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n recent years, it has been shown that

thin films with well-ordered nanoscale

porosity can be readily formed by co-
assembly of inorganic oligomers with or-
ganic templates using evaporation-induced
self-assembly (EISA).' 3 Despite the fact
that a broad range of ordered porous mate-
rials can be made, the majority of the
polymer-templated materials do not allow
the inorganic walls to be crystallized while
retaining nanoscale order. For example, it
has been shown that, when mesostructured
thin films with 10—15 nm repeat distances
and 3—6 nm thick walls are produced, the
nanoscale structure is not well preserved af-
ter crystallization, and in most cases, the po-
rosity is ill-defined.** In this work, we show
that mesoporous materials can be pro-
duced that possess both fully crystalline
walls and well-ordered porosity by utilizing
a templated structure with larger repeat dis-
tance and thicker pore walls. Here, we uti-
lize a large poly(ethylene-co-butylene)-b-
poly(ethylene oxide) diblock copolymer
(also referred to as KLE), which allows the
formation of cubic architectures with
20—30 nm pore-to-pore distances and
10—15 nm thick walls.5~° These thicker
walls allow for the formation of stable crys-
tallites without the need to distort the pore
network to accommodate crystallization
and grain growth. This work focuses on ce-
ria (CeO,), a material that we show how to
synthesize with highly periodic nanoscale
porosity and fully crystalline walls. We use
this mesoporous CeO, as a model system
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ABSTRACT In this work, we report the synthesis and characterization of highly ordered mesoporous Ce0,
thin films with crystalline walls. While this article focuses on electrochemical studies of Ce0, with periodic
nanoscale porosity, we also examine the mechanical properties of these films and show how pore flexing can be
used to facilitate intercalation of lithium ions. Mesoporous samples were prepared by dip-coating using the large
diblock copolymer KLE as the organic template. We establish that the films have a mesoporous network with a
biaxially distorted cubic pore structure and are highly crystalline at the atomic scale when heated to temperatures
above 500 °C. Following a previously reported approach, we were able to use the voltammetric sweep rate
dependence to determine quantitatively the capacitive contribution to electrochemical charge storage. The net
result is that mesoporous Ce0, films exhibit reasonable levels of pseudocapacitive charge storage and much higher
capacities than samples prepared without any polymer template. Part of this increased capacity stems from the
fact that these films are able to expand normal to the substrate upon intercalation of lithium ions by flexing of the
nanoscale pores. This flexing relieves stress from volume expansion that normally inhibits charge storage. Overall,
the results described in this work provide fundamental insight into how nanoscale structure and mechanical
flexibility can be used to increase charge storage capacity in metal oxides.

KEYWORDS: mesoporous materials - ceria - CeO, - electrochemical charge
storage - supercapacitors - pore flexibility - block copolymer
templating - nanostructured materials

for studying charge storage in nanoscale
metal oxides.

Ceria is of potential interest for a wide
range of applications including catalysis,
oxygen gas sensing, and as the electrolyte
in solid oxide fuel cells.'°~'2 Ceria is also a
feasible material for charge storage because
of the ability of cerium to cycle between dif-
ferent redox states.'>'* Unlike many tradi-
tional battery materials, however, CeO,
does not have a layered or tunnel
structure.!>'® As a result, electrochemical re-
dox reaction rates in the bulk material are
quite slow, which limits its usefulness for
electrochemical charge storage devices.
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mesoporous CeO, films that had been calcined at 600 °C in air. (a)
Cross-sectional FESEM image. An electron diffraction pattern show-
ing sharp Debye—Scherrer rings characteristic of cubic cerianite is
given in the inset. (b) Tapping-mode AFM image of the hexagonal
top surface. (c) Low-magnification bright-field TEM image. (d) HRTEM
image from the same sample shown in (b,c). (e) High-magnification
bright-field TEM image of a 9 nm thick CeO, film with honeycomb
structure. A HRTEM image of a single cerianite grain is shown in the
inset.

Creating nanostructured versions of this material could
be a viable solution to this problem because of the abil-
ity to access both bulk and surface redox sites."” Electro-
chemical properties can potentially benefit from short
diffusion path lengths for ion transport and the in-
creased opportunity for surface faradaic reactions.'®'?
Ceria thus serves as a model system to examine how
nanoscale porosity can be used to increase charge stor-
age rates in materials that show very sluggish kinetics
in bulk form. Because of the exquisite nanometer-scale
periodicity of the materials discussed here, we are fur-
ther able to use small-angle X-ray scattering to analyze
how the mechanical properties of the porous frame-
work complement the high surface area and short dif-
fusion path lengths in facilitating charge storage.
Three different charge storage mechanisms are fea-
sible when a material is immersed in an electrolyte: (1)
cations can be stored in a thin double layer at the elec-
trode/electrolyte interface (nonfaradaic mechanism);
(2) cations can interact with the bulk of an electroac-
tive material which then undergoes a redox reaction or
phase change, as in conventional batteries (faradaic
mechanism); or (3) cations can electrochemically ad-
sorb onto the surface of a material through charge
transfer processes (faradaic mechanism). The latter
mechanism is a pseudocapacitive effect (often referred
to as redox pseudocapacitance) because the cations are
faradaically stored but do not react with the bulk of
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the material or require a phase change.?>2! Currently,
there is widespread interest in using pseudo-capacitor-
based materials for electrochemical capacitors because
the energy density associated with faradaic reactions is
substantially larger, by at least 1 order of magnitude
compared to electric double-layer capacitors. At the
same time, power densities can be much higher com-
pared to conventional batteries because phase transi-
tions and long-range solid-state diffusion of ions are not
required for charge storage.

In this work, we describe the preparation of mesopo-
rous sol—gel-type CeO; thin films and characterize their
electrochemical properties using solution-based volta-
mmetry experiments. Through these experiments, the
relationships among surface area, charge storage ca-
pacity, and charge/discharge rates are examined and
compared to nontemplated samples. Electrochemical
impedance spectroscopy measurements are used to
gain additional insight regarding double-layer and
pseudocapacitive contributions. Lastly, X-ray scattering
measurements are used to examine the mechanical
changes that result from the intercalation of lithium
ions into the cerianite lattice. By correlating mechani-
cal changes with redox activity, we are able to identify
some of the unique advantages of using porous archi-
tectures for electrochemical materials. As mentioned
above, bulk ceria does not show facile charge storage
characteristics, and precisely because of this, it is an ex-
cellent test bed for determining how nanoscale poros-
ity can be used to enhance charge storage efficiency in
nanostructured metal oxides.

RESULTS AND DISCUSSION

Nanoscale Structure. Mesoporous ceria films were syn-
thesized using a procedure adapted from that of
Smarsly et al.?? Briefly, an ethanolic solution containing
the ceria precursor and structure-directing agent is dip-
coated onto a polar substrate. On evaporation of the
solvent, the system co-assembles to form a mesostruc-
tured inorganic/organic composite. With thermal treat-
ment, this composite develops a unique pore-solid ar-
chitecture with fully crystalline walls as described
below.

Figure 1a presents a field emission scanning elec-
tron microscope (FESEM) image taken at a 45° tilt of a
cut in a KLE-templated CeO, film. This micrograph
shows a cubic architecture with 14 nm diameter pores
and emphasizes the homogeneity of the three-
dimensional interconnected structure. Moreover, it can
be observed that the films are crack-free, which sug-
gests that nanoscale ceria effectively withstands the
stress that develops over the course of thermal treat-
ment, especially that arising from crystallization of the
initially amorphous pore walls. The homogeneity of the
self-organized samples employed in this work is also
evident from atomic force microscopy (AFM, Figure 1b)
and transmission electron microscopy (TEM, Figure 1c).
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The tapping-mode AFM image in Figure 1b further
shows that the pores at the air—solid interface are open
and that the top surface is fairly flat; the root-mean-
square (rms) roughness is less than 2 nm. From high-
resolution TEM (HRTEM, Figure 1d) and electron diffrac-
tion (Figure 1a, inset), we are able to establish that the
sub-15 nm thick pore walls are highly crystalline with
randomly oriented cerianite grains. Physisorption data
obtained on samples that had been thermally treated at
550 °C provide a Brunauer—Emmett—Teller (BET) sur-
face area of approximately 150 m? g~' and a porosity of
30—35%.%

Figure 1e presents a high-magnification TEM image
of an ultrathin KLE-templated film with 16—18 nm di-
ameter pores arranged on a two-dimensional lattice.
The film thickness is only 9 nm. Interestingly, the pores
of such a monolayer sample are somewhat larger com-
pared to 13—14 nm diameter pores observed with
thicker films (>100 nm) produced under otherwise
identical conditions. Figure 1e further shows a high-
resolution TEM image of a single cerianite nanocrystal
of the same film, which underscores the high degree of
crystallinity.

These microscopy results are further supported by
two-dimensional small-angle X-ray scattering (2D-SAXS)
data. The patterns shown in Figure 2 were collected at
two different angles of incidence, B (defined as the
angle between the X-ray beam and the plane of the
substrate), on Beamline 1-4 at the Stanford Synchro-
tron Radiation Laboratory. For B < 15°, the self-
organized films (Figure 2a,b) produce distinct scatter-
ing maxima that can be indexed to a face-centered cu-
bic (fcc) pore structure with (111) orientation relative to
the plane of the substrate. Despite significant unidirec-
tional lattice contraction (>60% normal to the sub-
strate) upon calcination, both in-plane and off-specular
scattering maxima are still well-defined after treatment
of films at 800 °C. Second-order reflections can also be
observed, indicating both the high degree of pore or-
dering and the remarkable thermal stability of the cu-
bic architecture. 2D-SAXS patterns obtained at = 90°
(Figure 2¢, transmission mode) show strong maxima
with no indications of in-plane lattice contraction. The
presence of spots instead of rings suggests that these
films contain very large domains in the plane of the
substrate.®?? The full width at half-maximum (fwhm) in-
tensity of these scattering maxima is less than 20°, de-
spite the fact that the 30 wm silicon substrates used
were coated on both sides for experimental reasons,
and so the X-ray beam was actually going through two
separate films (one on each side of the substrate) with
uncorrelated domain orientations. Taking into account
the data obtained from electron microscopy, we postu-
late that the individual domains have a size of more
than 100 wm. The reason for the formation of such large
mesostructured domains is not fully understood at this
point.
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1300 °C

Figure 2. Temperature-dependent 2D-SAXS data for KLE-templated
CeO, films. The patterns were taken at angles of incidence B of 8° (a,b)
and 90° (c) and show the evolution of the biaxially distorted fcc meso-
pore structure as a function of annealing temperature. Scattering vec-
tor s components are given in units of 1/nm with s = 2/A sin 0 (A is the
wavelength and 0 the scattering angle).

800 °C

To track the nanocrystal growth in the pore walls,
synchrotron-based wide-angle X-ray scattering (WAXS)
measurements were conducted on the KLE-templated
samples. Figure 3 shows typical temperature-
dependent WAXS data from a 300 nm thick film. The
crystallization begins at around 300 °C, leading to rather
small crystallites with an average size of 2 nm. Identifi-
cation of the main peaks and relative intensities is
found to match the cubic cerianite phase according to
JCPDS reference card #34-0394 (CeO, has only one
polymorph, namely, the cubic fluorite-type structure).
The fact that the peak intensity increases slowly and the
fwhm intensity decreases with higher annealing tem-
peratures suggests gradual nanocrystal growth in the
pore walls. Scherrer analysis of the grain size indicates
a crystallite diameter of 12—13 nm at 800 °C. This size
corresponds well with the pore wall thickness obtained
from electron microscopy. Annealing temperatures of
more than 800 °C, however, lead to a rapid increase in
crystallite size accompanied by restructuring and loss of
nanoscale periodicity. We note that the initial domain
size of just 2 nm is quite small. If this value is assumed
to be the stable critical nucleation size, it helps explain
the excellent retention of nanometer-scale periodicity
observed for high-temperature calcination in Figures 1
and 2. Stable nuclei which are much smaller than the
pore walls should allow for uniform nucleation and
growth of the crystalline phase with retention of the pe-
riodicity. If larger nuclei are present at the onset of crys-
tallization, more restructuring of the pore system is
likely to occur. Consistent with this hypothesis is the

20 (degree) 35

Figure 3. In situ temperature-dependent WAXS data for cu-
bic mesoporous CeO,. The pattern shows the evolution of
the (111) and (200) peaks of cerianite with annealing
temperature.
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Figure 4. Gravimetrically normalized cyclic voltammetric re-

sponses for KLE-templated and nontemplated CeO, films at
a sweep rate of 20 mV/s.

Specific current (A/g)

fact that crystalline ceria/surfactant composites with
well-ordered nanoscale periodicity and wall thicknesses
of only a few nanometers have been reported in the lit-
erature.?*

Electrochemical Properties. To examine the redox pro-
cesses present in sol—gel-type CeO; thin films, solution-
based voltammetry experiments were performed. All
measurements described in the ensuing section were
conducted on samples that had been thermally treated
at 600 °C in air. Figure 4 shows typical cyclic voltammo-
grams (CVs) for both 90 nm thick KLE-templated films
and for 95 nm thick samples produced without any
polymer template. We will refer to these template-free
samples as nonporous because they lack large-scale
mesoporosity. As they were produced via sol—gel
methods, however, they likely contain some mi-
croporosity. The shape of the CV curves is similar to pre-
viously reported data for e-beam deposited films (ca-
thodic and anodic peaks at 1.3 and 2.0 V vs Li/Li*,
respectively).?>?% The KLE-templated samples, however,
show an additional cathodic shoulder peak at around
2.8V.

The area under the CV curves represents the total
amount of stored charge, which arises from both fara-
daic and nonfaradaic processes. Figure 4 clearly indi-
cates that the charge storage is strongly dependent
upon film morphology. At a sweep rate of 20 mV/s, the
volume normalized charge storage is calculated to be
65 mC/cm?/pm for mesoporous CeO, samples and only
41 mC/cm?/um for nontemplated ones. By compari-
son, previously reported e-beam deposited films, which
likely have very little internal porosity, displayed an
even lower value at the same sweep rate (Table 1)
Since these values are volume normalized, however,
and the density of the mesoporous ceria should be sig-
nificantly less than either the nontemplated sol—gel

TABLE 1. Amount of Charge Stored in the Various CeO,
Thin Film Materials at a Sweep Rate of 20 mV/s

sample stored charge (mC/cm?¥/p.m) xin Li,Ce0,
KLE-templated 65 0.24
nontemplated 41 0.10
e-beam deposited 19 0.046
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Figure 5. Charge storage dependence on sweep rate (a) and
comparison of charging rates (b) for KLE-templated and non-
templated CeO; films. (c) Charge storage capacity as a func-
tion of cycle number for mesoporous CeO, at a sweep rate of
5mV/s.

samples or e-beam derived dense films, these values
underestimate the improvements produced by nano-
scale porosity on a mass normalized basis.

As shown in Figure 5a, the total charge storage is
also observed to be strongly dependent upon sweep
rate. With decreasing sweep rate, the amount of charge
stored increases, which implies that full storage has
not been achieved because of kinetic limitations associ-
ated with the diffusion of Li* through the bulk of the
films. Regardless of the sweep rate, however, the mag-
nitude of total charge storage (gravimetrically normal-
ized) for mesoporous Ce0, is approximately 2.5 times
larger than that of the bulk films. For example, as shown
in Figure 5b, at a sweep rate of 0.5 mV/s (charging
time of 5400 s), the mole fraction of stored lithium is cal-
culated to be 0.35 (198 C/g) and 0.14 (83 C/g) for meso-
porous and nonporous materials, respectively. By com-
parison, after only 54 s of charging (sweep rate of 50
mV/s), the mesoporous and nonporous films have
stored 120 and 50 C/g, respectively. KLE-templated
CeO, samples also show very good cycling characteris-
tics with a capacity fade of only 14—15% after 50 cycles
(Figure 5¢).
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Taken together, the results demonstrate that the in-
troduction of 3-dimensional interconnected porosity
significantly enhances electrochemical charge storage
properties and leads to faster charge/discharge kinet-
ics. The combination of electrolyte access through the
mesoporous network and short diffusion path lengths
for both electronic and ion transport provides a benefi-
cial microstructure for Li* insertion/extraction and the
accompanying redox reactions.!”

The total charge stored can be separated into three
components: the faradaic contribution from Li* interca-
lation, the faradaic contribution from charge transfer
processes with atoms located at the surface, referred
to as pseudocapacitance, and the nonfaradaic contribu-
tion from the double-layer effect. The kinetic limita-
tions associated with traditional Li* insertion are quite
different from those associated with surface redox pro-
cesses. Insertion is a diffusion-controlled process and,
thus, the current flow at any given voltage is expected
to vary with the square root of the sweep rate.?’ By con-
trast, surface redox processes are not diffusion-
controlled and, thus, the current should vary linearly
with the sweep rate.?® By measuring current as a func-
tion of sweep rate for a variety of voltages, it is possible
to separate the Li™ insertion and capacitive contribu-
tions to electrochemical charge storage.?®% This
method was applied recently to the study of mesopo-
rous TiO, films, and the results indicated that for
samples made from preformed nanocrystalline build-
ing blocks, about half of the total stored charge is ca-
pacitive in nature.'®?'

The capacitive contributions to charge storage for
KLE-templated and nontemplated CeO, films are shown
in Figure 6. These data were collected after several
cycles, once the charge storage capacity had reached
consistent values. In Figure 6a, the voltage profile for
the capacitive current (shaded area) determined from
analyzing Figure 4 is compared to the total current from
the experimentally obtained current—voltage re-
sponse. The calculation indicates that the capacitive
contribution varies with the sweep rate (or charging
time) for the mesoporous films. At the faster sweep rate
of 10 mV/s (charging time of 270 s), nearly all of the cur-
rent arises from capacitive processes. At the slower
sweep rate of 0.5 mV/s (charging time of 5400 s), the ca-
pacitive contribution accounts for some 70% of the to-
tal current. The reason for this decrease is that the
longer charging time enables more current to be con-
tributed from diffusion-controlled intercalation pro-
cesses (Figure 6b). The mesoporous films have effec-
tively achieved their maximum capacitive contribution
of about 135 C/g after a charging time of ~130s.
Longer charging times lead to a greater contribution
from intercalation processes. Thus, in Figure 6b, the re-
sults at 0.5 mV/s have a similar amount of capacitive
charge storage to that of the 10 mV/s sweep rate but a
much larger intercalation component. The voltammet-
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Figure 6. (a) Voltammetric responses for KLE-templated
CeO; films at sweep rates of 10 and 0.5 mV/s. The voltage
profile for the capacitive current is shown as the shaded re-
gion. (b) Comparison of the total stored charge for tem-
plated (indicated by T) and nontemplated (indicated by N)
samples. The stored charge is divided into Li* intercalation
and capacitive contributions.

ric response for the nonporous CeO, films exhibits simi-
lar behavior with primarily a capacitive response at
shorter time and increasing charge storage from inter-
calation at longer times. However, the magnitude of the
total charge storage from both capacitance and interca-
lation for the mesoporous films is much larger than
that of the nonporous samples.

The results clearly show that both capacitance and
intercalation storage processes benefit from the meso-
porous morphology, which enables electrolyte access
to the electrochemical sites and provides short diffusion
path lengths.'” In this way, materials which do not nor-
mally show high charge storage capacity or facile charg-
ing kinetics, but which might be attractive for other rea-
sons such as cost or environmental properties, can be
improved.

Figure 7 presents galvanostatic discharge curves at
a rate of (/2 for both mesoporous and nonporous CeO,.
Again, these data were collected after several cycles, af-
ter the charge storage capacity had reached consistent

—o— KLE-templated
—o— non-templated

w
N

w
i

2.0

Potential (V vs. Li/Li")
N
(&}

00 01 02 03 04 05
xin Li CeQ,

Figure 7. Galvanostatic discharge curves for KLE-templated
and nontemplated CeO, films at a rate of C/2.
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Figure 8. (a,b) Nyquist representations of impedance data
for KLE-templated CeO,. The responses at 3.5 and 2.0 V vs Li/
Li* as well as model fit data are shown. An expansion of
the low Z' region of (b) is shown in the inset. (c) Circuit model
describing the impedance behavior of CeO, thin film elec-
trodes in nonaqueous electrolytes.

values. These curves show the profound effect that me-
soporosity has on Li* intercalation as significantly more
lithium can be stored in the porous material compared
to the denser counterpart. Although not shown here, a
small, relatively flat region at around 3.1V vs Li/Li* is ob-
served for the mesoporous films. This region corre-
sponds well with the shoulder peak in Figure 4, al-
though at a sweep rate of 20 mV/s, this peak is shifted
toward lower potentials, presumably because of the fi-
nite electronic resistance of CeO,. A closer examination
of Figure 7 also shows that the discharge curves behave
almost linearly in the range between 2 and 3 V for both
templated and nontemplated films. This behavior is ex-
pected as it represents a typical capacitive discharge.®®
The shallower slope observed for mesoporous samples
is consistent with this material having higher capaci-
tance. For example, if the potential is kept at 2 V vs Li/
Li*, the nontemplated films are capable of storing 0.07
mol of lithium, while for mesoporous samples, the mole
fraction is greater than 0.15.

Electrochemical impedance spectroscopy (EIS) mea-
surements were also carried out to gain additional in-
sight into the interfacial behavior of the mesoporous
films. By using appropriate models, it is possible to dis-
tinguish pseudocapacitance from double-layer capaci-
tance by analyzing the impedance over a range of fre-
quencies between 0.1 Hz and 100 kHz. Figure 8a,b
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shows impedance spectra for mesoporous CeO,
samples at 3.5 and 2.0 V vs Li/Li*. In the circuit model,
one can use either simple capacitors for both the
double-layer and pseudocapacitance, or one can em-
ploy a constant phase element (Zcpg) which allows for
a distribution of capacitance values. For surface charge
storage in a material with disordered surface structure
like those used here, the constant phase element often
produces better fits to the data. Zcp is given by the fol-
lowing equation:

Zepe = [B(jo)™" (M

with Band n (0 < n < 1) as frequency-independent pro-
portionality constants.! In the limit of n = 1, ideal ca-
pacitor behavior is observed.>? According to Conway,
the circuit model shown in Figure 8c can be used to de-
scribe the electrochemical impedance behavior of CeO,
thin film electrodes in nonaqueous electrolytes.® Ry
and Re represent the resistance of the electrolyte solu-
tion and the faradaic charge transfer resistance, respec-
tively. Since pseudocapacitance arises from a potential-
dependent interfacial redox reaction, a faradaic charge
transfer resistance in series with a pseudocapacitance,
CPEpseudor SUggests that electron charge transfer is in-
volved in the charging/discharging process. In addition,
the nonfaradaic current for double-layer charging,
CPEy, is in parallel with the faradaic charge transfer
resistance.

The specific capacitance for KLE-templated CeO, at
three different applied potentials was derived from nu-
merical fitting to the circuit model in Figure 8c. The re-
sults are shown in Figure 9. For potentials above 3V,
only a very small double-layer capacitance is observed
due to the high electronic resistance of ceria, consistent
with having all Ce in the fully oxidized state. At lower
potentials, Li* intercalation occurs and a sizable frac-
tion of Ce reduces to Ce3*. Electronic conductivity in-
creases from electron hopping processes, and the films
reveal significant amounts of capacitance; pseudoca-
pacitive contributions increase with decreasing voltage,
while double-layer contributions are mostly voltage-
independent. The value of n for CPEyceud0 is greater than
0.9, indicating nearly ideal capacitor behavior. Thus,
when a simple capacitor is substituted for Zcpe in the cir-
cuit shown in Figure 8¢, the results are qualitatively

[—Jdouble layer capacitance
{707 pseudocapacitance

N

Specific capacitance (mF)

alnln

1
15 20 25 30 35 40
Potential (V vs. Li/Li")

Figure 9. Dependence of the specific capacitance upon ap-
plied potential for KLE-templated CeO; films.
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similar with capacitance values changing by only
~10%. The conclusion from this measurement is thus
a corroboration of the dominant role played by
pseudocapacitance in these materials—by building
nanoscale porosity into redox active materials, respect-
able levels of charge storage can be created through
pseudocapacitive mechanisms even though the materi-
als exhibit slow kinetics in bulk form.

Mechanical Properties. The slow lithium ion intercala-
tion kinetics of bulk ceria arises from the fact that the
CeO, crystal structure contains neither van der Waals
gaps nor one-dimensional tunnels where lithium ions
can easily diffuse and be stored. To accommodate Li*
intercalation, expansion of the ceria lattice is needed,
and this structural change is a kinetically slow process.
Moreover, in bulk materials, the strain associated with
partial Li* incorporation inhibits further intercalation.
Mesoporous networks, however, can be modeled as a
nanotruss architecture.3** The ability to flex the frame-
work of a metal oxide can be quite favorable for Li* in-
corporation as changes in the nanoscale structure can
be used to accommodate the strain associated with in-
tercalation processes. Ceria is an ideal system for study-
ing these effects for two reasons. In the first place, the
large lattice strains that occur upon intercalation should
produce significant changes in nanoscale structure
that can be easily measured. Second, the highly peri-
odic nature of the mesoporous ceria used here facili-
tates structural characterization of the pore
architecture.

To examine the expansion that results from the in-
tercalation of lithium ions into the ceria lattice, one-
dimensional small-angle X-ray scattering (1D-SAXS)
measurements were carried out. While changes in pore
structure are usually rather difficult to measure, the or-
dered pore-solid architecture provides an opportunity
to follow small changes in the periodic system.> Figure
10a shows diffraction from the nanoscale periodicity of
the porous ceria before and after Li* intercalation. The
fully lithiated film reveals a significant shift in the peak
position to lower angle or larger repeat distance. This
expansion of the nanoscale periodicity is used to ac-
commodate the atomic-scale expansion of individual
ceria grains upon intercalation of Li*. The overall result
is an expansion of about 10% in the periodicity of the
film normal to the substrate. Interestingly, this expan-
sion does not result in the loss of order as the peak in-
tensity is only slightly decreased. These data provide
key evidence in our quest for understanding why nano-
scale porosity is so beneficial in facilitating both interca-
lation and capactive charge storage.

While the shift in peak position shown in Figure
10a is the most dramatic result, fits to the data also in-
dicate that, contrary to expectations for a strained sys-
tem, the peak position does not broaden upon Li" in-
tercalation. Instead, there is a decrease in the fwhm
intensity of the (111) peak by 0.08°. This indicates that
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Figure 10. (a) Typical 1D-SAXS pattern for KLE-templated
CeO, and Li,CeO; films. (b,c) Experimentally determined
strains of cubic mesoporous CeO, and Li,CeO, films on dif-
ferent substrates as a function of temperature as well as fit
data (dashed lines). To fully charge the films, the potential
was kept at 1.5 V vs Li/Li* for 2 h.

intercalation may actually relieve in-plane stress. To un-
derstand this result, some discussion of the strains asso-
ciated with film formation is needed.

For all of the mesoporous materials that we have ex-
amined, the fwhm intensity of the out-of-plane diffrac-
tion peaks always increased upon calcination and re-
moval of the structure-directing agent.*® In the
synthesis of these templated sol—gel materials, after
deposition from solution, an inorganic/organic compos-
ite is formed that is bound to the substrate but has a
low density, hydrated inorganic wall structure. Thermal
treatment both removes the organic template and con-
denses the inorganic framework. This condensation re-
sults in a decrease in inorganic volume. Since the film is
bound to the substrate, this stress can only be accom-
modated by a decrease in pore spacing normal to the
substrate. Our data indicate that the stress gradient is
not uniform throughout the film, however. Pores at the
film/substrate interface are the most stressed, and this
relaxes through the thickness of the film. This stress gra-
dient produces a gradient in pore deformation that cor-
relates with the increase in the diffraction peak fwhm
intensity.
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A typical calcined sol—gel-type film thus has tensile
(expansive) stress imposed by the substrate. Intercala-
tion of lithium ions into the film should lead to an ex-
pansion of the lattice, resulting in a compressive stress
set up by the substrate. As long as the stress resulting
from intercalation is less than the stress generated in
forming the film, however, the overall stress state
should be lower in the lithiated sample. The concept ex-
pressed here is straightforward: the use of a prestrained
system to improve insertion kinetics in materials where
volume expansion upon Li* insertion is limiting has ex-
citing potential for the design of new materials for en-
ergy storage.

While changes in small-angle diffraction upon lithia-
tion show the most direct effects of stress in these nan-
oporous materials, related SAXS experiments provide
us with a means to further quantify these mechanical
changes. A specific question is—what is the correlation
between the out-of-plane deformations shown in Fig-
ure 10a and changes in the in-plane stress? To probe
this relationship, we examined the Poisson’s ratio,
which relates the resulting transverse strain with ap-
plied strain. Since strain and stress are related through
the Young's modulus, the Poisson’s ratio can also be
viewed as providing information about the films’ abil-
ity to relieve in-plane stress by out-of-plane
deformations.

To accomplish this, we use a modification of the
widely employed Stoney’s equation for examining mac-
rostress in thin films on thick substrates.3%* In the origi-
nal form, the effect of stress from a coating is associ-
ated with deformation or bending of the substrate. In
our case, we directly examine the deformation in the
coating using small-angle X-ray scattering from the
nanoscale porosity. For a given film, the out-of-plane
pore displacement is related to the mismatch in the
thermal expansion between a film and the substrate.
By heating a thin film sample under controlled condi-
tions, the substrate can thus be used to put the sample
under either tensile or compressive strain, depending
on the relative thermal expansion coefficient of the film
and the substrate. By measuring the change in pore
spacing normal to the strain direction, information
about Poisson’s ratio can be obtained (eq 2). Equation
2 has two unknowns, the thermal expansion coefficient
(ay) and Poisson'’s ratio (v). To solve for both of these un-
knowns, the change in out-of-plane strain (g3) as a func-
tion of temperature (7) is probed on multiple substrates
with different thermal expansion coefficients (as) using
SAXS.

_(T+wv 2v

_1—vaf T—v

€5 o |AT (2)
For the non-intercalated CeO, films, three substrates
were used, namely, fused silica,*® fluorine-doped SnO,
(FTO),*® and (100)-oriented silicon wafer.?® As the FTO is
a fairly thin layer on a glass substrate, it is the thermal
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expansion coefficient of glass that determines the ther-
mally generated strain. To probe the lithiated films, Li,-
Ce0,, a conducting substrate was needed to electro-
chemically insert Li* into the CeO,. Therefore, platinized
silicon and FTO were used. The samples were first
heated to 300 °C under flowing nitrogen to drive off wa-
ter, cooled, and then diffraction patterns were ob-
tained at different temperatures. The shift of the funda-
mental small-angle diffraction peak is small but
detectable, and in order to obtain the best results, the
instrument was set to the highest resolution and a
mirror—mirror (6—26) geometry was utilized. The pat-
terns were then peak fitted to remove the influence of
the baseline. From these data, a plot of strain versus
temperature for each substrate can be produced (Fig-
ure 10b,¢c). On a substrate with low thermal expansion,
we see a large mismatch in the expansion of the sub-
strate and the films, leading to significant out-of-plane
peak shifts. As substrates with larger coefficients of
thermal expansion are used, the difference is mini-
mized and smaller peak shifts are observed.

By fitting the slopes on different substrates, strain
as a function of temperature can be obtained and, eq
2 can be solved for the two unknowns—thermal expan-
sion coefficient and Poisson'’s ratio of the film. For the
mesoporous CeO, samples, a thermal expansion coeffi-
cient of 7.8 X 1079 °C " is obtained. This value is less
than the literature values for bulk ceria of 11.58 X 107¢
°C~" obtained using dilatometry over the temperature
range from 298 to 1123 K.*° While part of this difference
might be due to the nanoscale porosity, measure-
ments over the temperature range from 298 to 1473 K
produced a higher value of 12.68 X 1076 °C~1.4° Our
numbers were measured in the range from 323 to 473
K, and so a smaller value is expected. Utilizing this same
technique, we found the thermal expansion coeffi-
cients of porous silica films with similar ordered poros-
ity match the plethora of literature values for sol—gel-
type silica.*!

If now we examine the Poisson’s ratio, we obtain a
value of 0.38 = 0.02, which is elevated from the litera-
ture value of 0.294 and higher than the range of
0.1—0.3 typically allowed for isotropic materials.*>43
This large value is not unexpected, however, as we have
obtained Poisson’s ratios this large and larger on other
ordered porous oxides such as SiO,, TiO,, etc.3® While
these materials nominally have a cubic pore system, the
shrinkage normal to the substrate upon calcination
breaks the cubic symmetry and makes Poisson’s ratios
greater than 0.3 allowable. A more intuitive way to con-
sider this increase is to model the pores as hexagons
with hinged joints (Figure 10a, inset). Geometrically, if
the hexagon is compressed in the plane of the film, as
in the cartoon on the right, in-plane strain will have a
greater effect on out-of-plane displacements compared
to ideal hexagons, and so the Poisson’s ratio will be
greater.
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As discussed above, the pores expand in the free di-
rection upon intercalation of lithium ions. If the analy-
sis described above is repeated on a fully lithiated CeO,
film, we see a large increase in thermal expansion coef-
ficient to 13.4 X 107 C". Also, the samples reveal a
smaller Poisson'’s ratio of 0.33 = 0.02. This value is now
much closer to the maximum theoretical value of 0.3
expected for a cubic system. Using the jointed hexa-
gon model described above, lithium intercalation re-
verses the compressive effects of calcination and moves
the porosity back toward the ideal structure produced
in the original self-organization process. This is depicted
graphically in the cartoon on the left in Figure 10a, in-
set. Thus, the fact that the expanded pore yields a lower
Poisson’s ratio further supports the hypothesis that
not only do the pores flex to minimize in-plane strain
but their shape influences their ability to do so.

Together, these results indicate a potentially new
way to minimize the expansive strains associated with
lithium ion intercalation by introducing compensating
strains in the material during synthesis. While complex
epitaxial matching is usually required to engineer strain
into materials using bond length mismatch, the present
work shows that flexible pores provide a facile method
to introduce similar strains into materials through flex-
ing of a nanotruss architecture. Moreover, because of
the highly regular geometry of these templated nano-
scale pores, the compressive strains that are introduced
are homogeneous and easily reversed upon Li* interca-
lation. It is an interesting question for future studies to
consider whether porous ceria with a disordered pore
system (for example, conventional sol—gel derived ce-
ria with a fractal pore structure*) would show similar
correlations between mechanical properties and elec-
trochemical charging. Fractal pore systems tend to flex
more easily than the fully interconnected pores em-
ployed here, and so we speculate that while conven-
tional sol—gel derived ceria might be able to accommo-
date the volume expansion associated with Li*
insertion, it would not be prestrained to facilitate this
insertion.

CONCLUSIONS

In this work, we described the synthesis and charac-
terization of polymer-templated mesoporous ceria. Be-
cause of the nature of the block copolymer template

EXPERIMENTAL SECTION

Materials. CeCls - 7H,0 was purchased from Sigma-Aldrich.
H(CHchchz(CH)CHzcH3)39(OCH2CH2)7QOH (alSO referred to as
KLE) was used as organic template.*’

Thin Film Synthesis. In a typical synthesis, 100 mg of KLE dis-
solved in 4 mL of EtOH is combined with 600 mg of CeCls -
7H,0. Once the solution is homogeneous, 200 mg of double dis-
tilled H,O is added. Thin films are produced via dip-coating on
polar substrates in a controlled environment. The substrates in-
cluded fused silica, fluorine-doped SnO, glass, (100)-oriented sili-
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employed, materials with both fully crystallized walls
and a high degree of nanoscale pore periodicity could
be produced. While ceria is a redox-active material, bulk
CeO, is not an interesting material for charge storage
as it displays low capacity and slow kinetics. In mesopo-
rous form, however, both insertion capacity and
pseudocapacitance increase significantly. The result is
that mesoporous ceria exhibits reasonable electro-
chemical energy storage properties.

The polymer-templated mesoporous ceria described
here does not, however, set new records for energy or
power density. Instead, the value of this work is in un-
derstanding how nanoscale porosity can be used to
convert a nonactive metal oxide into an active one. The
increase in pseudocapacitance is easy to understand
and is a direct result of the increased surface area in me-
soporous ceria compared to the nontemplated ma-
terial. Redox chemistry at surface cerium sites is facile
as Li* intercalation into the lattice is not required, and
therefore, slow solid-state ion diffusion and strain in-
duced by volume expansion do not limit this process.
As our previous work with mesoporous titania illus-
trates,' the total pseudocapacitance could likely be in-
creased even further if preformed nanocrystalline build-
ing blocks rather than molecular precursors were used
to build up the ceria walls, and many synthetic routes to
ceria nanocrystals are currently available in the
literature.*>46

Two factors influence the increase in intercala-
tion. In the first place, short diffusion path lengths in-
duced by nanometer-scale domains should facili-
tate the kinetics of Li* insertion. Perhaps more
importantly, however, is the fact that the entire
nanoscale pore system can flex to accommodate
the volume expansion associated with Li* insertion.
In this way, creating materials with periodicity on
two different length scales—both atomic and
nanoscale—provides a new route to alleviate the
strain associated with cation insertion in electro-
chemical materials, especially those without pre-
ferred crystallographic directions for ion transport.
It is our hope that these concepts and approaches
can help lead to finding or “re-discovering” metal ox-
ide materials for battery and supercapacitor
applications.

con wafer, and platinized silicon wafer. Optimal conditions oc-
cur with 15% relative humidity and a constant withdrawal rate
of 1—10 mm/s. For best results, films are calcined usinga 1 h
ramp to 600 °C followed by a 10 min soak. Nontemplated CeO,
films are produced without any KLE but under otherwise identi-
cal conditions.

Methods. TEM and field emission SEM images were taken
with a Zeiss EM 912() microscope at an acceleration voltage of
120 kV and a LEO440 instrument equipped with an InLens detec-
tor (acceleration voltage = 2.0 kV), respectively. Tapping-mode
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AFM images were acquired with a multimode AFM from Vecco
Instruments employing Olympus microcantilevers (resonance
frequency = 300 kHz, force constant = 42 N/m). In situ WAXS
measurements were carried out at the Elettra Synchrotron Light
Source. 2D-SAXS patterns were collected on Beamline 1-4 at the
Stanford Synchrotron Radiation Laboratory. 1D-SAXS measure-
ments were performed on an XPert PRO MPD diffractometer
from Panalytical instruments utilizing a mirror—mirror (6—26)
geometry for the high resolution. The film thickness was deter-
mined using a Vecco Dektak 6 M profilometer.

Electrochemical experiments were carried out in an argon-
filled glovebox in a three-electrode cell using a PAR EG&G 273
potentiostat. The working electrode area was set at 1 cm?, and
a lithium foil several times the area of the working electrode was
used as the counter electrode; the reference electrode was a
lithium wire. The electrolyte solution was 1.0 M LiClO,4 in propy-
lene carbonate (PC). Cyclic voltammetry was used to study the
electrochemical behavior using cutoff voltages at 4.0 and 1.3 V
vs Li/Li*. Electrochemical impedance spectroscopy measure-
ments (Solartron 1252) were performed in a frequency range
from 100 kHz to 0.1 Hz with a dc bias ranging from 1.5 to 4.0 V
vs Li/Li*. Experimental data were numerically modeled using
ZView.
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