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1. Introduction

1.1. Drivers for 3-D Power

The worldwide thirst for portable consumer elec-
tronics in the 1990s had an enormous impact on
portable power. Lithium ion batteries, in which
lithium ions shuttle between an insertion cathode
(e.g., LiC00O,) and an insertion anode (e.g., carbon),
emerged as the power source of choice for the high-
performance rechargeable-battery market. The per-
formance advantages were so significant that lithium
ion batteries not only replaced Ni—Cd batteries but
left the purported successor technology, nickel—metal
hydride, in its wake.! The thick metal plates of
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traditional batteries gave way to lithium ion cells in
which the anode, separator/electrolyte, and cathode
were stacked, spiral wound, or folded.? Although the
materials in today'’s batteries differ from those of the
displaced technologies and the energy density of the
electrochemical cell is decidedly larger, the basic two-
dimensional (2-D) character and layer-by-layer con-
struction of the cell remains intact. The next gen-
eration of lithium ion—polymer electrolyte batteries
will offer improvements in gravimetric and volumet-
ric energy densities (W h g7t and W h L™, respec-
tively), but the same configurations will prevail.?

Another massive market force is expected to de-
velop over the next decade in the area generally
known as microelectromechanical systems or MEMS.#
This field grew out of the integrated-circuits (IC)
industry, and in less than a decade, MEMS devices
successfully established high-volume commercial mar-
kets for accelerometers and pressure sensors in the
automotive industry, ink-jet print heads, and digital
micromirrors for image projection. By 2001, the
global market for MEMS was nearly $14 billion.5
Developments in the MEMS field seem to be con-
tinual, and MEMS devices are beginning to make
significant contributions in new arenas, including
fluidics, wireless communications, sensors, and
optics.67° The rapid expansion of MEMS into new
areas is due to the development of surface microma-
chining techniques, which involve photolithographic
patterning, deposition, and selective etching of mul-
tilayered films to form device structures.'®

There is tacit recognition that power is a vital issue
for the continued development of the MEMS device
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field. In particular, the issue of how to power MEMS-
based sensors and actuators has been largely ne-
glected.'* While a conventional macroscopic power
supply could be employed for these devices, the
prospect of powering arrays of micromachined sen-
sors and actuators is likely to lead to interconnection
problems, cross-talk, noise, and difficulty in control-
ling the power delivered. In contrast, the complexity
of power delivery is reduced if one were to design the
power supply to be of the same dimensional scale as
the sensors and actuators. Specifically, site-specific
power can be realized, and improvements in noise
and power efficiency may be achieved.



Three-Dimensional Battery Architectures

Active transmitter with
laser dicde and beam steering
I

Receiver with photodetector
Analog 110, DSP, control

Passive transmitter with
comer-cube retroreflector

b/
-

,_,/

Thick-film battery

Power capacitor

p—1-2 mm —

Figure 1. Smart dust mote and its components: Micro-
fabricated sensors, optical receiver, signal-processing and
control circuitry; the power source consists of a solar cell
and a thick-film battery. (Derived with permission from
ref 16. Copyright 2001 IEEE)

The power needs for MEMS devices are diverse—
and batteries may not be the best choice to provide
power to systems based on various types of MEMS
drives. For example, magnetic drives operate at less
than 1 V, but they require generating hundreds of
milliamperes, which becomes a difficult challenge for
batteries sized on the subcentimeter scale. The
required micro- to nanoampere current levels for
electrostatic and piezoelectric MEMS are feasible for
batteries, but the tens to hundreds of volts that are
needed will present difficulties for batteries with
nominal voltages of 3 V. However, there may be a
niche for batteries that would be used to power 10—
15 V drives.

A more reasonable application for batteries is in
the area of MEMS-based sensing. In one particularly
exciting direction, batteries supply power to autono-
mous nodes, with each node containing one or more
sensors, along with powering the computation and
communication capabilities necessary to relay the
findings of each node.? One approach, “smart dust”,
represents an excellent example where integrated
batteries may contribute; the basic device is shown
in Figure 1. The device integrates into a single
package, MEMS components (sensors, beam steer-
ing), optical communication components (optical re-
ceiver, semiconductor laser diode), signal-processing
and control circuitry, and a power source based on
batteries and solar cells, in a volume on the order of
a cubic millimeter.

A calculation of the power requirements of the
smart dust mote underscores our point that the
present generation of batteries cannot effectively
power this device. Thin-film batteries are among the
most advanced of the lithium battery systems, with
a capability to scale down to dimensions on the same
order of magnitude as the cubic millimeter of the dust
mote.'® The energy density for the thin-film system
is ~2 J mm~3,* which matches or exceeds standard
lithium ion systems, such as those that power laptop
computers. A key design requirement for the smart
dust mote is that the power consumption cannot
exceed 10 uW. If the dust mote uses this power
continuously over a day, it will consume ~1 J.

Can a thin-film battery supply the 1 J per day of
energy necessary to power a smart dust mote? At first
glance, it would appear that there should be no
problem; the device consumes 1 J mm~23 and the
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battery is able to supply 2 J mm=3. The reality,
however, is that thin-film batteries are 2-D devices.
Such batteries are necessarily thin in order to
prevent power losses typically associated with the
slow transport of ions, but a practical limitation
arises from the fracture of cathode films that get too
thick (>2 um), which leads to low capacity per square
millimeter. With a typical device thickness on the
order of 15 um, a thin-film battery requires a signifi-
cant amount of area in order to supply 2 J mm=3,

The real question becomes whether a thin-film
battery can supply what the smart dust mote re-
quires within the constraints of the areal “footprint”
available for the battery on the smart dust mote—1
J of energy over 1 mm? of “real estate.” The tradi-
tional yardsticks by which battery energy and power
are normalized are weight and volume [i.e., gravi-
metric and volumetric energy (and power) densities].
These metrics are no longer sufficient when one
considers portable power for small devices: such
devices have limited area available to integrate
components into a system. For this reason it is
important to establish the effective area of the power
source, its footprint, and to normalize the available
energy (and/or power) to this area.

The energy per unit area as reported for several
lithium thin-film batteries ranges from 0.25 to ~2 x
10723 mm~2.1% Thus, thin-film batteries, despite their
excellent energy per unit volume, fall far short of
being able to power a smart dust mote for 1 day. If
the areal footprint were made 100 times larger (at 1
cm?), the thin-film approach would be acceptable. The
consequences of the 2-D nature of thin-film batteries
are easily overlooked. The calculation by Koeneman
et al. ignored the 2-D character of thin-film batteries
when they concluded that these batteries could carry
out some 60 000 actuations of a “smart bearing”.!!
When one considers the actual area available for the
power source on the device, only about 1200 actua-
tions are possible.

Smart dust motes are not just intriguing lab toys
but successfully demonstrated devices.'® However,
because of the inability to obtain scale-appropriate
lithium ion batteries, the first devices tested were
powered with hearing-aid batteries. The example of
the smart dust mote illustrates a critical issue
concerning all small power designs and their effective
integration on-board the device. To power devices
with limited real estate and maintain a small areal
footprint, batteries must somehow make good use of
thickness. Three-dimensional configurations offer a
means to keep transport distances short and yet
provide enough material such that the batteries can
power MEMS devices for extended periods of time.
The detailed calculations discussed in section 2 show
that batteries configured as 3-D structures can
readily achieve the 1 I mm~2 areal footprint required
to power the smart dust mote.

1.2. What Do We Mean by 3-D?

Lithium ion batteries use insertion processes for
both the positive and negative electrodes, leading to
the term “rocking chair” battery.! The resulting
transport of Li ions between the electrodes, usually
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arranged in a parallel-plate configuration, is 1-D in
nature. To minimize power losses resulting from slow
transport of ions, the thickness of the insertion
electrodes, as well as the separation distance between
them, is kept as small as possible. This approach may
appear counterintuitive in the effort to produce a
useful battery, because reducing the thickness of the
electrode results in lower energy capacity and shorter
operating time. Thus, battery design always trades
off between available energy and the ability to release
this energy without internal power losses.

In recent years there has been the realization that
improved battery performance can be achieved by
reconfiguring the electrode materials currently em-
ployed in 2-D batteries into 3-D architectures. Some
of the envisioned approaches are reviewed in more
detail in section 2. The general strategy of this
approach is to design cell structures that maximize
power and energy density yet maintain short ion
transport distances. While many possible architec-
tures can achieve this goal, a defining characteristic
of 3-D batteries is that transport between electrodes
remains one-dimensional (or nearly so) at the micro-
scopic level, while the electrodes are configured in
complex geometries (i.e., nonplanar) in order to
increase the energy density of the cell within the
footprint area. A 3-D matrix of electrodes (in a
periodic array or an aperiodic ensemble) is necessary
to meet both the requirements of short transport
lengths and large energy capacity. Improvements in
energy per unit area and high-rate discharge capa-
bilities are two of the benefits that may be realized
for these 3-D cells.

Perhaps the most obvious 3-D design is that
consisting of interdigitated electrodes shown in Fig-
ure 2a. This prototype configuration is used in
modeling studies, the results of which are reviewed
in section 2. The anode and cathode consist of arrays
of rods separated by a continuous electrolyte phase.
The spatial arrangement of the anode and cathode
arrays determines the current—potential distribu-
tion. Clearly, the short transport distances lead to a
much lower interelectrode ohmic resistance as com-
pared to traditional planar battery configurations.

A central feature for the interdigitated configura-
tion is that the arrays need to be periodic. A variation
on this approach is to use interdigitated plates rather
than rods (Figure 2b), which is analogous to stacking
2-D batteries with parallel connection.

There is no particular reason that the electrolyte
must serve as the continuous phase in 3-D battery
architectures. Another 3-D design utilizes a concen-
tric arrangement where the rod array is composed
of one of the active electrode materials and is then
coated by an electrolyte layer. The other electrode
material then fills the remaining free volume and
serves as the continuous phase, as shown in Figure
2c. As was discussed for the above battery configura-
tions, short transport distances between the insertion
electrodes lead to low ohmic resistance. Although a
periodic arrangement is shown in Figure 2c, it is not
clear at the present time whether this is beneficial
or not with respect to the current—potential distribu-
tion. Relaxing the periodicity condition may be an
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Figure 2. Examples of prospective 3-D architectures for
charge-insertion batteries: (a) array of interdigitated
cylindrical cathodes and anodes; (b) interdigitated plate
array of cathodes and anodes; (c) rod array of cylindrical
anodes coated with a thin layer of ion-conducting dielectric
(electrolyte) with the remaining free volume filled with the
cathode material; (d) aperiodic “sponge” architectures in
which the solid network of the sponge serves as the charge-
insertion cathode, which is coated with an ultrathin layer
of ion-conducting dielectric (electrolyte), and the remaining
free volume is filled with an interpenetrating, continuous
anode.

important consideration, because prospective syn-
thetic techniques, such as templating through me-
soporous membranes, do not necessarily produce
periodic arrays.

A completely aperiodic 3-D battery configuration
is the “sponge” approach, where the electrolyte layer
is formed around a random 3-D network of electrode
material (Figure 2d). This design strategy also rep-
resents a concentric configuration in that the elec-
trolyte envelops the electrode material while the
other electrode material fills the mesoporous and
macroporous spaces and surrounds the electrolyte.
Short transport-path characteristics between the
insertion electrodes are preserved with this arrange-
ment. In contrast to the other 3-D designs, all battery
components—anode, cathode, and electrolyte—are
continuous throughout the sponge structure.

The above discussion provides the context for 3-D
batteries. That is, there are a variety of small power
applications, typified by MEMS devices, which the
most advanced, 2-D lithium battery systems are
unable to satisfy. The inability to provide sufficient
power is because of configuration and not because of
intrinsic energy density. Three-dimensional designs
offer the opportunity to achieve milliwatt-hour ener-
gies in cubic millimeter packages and, more impor-
tantly, with square millimeter footprints. While such
power sources may not influence the enormous com-
mercial markets in cell phones and laptop computers,
they are certain to impact emerging markets where
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integrated power is required for communication,
sensing, and networking.

This paper discusses the prospects for creating 3-D
architectures for batteries. We next introduce calcu-
lations for the 3-D interdigitated array battery
(Figure 2a), which will illustrate the design consid-
erations under which the 3-D configuration leads to
better performance than the conventional 2-D one.
Other sections then discuss the prior art in small
power, followed by the materials, synthetic, and
fabrication approaches required to achieve 3-D de-
signs. Finally, we review the present status of the
systems most likely to demonstrate true 3-D battery
operation.

2. Quantitative Advantages of 3-D Cell
Architectures

2.1. Overview of Length Scales in 3-D Battery
Designs

The four architectures introduced in Figure 2 have
wide-ranging length scales and geometries that are
largely dictated by their respective methods of fab-
rication. These length scales and geometries will
determine the performance characteristics of 3-D
batteries based on these architectures. Thus, before
attempting to quantify some of the advantages (as
well as the disadvantages) of 3-D cells, a brief
overview is presented of the methods of fabrication
currently employed, with emphasis on the resulting
geometrical and scale differences. Detailed descrip-
tions of the fabrication procedures are presented in
section 4.

At present, only the individual component arrays
(i.e., individual cathode or anode arrays) of the
periodic interdigitated electrode cell (Figure 2a) have
been fabricated using lithographic methods. The
results of these limited efforts, however, provide a
rough guide to what is possible in battery design
within the microlithographic laboratory. Typically,
the electrodes are cylindrical rods with diameters
ranging from 5 to 100 um and lengths from 10 to 200
um. For instance, Madou and co-workers have fab-
ricated an array of cylindrical carbon electrodes with
~10-um diameter and ~200-um length.l” Litho-
graphic fabrication methods also allow other geom-
etries beyond cylinders to be considered (e.g., trian-
gular rods). It is most probable that the use of current
lithographic methods will continue to yield structures
with lateral dimensions (i.e., electrode diameter and
electrode-to-electrode spacing) on the micrometer
length scales, with more emphasis placed on increas-
ing the length of the electrode, L, to achieve high
aspect ratios. This strategy yields the high areal
energy capacity that drives the interest in 3-D
designs (vide infra). Other periodic arrays, such as
those based on the use of origami to “unfold” an array
of lithographically designed cathodes and anodes on
a base support®® and of arrays of plates (Figure 2hb),
are also envisioned at the micrometer length scale.
Smaller lateral dimensions will likely be obtained in
the future with advances in lithographic methods.

One disadvantage of all periodic interdigitated
electrode cells is that the primary current distribu-

Chemical Reviews, 2004, Vol. 104, No. 10 4467

2-D battery 3-D battery

/

Figure 3. 2-D parallel-plate and 3-D interdigitated-array
batteries.

tion is nonuniform.*® This nonuniformity can be
readily recognized by inspection of Figure 2a and
realizing that the distance between the anodes and
cathodes is variable along the circumference on any
individual electrode. A quantitative description of
this issue is discussed below.

The concentric tubule arrays and aperiodic con-
tinuous sponge architectures are based on conformal
deposition methods, in which layers of electrolyte and/
or electrode materials are sequentially?°=23 or simul-
taneously assembled within an array of pores in a
membrane (Figure 2c) or in an aperiodic array
(Figure 2d). Film deposition methods (see section 7)
can yield electrode and electrolyte films of nanometer
thicknesses, and in fact, a prototype of the aperiodic
architecture has been recently reported.?°=2% Thus it
is possible to envision batteries soon in which the
cathode and anode are separated by 10 nm. However,
at these distances, the physical structure of the
interface must be exceedingly stable to prevent
shorting of the electrodes. In addition, electrostatic
interactions between the cathode and anode (i.e.,
“overlapping” double layers) and exceedingly fast
transport rates within the separator will undoubtedly
influence the current—voltage curves in complex
ways that are just now being investigated.?* One key
advantage of these 3-D architectures (and unlike the
periodic interdigitated array) is that the current
density across the electrode surfaces is uniform.

2.2. Quantifying the Advantages of 3-D
Architectures

As discussed in section 1, the key advantage
associated with the proposed 3-D battery structures
is the ability to achieve large areal energy capacities
without making sacrifices in power density that may
result from slow interfacial kinetics (associated with
a small electrode area-to-volume ratio) and/or ohmic
potential losses (associated with long transport dis-
tances). This argument is now quantitatively dem-
onstrated in the following paragraphs for the 3-D
interdigitated electrode array shown in Figure 2a.

To facilitate a demonstration of the advantages of
the 3-D architecture, we quantitatively compare
metrics related to performance (e.g., areal energy
capacity, active surface area) of a conventional 2-D
parallel-plate design with the 3-D interdigitated
array cell (Figure 3). We assume a thin-film 2-D
battery that comprises a 1l-cm?-area anode and
cathode, each 22.5-um-thick and separated by a 5-um-
thick electrolyte. The total volume of electrodes and
separator is 5 x 1072 cm? (the cell housing is ignored
for simplicity, but is expected to be a comparable
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percentage of the total volume in both 2-D and 3-D
designs).

It is relatively straightforward to show that a
corresponding 3-D square-array battery (Figure 4)
with the same total volume (i.e., 5 x 1072 cm?),
constructed from 5-um-radius cathode and anodes
that are separated (center to center) by 10 um,
contains ~39% of the energy capacity of the thin-film
design. Clearly, the lower energy capacity is due to
a higher percentage of the total volume being oc-
cupied by the electrolyte. While the energy capacity
of the 3-D design varies with the shape and arrange-
ment of the electrodes, it will always be lower than
that of the 2-D design for equal total volumes.

There are several intriguing advantages of the 3-D
design that are not reflected in the above numbers.
For instance, the active cathode and anode surface
areas in the 3-D design are 3.5 cm? each, significantly
larger than the 2-D design (1 cm?). This difference
favors the 3-D design through a reduction in inter-
facial kinetic overpotential, which is inversely pro-
portional to the electrode area. In addition, the
distance that ions must be transported in discharging
the 2-D battery is 350% larger than in the 3-D design.
Thus, in principle, the 3-D design is significantly less
susceptible to ohmic losses and other transport
limitations. To achieve equal transport length scales
in the 2-D design (i.e., by decreasing the electrode
thickness to 5 um) would require a 330% increase in
the areal footprint in order to maintain equal cell
volume, a significant disadvantage in employing
these devices in MEMS and microelectronic applica-
tions.

While the above comparison of 2-D and 3-D designs
indicates that the 3-D battery has inherently lower
energy capacity per total cell volume, in fact, the
capacity of the 3-D design can be increased without
limit by increasing L, without sacrificing the small
areal footprint or high power density. As shown in
Figure 5, for the same areal footprint, i.e., 1 cm?, the
above square array 3-D design with L = 500 um has
a capacity that is 350% larger that the 2-D design.
Such a microbattery would contain 222 222 cathodes
and 222 222 anodes, with ~35 cm? each of active
cathode and anode area!

Clearly L cannot be increased without limit, as the
ohmic resistance of the electrodes will become suf-
ficiently large to offset the advantages of increased
areal capacity. While this problem has not been
treated systematically, it is clear that the optimized
value of L will be determined by the electronic
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Figure 5. An increase in the height of the interdigitated
3-D battery, L, results in increased areal energy capacity
and electrode area, without an increase in transport
distances.

Large (r/LA){w o)(1/C)

Small (r/L2)(w/ a)(1/C)

Figure 6. Dependence of electrode utilization on electrode
conductivity (o) and ion diffusivity (D). L and r are the
length and radius of the electrodes, respectively.

conductivity of the electrode materials (o) and the
ionic conductivity of the electrodes and electrolyte,
in addition to the electrode geometry, as indicated
in Figure 6.

The dimensionless number U = (r?/L?)(u/o)(1/C),
where r is the radius of the electrode, u is ionic
mobility of cations (Li*), and C is the volumetric
energy capacity (C/cm?®), is a quantitative measure
of uniformity of current across the 3-D electrode
surfaces and, thus, whether the electrode material
is uniformly utilized during cell charging and dis-
charging. Decreasing U corresponds to a more uni-
form current distribution along the length of the
electrode. This scenario is a desired one, as long as
the decrease in U results from high electronic con-
ductivity in the electrodes (i.e., large o), rather than
low ionic conductivity in the electrolyte (i.e., small
w). Increasing U corresponds to a more nonuniform
discharge of the electrodes, which may result in
underutilization of the electrode materials during
rapid discharge, as well as increasing stress along
the length of the electrodes. Similarly, U = (w?/h?)-
(ulo)(1/C) for a rectangular electrode in the interdigi-
tated plate design (Figure 2b), where w is the
electrode thickness and h is the electrode height
measured from the base. Clearly, numerical values
of U will depend on electrode geometry and materials.

The arguments developed in this section apply to
all of the potential 3-D designs shown in Figure 2.
In each design, an increase in areal energy capacity
can be obtained by simply increasing L, without any
loss of power density due to interfacial kinetics or
slow ion transport. Similar to the interdigitated array
cell, this advantage is eventually limited by the
electronic conductivity of the electrode materials.

It is worth noting that the 3-D interdigitated plate
design of Figure 2b can be realized by stacking 2-D
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Figure 7. Top panels: Schematic diagram of 3-D cylindri-
cal battery arrays in parallel row (left) and alternating
anode/cathode (right) configurations. Middle panels: Iso-
potential lines between cathode (C) and anode (A) for unit
battery cells. Bottom panel: Current densities (in arbitrary
units, a.u.) at the electrode surfaces as a function of the
angle 6 (see middle panel for definition of 0). The area of
the cathodes and anodes is equal throughout the diagram.
(Reprinted with permission from ref 19. Copyright 2003
Elsevier.)

thin-film batteries. However, to maintain the key
advantage of low ohmic potential losses, it is neces-
sary for the thickness of the film electrodes to be
greatly reduced. Currently, low-cost manufacturing
techniques limit film electrodes to thicknesses greater
than about ~20 um.

2.3. Current Distribution in 3-D Batteries

2.3.1. Interdigitated Electrode Arrays

All interdigitated electrode arrays suffer from a
nonuniform primary current distribution. Figures 7
and 8 show examples of the potential and primary
current distributions for representative interdigitated
microbattery designs, computed using finite element
simulation,?®> with the assumption of a uniform
electrolyte conductivity. To allow comparison of the
current densities between different battery designs,
all simulations assume identical values of the voltage
between cathode and anode. Current densities are
plotted in the same arbitrary units in each figure,
allowing direct comparison of the relative power
output of different interdigitated geometries. Isopo-
tential lines within the “unit cell” of each interdigi-
tated design are also presented. The lengths of the
cathodes and anodes, L, are assumed to be suf-
ficiently long to ignore end effects.®®

Figure 7 illustrates the sensitivity of the current
distribution to electrode placement for two similar
interdigitated designs. In the parallel row design,
alternating rows of cylindrically shaped cathodes and

Chemical Reviews, 2004, Vol. 104, No. 10 4469

Triangular

NN/
YNV,
ONANV/ANYL)

a-

Hexagonal 2:1 Cathode/Anode

ONONONONONO

2 Anode

1

0 90 180° 270 360 2
G}
2
Cathode
\/\/\/ !
0° 120° 240° 360
0

Electrode Boundary

Figure 8. (Top panel, left) Schematic diagram of hexago-
nal 2:1 cathode/anode battery array. (Top panel, right)
Schematic diagram of triangular battery array. (Middle
panel) Isopotential lines between cathode (C) and anode
(A) for unit battery cell. (Bottom panel) Current density
at the cathode and anode surfaces, plotted on the same a.u.
scale used in Figure 7. (Reprinted with permission from
ref 19. Copyright 2003 Elsevier.)

anodes are placed on a rectangular grid. This ar-
rangement of electrodes results in high current flow
between each neighboring cathode/anode pair (i.e.,
at 6 = 0°), with a relatively steep decrease (~40%)
in current between adjacent cathodes or anodes (0 =
90°).

A significantly better design based on the rectan-
gular grid is the alternating cathode/anode configu-
ration in which each anode is surrounded by four
nearest neighbor cathodes (and vice versa). In this
geometry, the higher number of nearest neighbor
electrodes of opposite polarity permits a significantly
more uniform primary current density at each elec-
trode. However, even in this improved geometry, the
current varies by 20% along the electrode circumfer-
ence, a limitation that may not be tolerable in some
cells. The primary current uniformity may be im-
proved by increasing the ratio of the electrode grid
spacing to the electrode radius in this cell, but at the
sake of reducing power density.

Unlike the conventional battery, a 3-D interdigi-
tated array need not contain equal numbers of anodes
and cathodes. Indeed, there may be situations where
battery design is optimized by using unequal number
densities of cathodes and anodes in order to balance
the capacities of the active materials and the kinetics
of the charge-transfer reactions. The left-hand side
of Figure 8 shows an example of an interdigitated
design utilizing twice as many cathodes as anodes.
Here, each anode is surrounded by six cathodes,
providing a relatively uniform current density on the
anode while sacrificing current uniformity at the
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cathodes. This design might be useful in a 3-D
microbattery where a uniform current density is
critical at one electrode (e.g., an insertion electrode).

Modern microlithography allows for the fabrication
of essentially any envisioned electrode and cell
geometry. Specifically, electrodes need not have the
cylindrical shape considered in the previous ex-
amples. For example, the close-packed array of
triangular cathodes and anodes shown on the right-
hand side of Figure 8 would be expected to yield
greater cell capacity and increased power. The tradeoff
of this design, obviously, is the highly nonuniform
primary current. Such a geometry may be appropri-
ate in a situation where the net current is limited
by electron-transfer kinetics, and thus the current
distribution is uniform across the electrode surface
regardless of the electrode geometry.

It is clear that while significant increases in both
power and areal energy capacity are obtainable from
3-D interdigitated arrays relative to conventional 2-D
batteries, the inherent difficulty in achieving a
uniform current distribution may limit some devices.
However, interdigitated electrode geometries and
configurations not considered above are likely to yield
current distributions significantly better than the
examples described here.

2.3.2. Plate, Tubule, and Aperiodic 3-D Architectures

The issue of the nonuniform current density is not
important for the plate, tubule, and aperiodic archi-
tectures shown in Figure 2. The current density in
these architectures will be perfectly uniform due to
the 1-D nature of transport between anode and
cathode. Radial transport occurs in the tubular and
aperiodic architecture, while planar transport is
operative in the plate architecture (neglecting end
effects).

2.4. Overall Design Issues

Modeling the overall current—voltage behavior of
3-D cells is a complex function that depends on many
factors (ionic and electronic conductances, interfacial
reaction kinetics, charge capacity, etc.). Because of
the wide range of possible (and mostly unexplored)
architectures, this will be a rich field of study for
electrochemical engineers and will likely lead to new
design concepts in battery technology. Interdigitated
electrode arrays are highly susceptible to stress due
to both the nonuniform current density and finite
electronic conductivity of the electrodes. Thus, a
delicate balance of the geometrical length scales
(electrode radius and length, and the spacing be-
tween electrodes) and materials properties will be
required in optimizing any 3-D battery.

2.5. Cathodes and Anodes Separated by
Nanometer-Wide Electrolytes

As noted in section 3.1, the fabrication of cells in
which the cathode and anode are separated by a
conformal thin-film electrolyte, perhaps a few tens
of nanometers in thickness, is on the near horizon.
Thus, it is interesting to consider potential phenom-
ena, not normally considered in battery design, that
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Figure 9. (a) Schematic of a closed cell containing LiCl.
The number of ions (Li™ and CI~) is assumed to be constant.
(b) The dependence of the potential profile across the two-
ion cell as a function of the electrolyte thickness, d, and
ion concentration.

will be operative when the electrodes are placed in
such close proximity to one another.

For simplicity, we consider a closed cell such as
that shown in Figure 9a, which contains LiCl as the
electrolyte. Assuming that the cathode and anode are
separated by 10 nm (an experimentally achieved
separation distance), it is instructive to first consider
any direct physical or chemical interactions between
the electrodes. Clearly at 10 nm, electron tunneling
between the surfaces will be negligibly slow, the
decay length of tunneling being ca. 1 A.26 Thus, the
electrodes are not electronically coupled, and normal
redox reactions at the cathode and anode are still
necessary for battery operation. At shorter distances,
e.g., 1 nm, the electrodes would spontaneously dis-
charge via direct tunneling between the cathode and
anode, a process equivalent to shorting the battery.
Thus, there is a theoretical lower limit on the
thickness of the battery separator.

Although the cathode and anode are not in elec-
tronic communication at 10 nm, their presence is
known to each other through the electrical fields that
originate from their respective surface charges. As
shown in Figure 9b, the overlap of the electrical
double layers is more significant as either the dis-
tance between the electrodes, d, is reduced or the
concentration of the electrolyte is decreased. The role
of the electrolyte concentration is quantitatively
expressed through the Debye length, « 1,26 which can
be estimated for a 1:1 electrolyte at room temperature
using the expression, =1 (nm) ~0.3/[LiCI]¥2, where
[LiCl] is the molar concentration (M) of the electro-
lyte. In essence, ! represents how well the electro-
lyte shields the solution interior from the electrical
charge of the electrode surfaces. A 1 M LiCl solution
corresponds to «~* = 0.3 nm, while a 10 mM solution
corresponds to a ¥ of 3 nm. As a rule of thumb, the
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electric potential drops to about 5% of its surface
value at a distance from the surface of ~3«7! (i.e.,
~9 nm in a 10 mM LiCl solution). Thus, two elec-
trodes separated by 10 nm in a 10 mM LiCl solution
will clearly be in electrostatic contact through their
overlapping double layers.

The consequence of overlapping double layers on
battery operation has only been recently considered,
and our understanding of this effect is rudimentary.?*
The electric fields will almost certainly have an effect
on the transport of ions through the electrolyte, as
migration will be important in the strong fields of
the double layers, which can approach or exceed 108
V cm~l. Whether transport of Li* is impeded or
enhanced by the field will depend on signs of the
electrode charges (determined by the potentials of
zero charge, an ill-defined quantity for most battery
electrode materials) and whether the battery is being
charged or discharged. Modeling of this phenomenon
requires a simultaneous consideration of transport
(e.g., Nernst—Planck equation), electrostatics (Pois-
son equation), and statistical thermodynamics (Boltz-
mann equation), similar to recent modeling of the
influence of double-layer structure on transport at
individual nanometer-scale electrodes?” and Levich's
treatment of the dynamic diffuse layer at macroscopic
planar electrodes.?®

At small electrode separations, the number of ions
in the electrolyte between the electrodes is quite
small. For instance, the average nearest neighbor
distance between cations in 10 mM LiCl solution is
~2 nm. Thus, on average, only a few Li* ions are
located between cathode and anode at any position
on the electrode surfaces, and these few ions carry
the current at that surface position. The number of
ions is so small in this situation that the battery can
be well described as a capacitor, with the separator
being a nonionic dielectric material, resulting in a
linear potential drop between the electrodes (Figure
9b). In addition, even if migration from the electrical
double layers is neglected, the small separation
distance between the electrodes will result in enor-
mous diffusional fluxes. If sufficiently high, these
fluxes can lead to breakdown of electroneutrality and
formation of a space-charge layer in the electrolyte.?”
Much effort in the future will be required to explore
and quantify these ideas.

3. Prior Examples of Small Power

3.1. Scope of Small Power

The development of small power sources for por-
table electronics goes well beyond miniaturization of
batteries and fuel cells.# Other approaches under
development include miniaturizing combustion en-
gines and thermoelectrics and harvesting energy
from ambient sources such as vibration and temper-
ature differences. Most of these approaches are
directed at consumer products and are not designed
to save real estate. Nonetheless, it is apparent that
decreasing the size of power sources and moving to
micro- and even nanoscale power sources offers a
number of opportunities.?®

Table 1 lists examples of electron-producing power

Chemical Reviews, 2004, Vol. 104, No. 10 4471

Table 1. Types of Electron-Producing Power Sources

thermal/nuclear/

electrochemical mechanical-to-electric

thermoelectrics
pyroelectrics

batteries
fuel cells, biofuel cells,
semi-fuel cells
supercapacitors,
ultracapacitors
photovoltaics p-cells (nuclear “solar” cells)
harvesting adventitious harvesting adventitious
energy/fuel energy/work
radioisotope thermoelectric
generators (RTGs)—
o- or 3-emitting nuclear sources

thermionics

sources, not all of which are electrochemical. The
importance of integrating nanotechnology to improve
these power sources has been discussed, especially
for portable applications.®® Some of these sources are
described in greater detail in this section and em-
phasize those approaches that have demonstrated
power production in centimeter dimensions or smaller
sizes. The hybrid micropower supplies discussed at
the end of this section begin to address the issue of
achieving energy and power capabilities in small
footprint areas.

3.2. Miniaturizing Microreactors and Fuel Cells

Miniaturization of electrochemical power sources,
in particular batteries and fuel cells, has been
described as a critical—but missing—component in
transitioning from in-lab capability to the freedom
of autonomous devices and systems.?%3° In top-down
approaches, macroscopic power sources are scaled to
the microlevel usually by the use of fabrication
methods, often in combination with new materials.
Power generation schemes that can themselves be
microfabricated are particularly appealing, as they
can lead to a one-stop fabrication of device/machine
function with an integrated power source.

3.2.1. Compact Mixed Reactors

One miniaturization challenge common to fuel cells
and batteries—and of critical relevance in designing
microscopically and nanoscopically featured 3-D
batteries—is scaling down the phase that separates
the anode from the cathode. The separator must
prevent direct electronic contact yet permit electrical
contact (ion flux) between the active electrodes.
Electrodes in rechargeable batteries can undergo
morphological changes that compromise the integrity
of the whole cell, e.g., by establishing a direct
electronic path (hard shorts), such as the metal
needles that grow off of a charged—discharged zinc
electrode and may pierce the separator (glass, poly-
mer, paper) with potentially pyrophoric consequences
(one reason the alkaline cell is a primary, use-once,
cell).

Fabrication issues can arise when thinning the
separator material or in trying to ensure high-
quality, preferably pinhole-free coverage of dimen-
sionally scaled-down anodes and cathodes. One strat-
egy that can be used to avoid fabricating a separator
at all, at least in electrolyzers and fuel cells, takes
advantage of decades of work in compact mixed
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reactors (CMR), where the specificity of electrocata-
lyzed active electrodes permits intermixing of reac-
tants (or fuel/oxidant).3! The catalytic specificity
bypasses the need for a physical barrier, as long as
the electrodes are electronically isolated. Another
engineering design feature of these single-chamber
systems is the hydrodynamic flow of the molecular
reactants.

In 1990, Dyer applied the CMR concept of hydro-
dynamic control of mixed reactant flow to a thin-film
planar fuel cell.3? The electrical (i.e., ionic) contact
between the fuel cell anode and cathode was main-
tained by diffusion across/through a hydrous alumi-
num oxide film (=50-nm-thick) sandwiched between
the electrocatalytic electrodes, with the top Pt elec-
trode deposited so as to be sufficiently porous for
gases to pass through to the alumina membrane. The
specific areal power that was generated with a mixed
H,/O, flow was 1-5 mW cm~2 at a cell voltage of 950
mV. By using a lightweight substrate (Kapton) onto
which the Pt electrodes and hydrous alumina inter-
layer were deposited as thin films, a power density
of 100 W kg! was reported. Similar results were
obtained upon replacing the hydrous alumina mem-
brane with the proton-exchange polymer membrane
Nafion, raising the possibility of fabricating confor-
mal, “open-face” fuel cells on a flexible substrate.

3.2.2. Microfabrication Approaches for Small Power

The nickel—zinc battery provides a good example
of how macroscopic power sources can be miniatur-
ized via microfabrication methods. A patterned, side-
by-side configuration was fabricated with an electro-
plated zinc anode and a NiOOH cathode (total cell
area of 1 to 5 mm?).33 A photosensitive epoxy served
as the separator and was also used to define the side
walls of the cell. The open-circuit voltage of the cells
was 1.7—1.8 V. The energy density reported for these
Ni—Zn microbatteries (2 J cm~2 at 50 mA discharge)
is similar to that available with thin-film batteries,
although the performance does not achieve the
targeted energy density of 1 J mm~2.22 The cells do
generate reasonable power levels: at a 1 mA dis-
charge rate, the 2-mm?2 cells generate 1—2 mW. As
discussed in section 3.5, the Ni—Zn battery is feasible
as the energy-storage component in a hybrid mi-
cropower system.

Fuel cells incorporating lithographic methods and
masking/deposition/etching protocols have been fab-
ricated on Si wafers and thereby satisfy two critical
needs in a standard fuel cell: collection of electrons
(current collectors) and controlling the flow field of
fuel and oxidant.?* Kelley et al. produced a miniature
direct methanol fuel cell (DMFC) with a current—
voltage and fuel utilization performance that matched
standard-sized DMFCs prepared in-lab.353¢ A work-
ing volume for the miniature DMFC of 12 mm?3 was
reported, with an operational performance of 822 W
h kg™t at 70 °C.*®

In more recent reports, a thin-film fuel cell sand-
wiched between two silicon wafers that had been
anisotropically etched to form feed holes and chan-
nels for the reactants (H, and O,) demonstrated a
stable voltage of 0.75 V over 300 h at a current
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demand of 100 mA ¢cm~2.3" The electrode footprint,
which was smaller than the silicon wafers, was 22.5
mm x 22.5 mm. The same authors have also adapted
silicon micromachining to fabricate a twin fuel-cell
stack® using a previously described flip-flop structure
sandwiched between silicon wafers again acting as
current collectors and flow distributors.3

Wainwright et al. recently microfabricated a poly-
mer-based fuel cell with on-board hydrogen storage.
One of the key goals of this work is to provide
independent sizing of power and energy capacity in
a passive system requiring no fans, pumps, or exter-
nal humidification.® The first performance reported
was for a device built on a ceramic substrate (alu-
mina), but devices built on silicon and polymeric
substrates are also mentioned. The microfabricated
fuel-cell block is coupled to a metal—hydride storage
block, printed with inks of LaAlysNi4 7, which gener-
ates hydrogen by desorption when placing a 20 mA
load on the fuel cell.®®

3.2.3. Membraneless Opportunities with Laminar Flow in
Microfluidic Reactors

One way to ease any difficulties that may arise in
fabricating a membrane, especially in design con-
figurations that are not planar, is to go membrane-
less. Recent reports take advantage of the laminar
flow innate to microfluidic reactors*®~4? to develop
membraneless fuel cells. The potential of the fuel cell
is established at the boundary between parallel
(channel) flows of the two fluids customarily com-
partmentalized in the fuel cell as fuel (anolyte) and
oxidant (catholyte). Adapting prior redox fuel cell
chemistry using a catholyte of VV/V'V and an anolyte
of VI"/V!' 43 Ferrigno et al. obtained 35 mA cm~? at
1.1V (for a power density of 38 mW cm™2) at a linear
flow rate of 12.5 cm s, which was comparable
to that seen with the standard redox fuel cell reported
by Kummer and Oei;*® the fuel utilization was,
however, much lower. Luo et al. adapted the enzyme-
catalyzed redox that powers biofuel cells to create a
membraneless microfluidic fuel cell using a molecular
fuel (1,4-dihydrobenzoquinone) and a laccase-cata-
lyzed cathode to reduce molecular oxygen. The maxi-
mum power density reported was 80 uA cm~2 at 150
mV (8.3 uW cm~2) and a linear flow rate of 1 cm s,
but the cell could sustain 0.35 V at lower current
densities.*¢

3.2.4. Power in Vivo and Biologically Derived

One area in which miniaturization has progressed
beyond the size regime of interest to the laptop and
cellular telephone industry is to provide in vivo power
in biomedical applications.*” An implantable defibril-
lator battery, which must provide pulse power (on
demand) with high energy density, was achieved by
coupling two smaller batteries (Li/MnO, primary
battery plus a Li/iodine cell) with a packaged volume
on the order of 10 mL.*® Such power sources must
have low self-discharge rates.

In an effort to use biological energy transduction
to miniaturize a biofuel cell for in vivo applications,
Heller and co-workers have created membraneless,
caseless cells that can function under physiological
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conditions.*~5* The current collectors are microfibers
of carbon that are catalyzed with enzymes to oxidize
glucose (via glucose oxidase) and reduce O, (laccase
or bilirubin oxidase) and wired to their respective
carbon current collectors with osmium-based redox
polymers. The active area of the most recent minia-
ture biofuel cell is 0.44 mm?, and this glucose oxidase/
laccase-catalyzed biofuel cell produced 0.78 V in a pH
5 buffer at a power density of 2.68 uW mm~2.53 The
improved cell voltage was obtained by using an
osmium redox polymer with a more reducing poten-
tial, which lowered the overvoltage necessary to drive
the coupled enzyme/cofactor redox to convert the
glucose fuel to gluconolactone.

Recently a new hybrid power source has been
reported that couples oxidation at a dye-photosensi-
tized nanocrystalline semiconducting SnO, photo-
anode with the enzyme-catalyzed reduction of O,.%°
Although miniaturization has not yet been reported
for this new hybrid, the developments already
achieved to miniaturize biofuel cells coupled to those
being developed for charge-insertion oxides should be
technically transferable to this system.

3.3. Thin-Film Batteries

Miniaturization of batteries has been an active
area of industrial research because of the need for
portable power sources for such items as watches,
hearing aids, and cameras. These miniaturization
approaches are based, for the most part, on tradi-
tional battery manufacturing, and it is only within
the past decade that researchers have begun to
employ fabrication methods that rely on more ad-
vanced material-processing approaches such as vapor
deposition and solution processing. Lithium batteries,
in particular, have received considerable attention
because of their high energy density. Two comple-
mentary lithium batteries have emerged: one is
based on polymer electrolytes; the other is based on
inorganic electrolytes.'® The former, which is actually
a thick-film system, is the basis for commercial
products that provide milliwatt-hour of energy. Pri-
mary batteries of the type Li/LixMnO,, marketed by
Panasonic among other companies, are on the order
of 0.3—0.5-mm-thick and offer between 10 and 20 mA
h at 3 V. Secondary (i.e., rechargeable) lithium
polymer batteries are also being developed.5¢ The
polymer electrolyte in most cases is a gel electrolyte
formed by polymers and organic solutions of lithium
salts or is a plasticized polymer electrolyte.257:58

Inorganic electrolytes lend themselves much more
readily to thin-film batteries. Over a decade ago,
Eveready Battery developed thin-film Li/TiS, second-
ary batteries, which used a sputtered lithium oxysul-
fide glass as the electrolyte, while other thin-film
batteries using glassy oxides as the electrolyte con-
tinue to be developed.® The fact that these inorganic
electrolytes have low conductivity at room tempera-
ture is compensated by the short diffusion length of
only a few micrometers. The fabricated batteries are
truly thin film as various vapor deposition methods
are used to fabricate the cathode and anode as well
as the electrolyte. The total thickness of the active
components is in the range of 10—20 um; however,
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the thickness of the actual battery is on the order of
100 um because of packaging and the critical need
to protect the components from moisture.

The thin-film secondary lithium battery system
that has progressed the furthest is that developed
at the Oak Ridge National Laboratory.'® The elec-
trolyte in this case is a lithium phosphorus oxynitride
(“Lipon”) which is deposited by rf magnetron sput-
tering, as is the cathode, followed by thermal evapo-
ration of the lithium. A number of different cathode
materials, including layered transition metal ox-
ides®961 and vanadium oxides,? have been reported
and, for the most part, excellent results have been
obtained. The thin-film batteries achieve operating
lifetimes of thousands of cycles and routinely operate
at current densities above 1 mA cm~2. In tailoring
these batteries for integrated circuit (IC) applications,
which involve solder reflow at temperatures of 250
°C, this group developed a lithium-free approach
where the anode is formed by electroplating lithium
on a copper current collector.®?

The research on thin-film batteries has led to
considerable understanding of the kinetics and struc-
tural changes occurring during lithium insertion and
deinsertion in amorphous and nanocrystalline films.13
However, the fact remains that these thin-film bat-
teries have limited capacity, because of the thickness
of the cathode, while the overall cell resistance can
be larger than desired, because of the cathode/
electrolyte interface. As a result, cell energies are in
the range of 100—500 W h cm™2. As discussed
previously, these systems are considerably below the
1 J mm~2 values required for powering MEMS
devices.

An interesting direction to thin-film battery fabri-
cation is the use of forward-transfer methods based
on laser-assisted direct-write processes. This process-
ing method is a soft transfer that minimally affects
the materials being laid down, so it is compatible
with the transfer of metals, oxides, polymers, and
even liquid and gel electrolytes. The variant known
as MAPLE-DW (matrix-assisted pulsed-laser evapo-
ration-direct write)® has recently been used to direct-
write a lithium ion battery.®® The MAPLE-fabricated
LiCoO,—carbon/carbon microbattery prototype was
sealed within trilayer metal—polymer laminate and
cycled in air. A typical microbattery with a footprint
of 4 mm x 4 mm (patterns can be written to 10 um)
has a capacity of 155 uA h (at a C/5 rate, where a 1
C rate completely discharges the full capacity of the
battery in 1 h) and 100 mA h g* of LiCoO,. Because
carbon was included in the transfer ink with the
charge-insertion oxide, the electrode could be depos-
ited in thicker layers than a sputter-deposited thin-
film battery without creating severe ohmic losses.
The resulting prototype approaches the power that
other thin-film batteries provide but did so with a
footprint smaller than 1 cm?. An advantage of such
direct-write fabrication is that it can ultimately use
the electronics substrate as part of the power-source
packaging to save weight in the battery system.
Current work is aimed at coupling Li ion microbat-
teries with energy-harvesting devices (solar cells, RF
antennae, etc.) for hybrid power supply applications.
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Kushida et al. recognized the limitation of the low
capacity of thin-film lithium batteries for IC applica-
tions when they demonstrated the operation of arrays
of thin-film lithium batteries.® Rather than develop
a power generator for an entire chip, this work was
directed at providing local power to individual (or a
few) VLSI circuits. The battery took the form of a
3 x 1 array in which three parallel 100-um-wide
stripes of cathode material were crossed by a 200-
um-wide stripe of lithium. A spin-on phosphosilicate
glass was used as the separator, while the cathode
material (LiMn,O,4) was deposited by solution pro-
cessing in a trench etched in the silicon wafer to
provide better device definition. The prospect of a
battery array is an interesting one, and although the
energy per unit area was not very high (~35 uW h
cm~2), the concept of supplying localized power at the
individual circuit level is intriguing.

3.4. Generating Power from Ambient Sources

One important area of MEMS sensor technology
is the development of distributed sensors, some of
which are embedded, remote sensors in buildings and
other structures. Battery replacement is difficulty or
impractical in this case and approaches for generat-
ing power from ambient sources are being pursued.
The most familiar ambient energy source is solar and
the use of photovoltaics is widely used. Solar energy,
however, is not always available for embedded sen-
sors and for this reason another ambient energy
source of interest for powering small devices is the
use of mechanical vibration. Beeby and co-workers
reported the use of an electromagnetic transducer
based on the movement of a magnetic pole with
respect to a coil.5” This electromechanical power
generator uses neodymium iron boride permanent
magnets mounted on a spring board inside an induc-
tive coil. As the mass deflects from the vibration,
there is a varying amount of magnetic flux passing
through the coil. An electromotive force is induced
(Faraday’'s law), the magnitude of which is propor-
tional to the rate of change of the coil position.
Shaking the device causes the magnets to vibrate at
322 Hz. The device occupies a volume of 240 mm?
and generated a maximum useful power of 0.53 mW,
corresponding to a 25-um amplitude at an excitation
frequency of 322 Hz.

Another power generator that converts vibrational
energy to electrical energy is based on a mass—
spring—resonator structure.®® Laser micromachined
copper springs were fabricated into different patterns
to optimize device performance. In this device, gen-
erators with a volume of 1 cm?3 were able to produce
up to 4.4 V peak-to-peak with maximum root-mean-
square power of over 800 yW. The vibration required
to generate this power had frequencies ranging from
60 to 110 Hz with 200-um amplitude. The fabricated
generator was able to drive an infrared transmitter,
and the authors contend that the device is capable
of driving low-power integrated circuits.

Another approach to converting vibrations in the
environment is the use of an inertial generator based
on thick-film piezoelectric materials.®® A prototype
generator was produced enabling the authors to
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establish some operating parameters and fabrication
methods. For the most part, these methods are
expected to provide low power, as the first devices
produced an output of 3 mW.

3.5. Hybrid Micropower

In the use of 3-D batteries to power MEMS devices,
the tacit assumption is that the battery serves as the
electrochemical power source. That is, the battery
directly supplies all the energy for the device. A
hybrid power supply is an alternative concept based
on combining energy conversion and energy storage.*!
In this case, the battery is a component of the power
supply rather than the sole power source. The bat-
teries are expected to provide power when the energy
conversion device is not working or when additional
power is required, i.e., pulse power for communica-
tion. The energy conversion device, which obtains
energy from ambient sources, is used to power the
microsystem and charge the batteries.

Koeneman et al. described a micropower supply
that was designed to power a “smart bearing”.!* The
ambient energy, a rotating shaft, was converted using
a wire coil. Energy storage was accomplished using
a thin-film lithium battery. Because of the device
application, a suitable actuation driver was required
to deflect the membrane. Although the device was
not built, the analysis established that a hybrid
power supply could be integrated with a MEMS
device to provide on-board power. One interesting
point in the analysis is that the authors did not
consider the 2-D nature of the battery and overesti-
mated the number of actuations by 50 times.

A more recent paper considered the use of a hybrid
power supply for powering autonomous microsen-
sors.”® Such devices are similar to the dust mote
pictured in Figure 1 and described in the Introduc-
tion. This hybrid power supply combined a solar cell
to meet standby requirements and to charge the
battery, which was the microfabricated Ni—Zn bat-
tery described in section 3.2. The authors also showed
that if the battery alone was to serve as the power
source, the footprint would be substantially larger,
over 12 cm?. The hybrid device was constructed and
some feasibility experiments were carried out, but no
actual devices were powered.

4. Component Design for 3-D Battery Structures
4.1. Thinking Like Architects

Jumping out of Flatland™ to a true third dimension
(rather than stacking 2-D elements, which seems to
be the microlithography community’s perception of
3-D) permits the use of hierarchical designs: nano-
structured electrode materials, organized into larger
macroscopic features. One of the most critical com-
ponents of these new battery designs is an initial
degree of “nothingness”, that is a continuous phase
of porosity. This open volume is then available to be
filled with a second phase, for example an infiltrated
electrolyte or even an opposing electrode structure,
forming a true 3-D, intermingled battery assembly.
Following IUPAC conventions, pores are identified
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by their respective sizes: macropores (>50 nm),
mesopores (2—50 nm), and micropores (<2 nm).”?
Nanopore and nanoporous are not internationally
defined terms, so they are an unknown and often
misleading class of pores.

Chemical methods are ideally suited to construct
textured materials with features of solid and void on
the meso- or nanoscale. The chemistry can include
such techniques as sol—gel synthesis, chemical vapor
deposition (CVD), and electrodeposition, where mo-
lecular or ionic precursors are reacted under con-
trolled conditions to assemble the desired solid
structures. Combining such techniques with structure-
directing templates (porous membranes, colloidal
crystals, micelles, etc.) permits the design of hierar-
chical structures with pore sizes that cover a wide
range from mesopores to large macropores. In an
alternative to template synthesis, sol—gel methods
are used to assemble 3-D networks of nanoscale
particles into a monolithic wet gel. With careful
processing of these gels to remove the pore-filling
fluid, aerogels and related structures are rendered
that exhibit aperiodic, through-connected void net-
works of mesopores and/or macropores.

An extensive research effort is currently underway
to produce common battery materials, including
carbons and transition-metal oxides, in various meso-
structured and nanostructured forms. The basic
functional requirements for these new materials are
largely the same as for conventional secondary bat-
tery electrodes: a combination of electrical conductiv-
ity and the ability to undergo reversible ion-insertion
reactions. However, the inherent characteristics of
nanostructured electrode materials, an extensive
electrode/electrolyte interface and facile transport of
ions through the void volume, yield superior electro-
chemical performance relative to conventional bat-
tery materials. In practically all of the cases dis-
cussed below, electrode materials designed with 3-D
nanostructured interfaces exhibit significantly better
charge-storage properties, particularly under high
rates of charge/discharge, than do conventional forms
of the same composition, and in some instances, the
nanostructured materials provide unexpectedly high
overall capacity due to the defective nature of nano-
scale solids.

The following section focuses specifically on those
design strategies that produce either monoliths or
supported films that may then serve as a solid but
textured platform in the first design step toward a
3-D battery architecture.

4.2. Porous Membranes as Structure-Directing
Templates

The use of porous membranes as templates for
electrode structures was pioneered by Martin and co-
workers nearly 20 years ago,” and this approach has
since been extended to include numerous electrode
compositions and geometries’® 8 and applications
beyond energy storage, including sensing and sepa-
rations.”® In this approach, chemical and electro-
chemical routes are used to fill in the cylindrical,
uniform, unidirectional pores of a free-standing mem-
brane with electrochemically active materials and
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Figure 10. Schematic showing the conversion of a porous
membrane into a template in which the pores are filled or
coated to form random ensembles or ordered arrays of
nanometer- and micrometer-scale cylinders or tubes. (De-
rived with permission from ref 87. Copyright 1997 Elec-
trochemical Society.)

structures (Figure 10a). The pores in such mem-
branes may be either random, as in “track-etched”
polycarbonate, or an ordered array, as in electro-
chemically prepared alumina membranes. The pores
in these membranes can be as small as 10 nm and
range upward into the hundreds of nanometers and
micrometers.

Various strategies are used to produce electrode
structures within the membrane pores, including
sol—gel synthesis, CVD, electrodeposition, and elec-
troless deposition. With careful control of the syn-
thetic conditions, the pores are either filled com-
pletely or preferentially coated at the pore walls,
producing hollow tubes (see Figure 10b). Following
infiltration with the desired electrode material, the
membrane is subsequently removed under conditions
that do not disturb the active material, leaving an
array of either solid nanofibers or nanotubes attached
to a current collector like the bristles of a brush
(Figure 11). In this case there is very limited inter-
connectedness between the nanofibers, except at the
current collector base.

Using this approach, template-synthesized elec-
trodes have been prepared not only from metals, but
from Ti02,75 V205,80'81 LiMn204,82'83 Sn02,84*86 Ti82,87
carbon,®-° and various conducting polymers.°* The
final templated feature need not consist of a single
material or phase. Martin and co-workers prepared
striped metal nanorods of gold and platinum,®? which
was a concept ultimately extended to the preparation
of nanoscopic barcodes®® and optical tags.®* Recently
Dewan and Teeters infiltrated alumina membranes
to template a device: a V,0s xerogel—carbon battery
using a poly(ethylene oxide)—lithium triflate electro-
lyte.®®

Many of the templated electrode ensembles de-
scribed above function as high-performance battery
electrodes in lithium-containing electrolytes.”® The
fibrous morphology of these templated electrodes
reduces the solid-state transport distances for lithium
ions participating in the charge-storage reaction. This
feature facilitates not only good cyclability but also
rapid charging and discharging. For example, tem-
plate-synthesized SnO; electrodes deliver gravimetric
capacities that are orders of magnitude higher than
a thin-film control electrode when discharged at
greater than a 50 C rate. The void spaces between
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Figure 11. Electron micrographs of membrane-templated
electrodes: (a) ensemble of rods (Reprinted with permission
from ref 80. Copyright 1999 Electrochemical Society.); (b)
array of nanotubes (Reprinted with permission from ref 79.
Copyright 2001 American Chemical Society.)

the individual electrode fibers also provide room for
expansion during electrode cycling, which is a par-
ticular problem for SnO,, because a Sn metal phase
alloys with electrogenerated Li metal, with accom-
panying large volume changes.

In a related approach, these same porous alumina
membranes serve as a mask through which O,
plasmas are used to etch underlying carbon films.%:97
This etching process produces honeycomb carbon
structures that are positive replicas of the alumina-
membrane mask. This process has successfully pro-
duced honeycomb structures of both diamond® and
graphitic carbon,® with pore sizes in the carbon
replica around 70 nm.

4.3. Template Synthesis of Ordered Macroporous
Solids with Colloidal Crystals

The porous membrane templates described above
do exhibit three-dimensionality, but with limited
interconnectedness between the discrete tubelike
structures. Porous structures with more integrated
pore—solid architectures can be designed using tem-
plates assembled from discrete solid objects or su-
pramolecular structures. One class of such structures
are three-dimensionally ordered macroporous (or
3-DOM) solids,®® which are a class of inverse opal
structures.®® The design of 3-DOM structures is based
on the initial formation of a colloidal crystal composed
of monodisperse polymer or silica spheres assembled
in a close-packed arrangement. The interconnected
void spaces of the template, ~26 vol % for a face-
centered-cubic array, are subsequently infiltrated
with the desired material.

Strategies for filling the void space of the colloidal
crystal utilize sol—gel chemistry, salt precipitation,

Figure 12. Inverse opal of vanadium oxide ambigel. The
pores are formed by packing 1-um styrene beads and
infiltrating a vanadium sol. (Reproduced with permission
from ref 100. Copyright 2002 The Royal Society of Chem-
istry.)

CVD, and electrodeposition, depending on the desired
composition. Removal of the colloidal templating
spheres renders a negative replica (the inverse opal)
structure of the active material, with an intercon-
nected, 3-D array of pores, typically sized in the
hundreds of nanometers.

This general procedure for producing macroporous
solids has recently been exploited to synthesize
electrode architectures that are targeted for lithium
battery applications. Sakamoto and Dunn synthe-
sized inverted opal structures of V,0s by infiltrating
a colloidal crystal template with a vanadia sol—gel
formulation.'® The resulting macroporous structure
is shown in Figure 12. The walls are composed of
vanadium oxide ambigel, leading to a hierarchical
architecture that demonstrated high capacity for
lithium at high discharge rates. Stein and co-workers
have expanded this concept further to produce
macroporous ordered structures of V,0s, SnO,, and
LiNiO,.%810% Hierarchical electrode structures are
generated by this method as well, with the inorganic
skeleton of the 3-D ordered macroporous structure
composed of fused nanoscale grains of electrode ma-
terial that are themselves mesoporous. Macroporous
carbon structures have also been produced by infil-
trating organic precursors into the interstitial void
of silica sphere colloidal crystals, followed by carbon-
ization and removal of the silica template.02-106

4.4. Template Synthesis of Mesoporous Solids
with Supramolecular Assemblies

These same general templating strategies are
extended into the mesopore size regime with the use
of self-assembled supramolecular arrays, a topic
which has been extensively reviewed elsewhere.107-121
In this approach, ionic surfactants or block copoly-
mers are assembled into micellar aggregates or
liquid-crystalline phases. With careful tuning of the
reaction conditions, these assemblies can be orga-
nized into either highly ordered hexagonal, lamellar,
or cubic structures, or more disordered wormlike
structures. The microscale phase segregation in these
systems acts to restrict and direct the growth of an
inorganic guest phase, which can be incorporated by
various methods. With transcriptive synthesis the
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surfactant or diblock co-
polymer + inorganic
nanoparticle precursors
Figure 13. Self-assembled organic template (micellar or
liquid crystalline) that directs the assembly of the inorganic

phase about the structure-directing organic phase. (Cour-
tesy of Prof. Sarah Tolbert, UCLA))

Figure 14. Nanocast carbon. (Reprinted with permission
from ref 122. Copyright 1999 American Chemical Society.)

supramolecular assembly is first formed separately
followed by infiltration of the guest phase. Synergistic
synthesis encompasses the process whereby template
self-assembly and inorganic phase synthesis are
combined in a cooperative reaction scheme to produce
the mesostructured hybrid (Figure 13).

In either the transcriptive or synergistic strategy,
removal of the organic template by extraction or
calcination renders the inorganic mesoporous struc-
ture. For synthetic schemes that are not compatible
with the formation of stable template assemblies, an
alternative approach is to use a preformed, templated
inorganic host, such as mesoporous silica, as a mold
to “nanocast” the desired material as an inverse
replica of the host, such as that seen in Figure 14.1%

In the following section, we restrict our discussion
to templated mesoporous solids that are of potential
interest as battery electrodes, including many transi-
tion-metal oxides and carbon. This slice of the
literature still points the interested reader to many
articles on the synthesis and physical characteriza-
tion of relevant mesoporous materials. A much
smaller number of electrochemical studies with tem-
plated mesoporous electrodes have been published,
and these studies in particular will be noted.
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The synergistic synthesis method for supramolecu-
lar templating was initially developed for silica solids,
but this chemistry is being expanded to include a
number of transition-metal oxides, including some of
interest for electrochemical applications.*'>123 Among
these, mesoporous TiO, has been the most widely
investigated, primarily due to its potential employ-
ment in photovoltaic cells.’>* Combining liquid-phase
titania precursor chemistry and templating strategies
has produced mesoporous TiO, structures, with both
ordered and wormlike pore structures.?5-133 Gratzel
and co-workers have reported on the reversible
lithium ion insertion reactions of mesoporous anatase
Ti0,. 127134135 Gimilar strategies have been used to
generate mesoporous WOz, an important electrochro-
mic oxide, where the high surface areas and meso-
porous pathways facilitate rapid coloration/decolor-
ation responses.136:137

Another route to mesoporous, electrochemically
active phases utilizes electrodeposition methods,
where the presence of surfactants or a liquid-crystal-
line phase at the electrode surface directs the forma-
tion of the growing film. The templated electrodepo-
sition approach was initially developed by Attard et
al. to produce mesoporous platinum films.'%8 This
protocol was followed to develop mesoporous tin as a
potential anode for Li ion batteries and nickel/nickel
oxide electrodes for aqueous-based batteries.39140
Related strategies have also been used to prepare
mesoporous V,0s*! and conducting polyaniline (as
nanowire arrays).'*? In addition to driving the elec-
trodeposition process, the electrochemical interface
can be controlled to promote the formation of hybrid
assemblies of surfactant—inorganic in dilute surfac-
tant solutions en route to forming mesoporous oxide
films, as demonstrated by Stucky et al.143144

Templated mesoporous carbon structures are gen-
erally produced by first incorporating organic precur-
sors into the void space of a preformed mesoporous
silica or aluminosilicate template, either by liquid
infiltration or CVD methods. Following pyrolysis of
organic components, the inorganic templates are
removed, rendering an inverse carbon replica. This
approach was first reported by Ryoo and co-work-
ers'?? and has subsequently been extensively adapted
to generate various mesoporous carbon struc-
tures.104145-161 The pore—solid architectures of these
carbon solids can be designed on the basis of the
choice of inorganic template from among the many
available and range from ordered 2-D structures to
more disordered 3-D structures. These mesoporous
carbons are promising candidates as electrochemical
materials in double-layer capacitors. The mesoporous
pathways within these electrode structures promote
rapid transport of electrolyte ions during cycling,
resulting in electrodes that can be charged and

discharged rapidly with only minimal loss of capac-
ity_150,1627164

4.5, Hierarchical Designs Based on Templating
Strategies

Hierarchical structures with pore—solid features
that cover a wide size range within one structure, as
seen in Figure 15, are achieved by carefully combin-
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Figure 15. Hierarchical structure formed by combining
liquid-phase templating with micromolding. (Reprinted
with permission from ref 166. Copyright 1998 American
Association for the Advancement of Science.)

ing the liquid-phase templating approaches described
above: surfactant templating (up to 10 nm), block
copolymer templating (up to 30 nm), and colloidal
crystal templating (100 nm—1 xm).16%166 This strat-
egy can be used directly to fabricate inorganic
structures or indirectly for hierarchical, porous car-
bon structures that are produced by inverse replica-
tion of a corresponding hierarchical inorganic mold.16
These synthetic processes can be further combined
with micromolding techniques to create features up
to 1 mm.166

4.6. Aerogels and Related
Nanostructures —Aperiodic Pore —Solid
Architectures

An ordered porous network is not a prerequisite
in designing high-performance 3-D battery struc-
tures.'8” Sol—gel methods can be used to synthesize
monolithic gels that are composed of a 3-D intercon-
nected network of nanoscale particles, co-continu-
ously intermingled with a phase of fluid-filled pores.
The processing of these wet gels to render the dried
forms must be carefully controlled so that the highly
porous architecture is retained. The direct evapora-
tion of typical pore-filling fluids (high-surface-tension
liquids such as water and alcohols) creates capillary
forces at the liquid—vapor interface, resulting in pore
collapse and a partially densified porous solid known
as a xerogel. This structural collapse is avoided if the
pore fluid is removed under supercritical conditions
where no liquid—vapor interface is ever established.
Gels processed by supercritical fluid extraction, usu-
ally with CO, as the pore fluid, are denoted as
aerogels. 1677170

In an alternative to supercritical drying, the pore
fluids in a wet gel are replaced with a low-surface-
tension, nonpolar liquid, such as an alkane, which is
then allowed to evaporate under subcritical or ambi-
ent-pressure conditions.'’°"172 The resulting solids,
denoted as “ambigels” (for ambient-pressure-dried
gels),'%” do exhibit a moderate degree of densification
but retain a large fraction of pore volume, with pores
usually in the mesopore size range.'’*~17> The den-
sification that accompanies ambient-pressure drying
provides for more mechanically rugged monolithic

Long et al.

forms than those for comparable aerogels. A fourth
scheme of pore-fluid removal utilizes a freeze-drying
process to render highly porous “cryogels”.176-180

Aerogels and related structures have the important
characteristics of extremely high surface area and a
through-connected, aperiodic network of porosity.
Additionally, these solids can be cast and molded into
a range of shapes and forms or cast as thin films on
planar supports. One attribute that seems to set
these aperiodic architectures apart from the meso-
porous ordered solids, even the nominally 3-D porous
ones, is proven performance in rate-critical applica-
tions. The rapid and facile flux of molecules through
the aerogel architecture avoids the potentially dev-
astating loss of throughput through 1-D channels if
a blockage occurs.*® Aerogels have already demon-
strated orders of magnitude faster response for
sensing, energy storage, and energy conversion than
other pore—solid architectures.67.181

Electrically conductive aerogels have been pre-
pared from a range of transition metal oxides, includ-
ing vanadium oxide,'"2182-189 manganese oxide,!"31741%
molybdenum oxide,***"19 and tin oxide.*®* All of these
nanostructured oxide forms exhibit improved perfor-
mance as Li ion insertion electrodes in conventional
electrochemical cells.'671% For example, vanadium
pentoxide aerogel electrodes accommodate the re-
versible electrochemical insertion of up to four Li ions
per V,0s unit. In addition to higher overall capacities,
aerogel electrodes deliver more energy (capacity)
under high charge—discharge rates than do conven-
tional materials.

Carbon aerogels are typically derived from the
reaction of resorcinol (or related aryl precursors) and
formaldehyde, which leads to a polymer gel. The
postprocessed polymeric aerogels are then pyrolyzed
in inert atmospheres at high temperature to form
highly conductive, monolithic carbon structures that
retain the characteristics of an aerogel.’®6-1% The
synthesis of carbon aerogels offers considerable flex-
ibility as the pore—solid organic architecture can be
adjusted by simple changes in the initial reaction
conditions of the polymer gel. Through such varia-
tions, carbon aerogels can be prepared in either
predominantly mesoporous or macroporous forms.
Carbon aerogels are being exploited as electrodes for
electrochemical capacitors, where the high surface
area, through-connected porosity, and electronic con-
ductivity of the aerogel promote rapid charge—
discharge reactions.'9-201 Commercial supercapaci-
tors based on carbon aerogels are available from
several companies.

5. Structural Characterization of 3-D Electrode
Architectures

5.1. Characterization of the Pore —Solid
Architecture

The common feature of the 3-D electrode structures
described above is the intimate intermingling of solid
and void space, in either ordered or aperiodic ar-
rangements, with textures covering an extensive
range of length scales. This section reviews the
experimental methods used to characterize the pore
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size and structure and to determine the electrochemi-
cal properties of the pore—solid nanoarchitectures.
The quality and type of pore structure in such an
architecture often determines the electrochemical
performance of the resulting battery material. For
instance, when the pore structure is infiltrated with
a liquid electrolyte, interconnected mesopores and
macropores provide an open pathway for the diffusion
of electrolyte ions that participate in the charge-
storage mechanisms. The size and interconnected-
ness of the pore network will be crucial in achieving
true intermingled cathode/electrolyte/anode designs.

From the standpoint of electrochemical perfor-
mance, micropores (less than 2 nm) are a far less
desirable design component for 3-D power. Even
when employed in traditional electrochemical cells,
the electrode area within a micropore is not fully
utilized in energy-storage mechanisms, due to the
lower effective electrolyte conductivity within the
micropore and sieving effects for larger electrolyte
ions.202203 Although templated microporous materi-
als, especially in carbon, have been fabricated and
characterized for catalytic and adsorbent applica-
tions, we are not including this class of materials for
further 3-D design consideration because of the
inability to electrify the surface area within mi-
cropores on a practical time scale.

5.1.1. Physisorption

Gas adsorption techniques are often used to char-
acterize the pore structure of materials possessing
micropores, mesopores, and small macropores.2%
Adsorption measurements with probes such as N,
provide information on accessible surface area and
pore volume. In addition, careful analysis of the
experimental data also yields information about pore
sizes, shapes, and the degree of interconnectedness.?%®
Various mathematical models can be used to fit the
experimental data from adsorption isotherms, yield-
ing pore—size distribution (PSD) plots describing the
pore structure in the mesopore and small macropore
regime. The generation of PSD plots is critical in the
characterization of structured materials with aperi-
odic pore—solid architectures, such as aerogels and
ambigels, where it is difficult to directly image the
pore structure with microscopic techniques. In Figure
16, the pore—size distributions are contrasted for
birnessite, a Na*-templated, sol—gel-derived lamellar
polymorph of MnO,, expressed in three types of
pore—solid nanoarchitectures (xerogel, ambigel, and
aerogel). The PSD plots make it clear that the pore
structure in xerogels comprises micropores and small
mesopores, while the distribution in the aerogel is
weighted toward the larger mesopores and macro-
pores. The ambigel lives up to its name with few
micropores and macropores and most of its pore
volume represented in mesopores sized from 15 to
30 nm.¥"5 Reporting just the average pore diameter
does not begin to capture the richness of the nanoar-
chitectures: xerogel, 9 nm; ambigel (hexane), 12 nm;
ambigel (cyclohexane), 17 nm; and aerogel, 19 nm.

5.1.2. Small-Angle Scattering Techniques

A second approach to pore—structure analysis,
small-angle scattering (SAS), probes the heteroge-
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Figure 16. The pore-size distribution for sol—gel-derived
birnessite Na;MnO2xH,0 as processed into three pore-solid
nanoarchitectures: xerogel, ambigel, and aerogel. Distribu-
tions are derived from N, physisorption measurements and
calculated on the basis of a cylindrical pore model. (Re-
printed with permission from ref 175. Copyright 2001
American Chemical Society.)

neities in electron density within porous architec-
tures.?04206 Small-angle scattering measurements
extend the range of length scales that can be ana-
lyzed, revealing features from micropores to the large
macropores that cannot be effectively probed by gas
adsorption. Another distinguishing feature of SAS
techniques is that both open and isolated pores
contribute to the experimentally observed structure.
The results of gas adsorption analysis and such SAS
techniques as small-angle X-ray scattering (SAXS)
can be combined to provide the most thorough
characterization of complex pore—solid architectures.
A key recent advancement for SAS methods has been
the development of the chord-length distribution
(CLD) approach, which yields much more accurate
characterizations of pore sizes and distributions than
with previous SAS approaches.?07:208

5.1.3. Electron Microscopy

Electron microscopy techniques are routinely ap-
plied to structured nanomaterials to assess the solid
morphology for features from tens of micrometers to
nanometers in size. Traditional microscopy methods
provide useful information in the form of 2-D projec-
tion images, but they do not fully describe the 3-D
structures discussed in the preceding section. How-
ever, the recent advancements in computer-aided
electron microscopy techniques do provide 3-D infor-
mation for structured solids.?°°-212 One such approach
based on high-resolution electron microscopy (HREM)
was developed by Terasaki, Stucky, Ryoo and others
specifically for porous structures exhibiting long-
range periodicity on the mesoscale (i.e., templated
mesoporous solids).?1>7216 In this method, 2-D pro-
jected HREM images of the sample taken at different
symmetry orientations are subjected to Fourier trans-
form analysis to determine the crystal structure
factors and ultimately to obtain a 3-D representation
of the ordered structure. The measurements provide
information on the sizes, shapes, and connectivity of
the ordered pore structures in such materials as
templated mesoporous silica and carbon (see Figure
17). Unfortunately, these methods are not applicable
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Figure 17. High-resolution electron micrographic deter-
mination of cage and bimodal pore structure in the meso-
porous silicates SBA-6 and SBA-6: (a) 3-D structure of
SBA-6 derived from the electrostatic potential map showing
large (A) and small (B) cages with associated large and
small pores; (b) schematic of the large and small cages in
the SBA family; (c) pore sizes for calcined SBA-1 deter-
mined by Horvath—Kawazoe analysis of the argon adsorp-
tion isotherm branch. (Reprinted with permission from ref
213. Copyright 2000 Macmillan Magazines, Ltd.)

for materials with irregular or hierarchical pore—
solid architectures.

A more general approach to 3-D structure deter-
mination is electron tomography, where the 3-D
image of a solid (in a thin slice) is reconstructed from
a series of 2-D images taken at regular tilt angle
intervals.?%® Although not yet a common technique
for materials science, electron tomography is emerg-
ing as a powerful tool for imaging complex solids with
features approaching the nanometer scale.?!” This
technique is also more generally applicable to the
textured materials described in this review, as it does
not rely on any long-range order within the sample.

In addition to providing insights into sample
morphology, electron tomography can also be ex-
ploited to derive 3-D compositional information. For
instance, energy-filtered transmission electron mi-
croscopy (EFTEM) or Z-contrast scanning transmis-
sion electron microscopy (STEM) can be combined
with tomography to provide 3-D elemental mapping
capabilities, within some limitations, for light and
heavy elements, respectively.?®® In the future, elec-
tron tomography will be highly beneficial for char-
acterizing the multifunctional architectures that are
currently being designed for 3-D power sources.

Long et al.
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Figure 18. Schematic drawing depicting SECM measure-
ment of (a) molecular transport within a porous material
and (b) electrochemical activity on one electrode in a
battery array.

5.1.4. Scanning Probe Microscopy

Scanned probe microscopies (SPM) that are capable
of measuring either current or electrical potential are
promising for in situ characterization of nanoscale
energy storage cells. Mass transfer, electrical con-
ductivity, and the electrochemical activity of anode
and cathode materials can be directly quantified by
these techniques. Two examples of this class of SPM
are scanning electrochemical microscopy (SECM) and
current-sensing atomic force microscopy (CAFM),
both of which are commercially available.

In the SECM measurement (Figure 18), a small
microelectrode (typically a metal or carbon electrode)
is rastered across the surface of interest, and the
current resulting from a Faradaic reaction is mea-
sured.?'87220 The experiment is arranged such that
the tip current is proportional to the local concentra-
tion of a redox species, which in turn may reflect
molecular transport rates within a porous matrix
(Figure 18a)??! or the electron-transfer activity at an
electrode (Figure 18b).

Quantitative theories of various SECM experi-
ments are well-developed and have been applied in
investigations of both electrochemical and nonelec-
trochemical systems,??? including, for example, in-
vestigations of electro-osmotic flow and transport
rates in fuel-cell membranes.?? Because one detects
molecules that are undergoing random diffusion, the
spatial resolution of SECM is not as great as that of
scanning tunneling microscopy. However, the nano-
scale pore structure in Nafion membranes has been
imaged by this technique, demonstrating better than
5-nm spatial resolution.?? And in contrast to STM
or AFM, the SECM signal is very specific to local
chemistry, providing a wealth of information about
local concentrations of ions and molecules, chemical
kinetics, and transport rates.

A complementary microscopy to SECM is CAFM,
in which the AFM tip is made of a metal such that
current can be measured as the tip is scanned, in
contact, across the surface.??® Conducting-AFM offers
the advantage of directly measuring local electrical
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Figure 19. SECM—AFM images of a polycarbonate mem-
brane containing 100-nm-radius pores. (Top) AFM topog-
raphy image; (Bottom) SECM image of Ru(NHjz)s3* trans-
port in membrane pores. (Reprinted with permission from
ref 227. Copyright 2001 American Chemical Society.)

conductivity, which can be inferred only from the
SECM measurement. More importantly, both topog-
raphy and surface electronic conductivity can be
measured simultaneously, allowing the experimen-
talist to correlate structure and reactivity. An ex-
ample of this is the CAFM imaging of electronic
defects in the native oxide on titanium electrodes,
which shows that high conductivity is associated with
grain boundaries of the underlying metal.?®> Ad-
ditional CAFM studies have focused on the investiga-
tion of the electrical properties of electrocatalytic Pt
nanoparticles deposited on and in a porous Ti/TiO;
film 226

A recent development in SPM technology is the
combination of SECM and AFM to produce a hybrid
high-resolution microscope that allows simultaneous
topographic and electrochemical imaging.??” Figure
19 shows an example of this measurement in which
pore structure and molecular transport of a redox-
active molecule (Ru(NH3)s*t) were simultaneously
imaged at ~1-nm resolution. Inspection of this image
clearly shows a correlation between transport rates
and pore structure.

Potential applications of SECM and CAFM in
fundamental studies of nanoscale batteries and bat-
tery materials are readily envisioned. For instance,
a small ion-selective electrode can be used as the
SECM tip, providing a means to image and quantify
Li* distribution and transport rates. A second ap-
plication is mapping the electrostatic potential dis-
tribution between cathode and anode using a well-
poised reference electrode as the scanning tip.
Conducting-AFM imaging of battery electrode ma-
trixes comprising electronically insulating electrolyte
and a conducting material would allow rapid visu-
alization of electrical connectivity.
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5.2. Corroboration of Electrochemical Processes
with Spectroscopic Techniques

Three-dimensional electrode nanoarchitectures ex-
hibit unique structural features, in the guise of
amplified surface area and the extensive intermin-
gling of electrode and electrolyte phases over small
length scales. The physical consequences of this type
of electrode architecture have already been dis-
cussed,'®” and the key components include (i) mini-
mized solid-state transport distances; (ii) effective
mass transport of necessary electroreactants to the
large surface-to-volume electrode; and (iii) magnified
surface—and surface defect—character of the electro-
chemical behavior. This new terrain demands a more
deliberate evaluation of the electrochemical proper-
ties inherent therein.

Many of the traditional electroanalytical methods
can be coupled to spectroscopic measurements, either
ex situ or in situ, to elucidate the electronic and
structural changes that accompany the electrochemi-
cal charge-storage process. The simplest approach
takes advantage of the electrochromic properties of
the various transition-metal oxides and the changes
that occur upon charge insertion and de-insertion.
The electrochromic response of thin oxide films
supported on conductive, transparent substrates
provides an in situ, temporal indicator of electronic
state changes that occur during ion-insertion reac-
tions. The power of spectroelectrochemistry arises
from the fact that the spectral information, obtained
concurrently with the electrochemically driven elec-
tronic state changes, decouples from other electro-
chemical phenomena, such as double-layer capaci-
tance and electrolyte decomposition, which can
potentially interfere with the electrochemical-only
characterization.??®

Spectroelectrochemical analysis of charge-insertion
nanostructured materials already offers important
insight into these systems. These methods were
recently exploited to characterize the electrochemical
processes of nanostructured manganese oxide ambi-
gel and xerogel films.17522° Spectroelectrochemical
measurements were used to corroborate electronic
state changes with the observed electrochemical
response for the insertion of small cations (Li*, Mg®")
and the unexpected insertion of a bulky organic
cation (tetrabutylammonium). Vanadium pentoxide
exhibits two distinct electrochromic features that can
be assigned to the VV/V!V transition at either sto-
ichiometric V,0s sites or V sites adjacent to oxygen
vacancy defects.?3® Exploiting this phenomenon,
Rhodes et al. were able to assign these different
physical environments in the voltammetry for sol—
gel-derived V,0s (Figure 20) and to track the relative
distributions of these two energetically distinct inser-
tion sites for sol—gel-derived V,0s films as a function
of temperature—atmosphere treatments.?31:232

For more sophisticated spectroelectrochemical analy-
sis, electrochemical cycling is coupled with X-ray
absorption spectroscopy (XAS) methods, which probe
electronic and local atomic structures with element
specificity.?33234 Because XAS techniques are compat-
ible with in situ investigations and do not require
long-range structural order for analysis, they are
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Figure 20. Spectroelectrochemical analysis of thin films of V,0s ambigels supported on conductive glass (indium—tin
oxide). The current response is given by the continuous line, and the change in absorbance monitored at 400 and 800 nm
as a function of potential (and time) is shown as individual data points. The V,0s5 ambigel was prepared by gelation of
aqueous metavanadate, dried from cyclohexane, and calcined in air at 170 °C. (Printed with permission from ref 232.)

often used to characterize complex battery materials
as a function of electrochemical state.?3523° Sol—gel-
derived V,0s electrodes are prime candidates for XAS
analysis due to their disordered, nanoscale nature
and exceptional electrochemical properties.?40-245 As
noted earlier, V,0s ambigels and aerogels exhibit
anomalously high capacities for Li ion insertion, with
insertion of up to four Li per V,0s for electrochemical
lithiation and up to six Li per V;0s with chemical
lithiation.?*> On the basis of the conventional inser-
tion mechanisms, any lithiation beyond x = 2 for the
formula LixV>0s should result in the formation of V'!!
sites in the oxide lattice. Passerini et al. reported that
for chemically lithiated V,0s, the formal vanadium
oxidation state unexpectedly did not go below the V'V
state, even with lithiation up to LisgV,0s, suggesting
charge delocalization beyond the V sites.?*® But
Mansour et al. recently described in situ XAS analy-
sis of V,0s aerogels and ambigels, demonstrating that
with electrochemical cycling the high degree of Li ion
insertion is accompanied by the formation of V'V and
subsequently V"' sites, when the degree of lithiation
surpasses two Li per V,05.243.244

One concern that might arise in using electronic
spectroscopy to quantify highly defective structures
is hinted at by results with nanostructured birnessite
NasMnO2xH,0. The color center in MnO; is the Mn**
center, so optical density is lost in the visible spec-
trum as Mn(l11) sites are electrogenerated (see Figure
21). The as-prepared and calcined birnessite ambigel
is mixed valent but predominantly Mn(1V), which can
be quantitatively assayed by chemical redox titra-
tion.'"4175 The initial visible spectrum, which mea-
sures the electronic state of the Mn centers, has a
lower absorbance than the material after electro-
oxidation, in agreement with the chemically deter-
mined mixed-valence state of the initial material. The
spectrochemical determination of the Mn(111)/Mn(1V)
ratio, however, does not match that obtained by
chemical titration and undercounts the amount of
Mn(1V). Because of the high surface-to-volume ratio
and greater defect nature of these nanostructured
materials, we question whether any spectroscopic
electronic state measurement truly measures a local-
ized site that remains unaffected by the vacancies
that arise in these materials.

Characterizing (experimentally and computation-
ally) and exploiting the nature of defects in charge-
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Figure 21. Visible absorption spectra for a 1.6-um-thick
NasMnO2xH,0 birnessite ambigel film in 1 M LiCIO,/
propylene carbonate as a function of electrode potential.
(Reprinted with permission from ref 175. Copyright 2001
American Chemical Society.)

storage materials is a key area of future research in
the drive to improve the performance of batteries and
ultracapacitors.'®” As discussed above, the aerogel
forms of disordered V,0s0.5H,0 afford Li-to-V,0s
stoichiometries of 4—6,1831% while those for the bulk,
crystalline material are 1—2.246 One clue to this
impressive improvement in the Li ion capacity of
V,0s5 can be found by inducing deliberate defects in
polycrystalline V,0s:24” Creation of proton-stabilized
cation-vacancies increases the capacity 23% relative
to the ~170 mA h g~ obtained with the as-received,
micrometer-sized polycrystalline V,0s.

While XAS techniques focus on direct characteriza-
tions of the host electrode structure, nuclear magnetic
resonance (NMR) spectroscopy is used to probe local
chemical environments via the interactions of inser-
tion cations that are NMR-active nuclei, for example
lithium-6 or -7, within the insertion electrode. As
with XAS, NMR techniques are element specific (and
nuclear specific) and do not require any long-range
structural order in the host material for analysis.
Solid-state NMR methods are now routinely em-
ployed to characterize the various chemical compo-
nents of Li ion batteries: metal oxide cathodes, Li
ion-conducting electrolytes, and carbonaceous an-
odes.?#8249 Coupled to controlled electrochemical in-
sertion/deinsertion of the NMR-active cations, the
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chemical shifts of the 6Li or “Li are used to distin-
guish between chemically distinct ion insertion sites
within the host electrode structure, to differentiate
electrochemically inactive Li ion sites, and to assess
the mobilities of Li ions. Nuclear magnetic resonance
studies of battery electrodes have recently been
extended to in situ investigations of lithium insertion
in carbon electrodes by Chevallier et al.?*

6. Fabrication En Route to 3-D Integration of
Architectural Components

6.1. Micromachining

The three-dimensional electrode arrays that are
the basis for the interdigitated 3-D battery design
(Figure 2a) have been fabricated successfully using
different micromachining methods. Micromachining
has emerged as an indispensable approach for fab-
ricating materials into complex geometries.?5! These
methods evolved from the realm of integrated circuits
as researchers developed techniques for deposition,
photolithographic patterning, and selective etching,
among other processes. Distinctions can be drawn
between bulk machining, where three-dimensional
features are etched in bulk materials, and surface
micromachining, where features are built up, layer-
by-layer, on the surface of a substrate. Surface
micromachining also involves the use of sacrificial
films that are later dissolved to release the free-
standing components. In both types of micromachin-
ing, photolithography serves as the basis for fabri-
cating three-dimensional features.

Three-dimensional electrode arrays have been fab-
ricated using two very different micromachining
methods. One approach, named carbon MEMS or
C-MEMS, is based on the pyrolysis of photoresists.
The use of photoresist as the precursor material is a
key consideration, since photolithography can be used
to pattern these materials into appropriate struc-
tures. The second approach involves the microma-
chining of silicon molds that are then filled with
electrode material. Construction of both anode and
cathode electrode arrays has been demonstrated
using these microfabrication methods.

6.1.1. Carbon MEMS (C-MEMS)

The synthesis and electrochemical properties of
carbon films prepared from positive photoresist have
been reported.?52-25¢ The initial direction for this
work was the fabrication of carbon interdigitated
electrodes. In this work, positive photoresist was spin
coated on a silicon substrate, patterned by photoli-
thography, and pyrolyzed to form the carbon elec-
trode. In more recent work, laser excitation has been
used to both pyrolyze the film and to write the
electrode pattern.?s®

The influence of pyrolysis conditions on the struc-
ture, morphology, electrical properties, and electro-
chemical behavior has been investigated. Raman
spectroscopy shows that characteristic sp? carbon
bands form from the pyrolysis treatments. The
electrochemical properties for a few of the electrode
systems have been reported and, for the most part,
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Figure 22. Array of carbon electrodes prepared by the
C-MEMS process. The aspect ratio is approximately 20:1.
(Courtesy of Prof. Marc Madou, University of California—
Irvine.)

these pyrolyzed electrodes behave similarly to those
of glassy carbon, a standard carbon electrode used
in electrochemical studies. It is evident that good
electrochemical responses are obtained for materials
pyrolyzed at temperatures above 800 °C, although
the best properties seem to occur at pyrolysis tem-
peratures above 1000 °C. Voltammetric measure-
ments show that the electron-transfer kinetics mea-
sured for Fe(CN)s®#~ and Ru(NH3)s**?* are compar-
able to those determined for other carbon films and
glassy carbon.?®* One interesting difference with
glassy carbon is that it is possible to prepare pyro-
lyzed carbon electrodes with lower oxygen content.
The low oxygen content in the carbon film and its
smooth surface are believed to be responsible for low
capacitance (8 uF/cm?), a feature that may be impor-
tant for analytical applications.

Although these first studies were directed at 2-D
interdigitated electrodes (L/d < 1) whose structures
are not very useful for the proposed 3-D designs, it
is apparent, nonetheless, that this microfabrication
approach can be adapted for 3-D array electrodes.
The recent work reported by Madou and colleagues
demonstrated the types of electrode arrays that
constitute the key design element for the interdigi-
tated 3-D battery.’” By using a process similar to
their initial work,?%* but with a negative photoresist,
carbon arrays with much higher L/d ratios were
prepared, as shown in Figure 22,

The results by Madou et al. are especially signifi-
cant, as they clearly demonstrate the ability to
fabricate array electrodes with aspect ratios that are
on the order of 20:1. At these aspect ratios, the
analytical models indicate that the capacity of 3-D
batteries exceeds that of 2-D geometries. Two key
guestions remain to be answered for C-MEMS: are
these electrodes electrochemically reversible to lithium,
and what is the resistance of rods with such high
aspect ratios?
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This first question concerning electrochemical prop-
erties has been answered in a series of half-cell
experiments using the C-MEMS array as the working
electrode and lithium as both the counter and refer-
ence electrode.?®® In these experiments, reversible
intercalation of lithium was demonstrated with C-
MEMS array electrodes with an aspect ratio as high
as 6:1. Voltammetric sweeps indicate that the elec-
trochemical behavior is similar to that of coke elec-
trodes as most of the lithium intercalation occurs
below 0.5 V, with a broad deintercalation peak at
0.3 V. Galvanostatic measurements on the C-MEMS
arrays show a large irreversible capacity loss on first
discharge followed by good cycling properties, which
is also consistent with the behavior of coke electrodes.
The lithium capacity normalized to the footprint area
of the electrode array is 0.125 mA h cm~2. This value
is nearly twice that of an unpatterned pyrolyzed film
of SU-8 photoresist.?*® The reason for the higher
capacity is due to the greater active volume, contrib-
uted by the carbon posts, over the footprint area.
Gravimetrically, these lithium capacities are within
the range of values reported for coke electrodes.
However, as discussed in the Introduction, the more
relevant parameter to use in characterizing array
electrodes is the lithium capacity per unit area of the
array footprint.

The second key question—the resistance of carbon
rods with high aspect ratios—is just beginning to be
addressed. The first measurements made on indi-
vidual pyrolyzed carbon rods with L/d = 6 and a
diameter of ~25 um indicated resistance values on
the order of 90—100 ohms. These measured values
are reasonably consistent with calculated resistances
based on the resistivity values reported for pyrolyzed
photoresist. Future work that combines experiments
with simulations will be able to establish how lithium
capacity varies with aspect ratio.

Long et al.

(iv)

4

Figure 23. Processing flow for 3-D electrode array fabrication using silicon micromachining with colloidal filling of the
electrode material. The six steps are identified as the following: (i) patterned photoresist (PR) on silicon substrate, (ii) PR
removal after DRIE micromachining, (iii) insulate silicon mold by oxidation, (iv) colloidal electrode filling material centrifuged
into the mold, (v) silver epoxy added to provide mechanical stability and electrical contact, (vi) the electrode flipped over
and released from the mold by immersion in a TEAOH solution.

6.1.2. Micromachining of Silicon Molds

A second approach for fabricating electrode arrays
has involved micromachining of silicon molds,?”
which are filled with electrode material by colloidal
processing methods. In contrast to C-MEMS, this
fabrication approach is suitable for both anodes and
cathodes, as one merely alters the composition of the
powders. The process flow for electrode array fabrica-
tion is depicted in Figure 23.

The silicon molds are prepared using photolithog-
raphy and deep-reactive ion etching (DRIE). A 12-
um layer of photoresist is spin-coated onto a silicon
wafer and patterned with an array of circles, ranging
from 30—120 um in diameter, 50 um apart. The UV-
exposed sections are dissolved away with developer
and 40—120-um-deep holes in the exposed areas of
silicon are created by DRIE. From these dimensions,
it was possible to explore the fabrication of electrode
arrays of different L/d ratios. The mold is cleaned in
a Piranha bath (H,SO4/H,0, solution) and a 1 um
thick thermal oxide is grown on the silicon using wet
oxidation at 1100 °C. The presence of the oxide layer
helps in releasing the infiltrated electrode array.

The second step involves filling the silicon mold
with the electrode powders. Several different active
electrode powders were investigated including LiCoOs,,
carbon black, single-wall carbon nanotubes (SWNT),
and vanadium oxide nanorolls (VONR). The active
material is mixed with a binder (polyvinylidene
fluoride, PVdF) in order to keep the array intact. The
addition of binder is a standard procedure in the
fabrication of battery electrodes, as is the addition
of carbon black to improve the electronic conductivity
of cathodes.! The silicon mold was placed in a vial
containing a suspension of the electrode powders in
ethylene glycol and then centrifuged, during which
time the powders filled the silicon mold. The mold
was removed from the vial and heated to 200 °C to
evaporate the ethylene glycol and melt the PVdF,
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Figure 24. Electrode array prepared by the powder
processing method shown in Figure 23. The electrode array
structure is intact, although the individual rods contain
defects.

thus binding the active electrode powders. Silver
epoxy was spread over the back of the mold to
maintain the mechanical integrity of the array as
well as to provide electrical contact.

The final step in the process is to remove the
electrode array from the silicon mold. This releasing
function is accomplished by immersing the filled mold
in an aqueous solution of tetraethylammonium hy-
droxide (TEAOH) heated to 80 °C. As the TEAOH
begins to dissolve the silicon, the electrode array
separates from the mold, usually as an intact piece.
An SEM image of an array of vanadium oxide
nanorolls is shown in Figure 24. It is evident from
this photomicrograph that the fabrication process is
far from perfect. The individual rods have defects
including pores and cracks, and the arrays occasion-
ally have missing rods.

The electrochemical properties of the microma-
chined electrode arrays have been determined for
several of the electrode materials. In these half-cell
experiments, the electrode array served as the work-
ing electrode and lithium as the counter and refer-
ence electrodes. The first experiments were carried
out on carbon arrays composed of powders of Ketjen
Black. Reversible intercalation and deintercalation
of lithium were obtained, and reversible capacities
in the range of 0.4—0.5 mA h cm~2 were reported.?%’

Recent results with vanadium oxide nanorolls
indicate that array electrodes prepared with these
materials exhibit reversible intercalation of lithium
and behave in much the same fashion as conventional
VONR electrodes. Discharge curves for the first three
cycles of a VONR array for L/d = 3 and a footprint
area of 10 mm? are shown in Figure 25. The plateaus
observed in these experiments are consistent with the
results we obtained for well-ordered VONR pow-
ders.?%8 Figure 25 shows that the arrays exhibit good
cycling properties and the lithium capacity normal-
ized to the footprint area is ~1.5 mA h cm~2. This
electrode-area-normalized capacity is about 10 times
higher than the value reported for thin-film cath-
odes.’® Once again the higher capacity for the foot-
print area is due to the greater volume contributed
by the VONR posts.
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Figure 25. Discharge curves for the first three cycles for
an electrode array composed of vanadium oxide nanorolls

(see Figure 24). The current was 20 «A and the footprint
for the electrode array was 10 mm2,

The micromachining of silicon molds is one key
factor that determines the dimensions of the elec-
trode array and, therefore, the energy of the 3-D
battery. The use of electrochemical etching in HF to
fabricate high-aspect-ratio trenches in silicon was
introduced in 1990.%%° Several groups have applied
this technique in the fabrication of microstructures.?®
Recently, Chamran et al. reported the use of this
technique for 3-D microbattery fabricatrion.?6* The
process flow is shown in Figure 26a. High intensity
from the illumination source ensures that the elec-
tronic hole concentration is sufficiently high to sus-
tain the etching process. The locations of the etched
holes are determined by the initiation tips litho-
graphically formed on top of the wafer before the
photoelectrochemical etching starts. The narrow
dimension concentrates the local electric field and
ensures that etching occurs primarily at the tip. The
resulting mold has etched holes with L/d ratios >10.
The importance of high, localized fields for electro-
chemical micromachining has also been exploited to
create precision features below 100 nm by using a
sequence of 500-ps pulses.??

Calculations indicate that 3-D batteries con-
structed from electrode arrays with the dimensions
shown in Figure 26b will be capable of providing over
2 mW h in a 5-mm?3 package, an appropriate size and
energy for powering MEMS devices. The holes are 5
um in diameter by 100-um-long and the center-to-
center distance between holes is 10 um. For such
dimensions, it is not known whether the colloidal
processing approach described above will be effective,
and it may be necessary to develop alternative
powder-filling methods.

6.2. 3-D Fabrication Based on 2-D Structures:
Origami

Another approach to forming 3-D electrode struc-
tures is based on various folding strategies. This
“origami” approach was first reported for electronic
and optoelectronic systems, as there is great interest
in developing three-dimensional electronic networks
and microelectronic devices. The folding of both
planar?3 and linear?® structures into 3-D configura-
tions has been demonstrated; the adaptation of this
work to electrochemical devices is just starting. Shao-
Horn et al. reported on the assembly of 3-D electro-
chemical structures using patterned 2-D electrode
sheets.*® The electrodes were designed to fold at
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Figure 26. (a) Process flow for the fabrication of high-
aspect-ratio holes in silicon as based on photoassisted
etching: (i) thermal oxide is grown on n-Si and patterned;
(if) KOH etching through the holes; (iii) removal of oxide;
and (iv) photoassisted anodic etching of silicon in HF. (b)
Cross-section of silicon etched by the photoassisted process
yielding an array of holes of 5-um diameter by ~100-um-
long; the center-to-center distance between holes is 10 um.

specific creases based on the application of Lorentz
forces. The 3-D structure is then assembled by the
sequential folding of the 2-D electrode sheets. This
work is clearly at its inception, as current efforts have
only been able to achieve limited folding. Efforts are
underway to demonstrate a 3-D capacitor structure.

The attractive feature of the origami approach is
the prospect of using readily manufacturable 2-D
patterning to form the electrochemical components.
By proper folding, these 2-D components are then
assembled into 3-D structures. The difficulty to date
seems to be in the actual folding process. A significant
difference between the 3-D electronic structures and
the electrochemical structures is that the former rely
on capillary forces from molten solder to achieve
folding. As the liquid solder tries to minimize surface
area, it self-assembles the 1-D or 2-D precursors into
a 3-D structure. Upon cooling, the solder serves to
provide both electrical connection and mechanical
stability to the 3-D electronic network. The solder
approach is not viable for electrochemical devices,

Long et al.

because the anode and cathode must be electrically
isolated. Nonetheless, the use of capillary force to
cause folding is attractive, and it would seem that
there is an opportunity to use other materials with
more compatible electrical properties. Much of the
work done with conducting polymers that serve as
actuators under various applied forces may also be
adaptable to the origami effort.26®

7. Advances toward Integration of Active
Components into a 3-D Battery

7.1. Present Status

The construction of an operational, fully 3-D bat-
tery has yet to be achieved. However, as the previous
sections have shown, on an individual basis, most of
the active components for the 3-D designs presented
in Figure 2 have been demonstrated successfully.
Both anode and cathode array electrodes, the design
elements that form the basis of the interdigitated
battery (Figure 2a), have been fabricated and their
electrochemical properties determined. The next key
step is to carefully align these arrays so that inter-
digitation is achieved. The concentric tubule ap-
proach is also well along as carbon honeycomb
electrode structures have recently been prepared.®”
These structures represent the continuous electrode
phase (Figure 2c) and can serve as the porous
membrane template, instead of alumina, for growing
electrode materials.” One critical feature that needs
to be resolved is the presence of an electrolyte that
separates the two electrodes.

Of all the battery designs, it is the continuous
sponge that is furthest along toward integrating
components into a 3-D architecture (Figure 2d). This
approach involves the design and fabrication of a
three-dimensional network from the appropriate
nanoscale building blocks, including the use of “noth-
ing” (void space) and deliberate disorder as design
components. A recent accomplishment in this area
has been the electrodeposition of a conformal elec-
trolyte layer on an aerogel substrate: complete
integration of the electrode and electrolyte in a
random 3-D network. The last step in the fabrication
of this 3-D battery is to integrate an interpenetrating
anode.

The importance of developing pinhole-free, electro-
lyte films of nanometer thickness is potentially useful
for all 3-D battery designs. For this reason, most of
this section reviews the synthesis and characteriza-
tion of this ultrathin polymer electrolyte with an
emphasis on topics such as leakage currents and
dielectric strength, which become critically important
at the nanoscale. A few comments concerning the
packaging of 3-D batteries are made at the end.

7.2. Electrodeposition of Dielectrics
and Cation-Conductive Electrolytes

—Separators

One of the key steps en route to a 3-D nanoscopic
battery requires fabricating an ultrathin film of a
polymer separator/electrolyte over chemically stable,
physically rugged, cation-insertion oxide scaffolds,
such as supported films of MnOx ambigels.?° In
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keeping with our architectural metaphor, the fabri-
cation protocol should be capable of painting the
polymer as a conformal, ultrathin coating onto the
walls of the battery building without protruding
deeply into the rooms (and clogging the continuous
porous network). The experiments underway create
ultrathin, electronically insulating, cation-permeable
films on charge-insertion oxide nanoarchitectures via
electropolymerization of aryl monomers. The advan-
tages of electropolymerizing aryl monomers include
the ability to self-limit the growth of the electrogen-
erated polymer, usually by depositing from neutral
or basic electrolytes, to yield thin (usually ~10 nm
thick), poorly electron-conductive polymer layers that
conformally coat all electrifiable surface area. Espe-
cially appealing in the design of interpenetrating 3-D
batteries, electropolymerization provides a fabrica-
tion protocol that should be feasible within nanoar-
chitectures (unlike line-of-sight chemical vapor depo-
sition approaches) and should ensure intimate contact
at the electrode—polymer—electrolyte interface.

Such conformal, ultrathin polymer separators must
satisfy a range of physical and chemical requirements
in order to perform at the level necessary for charge
insertion on the nanometer scale. These attributes
include (i) highly electronically insulating, preferably
>10715 S cm™1; (ii) pinhole-free to prevent electronic
shorts between the charge-insertion cathode and the
anode; (iii) ionically conducting to the charge-inser-
tion ion (which in some designs may be a cation other
than Lit), preferably without the need for solvent or
plasticizing molecules dissolved or partitioned into
the polymer film; (iv) chemically nondegradable and
electrochemically stable against Li metal, i.e., over
a 3—4 V (vs Li) range; (v) forms a stable interface
with metallic lithium, preferably without forming a
highly resistive solid-electrolyte interphase layer; and
(vi) exhibits a high dielectric strength, preferably
>108V cm™1,

The use of nanoscale (5—30-nm-thick) solid poly-
mer electrolytes should significantly improve rate
capabilities for batteries and other solid-state ionic
devices and represents a considerable improvement
over current micrometer-thick solid electrolytes used
in thin-film batteries.'®2%¢ The electro-oxidation of
o-phenylenediamine in aqueous pH 9 electrolyte onto
manganese oxide (MnO,) ambigels produces a con-
formal polymer film that retains the mesoporosity of
the original oxide and is so defect-free over the >200
m?/g nanoscopic MnO; network that it prevents
reductive dissolution of the MnO, nanoarchitecture
upon immersion in aqueous acid.?° Beyond serving
as a protective coating, the poly(o-phenylenediamine)
acts as a selective ion-transport membrane, where
proton transport from the external electrolyte through
the polymer coating is determined by the electro-
chemical state of the polymer, a phenomenon known
as “electrochemical ion gating”.2”

7.3. Hybrid Polymer —Aerogel Nanoarchitectures
as Electrochemical Capacitors

The recognition that self-limited arylamine-based
polymers could be electrochemically activated in
aqueous acids has led to a new class of 3-D hybrid
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Hg or Galn

Polymer
«—
L <— ITO or Au
+)

Figure 27. Schematic for solid-state electrical measure-
ments with ultrathin polymer separators electrodeposited
onto planar indium—tin oxide (ITO) or Au substrates. The
top electrode makes a soft contact with the polymer by slow
evaporation of Au or direct contact with a liquid metal
(either Hg or Galn eutectic) using a micrometer-controlled
syringe to control the approach to contact. Measurements
are made in an argon-filled glovebox to minimize effects of
(o)) and H,0.

electrode structures. As mentioned previously, carbon
aerogels are attractive electrode structures for elec-
trochemical capacitors, because their open pore struc-
tures, high surface areas, and high electronic con-
ductivities facilitate rapid charge—discharge reactions.
However, carbon aerogels ultimately have very lim-
ited energy densities as electrochemical capacitors,
since energy storage occurs primarily by the double-
layer capacitance mechanism. This limitation has
been addressed recently at the Naval Research
Laboratory by the application of conformal, ultrathin
poly(o-methoxyaniline) (POMA) coatings to conven-
tional carbon aerogel electrodes. Preliminary experi-
ments indicate that the addition of the pseudocapac-
itance of the POMA coatings increases the volumetric
capacitance of the hybrid electrode structure by
>200%, even at high rates of charge—discharge.?

7.4. Solid-State Electrical Characterization of
Conformal, Ultrathin Polymer Dielectrics

Although the literature on electrodeposited elec-
troactive and passivating polymers is vast, surpris-
ingly few studies exist on the solid-state electrical
properties of such films, with a focus on systems
derived from phenolic monomers,?%826° and appar-
ently none exist on the use of such films as solid
polymer electrolytes. To characterize the nature of
ultrathin electrodeposited polymers as dielectrics and
electrolytes, solid-state electrical measurements are
made by electrodeposition of poly(phenylene oxide)
and related polymers onto planar ITO or Au sub-
strates and then using a two-electrode configuration
with a soft ohmic contact as the top electrode (see
Figure 27).23 Both dc and ac measurements are taken
to determine the electrical and ionic conductivities
and the breakdown voltage of the film.

The electronic insulation of these electrodeposited
polymer layers must hold to a two-terminal voltage
of 4 V if lithium (or lithium ion) anodes are to be used
in the 3-D nanobattery. Because the polymers must
also be thin, high dielectric strengths are critical. As
seen in Table 2, diminishing the thickness of the
dielectric to the nanoscale exacts a higher standard
in terms of the quality of the dielectric. For example,
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Table 2. Required Dielectric Strengths for
Nanometer-Thick Dielectrics

field across dielectric at

dielectric thickness/nm 3 V/(MV cm™)

5 6
10 3
20 15
50 0.6

601 ITO||PPO||GaIn
50{ d(AFM) = 32 nm
40 A

30 A

Current / pA

20 péversible leakage

current

0 1 2 3 5 6
Potential / V (ITO pogf biased)
2.0

Current / nA

0.8

0.4 A

0.0 T T T
0 1 2 3 4
Potential / V (ITO pos. biased)

Figure 28. Solid-state dc electrical measurements of
polyphenylene oxide in an ITO||PPO||Galn sandwich. The
thickness of the polymer was measured by tapping-mode
atomic force microscopy. (Reprinted with permission from
ref 23. Copyright 2004 American Chemical Society.)

placing 3 V across a 10 nm thick dielectric requires
a material with a dielectric strength of 3 x 108 V
cm~*. Dielectrics do exist with that degree of field
strength, e.g., quartz at 7 x 108 V. cm~1270 as well as
polymers, e.g., poly(2,6-dimethylphenylene oxide)
(PDPO) at 2.3 x 10° V cm 1271

With an ITOJ||PPO||Galn sandwich and the two-
electrode configuration shown in Figure 27, a dielec-
tric strength of >1.4 x 10%V cm™ is obtained for 32-
nm-thick electrodeposited poly(phenylene oxide).?®
This value agrees with an estimated dielectric strength
derived from previously reported current—voltage
electrical data on 180-nm-thick poly(phenylene ox-
ide).?%® At voltages <4.5 V dc, the ohmic response in
Figure 28 is stable; at applied voltages > 4.5 V dc,
the current increases 4 orders of magnitude, from a
few nanoamperes to tens of microamperes. Thus, 4.5
V dc is used to calculate an apparent dielectric
strength.

The 10 000-fold increased currents at >4.5 V dc are
not due to irreversible breakdown of the polymer
dielectric, however, because an ohmic response is
again obtained when Vqap, < 4.5 V dc.2® It appears
that a reversible ion or atom migration, derived from
the soft contact electrode, may be occurring. This
possibility has recently been invoked to explain
phenomena reported for certain molecular electronics

Long et al.
o anode
i electrolyte e } d = 5-50nm
“— cathode v

Figure 29. Schematic of the 1-D transport between an
anode and cathode separated by an ultrathin, conformal
polymer electrolyte.

Table 3. Self-Discharge Times for a 3-D Nanobattery
as a Function of Electrolyte Thickness and Electrical
Conductivity

Oelec!S cM™2 thickness, d/nm discharge time/h?
107° 5 10°°
10716 5 10?
10716 50 108

a2 The calculation assumes a cathode structure with 50 ug
of MnO,, 100 cm? of real electrode surface area, an electrode
capacity of 120 mA h g%, and a 3 V operating voltage. Leakage
current is calculated from the equation, lieak = VoeecA/d, where
V is the voltage and A is the electrode area. Discharge time is
calculated by dividing capacity by the leakage current.

junctions formed at monomolecular layers between
Au contacts.?"

lons can be introduced into these conformal, ul-
trathin polymers by exposure to nonaqueous electro-
lytes. Electrochemical cycling of the MnO,||PPO
hybrid in 1 M LiCIO4/CH3;CN shows that Li ions are
transported through the ~30-nm-thick polymer film
to the underlying metal oxide.?? Spectroelectrochemi-
cal measurements verify that the polymer-encapsu-
lated mesoporous MnO, nanoarchitecture undergoes
the normal cation-insertion reactions with Li ions
from the external electrolyte; the charge under the
voltammetric curves is comparable with and without
the polymer.

7.5. Ultrathin Polymer Electrolyte —Leakage
Currents

As discussed in section 2.5, one must be cognizant
of the thickness of the dielectric/electrolyte that is
sandwiched by the 3-D interpenetrating anode and
cathode. Even with highly electronically insulating
polymers, nanoscale distances that surpass those
necessary to sustain quantum tunneling can lead to
leakage currents, arising from small electrical con-
ductivities at such short transport path lengths. For
the 1-D transport characteristic of the aperiodic 3-D
nanoarchitecture, as shown schematically in Figure
29, and with a dielectric thickness that falls below
0.1 um, self-discharge can render 3-D nanobatteries
useless, as shown in Table 3. The importance of
negligible electronic conductivity for the dielectric
cannot be overemphasized when the length scales are
nanoscopic.

7.6. Last Step: Add an Interpenetrating Anode

Two-thirds of the assembly necessary to form the
sponge architecture for a 3-D battery have now been
demonstrated. By having a suitable pinhole-free,
thin-to-ultrathin polymer barrier formed over the
“walls” of the battery architecture, the remaining free
volume can be filled with a counter electrode, as
described above and depicted schematically in Figure
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2d. The resulting architecture will be a solid-state,
fully integrated 3-D battery. The use of mesoporous,
high surface area aerogels and ambigels as sub-
strates maximizes the interface between the cathode
and anode, while the electrodeposited polymer mini-
mizes the separation between the cathode and anode.
In contrast to other 3-D designs, this nanostructure
collapses to a uniform 2-D current density distribu-
tion and more effectively utilizes available volume.

7.7. Packaging of 3-D Batteries

A key issue that must be addressed in order for
3-D batteries to become viable for small power
applications is packaging. The need to protect the
battery in a volumetrically efficient package design
without affecting battery materials or chemistry is
a significant challenge. As discussed throughout this
paper, MEMS devices represent an appropriate ap-
plication where 3-D batteries could be well-utilized,
and the prospect of developing a conveniently pack-
aged power source, especially one attached to the
backside of the device so that the real estate available
for the micromachine is not reduced (see Figure 1),
would be an attractive direction. It would seem,
therefore, that packaging approaches for 3-D batter-
ies should be those that lead to independently pack-
aged components that can be readily integrated into
portable power applications.

The packaging of 3-D batteries is likely to extend
beyond those designs developed for lithium polymer
and thin-film batteries. The packaging protocols
developed for integrated circuit technologies appear
to be extremely useful, since many of the objectives
of IC packaging are identical to those of batteries.?5!
Two approaches which are particularly attractive are
the methods developed for single chip packages: chip
carriers (ceramic or polymer) and TO (transistor
outline) headers. Both approaches lead to hermetic
sealing and conveniently interface the component to
the “outside world”. One advantage with batteries is
that the wire bonding requirements for attaching
leads is much less demanding than that of integrated
circuits. The extensive experience with these ap-
proaches and the wide variety of packaging materials
available ensure that the vital issue of process
compatibility with battery chemistry and materials
can be addressed successfully. The resulting pack-
aged device, a “battery chip” designed to provide
milliwatt-hour energies in cubic millimeter packages,
could be readily integrated on microdevices for por-
table power.

8. Conclusions

One of the lessons learned in the 1990s was that
the enormous need for high-performance portable
power is not diminishing. Consumer electronics
continues to be a vibrant, worldwide market force,
leading to ever-increasing demands for portable
power. The inability of lithium ion batteries to fully
satisfy consumer electronics has been one of the
principal motivations for the dramatic rise in fuel-
cell research and development. As the dimensions of
devices continue to shrink, the question arises as to
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how power sources of comparable scale will be
fabricated. The 2-D configurations of traditional
batteries may not be effective here, despite their high
energy density. Instead, energy conversion and har-
vesting approaches may be more suitable for power-
ing microdevices, simply because of the ability to
provide on-board power. These directions are being
actively investigated.

Three-dimensional batteries offer a different ap-
proach to the portable power field. In this paper we
have presented 3-D designs that emphasize power
sources with small areal footprints but do not com-
promise power and energy density. While this ap-
proach may not help solve the power needs for cell
phones and laptop computers, it will have a signifi-
cant impact on current and future generations of
microdevices. In particular, distributed sensor net-
works and wireless communication systems are
representative areas where 3-D batteries would be
welcomed enthusiastically because the power sup-
plies currently in use are many times the size of the
device.

This paper has established some of the design rules
for 3-D batteries and the accompanying materials
and fabrication strategies. The battery materials field
is already beginning to explore 3-D concepts. Hier-
archical designs based on nanostructured materials,
including the deliberate management of void space,
have been organized into larger macroscopic struc-
tures and the first results are impressive, with larger
gravimetric capacities for lithium and higher dis-
charge rates. It is because of this activity in materials
that most of the necessary components for 3-D
batteries are already in hand and the demonstration
of the first operational 3-D batteries is imminent.
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