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capacitors are frequently overlooked as an energy
storage technology, however, despite the fact that
these devices provide greater power, much faster response times, and longer cycle life than batteries. Their limitation is that the
energy density of ECs is significantly lower than that of batteries, and this has limited their potential applications.

This Account reviews our recent work on improving pseudocapacitive energy storage performance by tailoring the electrode
architecture. We report our studies of mesoporous transition metal oxide architectures that store charge through surface or near-
surface redox reactions, a phenomenon termed pseudocapacitance. The faradaic nature of pseudocapacitance leads to significant
increases in energy density and thus represents an exciting future direction for ECs. We show that both the choice of material and
electrode architecture is important for producing the ideal pseudocapacitor device.

Here we first briefly review the current state of electrode architectures for pseudocapacitors, from slurry electrodes to carbon/
metal oxide composites. We then describe the synthesis of mesoporous films made with amphiphilic diblock copolymer templating
agents, spedifically those optimized for pseudocapacitive charge storage. These include films synthesized from nanopartice
building blocks and films made from traditional battery materials. In the case of more traditional battery materials, we focus on
using flexible architectures to minimize the strain associated with lithium intercalation, that is, the accumulation of lithium ions or
atoms between the layers of cathode or anode materials that occurs as batteries charge and discharge. Electrochemical analysis of
these mesoporous films allows for a detailed understanding of the origin of charge storage by separating capacitive contributions
from traditional diffusion-controlled intercalation processes. We also discuss methods to separate the two contributions to
capacitance: double-layer capacitance and pseudocapacitance. Understanding these contributions should allow the selection of
materials with an optimized architecture that maximize the contribution from pseudocapacitance.

From our studies, we show that nanocrystal-based nanoporous materials offer an architecture optimized for high levels of
redox or surface pseudocapacitance. Interestingly, in some cases, materials engineered to minimize the strain associated with
lithium insertion can also show intercalation pseudocapacitance, which is a process where insertion processes become so
kinetically facile that they appear capaditive.

Finally, we conclude with a summary of simple design rules that should result in high-power, high-energy-density electrode
architectures. These design rules incdude assembling small, nanosized building blocks to maximize electrode surface area;
maintaining an interconnected, open mesoporosity to facilitate solvent diffusion; seeking flexibility in electrode structure to
facilitate volume expansion during lithium insertion; optimizing crystalline domain size and orientation; and creating effective
electron transport pathways.
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1. Introduction

The projected doubling of worldwide energy consumption
over the next 50 years presents one of the great scientific,
technological, and environmental challenges of our times.”'
This predicament has brought increased awareness of the
need for a sustainable energy future based on renewable
sources. In order to realize the large-scale solar or wind-
based electrical generation projects that will be critical to
meeting future energy demands, new electrical energy
storage (EES) systems must also be developed to supply
energy continuously.

The leading EES technologies today are batteries and
electrochemical capacitors (ECs). Both are electrochemical
systems and the power and energy relationship between
them is shown in a Ragone Plot (Figure 1a).% The success of
lithium-ion batteries in consumer electronics and the first
generation of plug-in hybrids has led to significant advances.
Nonetheless, it is evident that ECs possess a number of very
attractive properties that complement or exceed the cap-
abilities of batteries: fast charging within seconds, cycle life
in excess of 500 000 cycles, and the ability to deliver >10x
more power.? As a result, there are areas where ECs can find
unique applications. For example, the fast charging proper-
ties of ECs are needed for regenerative braking in light rail,
frequency regulation in smart grids, and they are well-suited
for storing the intermittent energy profiles of renewable
energy sources.® Limiting the widespread use of ECs is their
energy density: current commercial devices store less than

10 Wh-kg'," while state of the art asymmetric EC devices
achieve ~30 Wh-kg "4

Based on their energy storage mechanisms, ECs can be
divided into two categories (Figure 1b): electric double-layer
capacitors (EDLCs) and pseudocapacitors. EDLCs store
charge in a thin double-layer located at the interface
between the electrolyte and the electrode. This type of
capacitance (0) occurs on every electrode surface and is
dependent upon the surface area of the electrode:

s

€=

where ¢ is the relative permittivity, S is the surface area,
and d is the thickness of the double-layer. Since d is small
(just a few angstroms, depending on electrolyte ion and
solvent dimensions),” capacitances exhibited by EDLCs
are much higher than those of traditional dielectric
capacitors. Carbon-based materials are used as EDLC
electrodes because of their high surface area and electronic
conductivity, and capacitance values of 100—150F-g~ ' are
achieved in some materials.’ In an ideal capaditor, the
current is independent of potential and therefore a cyclic
voltammogram (CV) will exhibit rectangular (‘mirror’)
behavior. In an EDLC, the adsorption of ions on the surface
results in mostly rectangular CVs, although some potential
dependence can occur through overscreening and crowd-
ing at the double-layer.”
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FIGURE 1. (a) Power vs energy density graph (Ragone Plot) of energy storage devices (Adapted from ref 2. Copyright Nature 2008). (b) Mechanisms for

capacitive charge storage at an electrode surface.
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Pseudocapacitance is a faradaic process that involves
surface or near-surface redox reactions. The interest in
utilizing pseudocapacitance arises because the energy den-
sity associated with faradaic reactions is at least 10x greater
than that of double-layer processes: above 100 uF-cm~2 for
pseudocapacitance versus 10 uF-cm~2 for EDLCs.® Tradi-
tionally, most pseudocapacitive materials are transition
metal oxides, whose specific capacitance values exceed
1000 F-g~'. Pseudocapacitance often exhibits a depen-
dence on potential because it involves redox reactions,
which can lead to peaks in the CVs.

Over the past few years, we have used soft-templating of
transition metal oxides to create mesoporous films that pro-
vide a novel architecture for high-quality pseudocapacitor
materials.®~ '3 Our materials contain a number of features that
are beneficial for pseudocapacitive charge storage reac-
tions: high surface area, homogeneous porosity, nanosized
crystalline domains, and iso-orientation. The mesoporous
morphologies enable electrolyte access to the redox-active
walls and enhanced kinetics due to the relatively short
diffusion paths for electrons and ions. In this Account, we
describe the current understanding of surface redox reac-
tions for charge storage, how porous electrode architectures
have been used in ECs, analysis techniques to determine
surface charge storage, and how mesoporous electrode
architectures can enhance this behavior.

The origin of pseudocapacitance was described thor-
oughly by Conway.” In this description, pseudocapacitance
occurs whenever the amount of charge storage (Q) depends
on the change in potential (AV), giving the form of a
capacitance (Q/AV). Based on this theory, we identify three
faradaic charge storage processes that can occur when a
redox-active oxide is immersed in electrolyte. (1) lons inter-
calate into preferred crystallographic sites, often in materials
characterized by layered or tunnel structures. The intercala-
tion is accompanied by metal valence change to preserve
electrical neutrality. (2) lons are electrochemically adsorbed
onto the surface of the material. In this mechanism, referred
to as redox pseudocapacitance, adsorption is associated
with a change in the metal valence state. This process is
kinetically facile because of the short-range nature of ion
transport. (3) In our research, we have also observed meso-
porous oxides in which the intercalation is facile, giving rise
to a capacitive response. This third process is referred to as
intercalation pseudocapacitance.

Inintercalation pseudocapacitance, the material's behav-
jor is sometimes described as “transitional” between bat-
teries and ECs because while the ion insertion may be facile,
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bulk solid-state diffusion still leads to slow processes.’
Widely used intercalation materials such as LiCoO, show
charging time of over 1 h, which is substantially beneath the
EC power density regime. However, in nanostructured ma-
terials such as mesoporous films, diffusion distances are
drastically decreased from the bulk and intercalation can
kinetically behave in a more capacitive manner. In this class
of materials, the distinction between capacitive and diffusive
mechanisms is particularly important. We will elaborate
later on such analysis techniques.

2. Architectures for Fast Energy Storage

It is now well established that controlling the architecture of
electrode materials plays a pivotal role in enhancing the
performance of EES devices. As discussed above, the reac-
tions that govern charge storage in pseudocapacitive mate-
rials are dependent on a combination of fast electron- and
ion-transfer to the active sites. Consequently, there has been
a push to use nanostructured materials to create porosity
and increase surface area. The combination of high surface
area and nanoscale dimensions allows for short diffusion
lengths and easy access to surface redox sites. Porosity is
needed for solvent diffusion, and the pore size can have a
significant influence on the capacitance.® Small domain
sizes can also lead to suppression of phase transitions and
reduced intercalation stress.'*

2.1. Slurry-Cast Electrodes. The traditional method for
fabricating EC electrodes involves casting an electrode from
a slurry containing active material, conductive additive,
and binder. This approach enables electrodes to be made
from virtually any powdered material. Electrodes have
been produced from transition metal oxides in the form
of nanoplates, nanorods, and nanoparticles, as well as
powders of mesoporous materials.'> In many cases, these
mesoporous powders are made using hard templates such
as opals or surfactant-templated silica.'® The versatility of
hard-templating is demonstrated by the wide range of
materials that can be prepared including 5-MnO,, LigTisO1 5,
and LiCo0,."” The disadvantage is the multistep processing.

One of the principal disadvantages of slurry-cast electro-
des is that they tend to bury the surface of the active
material,'® limiting electrolyte access to surface-redox sites
and leading to poor rate capabilities. In addition, a significant
percentage of the electrode (>15 wt %) is made up of
inactive materials. Moreovet, slurry-electrodes may contain
large interparticle distances that lead to low active material
densities. It can also be difficult to deconvolute the
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electrochemical properties of the active material from the
electrochemical response of the electrode.

2.2. Nanomaterials on Conductive Scaffolds. There are
many examples of composites that utilize a nanostructured
version of a good electronic conductor that is coated with a
transition metal oxide. One example utilizes porous metal
foams coated with transition metal oxides.'® A more popu-
lar approach uses high surface area carbons as the scaffold,
including carbon nanotubes, graphene, or fibers.?° For most
of these composites, fast charge/discharge kinetics are ob-
served because a highly conductive network exists through-
out the electrode. However, both volumetricand gravimetric
capacitances are greatly decreased when the mass of the
inactive conductive scaffold is considered.?’

2.3. Thin-Film Electrodes. Another approach is to
deposit a thin-film of active material onto a conductive
substrate, such as a metal foil or tin-doped indium oxide
(ITO)-coated glass. Films can be deposited by a variety of
solution-phase methods including drop-casting, dipping,
and electrodeposition.?? Since no conductive additives or
binders are used, the electrochemical properties of thin-films
can generally be unequivocally assigned to the active ma-
terial, making these systems particularly useful for funda-
mental studies. Also, if the films are thin, the capacitance and
rate capabilities can be high as problems with electrical
conductivity are minimized. Of course, the drawback is that
the total energy storage of such electrodes is small.

Mesoporous architectures can be directly produced as
thin-film electrodes using soft-templating. Here, we focus
on materials made using amphiphilic templates, including
ionic and nonionic surfactants, small triblock copolymers
(specifically the pluronic family of polymers) and more
recently, a growing family of larger diblock copolymers
(DBCP) that readily form micelles in solution and self-organize
into hexagonal or cubic structures via an evaporation-in-
duced self-assembly (EISA) process.?>~2> Casting a solution
of template and inorganic precursor onto a substrate results
in an inorganic—organic composite. The template can be
subsequently removed to produce a mesoporous inorganic
material. While there are numerous reports of metal oxide
films produced using EISA methods, the challenge for elec-
trode materials is that crystalline oxides are generally
needed. When small surfactants or pluronics are used, the
materials are often amorphous because the pore walls
are too thin to crystallize without destroying the nanoscale
architecture. In the next section, we demonstrate that large
DBCP can circumvent this problem by producing thicker
pore walls that effectively allow for crystallization of virtually
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SCHEME 1. Evaporation-Induced Self-Assembly Process for Producing
Cubic Mesoporous Films?
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films, or pre-formed nanocrystals, leading to nanocrystal-based films.

any material. Such polymers also allow larger building
blocks, such as preformed nanoctrystals, to be organized into
porous networks.

3. Synthesis of Mesoporous Films

In order to examine applications of mesoporous films for
pseudocapacitive charge storage, we must first review syn-
thetic methods used to make these materials. The general
method is depicted in Scheme 1. In this process, inorganic
building blocks coassemble with an amphiphilic DBCP using
EISA. Sol—gel chemistries are well suited for such polymer-
templating techniques. In a typical synthesis, inorganic pre-
cursors, often metal alkoxides or metal salts, are dissolved in
polar media along with the DBCP to form the sol. Sols
generally contain some water plus a more volatile organic
solvent such as methanol. When the solution is cast onto
a substrate, either through dip-coating, spin-coating, or drop-
casting, the volatile solvent evaporates and the solution
becomes enriched in water, causing any free DBCP to form
micelles. The micelles then coassemble with the inorganic
precursors into cubic or hexagonal structures as the inor-
ganic precursors undergo hydrolysis and condensation
reactions.>>~2° The dry film can be thermally treated to
decompose the polymer template and further condense/
crystallize the inorganic framework, leaving behind the
desired mesoporous film.

Figure 2ab shows scanning electron microscope
(SEM) and transmission electron microscope (TEM) images
of a sol—gel derived nanoporous Nb,Os film that was
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FIGURE 2. Morphology of KLE-templated T-Nb,Os films with iso-oriented nanocrystalline pore walls. (a) Cross-sectional FESEM image of a razor-blade
cut in a film held at a tilt of 45°. A higher-magpnification image is shown in the inset of (a) confirming that the periodic structure observed on the
top-surface persists throughout the film. (b) Bright-field TEM image. (c) Electron diffraction pattern obtained from the same sample shown in (b). The
lattice-spacings correspond well with orthorhombic Nb,Os (T-phase). (Adapted from ref 12. Copyright 2010 American Chemical Society.)

Intensity (a.u.)

FIGURE 3. (a) 1D-WAXD data obtained on KLE-templated T-Nb,Os (A), L-Ta,Os (B), and TaNbOs (C) films. The stick pattern shows orthorhombic
T-Nb,Os according to JCPDS reference card #30-0873. A typical 2D-WAXD pattern for mesoporous T-Nb,Os is shown in the inset of (a). (b) 2D-SAXS
data obtained on cubic mesoporous Nb,Os collected at angles of incidence g = 10° and 90° (inset). () 2D-SAXS pattern of KLE22-templated
nanocrystal-based cubic mesoporous TiO; film acquired at an angle of incidence g = 7°. (b, ) Scattering vector, s, components are given in

1/nm. (Adapted from refs 9 and 12. Copyright 2009 and 2010 American Chemical Society.)

crystallized at 600 °C. The film is macroscopically homo-
geneous with a well-ordered cubic network of open pores
averaging 13—15 nm in diameter. The film was templated
with poly(ethylene-co-butylene)-b-poly(ethylene oxide), a
DBCP referred to as KLE. A unique property of these large
DBCPs, when compared to surfactants and pluronics, is their
ability to produce materials with thicker pore walls. During
heating of a film with thick walls, crystallization can nucleate
with a domain that has a critical size smaller than the pore
wall. Nucleation and grain-growth can then both occur
within the oxide wall, leading to a highly ordered mesopor-
ous, yet crystalline structure.

In agreement with these ideas, most crystalline,
polymer-templated mesoporous materials contain ran-
domly oriented domains with diameters similar to or slightly
larger than the average wall thickness. Nanoporous niobia,
however, shows unique crystallization behavior that may

positively influence its electrochemical performance. In
Figure 2¢, an electron diffraction pattern from a KLE-
templated Nb,Os film shows the presence of diffraction
spots indicating that the crystalline domains are oriented
relative to the substrate. The data specifically indicates
oriented crystal growth along the [0kO| direction of the
orthorhombic T-Nb>Os nanodomains. To further character-
ize the crystal structure of these materials, wide-angle X-ray
diffraction (WAXD) can be used. In Figure 3a, 1D-WAXD
taken on mesoporous T-Nb,Os, L-Ta,Os, and TaNbOs films
shows only one distinct peak, the (180) reflection, for all
three samples indicating an iso-oriented crystallographic
orientation with respect to the substrate. The inset shows a
2D-WAXD pattern which shows the other orthorhombic
T-Nb,Os peaks at off-normal angles. Similar oriented crystal
growth has also been achieved in polymer-templated
mesoporous a-MoOs, which crystallizes into a 2D layered
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FIGURE 4. (a) Low-maghnification top-view FESEM images of a KLE23-templated nanocrystal-based mesoporous TiO- film. The inset in (a) shows a
high-magnification top-view FESEM image; the porosity is bimodal with 1—4 and 20—25 nm diameter pores. (b—d) Toluene adsorption—desorption
isotherms for self-organized TiO, thin-films. (b) KLE22-templated sol—gel film, showing a standard isotherm for a sol—gel derived film with a
monomodal pore structure. () KLE23-templated nanocrystal film with bimodal porosity. (d) Untemplated nanocrystal film with sub-4 nm pores that
are formed by random nanocrystal aggregation. (Adapted from ref 9. Copyright 2009 American Chemical Society.)

structure with van der Waal gaps in between the stacked
layers (Figure 6a). The interlayer gaps in these systems can
be used for Li* intercalation. A more detailed discussion of
the role of these oriented structures in Li* intercalation is
given in section 5.

Another route to synthesizing crystalline, nanoporous
films is to use preformed nanocrystals as building blocks
(Scheme 1).%1327-29 Templated nanocrystal-based materi-
als show much higher surface areas than the sol—gel derived
systems discussed above, and are thus an ideal way to build
redox pseudocapacitance into a material. Figure 4a shows
an example of a nanocrystal-based mesoporous TiO- archi-
tecture. The high magnification SEM image (inset) shows
TiO, nanocrystals embedded in the pore walls. A detailed
pore analysis on the nanocrystal-based TiO, system was
obtained by toluene physisorption based on gravimetric
measurements with a quartz crystal microbalance device
or by ellipsometric porosimetry. Figure 4b—d shows typical
adsorption—desorption isotherms for (b) templated sol—gel
TiO,, (0 templated nanocrystal-based TiO», and (d) untem-
plated TiO, nanocrystals. The main point to draw from these
data is that the templated nanocrystal film exhibits a bimodal
porosity with larger mesopores, left behind by the template,
and smaller micropores, formed between the nanocrystals,
leading to a substantial increase in surface area which can in
turn produce an increase in pseudocapacitance.
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For mesoporous films, the nanoscale structure can be
examined by two-dimensional small-angle X-ray scattering
(2D-SAXS). Figure 3b shows 2D-SAXS data obtained on a
cubic mesoporous Nb,Os film heated to 600 °C, and
Figure 3c shows patterns for a hanocrystal-based TiO, film.
The Nb,Os film produces diffraction patterns with distinct in-
plane maxima indexed to a body centered cubic (bcc) pore
system with a (110) orientation relative to the plane of the
substrate and a lattice parameter of 33—35 nm. The TiO,
nanocrystal film, by contrast, produces a more diffuse ellip-
soidal ring which is characteristic of a more disordered pore
system with a characteristic length scale of 35 nm. Taken
together, these synthetic routes and characterization meth-
ods allow us to produce redox-active materials with a
diverse set of structures. Electrochemical analysis of these
materials (described below) then lets us develop general
design rules for fabricating polymer-templated mesoporous
metal oxide electrode materials.

4. Quantifying Capacitive Properties

We have investigated the electrochemical behavior of me-
soporous thin-films of TiO,, CeO,, MoOs, and Nb,Os in a
nonaqueous Li* electrolyte with several techniques that use
Kinetic behavior to distinguish between surface and bulk
charge storage. These materials can all intercalate Li*, and
therefore, careful analysis is needed to separate capacitive
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FIGURE5. (a) Typical CV responses of KLE-templated nanocrystal-based TiO films at various sweep rates. (b) Calculated b-values for a KLE-templated

nanocrystal-based TiO, film as a function of potential for the cathodic (Li*

insertion) and anodic sweep (Li* extraction). (c, d Comparison of

charging rates (c) and total stored charge at a sweep rate of 10 mV-s~"' (d) for various TiO films. A and C refer to KLE-templated and
untemplated nanocrystal films, while B refers to KLE-templated sol—gel films. (Adapted from ref 9. Copyright 2009 American Chemical Society.)

from diffusive contributions. Here, we describe three ways to
do that. First, the current at a particular potential is kinetically
separated into capacitive and diffusive contributions. Sec-
ond, double-layer capacitance is directly measured by per-
forming cyclic voltammetry in a bulky electrolyte. Finally,
electrochemical impedance spectroscopy (EIS) at different
potentials is used to analytically estimate pseudocapacitive
and double-layer contributions.

4.1. Differentiating between Capacitance and Diffusion
Currents. In a cydic voltammetry experiment, the current is a
function of the sweep rate and can generally be expressed as

i(v) = av?

wherejis the current, Vis the potential, vis the sweep rate of
the experiment (in mV-s~'), and a and b are adjustable
constants. For the analysis, we assume that currents aris-
ing from bulk intercalation processes follow semi-infinite

linear diffusion kinetics and therefore will vary as v'/2. In
contrast, currents resulting from surface charge storage
processes will have a capacitive response and vary
linearly with v. The b-value in the above equation is
therefore an estimate of the type of charge storage
occurring in the material: if b is 0.5, then the current is
diffusion-controlled; if b is 1, then the current is
capaditive.

For nanocrystal-templated mesoporous TiO,, CV curves
collected at scan rates from 10 to 0.5 mV-s~', and b-values
as a function of potential are shown in Figure 5a and b,
respectively. The b-value at the peak potentials of 1.75 and
1.95 V (cathodic and anodic sweeps, respectively), is ap-
proximately 0.5 while away from the peaks, the b-value
increases until it reaches ~1. This analysis demonstrates that
while the peak potential currents are primarily due to diffu-
sion processes, capacitive contribution dominates away
from the peaks.
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The current behavior can be described in a more precise
manner by separating the diffusion and capacitive contribu-
tions at a particular potential, as proposed by Liu et al.:>°

i(V) = kqv'/2 + kav

Solving for k; and k, gives the capacitive and diffusion
contributions to the current.

Figure 6b demonstrates this analysis applied to iso-
oriented mesoporous o-MoOs. The pseudocapacitive con-
tribution (shaded-region) is characterized by broad peaks
characteristic of surface-confined charge storage.'® Such a
response is unique to the mesoporous, iso-oriented archi-
tecture. From this curve, the charge storage due to capacitive
processes is estimated and the results are compared at
different sweep rates and charging times, as shown in
Figure 6¢ for MoOs.

4.2. Estimating Double-Layer Capacitance. Capacitive
charge storage consists of contributions from both pseudo-
capacitive and double-layer effects. One way to estimate the
amount of double-layer capacitance in a material that
exhibits pseudocapacitance is to perform cyclic voltamme-
try with a bulky cation electrolyte, such as tetrabutylammo-
nium (TBA™) perchlorate.'? Figure 7 demonstrates the CV
response of mesoporous T-Nb,Os in both Li* and TBA*
electrolytes. Clearly, in the bulkier electrolyte, the overall
charge storage is smaller. This result indicates that only
~10% of the charge storage in T-Nb,Os is due to double-
layer capacitance. The rest is due to faradaic redox
processes.

Another way to separate the double-layer and pseudo-
capacitance is to use analytical modeling based on EIS. An
example of this technique applied to mesoporous CeO is
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FIGURE7. CV(v=10mV-s ") of crystalline and amorphous mesoporous
T-Nb»Os in Li* and TBA* nonaqueous electrolytes. Here TBA™ is used
to estimate the double-layer capacitance. The results demonstrate the
small contribution of double-layer capacitance to the overall charge
storage (Adapted from ref 12. Copyright 2010 American Chemical
Society).

shown in Figure 8. A simple circuit is used to model the
response at different points during lithiation, as shown in
Figure 8a. Upon lithium insertion into the CeO, film, the
electronic conductivity increases and charge is accumulated
through capacitive processes. The double-layer capacitance
is independent of the potential, whereas the pseudocapaci-
tance does depend on the applied voltage (Figure 8¢). EIS can
thus be used to corroborate the role of pseudocapacitance in
charge storage of metal oxide films.

4.3. Cycle-Life. An important question that has yet to
be addressed with mesoporous materials is their lifetime
and cyclability. Lifetime behavior of pseudocapacitor
materials has received only limited study, but early results
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are promising. Asymmetric capacitors that incorporate one
pseudocapacitive electrode show stable device operation in
excess of 8000 cycles,* well beyond the performance of
batteries. We expect mesoporous materials to perform
similarly.

5. Design Rules for Pseudocapacitor
Electrodes

The advantage of working with thin-films is it allows us to
investigate the fundamental charge storage properties of
mesoporous materials. This, along with the work of others
on porous electrodes, has led to a better understanding of
what type of architectures can be used to optimize pseudo-
capacitive charge storage. The attributes required for an
effective pseudocapacitive architecture include high surface
area, interconnected porosity, mechanical flexibility, nano-
dimensionality, and effective electron transport. We illus-
trate these design principles through examples from our
work on mesoporous transition metal oxides.

5.1. Small Nanosized Building Units for High Surface
Area. Perhaps the most obvious requirement for pseudoca-
pacitive charge storage is to utilize a high surface area
material. An effective electrode architecture should main-
tain the high surface area of nanocrystals without burying
them in conductive additives or binders. Polymer-templated
nanocrystals with bimodal porosity (Figure 4) demonstrate
the dramatic effect of increased surface area on the charge
storage properties of anatase TiO,. Figure 5¢ and d com-
pares the charge storage behavior observed for (A) polymer-
templated nanocrystal films, (B) polymer-templated sol—gel
films, and (C) untemplated nanocrystal films. The pseudoca-
pacitive contribution to charge storage is nearly 65% of the
total stored charge for the templated nanocrystal film at
faster sweep rates. In addition, the data suggests the total
amount of stored charge and charging/discharging rates
improve significantly for the templated nanocrystals. These
results can be attributed to the bimodal porosity, with larger
mesopores that allow for electrolyte diffusion, and smaller
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micropores that expose many redox active sites on the
surface of the TiO5 to the electrolyte.

5.2. Mesoporosity to Facilitate Solvent Diffusion. The
work on templated porous TiO, films also underscores the
advantage of creating mesoporous architectures with three-
dimensionally interconnected porosity (Figure 5c). The sig-
nificance becomes apparent from the larger stored charge in
the templated nanocrystal film. The data suggest that the
electrochemical charge/discharge propetties are enhanced
by (1) minimizing the solid-state diffusion path lengths and
(2) facilitating ion/solvent transport to the active sites.

It can also be inferred from the data that in order to obtain
fast solvent transport pathways, a minimum pore size is
needed. This is evident by comparing the templated and
untemplated nanocrystal-based films. In the latter case, the
pore spaces between the nanocrystals (micropores) are too
small, hindering ion/solvent diffusion. The combination of
open mesopores with nanocrystal building blocks thus pro-
vides a general synthetic route for improving both the surface
area and the diffusion of electrolyte through the electrode.

5.3. Flexible Architectures to Facilitate Volume Expan-
sion. One unique aspect of mesoporous films is that the
ordered porosity, nanodimensions, and in some cases, iso-
orientation, allow the structure to be flexible. This feature
may be particularly beneficial for systems that exhibit inter-
calation pseudocapacitance. As ions incorporate into the
layers and tunnels of such materials, size constraints and
electrostatic repulsions result in lattice expansion. In bulk
materials, high-rates of lithiation produce uneven lithium
distribution in the material, leading to significant stress and
eventually fracture.' In EC applications, the charging rates
are much higher than in batteries; as the physical mechan-
ism of intercalation pseudocapacitance is similar to that of
lithium-ion batteries, the stresses can be very high. Despite
this fact, materials like mesoporous T-Nb,Os can be charged
and discharged reversibly within seconds.

The ordered porosity and nanodimensions of mesopor-
ous films can be modeled as a nanotruss architecture. The
effects of these nanotrusses were examined using 1D-SAXS
experiments, carried out on mesoporous crystalline CeO, to
see how the nanoscale repeat distance changes with cycling
(Figure 8d)."" These experiments demonstrated that after
fully lithiating the material for 2 h, the film expanded by
about 10% normal to the substrate, as measured by changes
in the pore-to-pore distance. The low angle diffraction peak
does not broaden upon Li* intercalation, indicating that the
framework can easily flex to accommodate the volume
expansion associated with insertion.
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In addition to the nanotruss architecture of all these
sol—gel mesoporous films, oc-MoO3 and T-Nb,Os preferen-
tially crystallize in an iso-oriented manner, with the pre-
ferred intercalation planes parallel to the substrate.'®'? The
advantage of iso-orientation in such layered and tunnel
materials is that expansion during lithiation is all normal to
the substrate, which can readily be relaxed by pore flexing.

5.4. Nanosized Domains. Thus far we have established
that as the dimensions of electroactive materials approach
the nanoscale, the total surface area and therefore the
availability of redox active sites in the material increases
substantially. We have also demonstrated how maintaining
an interconnected open mesoporous architecture leads to
facile diffusion of ions/electrolyte to the electrochemically
active sites. We now return to the concept of “iso-oriented”
crystalline domains. Figure 6c compares the capacitive
charge storage as a function of charging time for an iso-
oriented mesoporous a-MoOs film with a mesoporous
amorphous MoOs film.'® The crystalline film shows faster
charging and higher capacity than the amorphous film.
While surface-confined redox pseudocapacitance should
occur in both types of films, the capacitive contribution is
significantly higher for the crystalline film (almost 70%),
compared to the amorphous film (only 35%). Therefore, in
this system, it appears that intercalation pseudocapacitance
associated with the fast insertion of Li* into the van der Waal
gaps of the MoOs occurs on the same time scale as redox
pseudocapacitance. The unique combination of a high sur-
face area, open porosity, and the nearly perfect crystallo-
graphic alignment of the intercalation layers provide very
short diffusion path lengths that allow facile insertion into
layers without compromising kinetics. Similar intercalation
pseudocapacitance is observed in mesoporous Nb,Os.'?

6. Conclusions

The significance of the work reviewed here is to outline
systematic ways to improve the electrochemical properties
of capacitive storage devices through careful design of the
electrode architecture. Enhanced device performance is
realized through integration of one or more of the following
design rules into electrode architecture: assembling small
nanosized building blocks to increase surface area, main-
taining an interconnected open mesoporosity to facilitate
solvent diffusion, flexibility in the structure to facilitate
volume expansion during ion insertion, well-defined nano-
dimensional domains, possibly with oriented crystalline
layers to facilitate ion intercalation into the lattice, and
creation of effective electron transport pathways. The latter



is especially important because good electronic conductivity
is essential for creating thicker films that can store more
energy per area and volume. Several groups have already
demonstrated the significant benefits of combining pseudo-
capacitive materials with good electron conductors,?® but
these architectures usually contain a significant amount of
inactive material. The goal for the next generation of meso-
porous supercapacitors is to scale these optimized architec-
tures to bulk form. Through exploration of new electrode
architectures, the advancement of electrochemical capaci-
tors to the forefront of next-generation energy storage
devices can become a reality.
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