network
architecture based on nanoporous, interconnected scaffolds on
which conformal layers of anodic, electrolyte and cathodic materials
are sequentially deposited to form a battery. Meanwhile, inter-
digitated three-dimensional architectures should allow denser
packing of active storage electrodes at the micro- or nanoscale?,
but only a limited number of these regular three-dimensional
micro- or nanoscale batteries have been fabricated that are able to
operate successfully®=.

A fully interdigitated three-dimensional electrostatic nanocapa-
citor has been reported by Banerjee and co-authors®, who used an
ultrathin (~6 nm thick) dielectric to separate two electrodes
self-aligned within an anodic aluminium oxide (AAO) nanopore.
This nanodevice demonstrated a record areal capacity, with an esti-
mated higher power density and increased energy density compar-
able to the low range values of electrochemical capacitors. Despite
further performance improvements via nanoengineering’, the
intrinsically high leakage current of such ultrathin dielectrics
limits charge retention and requires hybrid electrochemical-electro-
static circuits to retain the benefits of the three-dimensional
nanoarchitecture device®. Replacing the dielectric with a solid-
state electrolyte, in principle, gives a high-performance electro-
chemical storage device, but low ionic conductivity, interface
defects and fabrication challenges pose serious challenges to this

N anostructured electrodes hold great promise for future

route towards a full storage device based on three-dimensional
parallel nanostructures®-11,

An alternative solution would be to use liquid organic electrolytes.
An example of this configuration has been reported by Ajayan and co-
authors®, in which AAO nanopores were used to self-align nanowires
of Ni-Sn (anode) and polyaniline (PANI) (cathode) immersed in a
liquid electrolyte. However, the full cell device had a relatively low
areal capacity (8-10 pAh cm™) compared to other self-assembled
nanoarchitectures for energy storage'>'®. The relatively low capacity
of this full cell, especially when compared to the performance of the
half-cell configuration, has raised questions about the practicability
of head-to-head nanowire electrodes separated by an ultrathin electro-
lyte layer. A key concern relates to the low electronic and ionic conduc-
tivities within these high-aspect-ratio structures. It is possible that a
significant number of Li ions are depleted in the nanoconfined
environment near the electrode, because Li ions that are quickly trans-
ported through the solid electrolyte interface (SEI), especially when the
device operates at high power, may not be replenished by Li ions from
the bulk electrolyte reservoir. In addition, Li ion deficiency may also
alter SEI formation and stability; higher than normal localized ion cur-
rents can be expected in this regime, as probed by scanning tunnelling
microscopy (STM) and modelled theoretically'*'>. A second concern
arises from the electrode morphology. Complex three-dimensional
structures may produce inhomogeneous electric fields and jonic con-
centration gradients, resulting in high local current densities that
may cause undesired reactions at the SEI and generate leakage currents.
In addition, thermal inhomogeneity may lead to device failure'®.

However, highly confined electrolyte environments are unavoid-
able if electrodes are densely arranged to take advantage of nanostruc-
turing for high-power-storage applications. (Indeed, the tradeoff
between using a nanostructured electrode and designing dense archi-
tectures may give rise to new scientific questions at the mesoscale!”.)
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Figure 1| Nanopore battery geometry. a, Schematic of parallel nanopore battery array and cross-section of a single-pore battery. b, Upper panels: SEM
images of device (top view), showing AAO pores remaining open after Ru, and Ru and V,Os5 ALD. Lower panels: EDS mapping of device cross-section,
demonstrating that Ru grows ~15 um and V,0s5 grows 6 um into nanopores, in a symmetrical manner. ¢, Upper panel: TEM image of a released Ru nanotube
(300 ALD cycles) prepared from an AAO template (~15 pm long and 170 nm in diameter). Inset: Magnified image of Ru nanotube. Lower panel: Selected
area electron diffraction (SAED) image, indicating the clear crystallinity of the Ru.

Here, we report a full battery comprising an array of nanotubular
electrodes and a liquid electrolyte confined within AAO nanopores,
connected in parallel to form an all-in-one device. The nanoelec-
trodes are composed of Ru-nanotube current collectors with V,0s
storage material on top to form a symmetric cell, where the anode
and cathode are separated by an electrolyte region. When filled
with a conventional liquid electrolyte, our nanopore-array battery
achieves the full theoretical capacity expected for the V,05 storage
material (147 mAh g’1 with one Li ion per V,0Os insertion) and
power levels about tenfold higher than those previously reported
for aligned nanostructured batteries>®. The capacity retention at
high power is 95% at 5 C and 46% at 150 C (24 s charge-discharge
cycle), relative to 1 C values. At the 5 C rate, 81% of capacity is
retained after 1,000 cycles.

Nanopore battery design

We designed a single nanotube structure that embeds all the com-
ponents of an electrochemical storage device (illustrated schemati-
cally in Fig. la) within the pores of a nanoscale template.

Integrated current collectors (Ru metal) and active storage material
(crystalline a-V,05) were conformally coated at two ends of AAO
nanotube arrays by atomic layer deposition (ALD). V,Os at one
end was prelithiated to serve as the anode, while pristine V,Os
at the other end served as the cathode. The detailed fabrication
procedure is described in the Methods. After filling 1 M LiPF in
ethylene carbonate (EC): diethyl carbonate (DEC) (1:1 by volume)
electrolyte into the AAO nanopores, we achieved parallel nano-
battery arrays with an areal density of 2 x 10° cm ™. Figure la illus-
trates the cross-section of a single cell with 250 nm outer diameter
and 50 pm length, defined by the AAO geometry. A 7.5-nm-thick
Ru layer (150 ALD cycles of 0.5 A/cycle) resulted in a conductivity
of 1.5x10* S em™" (ref. 18), enabling fast electron transport inside
each electrode. Each V,0s nanotube had a wall thickness of
23 nm and length of 6 um, determined by ALD cycles (700 cycles
of 0.33 A/cycle)19 and scanning electron microscope (SEM) with
energy-dispersive X-ray spectroscopy (EDX) (Fig. 1b). This coaxial
nanotube array architecture overcomes the challenge of fabricating
full cells on a single substrate, using controlled-conformality ALD
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Figure 2 | Electrochemical charge-discharge of a V,05/Ru nanotube half-cell device. a, Galvanostatic Li ion insertion at C/10 rate with one Li ion insertion

at the first cycle. Plateaux at 3.4 V and 3.2 V correspond to phase transformatio
8-V,05 (LipsV20s + 0.5L" +0.5e” « LiV,0s), respectively?°. b, CV of V,0s/Ru

n from a-V,0s to e-V,05 (V5,05 + 0.5Li" + 0.5 <> Lip 5V>05) and e-V,05 to
nanotube cathode at different scan rates implies a reversible Li* insertion

reaction. A fraction of V°* ions are reduced to V** ions at the first reduction peak (~3.4 V) while the remaining V> ions are reduced to V** at the second

peak (~3.2 V)%, The reverse reactions lead to the two corresponding oxidation

peaks in the reverse scan.
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Figure 3 | Electrochemical charge-discharge of a half-cell device at high-rate cycle life. a, Rate performance of V,0s/Ru-nanotube battery (blue),
Os-treated Ru current collector (pink) and pure contribution of V,0s5 (green). Inset: Cartoons represent the configuration of each case. b, Galvanostatic

charge-discharge cycling curves of V,0s/Ru-nanotube cathode at various C rate:
cycles and 80% after 1,800 cycles when cycled at 25 C. d, Charge-discharge cu

at the ends of the AAO nanopores. The approach also takes
advantage of the anode-cathode electrical isolation provided by
the long AAO nanopores to achieve precise control over cell geome-
tries and anode-cathode distances. With anode and cathode pre-
cisely aligned in each single cell, this design avoids tortuosity and
maximizes control over disparate length scales, providing
optimum conditions for a high-power device.

Half-cell electrochemical characterization
Half cells were tested to investigate the electrochemical properties of
the V,0s/Ru nanotube electrodes, demonstrating that their energy
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s. ¢, V,0s/Ru-nanotube cathode has 91% of the original capacity after 1,000
rves at the second, 1,000th and 1,800th cycles.

storage capacity arises mainly from the active V,0s, with the
Ru-nanotube current collectors providing high electrical conductivity.

We observed a high specific capacity of 157 mAh g™' for one Li
ion insertion (Fig. 2a), as indicated by phase-changing plateaux at
3.4V and 3.2 V (versus Li/Li")®. Cyclic voltammograms (CVs) of
V,0s in the potential range 2.6 -4V (versus Li/Li") (Fig. 2b)
further demonstrate the Li ion insertion mechanism, which
occurs in two sequential stages denoted by two sets of well-resolved
peaks. The two redox peaks look symmetric, and all the peak poten-
tials shift less than 30 mV in this scan range, which implies a quite
reversible Li insertion reaction.

hers Limited. All rights reserved.
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Figure 4 | Rate performance of V,05 nanotube half cell with planar Au versus Ru-nanotube current collectors. a,b, SEM EDS mappings and schematic
diagrams of cathode cross-section with Au planar current collector and Ru-nanotube current collector. ¢,d, COMSOL simulations of potential evolution at
three different points (at current collector, 5 um away and 10 um away) along a V,Os nanotube discharged at 25 C with planar and nanotube current

collectors, respectively. e, Rate performance up to 150 C of V,0s/Ru-nanotube cathode (with Ru capacity portion subtracted, green) and V,0s/planar Au

(red). Cartoons represent the configuration of each case.

The V,05 cathode with integrated Ru-nanotube current collector
displays high capacity at high charge-discharge rates. Its specific
capacity has been measured to be 157 mAhg™' at 1C, over
147 mAh g ' at 5C and 83 mAh g™' (53% of its original capacity
at the 1C rate) at 150 C (24s charging time) (Fig. 3a).
Interestingly, excess capacity somewhat beyond the theoretical level
(147 mAh g’1 for one Li insertion reaction per V,05 formula unit)

was observed at the 1 C rate and lower. The excess capacity could
be associated with the electrical double-layer capacity due to the
large surface area®' and/or the additional redox activity of possible
RuO, formed on the Ru surface as a result of O; exposure during
the V,05 ALD process. Experiments using Ru/surface RuO, elec-
trodes to simulate such redox activity showed such contributions to
be small (Fig. 3a, Supplementary Section 1 and Supplementary Fig. 1).
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Figure 5 | Deconvolution of charge contributions from CVs. a, Trasatti's method of deconvoluting charge storage contributions as a function of scan rates
indicates that the Ru-nanotube collectors facilitate a fast electrochemical reaction, resulting in both higher overall capacity and a higher contribution from the
v-dependent charge, which includes the contribution of the electrical double layer and all fast Faradaic reactions, which are not diffusion-limited. b, CVs of
V,0s/Ru nanotubes showing characteristic oxidation and reduction reaction peaks with scan rates up to 80 mV s™". Inset: CVs of Ru nanotubes cycled at the
same scan rate, clearly showing only double-layer charging, without any of the characteristic redox peaks.

The plateaux in galvanostatic charge-discharge cycling curves
(Fig. 3b) clearly show the existence of Faradaic Li ion insertion pro-
cesses from 1 C to 150 C rates. This coaxial V,0s/Ru nanotube
structure also demonstrates an exceptional charge-discharge cycle
life. When cycling at 25 C, the V,05/Ru coaxial nanotube cathode
has 91% of its original capacity after 1,000 cycles and 80% after
1,800 cycles (Fig. 3c). The charge-discharge curves at the second,
1,000th and 1,800th cycles plotted in Fig. 3d show steady phase
transition plateau positions during cycling, indicating stable
voltage output during the long reversible battery cycling life. The
cyclability and capacity retention at a high rate in our all-in-one
array battery compare favourably with other reported cathode
configurations using nanostructured V,05 (refs 22, 23).

Maximizing power density in nanostructured electrodes

To further investigate the contribution of the Ru-nanotube current
collectors in the facile transfer of electrons from Ru to the V,Os5
layer in the present coaxial nanotube structure, a current collector
with planar structure was tested as a control. We designed the
control device to have 6-pm-deep V,05 but only sputtered Au as
the planar current collector (Fig. 4a) (instead of nanotubular Ru).
In this structure, the electron transport path length from Au
through the V,O5 is nearly 6 um (to reach the bottom end of the
V,0s5 nanotube), up to 260 times longer than the electron path
length (23 nm) in the V,0s/Ru coaxial nanotube structure in
Fig. 4b. In this case a potential gradient can develop along the
V,05 nanotube during the charge-discharge cycle, leading to an
inhomogeneous current distribution along the length of the V,05
nanotube that will be especially detrimental at high cycling rates.
This hypothesis was confirmed by our COMSOL simulations
(Fig. 4c,d), which monitored the potential evolution at three
different points along a V,05 nanotube discharged at 25 C. The
simulations revealed that the further from the current
collector, the faster the voltage of the V,05 drops in the planar
current collector configuration. This inhomogeneous discharging

profile results in a lower capacity than a V,0s; nanotube with
integrated Ru-nanotube current collector, which has a uniform
potential profile along the V,05 nanotube at 25 C. For a discussion
of the simulation details see Supplementary Section 2 and
Supplementary Figs 2 and 3.

The much higher capacity of the V,0s/Ru-nanotube configur-
ation than the V,0s/planar Au arrangement at high rates (Fig. 4e)
underscores the importance of integrated current collector com-
ponents in nanostructured electrodes for electron communication
to and from the ion storage material. Furthermore, the high
surface area and thin nature of the nanotube structure improves
ion access and transport to/from the electrolyte to fully utilize the
electrode material. Although the distinct peaks in the CVs and pla-
teaux in the galvanostatic discharge curves clearly show the charac-
teristics of a Li insertion reaction, the high capacity remaining at
high rates suggests the need for further investigation into the kin-
etics of the devices. Trasatti’s method** was used to distinguish
the contributions from fast, surface-dominant (proportional to
scan rate v) and slower, diffusion insertion-dominant reactions
(proportional to v'/?). A detailed discussion can be found in
Supplementary Section 3 and Supplementary Figs 4-8.

The v-dependent surface-dominant reaction charge for the
V,0s/Ru-nanotube half cell is predicted to be 93.3% of the total
charge, which is 10% more than that of the V,Os/planar Au
counterpart (83.0%) (Fig. 5a). Very importantly, the CVs of
V,0s/Ru-nanotube electrodes imply that most of these reaction
charges are due to a Faradaic reaction process, as they show charac-
teristic oxidation and reduction reaction peaks at scan rates up to
80 mV s~' and much higher current values than the Ru-nanotube
control sample without V,0s, which shows only electrical double-
layer capacity (Fig. 5b). This suggests that most of the Li ion-insert-
ing Faradaic reactions of V,05 nanotubes are taking place quickly
enough to be indistinguishable from fast surface-dominant reac-
tions. In conclusion, these structures have an active material thick-
ness that is optimized to maximize the power density by utilizing the
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Figure 6 | Symmetrically cycled full cell with voltage window from —1V to 1V. a, Schematic diagram of cathode and anode voltage range. They are both in
one Li ion insertion regime (4.0 V to 2.6 V). Phase transition plateau voltages are marked under the discharge curve. This V,Os5 discharging curve is
modified with permission from ref. 22, © 2011 The Royal Society of Chemistry. b, CV at 0.5 mV s~ scan rate. ¢, Rate performance (capacity normalized by
cathode V,05 mass). Inset: Charge and discharge curves at 1C. d, Long cycle life with high current density. e, Charge and discharge curves at the second

and 1,000th cycles.

available material so quickly that the kinetics of this insertion
reaction are nearly indistinguishable from fast double-layer charging
behaviour. In an important sense, this realizes the value nanostruc-
turing offers for achieving high power from high-energy-density
storage materials.

Demonstration of a symmetric full-cell device

A full-cell device can demonstrate the potential of this architecture
to translate half-cell performance into usable, complete devices that
do not sacrifice the high-rate performance characteristics measured
in half cells. Figure 6 summarizes the electrochemical performance of
a symmetrical full-cell device, which has 106 pg V,Os as the cathode
and 131 ug V,Os as the anode. The anode V,0s5 was prelithiated at

6

1 C current to 2.6 V versus Li/Li* with one Li ion insertion. The
cell was then cycled within a symmetric voltage window between -1 V
and 1V. During the cycling process, the cathode and anode
switched between LiV,0s and V,0s in turn (Fig. 6a).

Figure 6b presents a CV of the full-cell device at a scan rate of
0.5mV s™', with two reduction peaks at -0.03 and -0.25 V and
their corresponding oxidation peaks at 0.25 V and 0.04 V in the
reverse scan, respectively. The differences between the reduction
and oxidation peaks are therefore 0.28 V and 0.29 V for the two
characteristic reaction peaks. Although naturally slightly larger
than the half-cell peak separation (0.2 V), the full cell still shows
good reversibility. The C rate and specific capacity were normalized
by the weight of the V,05 cathode. The nanopore battery full cell
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Figure 7 | Asymmetrical cycling between 0.2 V and 1.8 V. a, Schematic of cathode and anode voltage range. The cathode is cycled in one Li ion insertion
regime (4.0-2.6 V), while the anode is cycled in two Li ion insertion regimes (2.6-2.1V), providing higher output potential than the symmetrical cell in

Fig. 6. Phase transition plateau voltages are marked under the discharge curve.

This V5,05 discharging curve is modified with permission from ref. 22.

© 2011 The Royal Society of Chemistry. b, CVs at different scan rates. ¢, Rate performance (capacity normalized by cathode V,05 mass). Inset: Charge and
discharge curves at 1C. d, Cycling performance at 5 C. e, Charge and discharge curves at the second and 1,000th cycles.

has a capacity of 150 mAhg™' at 1 C and 70 mAh g™" at 150 C
(Fig. 6¢), which is consistent with the half-cell performance in
terms of capacity retained at high rate. Interestingly, this seems
to indicate that the confined electrolyte space is not a severely
limiting factor in these devices. Furthermore, 87.8% of the original
capacity remains after 1,000 cycles at a 5 C rate with a current
density of 0.26 mA cm™> (Fig. 6d). Compared to a nanowire
array full-battery device inside AAO as reported previously®, this
nanopore battery has triple the capacity, with hundreds of times
longer cycle life, even at a much higher power density (eight
times the current density). We attribute the superior lifetime to
the conformal coaxial tubular structure enabled by ALD, which

reduces inhomogeneous charging at the irregular sharp edges of
the electrodes®* and provides reliable mechanical strength
during cycling®®. Additionally, the good crystallinity of V,Os
increases reversibility during lithiation and delithiation'.

Scaling up energy and power density

Increasing the cell voltage is a possible method to improve the
energy and power density. A full-cell device with a voltage
window from 0.2V to 1.8V was demonstrated by cycling the
cathode between V,0s; and LiV,0s; and the anode between
Li,V,05 and LiV,0s (Fig. 7a). With this arrangement, mass
loading at the cathode side was half that at the anode side to
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compensate for a possibly faster capacity fade rate of the anode than
of the cathode. The specific capacity, normalized by the mass of the
anode, is comparable to that of the half cell, with 178 mAh g™ at the
1 Crate and 82 mAh g’1 at the 150 C rate (Fig. 7c). The CV curve at
a scan rate of 1.2mVs™! (Fig. 7b) displays two characteristic
reduction peaks for phase transitions during one Li ion insertion,
at 0.88 V and 0.51 V, with the corresponding oxidation peaks at
1.13 V and 0.76 V. Redox peak and oxidation peak separations are
both 0.37 V, but this full cell with voltage window from 0.2V to
1.8 V still displays excellent reversibility and cycling performance
with 81.3% capacity remaining after 1,000 cycles (Fig. 7d).

Based on the electrochemical performance of the full-cell device,
we predicted high volumetric energy and power density with opti-
mized AAO geometry and storage material mass loading. The
AAO template used in this study has a porosity of ~32%, but can
be increased (for example, by pore widening) up to 55%.
Accordingly, cathode mass loading could be increased by a factor
of 4.8 (Supplementary Table 3). In addition, if the battery output
potential is doubled by replacing the anode side with other low-
voltage materials, the total energy and power density could poten-
tially be increased to 9.6 times that of the present design, reaching
3.8 uWh um™" cm™? and 1,012 gW pm™" cm ™2,

Conclusions

We have reported an all-in-one nanopore array battery that
exemplifies the advantages of nanostructured electrodes, without
some of the disadvantages related to the extreme confinement of
the electrolyte solution. Our array battery, in both half- and full-
cell configurations, shows excellent capacity retention (~50% at
the 150 C rate, relative to 1 C), providing ~80 mAh g™' at 150 C
(24 s charge-discharge time) with more than 80% of initial capacity
retained after 1,000 cycles at 5 to 25 C. These performances are a
direct consequence of the nanotubular electrode design, in which
a thin storage layer (V,0s) and an integrated current-collecting
layer (Ru) deposited through ALD facilitate fast ion and electron
transport, respectively. We suggest that nanotubular electrodes
may expand inward upon lithiation, forming uniform structures
within the nanopores and across the arrays of nanopore batteries
derived from the self-assembled AAO template. By extending the
design to larger dimensions (for example, through AAO pore
widening, thicker storage layers and so on, as detailed in
Supplementary Table 3) and full-cell output voltage, we anticipate
the possibility of considerable improvement in power and energy
density. Our results are also important from a fundamental point
of view, in particular to elucidate ion transport in highly confined
electrolyte environments, a key factor that is bound to affect any
nanostructure-based energy storage approach. In our case, the
theoretical capacity of the active storage material is achieved at
high power, yet our analysis (by the Trasatti method) shows that
the specific capacity scales linearly with scan rates, as expected for
charged surfaces or electrical double layers. This demonstrates
that properly scaled nanostructures can utilize the full theoretical
capacity of the charge storage material while their ion insertion
processes occur at high power, much like what happens in a
double-layer capacitor, indeed blurring the traditional distinction
between surface effects and ion insertion. Although the effect of
electrolyte confinement was not the primary focus of this study,
there are a variety of geometrical modifications that can be
applied to our design to help characterize ion transport limits in
nanostructured energy storage and offer guidelines for optimized
nanoelectrode geometries.

Methods

Symmetric AAO templates (thickness, 50 um; pore diameter, 150 nm; pore period,
340 nm) were purchased from Synkera. We chose a Ru ALD process that is well
established in our laboratory for fabricating current collectors, although a variety of
other inexpensive conducting materials (including titanium nitride, tungsten*

and nickel®') are also achievable via ALD. Ru ALD using bis(2,6,6-trimethyl-
cyclohexadienyl)ruthenium (Ru(CoHj3),, ‘Cyprus’) and O, was carried out in a
home-built viscous flow reactor furnace at 300 °C. The deposition rate was

0.5 A/cycle, yielding a 7.5 nm film for a 150-cycle process with a conductivity of
~1.5x10* S cm™". The detailed process parameters and Ru thin-film conductivity
have been described in our previous papers'®32. During the Ru ALD process for a full
cell, the AAO templates were pressed between two 1/2-inch nickel VCR face seal
fitting gaskets with 0.44-inch inner diameter (0.95 cm® opening; Swagelok), the
edges of which were then wrapped in aluminium foil and finally fixed using metal
binder clips. The VCR gaskets served as contact masks to prevent Ru growth at the
rim of the AAO, which might cause shorting between the anode and cathode sides.
The 5 s pulse time was chosen for the Cyprus to limit the Ru deposition depth to
15 um into the AAO pores, leaving 20 pm of bare AAO in the middle to act as a
separator. Subsequently, crystalline V,05 was deposited by ALD using vanadyl
triisopropoxide (VO(OC;H;);, VTOP) and ozone at 170 °C in a BENEQ TES 500
reactor. Home-made contact masks with a 6-mm-diameter opening controlled V,05
growth into one side of the Ru-coated AAO pores with a deposition rate of

0.33 A/cycle to form nanotubes with a wall thickness of 23 nm. The V,05 grew 6 um
into the pores with a 1 s VTOP pulse time. The same procedure was then repeated to
grow V,05 symmetrically at the other end of the Ru-coated AAO. The area of a full-
cell device is defined by the open area of the contact mask (0.28 cm?) and was
further measured by counting the pixels of the V,0s-covered area (0.32 cm?), as
shown in Supplementary Table 1. Commercially available templates can be
purchased with areas as large as 1,200 cm? (http://www.synkerainc.com), suggesting
that there is room for scaling up this design (Supplementary Fig. 11 shows an intact
AAO electrode after reopening a coin cell). Subsequently, one side of the V,05 was
electrochemically lithiated by discharging at a 1 C rate to different voltages (2.6 V
and 2.1 V versus Li metal). This prelithiated V,05 was used as the anode of the full-
cell batteries. For half-cell fabrication, a similar masking method was used with a
VCR gasket sealing one side of the AAO against a solid plate during both Ru and
V,05 ALD process, resulting in an area of 0.95 cm®. The mass of V,05 was
measured using a microbalance before and after V,05 ALD.

The Oj-treated Ru nanotubes in the AAO template were prepared by ALD,
coating Ru to the AAO template, then treating with O while omitting the vanadium
precursor (VTOP) during the V,05 ALD process. We prepared the control device
with V,05 nanotubes but planar Au as the current collector by ALD-depositing
V,0s into AAO pores, and then sputtering (using a Denton Vacuum Desktop III) a
thin layer of Au on top to provide lateral conductivity comparable to a Ru-integrated
current collector, without blocking the pore openings (Supplementary Fig. 13). The
performance of this planar current collector device was compared with a three-
dimensional integrated current collector device by galvanostatic cycling at the same
C rate. Meanwhile, finite-element simulation was performed using COMSOL
Multiphysics software to simulate the discharge capacity of the V,05 nanopore
cathode with these two different current collector geometries.

Material characterization was conducted using a Hitachi SU-70 analytical SEM
with EDX capability. To verify the conformality of Ru, the AAO template was
dissolved in 0.3 M NaOH and Ru nanotubes were collected on a copper grid for
transmission electron microscopy (TEM) analysis using a JEOL 2100F. An Arbin
BT-2000 multichannel battery test station was used for galvanostatic charging and
discharging at various rates and to collect the CV data in Fig. 6b. Other CV data were
collected from a Bio-logic VSP using EC-lab software. The electrode mass was
measured using a Sartorius ME5 microbalance.
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