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Nanostructured Pseudocapacitors Based on Atomic Layer
Deposition of V,05 onto Conductive Nanocrystal-based

Mesoporous ITO Scaffolds

Iris E. Rauda, Veronica Augustyn, Laura C. Saldarriaga-Lopez, Xinyi Chen,
Laura T. Schelhas, Gary W. Rubloff,* Bruce Dunn,* and Sarah H. Tolbert*

Solution processing of colloidal nanocrystals into porous architectures using
block co-polymer templating offers a simple yet robust route to construct
materials with open porosity and high surface area. These features, when
realized in materials that show efficient redox activity and good conductivity,
should be ideal for electrochemical energy storage because they allow for
efficient electrolyte diffusion and ample surface and near-surface redox reac-
tions. Here, a route to synthesize nanoporous pseudocapacitors is presented
using preformed ITO nanocrystals to make a conductive scaffold, coated with
a conformal layer of vanadia deposited using atomic layer deposition (ALD).
Two vanadia thicknesses are deposited, 2 and 7 nm, to examine the kinetics
of Li* diffusion into vanadia in a system where all other chemical and struc-
tural parameters are fixed. Porosity measurements show that the internal sur-
face area of 2 nm vanadia samples is fully accessible; whereas for the 7 nm
vanadia, there is some pore blockage that limits electrolyte diffusion. Despite
this fact, composites with both thick and thin vanadia layers show high levels
of pseudocapacitance, indicating fast diffusion of Li* through even the 7 nm
thick vanadia. This work thus sets a minimum accessible length-scale of 7 nm

ability to attain high energy densities
while maintaining high power densities.!!
Pseudocapacitors store charge through
fast and reversible faradaic processes that
involve surface or near-surface redox reac-
tions. These charge storage mechanisms
are different than those in traditional bat-
teries because they are not limited by the
diffusion of ions into the bulk material.
Therefore, pseudocapacitors can offer sev-
eral benefits when compared to batteries
including fast charge/discharging within
seconds, good charge/discharge cycling
stability, and the ability to deliver >10x
more power.?l An ideal pseudocapacitor
electrode architecture should comprise a
redox-active material (e.g., a metal oxide)
that has a nanodimensional structure
to accommodate shorter ion diffusion
lengths. In addition, the material should

for intercalation pseudocapacitance in orthorhombic V,Os.

1. Introduction

Electrochemical energy storage devices known as pseudoca-

pacitors have attracted much attention because they have the
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have a high surface area in order to maxi-
mize electrolyte accessible redox-active
sites, and, have an open interconnected
porosity to facilitate solvent diffusion to all
of these redox-active sites. Finally, electrical conductivity should
be integrated and wired into the redox-active component in
order to simultaneously achieve both higher energy and power
densities in one structure.

The improvements to electrochemical energy storage
resulting from building electrical conductivity into electrode
materials are well established in the literature. Carbon-based
materials such as carbon nanotubes (CNT) and graphene
have been shown to act as good conductive platforms for the
construction of composite electrodes. For example, CNT-
based composites of manganese oxide (MnO,)’! titanium
oxide (TiO,),M tin oxide (SnO,), lithium manganese oxide
(LiMn,04),Bl and V,0571% have been reported. Graphene-
based composites of LiMn,0,,"! iron oxide (Fe;0,),'"! Sn0,,12
Ni(OH),,[¥l and MnO,[**! have also been produced as well as
other carbon scaffolds with interesting architectures.'>1% In
addition to carbon-based conductors, metals have also been
integrated into composite electrodes with unique architectures
including an interpenetrated nickel inverse opal,l'”) nanoporous
gold,'® nickel porous foams,!'>?! copper pillar arrays,?!! and
stainless steel meshes.??l In the examples above, the conduc-
tive component provided a network for good electrical transport
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throughout the active material which resulted in improvements
to the electrochemical performance.

Electrical conductivity is important for enabling the charge
transfer which leads to faradaic reactions in pseudocapacitor
materials, but that in itself is not enough to convert a standard
intercalation based battery material into a pseudocapacitive
material. In addition, a high interfacial area in contact with the
electrolyte is also necessary. For example, we reported signifi-
cant enhancements to the capacitive charge storage behavior
in nanocrystal-based mesoporous TiO, pseudocapacitors tem-
plated using poly(ethylene oxide-block-hydrocarbon) [PEO-XXX]
type polymers.[23] In that work, the porous titania architectures
demonstrated high levels of pseudocapacitive charge storage
that were accompanied by rapid charging/discharging rates.’!
The improved performance resulted from the unique architec-
ture, which exhibited an open interconnected porosity that facil-
itated rapid solvent diffusion throughout the material, as well
as a high density of redox-active surface sites arising from the
nanocrystals within the pore walls. Bein and coworkers have
also reported the preparation of mesoporous films from TiO,
nanocrystalline particles that demonstrated high Li insertion
capacities and fast charging rates resulting from the high sur-
face to bulk ratio of the nanocrystals and the easily accessible
mesoporous structures.?] The literature includes a variety of
other examples of this type of polymer templated nanocrystal-
based co-assembly to prepare porous architectures. 2528

More recently, we have developed a general route for assem-
bling pre-formed ligand-stripped?’ nanocrystals into hierar-
chical mesoporous architectures,?” and it is those chemistries
that are used in this work. Model redox-active systems included
Mn;0,, (Mn,Fe),0;, and tin-doped indium oxide (ITO), and
similar to our TiO, nanocrystal-based materials,’?3l we found
that templated Mn;O, nanocrystal-based films exhibited
enhanced charge storage behavior compared to untemplated
nanocrystals, again demonstrating the efficacy of a nanocrystal
based nanoporous electrode architecture.’”) Moreover, we
demonstrated high synthetic tunability where the mesopo-
rosity could be tuned by varying the polymer template, and
the microporosity could be tuned by varying the size of the
nanocrystal.2% We also established that the method could be
applied to non-oxide systems.3U Other recent studies showed
that this method also works with polymers containing non-PEO
polar blocks.??

While our polymer templated nanocrystal-based mesoporous
materials provide an attractive and effective electrode architec-
ture, they will ultimately be limited by electrical conductivity
when scaled up to prepare thick electrodes. Therefore, in order
to build electrodes with more ideal architectures, we need to
integrate a conductor into our materials while still retaining
the high surface area and open interconnected porosity. Here,
we use solution-phase methods to construct porous conduc-
tive scaffolds by templating ITO nanocrystals into mesoporous
architectures and subsequently coating the ITO with V,05 via
atomic layer deposition (ALD) to produce pseudocapacitor
electrode composites. The Rubloff group recently developed
and optimized a new ALD V,Os process that resulted in highly
conformal and crystalline V,05 films that demonstrated high
performance electrochemical energy storage.l'®3334 We use
this process to coat porous ITO with two different thicknesses:
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2 nm and 7 nm V,0s layers. We also study crystallinity effects
in the V,0s layers by heating to various temperatures and
examine the pseudocapacitive response.

In addition to our examination of model pseudocapacitor
architectures, this work allows us to explore some fundamental
questions related to pseduocapacative charge storage. For
example, by using two different vanadia film thicknesses, this
unique system allows us to explore the kinetics of Li* motion
into vanadia layers of different thicknesses. Specifically, we try
to answer the question—how thick can a vanadia film be before
the charge storage has a significant non-capacitive contribu-
tion? The answer should have significant ramifications in the
rational design of nanoscale pseudocapacitors.

2. Results and Discussion

2.1. Synthesis of ITO-V,05 Composites

We previously reported the synthesis of mesoporous ITO
nanocrystal-based films.3% Here, we use poly(ethylene-alt-
propylene)-block-poly(ethylene oxide), (PEP-b-PEO) as the block
copolymer template. ITO nanocrystals capped with amine func-
tional ligands were synthesized according to literature proce-
dures.3>3 Next, the as-synthesized nanocrystals were stripped
of their ligands using an NOBF, treatment to produce bare
nanocrystals that were charge-stabilized.?! Figure 1b shows a

Figure 1. a) Low-magnification SEM image of a templated ITO
nanocrystal-based mesoporous film. Inset: higher-magnification image
showing pore walls comprising individual ITO nanocrystals. b) TEM
image of ligand-stripped ITO nanocrystals with an average diameter of
4.6 £ 0.4 nm. c) 2D-SAXS pattern obtained on a ITO nanocrystal-based
porous film, collected at an angle of incidence 8 = 1.25° The pattern
shows strong in-plane scattering, indicative of a well-defined pore size,
but no long range periodicity of the pores. Scattering vector S compo-
nents are given in 1/nm.

Adv. Funct. Mater. 2014, 24, 6717-6728
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TEM image of ligand-stripped ITO nanocrystals with an average
diameter of 4.6 £ 0.4 nm demonstrating they are uniform in
shape and size, and free of agglomeration. Ligand-stripped ITO
nanocrystals, dispersed in ethanol with =10% dimethylforma-
mide (DMF) (v/v), were mixed with PEP-b-PEO, dissolved in
pure ethanol, to prepare the coating solution. Thin-films were
then either dip-coated or spin-coated onto clean polar substrates
through an evaporation-induced self-assembly process.’”) In
solution, the polymer self-assembles to form micelles and,
upon evaporation of the solvent, the ITO nanocrystals associate
with the polar PEO block to yield a mesostructured organic/
inorganic composite. The polymer template was then thermally
decomposed by heating the films to 450 °C, resulting in ITO
nanocrystal-based mesoporous architectures.

Figure la shows a low-magnification SEM image of a
mesoporous ITO film exhibiting a bimodal porosity with a
combination of mesopores, created by the polymer template,
and micropores which arise from the spaces between the
nanocrystals that make up the pore walls. The mesopores, with
an average pore size of 15 + 3 nm, are locally disordered; how-
ever, they do retain a macroscopically homogeneous porosity.
The films are crack-free and maintain open porosity at the
surface. A closer look at a high-magnification image (inset of
Figure 1a) shows individual ITO nanocrystals that comprise
the pore walls, which are approximately 1-3 nanocrystals thick.
Because the nanocrystals do not completely fuse to form a
dense wall, the voids between them give rise to micropores that
significantly increase the surface area of the material.

To further characterize the nanoscale architecture we
performed two-dimensional small-angle X-ray scattering
(2D-SAXS) and ellipsometric porosimetry measurements.
Figure 1c shows the 2D-SAXS pattern obtained for mesoporous
ITO films, collected at an angle of incidence = 1.25°. The
pattern shows a diffuse ellipsoidal ring with strong in-plane
scattering, indicative of a homogenous but non-periodic pore
structure with a characteristic pore + wall distance of 32 nm.
The porosity of the ITO films was analyzed by ellipsometric
porosimetry using toluene as the adsorbate.*®! Figure 2a shows
an adsorption-desorption isotherm for a mesoporous ITO film
that exhibits typical type IV behavior.?% The hysteresis present
at higher relative pressures is indicative of a mesostructured
material with an open interconnected porosity. The adsorption
and desorption curves describe the cage and neck sizes of the
mesopores. A Kelvin model fit to the isotherm produces pore
size distributions for the cages centered at 25 nm, and for
the necks at 11 nm, as shown in Figure 2b. The data confirm
that the template nanocrystal based ITO films exhibit bimodal
porosity that leads to high surface area combined with inter-
connected, open porosity. The isotherm in Figure 2a shows a
53% toluene-accessible pore volume. It should be noted that
the average mesopore sizes found by porosimetry (Figure 2a-b)
agree with lengthscales determined by 2D-SAXS (Figure 1c)
and SEM (Figure 1a). In addition, the pore size can be varied
by changing the polymer to nanocrystal ratio, thus allowing
many different pore sizes to be produced. In this work, ITO
frameworks with pore sizes varying from about 15 nm to about
25 nm were used.

The ITO films discussed below function as high surface area,
porous, conductive scaffolds. Once prepared, we coated the ITO
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scaffolds with thin film layers of V,0s via an ALD process.*’]
ALD is a low temperature thin film growth technique where the
surface to be coated is sequentially exposed to various precur-
sors, leading to predictable monolayer growth with superb uni-
formity even over demanding topography, such as high-aspect
ratio nanostructures.**#!l In this process, we explored two
ALD processes using different oxidants- water and ozone. We
also studied two different thicknesses, =2 nm and =7 nm V,0s
layers, where the thickness is controlled by the number of ALD
cycles (see experimental details). The composites were then
annealed using rapid thermal annealing (RTA) in air at various
temperatures allowing us to study the effects of crystallinity in
the V,0s layers. X-ray photoelectron spectroscopy (XPS) meas-
urements (Figure S1, Supporting Information) confirmed that
heated samples contained pre-dominantly penta-valent vana-
dium, with 91% of vanadium atoms in the 5+ valence state and
9% in the 4+ valence state for 2 nm layers, and 96% in the 5+
valence state and 4% in the 4+ valence state for 7 nm layers.
The observed binding energies for V>* and V** were also found
to be in agreement with literature values,*?l and the trends with
film thickness indicate that the small amount of the V* was
probably at the surface of the thin ALD films.

2.2. Structure and Electrochemical Properties of 2 nm V,05
Layers

Figure 3a—c shows top-view SEM images of smaller pore ITO
films that were coated with a 2 nm layer of V,05 (ozone-based,
100 ALD cycles) as-deposited (Figure 3a), heated to 200 °C
(Figure 3b), and heated to 450 °C (Figure 3c). All three compos-
ites feature open porosity with visible mesopores with average
diameters of 18 + 3 nm (Figure 3a), 16 + 3 nm (Figure 3b), and
15 £ 3 nm (Figure 3c). These values are all basically equivalent,
given the statistical error, and are in agreement with the average
diameter of 15 £ 3 nm determined for uncoated mesoporous
ITO (Figure 1la). Importantly, in the higher-magnification
images (insets) of Figure 3a—c, the presence of individually
coated nanocrystals is visible, demonstrating that this process
produces conformal vanadia layers around the ITO scaffold.
Closer examination indicates that there is some grain growth of
the V,05 around the nanocrystals in the layers heated to 200 °C,
while the layers heated 450 °C show clear grain growth. These
results illustrate one of the challenges of this synthetic method,
which is that V,05 crystallization and coarsening are coupled
processes and one cannot induce one without the other. As a
result, we expect samples crystallized at higher temperatures
to show smaller mesopore pore size and some filling of the
micropores.

We used ellipsometric porosimetry to analyze the porosity of
the composites after coating, focusing first on a large pore ITO
with a 2 nm thick V,05 coating. For this sample, the uncoated
porous ITO film showed a pore size distribution for the cages
centered at 25 nm, and for the necks at 11 nm, (Figure 2b). The
total pore volume is 53%. Adsorption-desorption isotherms for
vanadia coated films heated to 200 °C (Figure 2c) and 450 °C
(Figure S2c¢, Supporting Information) show typical type IV
behavior with hysteresis at higher relative pressures suggesting
the composites are mesoporous with open interconnected
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Figure 2. Toluene adsorption-desorption isotherms showing characteristic mesoporous behavior for a) a mesoporous ITO nanocrystal-based film,
c) mesoporous ITO film coated with a 2 nm layer of V,0O5 heated to 200 °C, e) mesoporous ITO film coated with a 7 nm layer of V,0s heated to 200 °C.
Pore size distribution data obtained from the isotherms for b) a mesoporous ITO nanocrystal-based film, d) mesoporous ITO film coated with a 2 nm
layer of V,05 heated to 200 °C, f) mesoporous ITO film coated with a 7 nm layer of V,O5 heated to 200 °C.

porosity. The total pore volume for the sample heated to 200 °C
is 48% and is 43% for the sample heated to 450 °C. A Kelvin
model fit to the isotherms produces pore size distributions cen-
tered around 26 nm (cage) and 13 nm (neck) for films heated
to 200 °C (Figure 2d), and 23 nm (cage) and 12 nm (neck) for
films heated to 450 °C (Figure S2c, Supporting Information).
Mesopore size is thus similar to the bare ITO film for both
samples suggesting that 2nm of V,0s5 does not significantly
perturb the pore structure in either film. Table 1 summarizes
porosimetry data for thin films heated to 200, 350, and 450 °C.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

For all thin films, the toluene-accessible pore volume is lower
than the pore volume observed for the parent, uncoated ITO.
Cyclic voltammetry (CV) was performed to examine the
charge storage behavior of the 2 nm V,Os layers. The Li*
insertion process can be expressed by V,0s5 + xLi* +xe” <
Li,V,0s, where x represents the mole fraction of inserted
lithium ions.3! Figure 4a compares the charge storage depend-
ence of 2 nm V,0s heated to 200, 350 and 450 °C at sweep rates
in the range between 2 mV/s to 100 mV/s. In all curves, the
capacity increases with decreasing sweep rate, indicating that

Adv. Funct. Mater. 2014, 24, 6717-6728
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Figure 3. a—c) Low-magnification SEM images of mesoporous ITO films coated with a 2 nm layer of V,05 as-deposited (a) (inset: higher-magnification
image showing individually coated nanocrystals); heated to 200 °C (b) (inset: higher-magnification image showing grain growth of the V,05 around
the nanocrystals); and, heated to 450 °C (c) (inset: higher-magnification image showing grain growth of the V,05 around the nanocrystals). d—f) Low-
magnification SEM images of mesoporous ITO films coated with a 7 nm layer of V,O5 as-deposited (d) (inset: higher-magnification image showing
spaces in between nanocrystals are filled in with V,05); heated to 200 °C (e) (inset: higher-magnification image showing grain growth of V,05 leads
to partially fused pores); and, heated to 350 °C (f) (inset: higher-magnification image showing grain growth of the V,Os leads to significant loss of

mesostructure).

full storage has not been reached at the fastest rates. The V,05
layer heated to 200 °C stores almost twice as much charge as
the 2 nm layer heated to 450 °C. Figure 4b shows the charge
storage dependence of 2 nm V,0s heated to 200, 350, and

Table 1. Ellipsometric porosimetry data summarizing percent porosity,
pore size, and neck size for thin 2 nm V,0s films heated to 200 °C,
350 °C and 400 °C and for thick V,0Os films heated to 200 °C and 350 °C
compared to their respective bare ITO film.

Percent porosity Cage Size Neck Size
[nm] [nm]
Bare ITO 53% 25 1
2 nm V,05 200 °C 48% 26 13
Bare ITO 60% 22 13
2nm V,05 350 °C 45% 23 12
Bare ITO 52% 25 11
2nm V,05 450 °C 43% 23 12
Bare ITO 57% 22 11
7nm V,05 200 °C 17% 12 6
Bare ITO 56% 22 11
7nm V,05 350 °C 6% 12 7

Adv. Funct. Mater. 2014, 24, 6717-6728
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450 °C plotted as capacity versus charging time, as calculated
from the various sweep rates in Figure 4a using a 2.2 V poten-
tial window. In this type of plot, the slow sweep rate behavior is
more apparent and the region of mostly constant capacity after
440 sec indicates that the material is fully charged at this time-
scale. After a charging time of 200 s, the total charge stored for
200 °C treated samples is 1400 C/g, almost twice the amount
of charge stored in samples heated to 450 °C. The trend is not
linear with temperature, however, as samples heated to 350 °C
show a capacity of 1200 C/g. While the majority of charge is
stored in only 200 s, there is a measureable increase in capacity
going to longer times, indicating that not all redox sites are
kinetically accessible.

In Figure 4, the differences in the gravimetrically normal-
ized capacity observed between films heated to 200 and 350 °C
can be attributed to the loss of porosity, as shown in Table 1.
There is likely a small amount of grain growth that clogs a frac-
tion of the smaller pores and leads to a lower total pore volume
that can be accessible to the electrolyte. The difference in the
capacity observed between films heated to 200 and 450 °C is
likely explained by the atomic structure and bonding of the
V,0;5 layer. At 200 °C, the V,05 should have a structure related
to the orthorhombic phase, which is known to show facile Li*
intercalation.*Y The material should also be less ordered, which
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Figure 4. a) Charge storage dependence on sweep rate for mesoporous
ITO films coated with a 2 nm layer of V,O5 heated to 200, 350, and 450 °C.
b) Comparison of charging rates calculated from cyclic voltammetric data
at various sweep rates for mesoporous ITO films coated with a 2 nm layer
of V,05 heated to 200, 350, and 450 °C.

can also increase redox sites.* When V,0Os is heated to 450 °C,
a phase transition to the monoclinic crystalline structure occurs
in bulk samples, leading to a reduction in Li* intercalation
sites.*>] While redox pseudocapacitance is generally assumed to
be a surface phenomenon, this data suggest that near-surface
intercalation sites also contribute to redox pseudocapacitance
and the lack of those near surface sites can cause a dramatic
decrease in capacity.

We also investigated the effects of using different oxidants
during the ALD process by comparing both water- and ozone-
based 2 nm V,0s coatings. Figure S4a (Supporting Informa-
tion) compares the charge storage behavior in 2 nm V,Os

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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coated ITO synthesized with water and ozone and heated to
200 °C, cycled at sweep rates ranging from 1 mV/s to 100 mV/s.
For both water- and ozone-based 2 nm V,0Os the capacity
increases with decreasing sweep rate. Figure S4b shows the
charge storage dependence plotted as capacity versus charging
time. The trend we observe is that while the V,05 films pro-
duced by both methods are similar, the ozone-based materials
exhibit somewhat higher charge storage capacity than water-
based V,0s. This result is consistent with our recent study of
ozone-based and water-based V,0s applied to Li-ion battery
cathodes.’ Previous work on ALD V,0s films also suggested
that residual carbon in the water-based vanadia could be partly
responsible for the small differences in capacity.’3] XPS data
collected on these materials (Figure S4c, Supporting Informa-
tion), however, shows very low and very similar residual carbon
contents for samples made using both methods. The XPS data
in Figure S4c (Supporting Information) thus reconfirms the
purity of the ALD deposited vanadia used here. It also indicates
that the fast redox reactions observed in these materials are
intrinsic to the conductive nanoscale composites produced here
and are not caused by residual carbon.

2.3. Structure and Electrochemical Properties of 7 nm
V,0s Layers

We also investigated the effects of a thicker (7nm) V,05 layer.
Figure 3d-f shows top-view SEM images of porous ITO films
that were coated with a 7 nm layer of V,05 (ozone-based,
250 ALD cycles) as-deposited (Figure 3d), heated to 200 °C
(Figure 3e), and heated to 350 °C (Figure 3f). Figure 3d shows
that the thicker V,Os fills most of the micropores but leaves
most of the mesopores open. When the V,0s layer is heated to
200 °C, as shown in Figure 3e, individual nanocrystals can no
longer be seen, indicating that all of the micropores are filled,
and V,0s grain growth appears to block some of the mesopores
as well. In Figure 3f one sees that when the V,0Os is heated to
350 °C, significant grain growth of the V,0s leads to signifi-
cant loss of mesostructure and many of the pores are clogged.
The 7 nm V,0s layers thus appear to be too thick to maintain
the ideal porosity of these materials and so capacity loss due to
pore blockage is expected in these materials. Despite this fact,
kinetic studies on samples with thicker vanadia films should
still provide insight about the rate of lithium insertion into the
thick layers. We also note that because so much grain growth
was observed by 350 °C, we did not attempt to anneal the thick
film samples to 450 °C to examine the effects of the phase tran-
sition from orthorhombic to monoclinic; we felt that it would
not be possible to separate the effects of the phase transition
from the effects of grain growth.

Ellipsometric porosimetry measurements were also per-
formed on the 7 nm V,05 composites by using toluene as the
adsorbate. Adsorption-desorption isotherms for films heated to
200 °C (Figure 2e) and 350 °C (Figure S2e, Supporting Infor-
mation) show typical type IV behavior with a hysteresis at
higher relative pressures indicating the films are mesoporous.
A Kelvin model fit to the isotherms produces pore size distribu-
tions centered around 12 nm (cage) and 6 nm (neck) for films
heated to 200 °C (Figure 2f), and 12 nm (cage) 7 nm (neck)

Adv. Funct. Mater. 2014, 24, 6717-6728
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for films heated to 350 °C (Figure S2f, Supporting Informa-
tion). The overall decrease in mesopore size is consistent with
a thick layer of V,05 coated ITO. The isotherms in Figure 2e
and Figure S2e, also summarized in Table 1, show =17% and
=~6% toluene-accessible pore volume, respectively, which is
lower than the pore volume calculated for uncoated ITO (56%,
Figure S2a, Supporting Information) and 2 nm V,0Os coated
ITO (48%, Figure 2c), also consistent with the fact that the ITO
has been coated with a thicker layer of V,0s.

The charge storage behavior of the 7 nm V,0Os layers was also
studied by CV. Figure 5a compares the charge storage depend-
ence of 7 nm V,0s heated to various temperatures (200, 250,
300, and 350 °C) at sweep rates ranging from 1-100 mV/s. As
with the thinner films, for all temperatures, the gravimetrically
normalized capacity increases with decreasing sweep rate, sug-
gesting the V,0s layer is not fully charged because of slow dif-
fusion of Li+ ions into the structure, even at the slowest sweep
rates used here. At all sweep rates, the films heated to 200 °C
have the highest capacity and the capacity decreases by half for
films heated to 250 °C. The capacity is nearly lost for films heated
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to both 300 and 350 °C. Figure 5c shows the charge storage
dependence, plotted as capacity versus charging times at all
temperatures. The same trend is observed for all temperatures,
where the capacity increases with longer charging times, again
suggesting V,0s is not fully charged at shorter charging times
due to slow diffusion of Li+ ions. In Figure 5c, after a charging
time of =200 s, the total charge stored at 200 °C is 900 C/g, com-
pared to 600 C/g 250 °C, and =200 C/g for both 300 and 350 °C.
To better understand the role of intrinsic kinetic limitations
arising from lithium transport in the vanadia layer compared to
architectural limitations (pore blocking, electrical conductivity, lim-
ited electrolyte diffusion, etc.), we performed CV measurements on
flat films of V,05 coated onto flat ITO substrates and heated to the
same temperatures (200, 250, 300, and 350 °C). Figure 5b compares
the charge storage dependence of flat 7 nm V,0;5 at sweep rates
ranging from 1-100 mV/s. Interestingly, the capacity at all tempera-
tures is less dependent on the sweep rate for flat films in Figure 5b
compared to porous films in Figure 5a, suggesting that solvent
diffusion through the pore system or electrical conductivity in the
porous ITO network may contribute to the kinetic limitations. In
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Figure 5. a) Charge storage dependence on sweep rate for mesoporous ITO films coated with a 7 nm layer of V,05 heated to 200, 250, 300 and 350 °C.
b) Charge storage dependence on sweep rate for flat ITO coated with a 7 nm layer of V,O5 heated to 200, 250, 300, and 350 °C. c¢) Comparison of
charging rates calculated from cyclic voltammetric data at various sweep rates for mesoporous ITO films coated with a 7 nm layer of V,05 heated to
200, 250, 300 and 350 °C. d) Comparison of charging rates calculated from cyclic voltammetric data at various sweep rates for flat ITO coated with a
7 nm layer of V,05 heated to 200, 250, 300, and 350 °C.
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Figure 6. Cyclic voltammetric responses for porous ITO films coated with a) 2 nm and b) 7 nm layer of V,05 heated to 200 °C at sweep rates of 1 mV/s.
Cyclic voltammetric responses for the same films, 2 nm (d) and 7 nm (e) layer of V,0Os, at sweep rates of 10 mV/s. The capacitive contribution to the
current is represented as the shaded area. Corresponding comparison of the total stored charge at sweep rates of ¢) 1 and f) 10 mV/s, where A and B

represent 2 and 7 nm layer of V,05 heated to 200 °C.

addition, despite the fact that the films heated to higher tempera-
ture are more crystalline, the capacity is similar at all temperatures
to within experimental error, a result that makes sense given that
grain growth cannot block pores in a flat film. Moreover, none of
these films were heated high enough to drive a phase transition to
the monoclinic phase. Figure 5d shows the charge storage depend-
ence plotted as capacity versus charging times for the flat V,05
films. At all temperatures, the V,0Os is fully charged by =200 s, to
within experimental error. This suggests the storage of Li+ ions
occurs by fast surface redox reactions at all temperatures, and the
kinetic limitations in the porous films result from architectural
factors. Similar experiments were also performed on 2 nm V,0s
layers coated onto flat ITO. Unfortunately, the mass loading for
flat 2 nm V,0Os layers was too low to obtain meaningful gravimetri-
cally normalized capacity data. While the data is not included here
and cannot be discussed in detail, it is worth noting that the gen-
eral trend in the data was very similar to the trends observed in
Figures 5a and b with sample heated to 450 °C showing about half
the capacity of the low temperature samples, likely due to a crystal
growth and phase transition to a less redox active phase at high T.

2.4. Pseudocapacitance in ITO-V,05 Composites

As discussed above, pore blocking caused by grain growth can
have a significant effect on total capacity measurements. Kinetic

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

studies, which ask what fraction of the total capacity is non-dif-
fusion controlled (and thus capacitive), provide an alternative
way to analyze the electrochemical results that is less sensitive
to this pore blocking. We thus follow previously reported work
to quantitatively determine the capacitive contribution to the
current response by using the voltammetric sweep rate depend-
ence of the current.*d! In this analysis, the total current can be
separated into two components based on their relationship to
the sweep rate of a cyclic voltammetry experiment (v, in mV/s).
One of these components arises from semi-infinite diffusion
processes and varies with v1/2 and the other is related to capac-
itive (or surface) processes and varies linearly with v. Therefore,
the current response (i) at a fixed potential (V) can be described
as the combination of these two separate mechanisms:

. _ 1/2
(V) =kyw+kw 1)
where k; and k, are constants at a particular sweep rate. By
determining both k; and k,, we can use the above equation
to distinguish between the currents arising from diffusion
processes and those from capacitive effects, as previously
demonstrated.*”]

Figure 6 shows the total stored charge for mesoporous ITO
coated with 2 nm and 7 nm V,0s layers heated to 200 °C at
two different sweep rates, 1 and 10 mV/s. The total current or
stored charge (total area integrated under the CV curves) is
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divided into diffusion-controlled and capacitive (non-diffusion)
charge storage. In Figure 6a—b,d—e, the shaded area repre-
sents the capacitive current and the white area represents the
diffusion-controlled current contributions to the total stored
charge. The gravimetrically normalized stored charge, divided
into capacitive (shaded area) and diffusion-controlled (white
area) contributions, is represented in Figure 6¢ (1 mV/s) and
Figure 6f (10 mV/s).

At a slow sweep rate of 1 mV/s, 2 nm V,0Os features a
slightly higher diffusion-controlled capacity (=500 C/g) than
7 nm V,05 (=400 C/g). This can be explained by the higher
porosity observed in 2 nm V,05 (Figure 2c) compared to 7 nm
V,05 (Figure 2e), resulting in more accessible redox sites with
shorter diffusion path lengths for the electrolyte. In addition,
2 nm V,0s5 shows a higher amount of total stored charge
(=1700 C/g) compared to 7 nm V,0s (=1100 C/g), as well as
a higher capacitive charge storage (=1200 C/g) compared to
7 nm V,0s5 (=700 C/g). These results suggest that there are
more redox sites available for fast charge storage in 2 nm V,0s,
likely due to a higher surface area resulting from a higher pore
volume (Figure 2c). These results also reveal that the surface
area loss that is observed in 7 nm V,0s, due to grain growth
that clogs the smaller pores (Figure 2e, 3e), inhibits capacitive
charge storage and impedes diffusion-controlled processes.
Despite these differences in total mass normalized capacity,
the fraction of the total stored charge that is capacitive in both
materials is similar, indicating similar kinetics for diffusion of
Li* into both thick and thin vanadia layers.

Figure 6f shows the gravimetrically normalized capacities for
2 and 7 nm V,0s cycled at a faster sweep rate (10 mV/s). Since
the capacitive charge storage is unaffected by the increase in
sweep rate the value is the same as at 1 mV/s for each thick-
ness. This can be explained by the presence of both double-
layer and pseudocapacitive processes that are not kinetically
limited. By contrast, any slow diffusion of Li+ ions into V,0s
is reduced because the Li+ ions have less time to diffuse into
the V,05 network. Therefore, the relative capacitive contribu-
tion to the total stored charge is greater for both 2 and 7 nm
V,05 compared to the contribution from diffusion-controlled
mechanisms. Again, both 2 and 7 nm V,0Os layers show similar
and very high capacitive contributions at 90% and 87%, respec-
tively, of the total stored charge is coming from non-diffusion
controlled processes.

All of the data discussed above has been gravimetrically
normalized to the total vanadia content, but the samples with
7nm thick vanadia coating obviously contain more vanadia
per unit film area. This can be easily seen in the CV curves in
Figure 6a-b,d—e, which shows that the total stored charge (area
under CV curve, not gravimetrically normalized) is greater for
7 nm V,05 compared to 2 nm V,0s. Much less of this vanadia
mass is exposed to the electrolyte in the 7 nm thick V,05 sam-
ples, however. If we look at the shape of CVs for 2 nm versus
7 nm V,0s, there are more defined redox peaks for 7 nm V,0;
suggesting the structure is more ordered and feature more
specific redox sites in the V,0s lattice. Both of these facts lead
us to conclude that the 7 nm thick samples must be storing
more charge in the bulk that is pseudocapacitive than samples
with 2 nm thick layers (i.e. samples with 7 nm thick layers
show higher levels of intercalation pseudocapacitance).*’] Such
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Figure 7. a) Comparison of normalized capacity versus sweep rate calcu-
lated from cyclic voltammetric data at various sweep rates for porous ITO
coated 2 nm and 7 nm layer of V,Os via ALD heated to various tempera-
tures. b) Comparison of the rate capability of porous ITO coated 2 nm
and 7 nm layer of V,Os, bare mesoporous ITO, and ITO-V,05 composites
including the mass loading for both ITO and V,Os.

conclusions are complicated by overall capacity loss in 7 nm
thick samples due to pore blocking, however.

To further investigate the rate capability of the ITO-V,0s
composites, we thus examine the normalized capacity versus
sweep rate for all conditions as shown in Figure 7a. For each
curve, the capacity is normalized by setting the total stored
charge to a value of 1.0 at slow sweep rates. The 2 nm layer
heated to 200 °C shows the best rate capability, but the normal-
ized performance is very similar to that obtained for samples
with 2 nm V,0s heated to 350 or 450 °C. This result indicates
that the number of redox sites may be limited by phase tran-
sitions or pore blocking, but the kinetics of all available redox
sites are similarly fast. For samples with a 7 nm thick vanadia
film, the rate capability is slower in all cases, in agreement
with the idea that this sample must show more intercalation
pseudocapacitance with longer diffusion lengths. While there is
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significant scatter in this data, there is a rough trend that rate
capability decreases with increasing temperature, suggesting
either that a more crystalline structure leads to slower Li* ion
diffusion kinetics or that partly blocked pores lead to solution
phase barriers for the electrolyte diffusion which add to the
solid state barriers for lithium ion diffusion.

Finally, it is important to remember that the ITO conductor
is a major component of this system and that ITO has signifi-
cant mass. Figure 7b compares the charge storage and rate
capability of mesoporous ITO coated 2 nm and 7 nm layer
of V,05 considering only the vanadia mass, the double layer
capacity of the bare mesoporous ITO, and both thick and
thin ITO-V,05 composites including the mass for both ITO
and V,0s. As expected, the bare mesoporous ITO electrode
shows very high rate capability but low gravimetrically normal-
ized capacity and capacitance arising only from the electrical
double-layer. When the mass of the mesoporous ITO scaffold is
included in the calculated gravimetrically normalized capacity
and capacitance, as expected, the values decrease significantly
since both the 2 nm and 7 nm V,0Os layers account for only a
small fraction of the total electrode mass. While the 2 nm ITO-
V,05 composite shows better rate capability than the 7 nm ITO-
V,0;5 composite, the capacity at all sweep rates is about twice as
high for the 7 nm ITO-V,05 composite compared to the 2 nm
ITO-V,0s, stemming from the fact that the thicker layer has a
higher V,05 mass loading.

While the mass normalized capacities that include the ITO
mass are not particularly high, it is important to note that this
is a not meant to be a commercial battery system, but rather a
proof-of-concept exploration of architecture. The mass of ITO,
which includes two heavy elements, is anomalously high for a
conductor, so its total effect on the mass normalized capacity
is disproportionately high. The more important results of this
work are an increased understanding of the important factors
needed to design a core-shell porous network for pseudoca-
pacitive charge storage. Specifically, we observe pseudocapaci-
tance up to a thickness of 7 nm V,0s, which is the limit for our
system, as any thicker layer leads to blockage of the pores.

3. Conclusion

In this work, we explored the design of nanoscale pseudocapac-
itor architecture, constructed using templating of conducting
ITO nanocrystals to form a high surface area mesoporous
scaffold, followed by coating these porous conductors with a
redox-active layer of V,05 to produce nanoporous composites
for pseudocapacitive energy storage. By varying the thickness
of the V,0;5 layer as well as the extent of crystallization through
various annealing temperatures, the charge storage behavior
and rate capability of the composites were examined. Thin
V,0;5 layers (2 nm) feature on open interconnected porosity and
a high surface area, leading to charge storage arising primarily
from capacitive processes. Thicker layers showed increased
capacity on an area normalized basis, but reduced capacity on a
mass normalized basis, indicating that electrolyte accessible to
some of the pores was blocked.

The crystal structure was also found to play a role in the
charge storage behavior in our composites. In general, modest
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heating to crystallize the V,0s to the orthorhombic phase
(T < 350 °C) led to higher pseudocapacitance. Heating V,Os
to temperatures high enough to form the monoclinic phase
(>400 °C) led to a decrease in total charge storage and rate
capability, again indicating that intercalation pseudocapacitance
plays a role, even in samples with 2 nm vanadia films. In thick
porous layers, heating V,0s led to significant grain growth that
blocked access of the electrolyte to the redox sites, which led to
a significant drop in capacity. The capacity of flat V,0s films did
not decrease with heating, however, indicating that the reduced
capacity in the porous samples with 7 nm thick vanadia layers
stemmed from architectural changes upon heating, rather than
changes in lithium ion diffusion as the vanadia crystallized.

Taken together, these results provide significant insight
on the design of pseudocapacitive materials using a core-
shell architecture. Thin shells retain the high surface area
of the host conductor and show good kinetics, but the total
mass loading of redox active material is not high. Thicker
films solve the problem of low mass loading, and if the
crystal structure is optimized for Li* insertion, near surface
redox sites several nm into the material can show fast redox
kinetics. Thick films in a core-shell structure can lead to a loss
of surface area and pore access, however, and have significant
potential for grain growth and structural rearrangement upon
thermal processing. Based on our findings, an ideal pseudo-
capacitor architecture features a high surface area conductor
with pores just large enough that they can be coated with an
moderately thick layer of active material to form a high surface
area core-shell structure that exhibits an open interconnected
porosity. By applying these fundamental design rules, it may
become possible to build pseudocapacitor materials that will
achieve high charge storage while maintaining fast charging/
discharging kinetics.

4. Experimental Section

Materials: The following chemicals were purchased and used as
received: oleylamine (90% Aldrich), oleic acid (90%, Aldrich), indium
acetylacetonate (99.99+%, Aldrich), tin bis(acetylacetonate) dichloride
(98%, Aldrich), nitrosonium tetrafluoroborate (95%, Aldrich), Vanadium
tri-isopropoxide, (96%, Alfa Aesar). Poly((ethylene-alt-propylene)-block-
poly(ethylene oxide), with a mass ratio of PEP(3900)-b-PEO(4000), a
block ratio of PEPs¢-b-PEOg;, and with a PDI = 1.05, was synthesized
using reported methods.[*34° Briefly, polyisoprene was grown by anionic
polymerization, terminated with an -OH group and then hydrogenated
over Pd/C. The resulting PEP-OH was subsequently extended by anionic
polymerization of ethylene oxide.

Synthesis and Ligand-Exchange of Nanocrystals: Previously reported
procedures were followed to synthesize 7-8 nm and 4-5 nm ITO
nanocrystals that were stabilized by either oleylamine or oleic
acid ligands.?>3650 Al as-synthesized nanocrystals were purified
and dispersed in hexane (10-15 mg/mL). To carry out the ligand-
exchange process, as-synthesized nanocrystals were treated with
nitrosonium tetrafluoroborate (NOBF,) according to a recently reported
procedure.?®l In a typical ligand-exchange reaction, 5 mL of nanocrystal
dispersion in hexane was combined with 5 mL of NOBF, solution in N,
N-dimethylformamide (DMF) (10 mg/mL) with stirring (5 min), or until
the nanocrystals were transferred to the DMF phase. The nanocrystals
were precipitated with toluene then centrifuged, followed by multiple
washings with DMF/toluene. The ligand-stripped nanocrystals were
dispersed in DMF/ethanol (1:10 v/v) to give a final concentration of
15-20 mg/mL.
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Synthesis of Mesoporous Nanocrystal-based Films: The synthesis of
mesoporous ITO nanocrystal-based films was previously reported.3%
Briefly, in a typical synthesis, 40 mg of the desired diblock copolymer
was dissolved in 0.5 mL of ethanol with gentle heating. To this solution,
3 mL of the desired nanocrystals in DMF/ethanol (20 mg/mL) was
added. From this mixture, thin films were produced by dip-coating
onto polar substrates at a constant withdrawal rate of 1-10 mm/s with
a constant 30% relative humidity. Thin films were also prepared by
spin-coating onto polar substrates at 1000 to 2000 rpm for 60 s. The
films were dried using a 3 h ramp up to 175 °C, followed by a 3 h soak.
Thermal decomposition of the template was done after the drying step
using a 6 h ramp from 175 °C to 450 °C, followed by a 3 h soak.

Synthesis of V,0s-ITO Composites: The ALD V,0Os process was performed
in a commercial BENEQ TFS 500 reactor, which has a base pressure of
2 mbar. Vanadium tri-isopropoxide, VO(OC;H;); (VTOP), was used as the
vanadium precursor, which was kept at 45 °C giving a vapor pressure of
=~0.29 torr. Ozone or water was used as the oxidant. O; with 18 wt% was
generated from pure O, source by a MKS O3MEGA ozone delivery system.
Ozone ALD was done at 170 °C while water ALD was done at 120 °C. The
film thickness was measured ex-situ using a SOPRA GES5 spectroscopic
ellipsometer. The 2 and 7 nm V,0s film was done with 100 and 250 ALD
cycles respectively. One ALD cycle includes 0.5 s VTOP pulse, 1's N, purge,
2 s oxidant pulse and 1 s N, purge. After coated with V,0Os, the ITO films
were post-annealed in oxygen for 60 s using an AG Associates 410 rapid
thermal annealer at 200, 250, 300, 350, and 450 °C. The thickness of the
films is estimated based on the number of ALD cycles.

Methods: The mass of the V,05 composites was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES),
performed on a TJA RADIAL IRIS 1000. Transmission electron microscopy
(TEM) images were obtained using an FEI/PHILIPS CM120 electron
microscope operating at 120 kV. Scanning electron microscopy (SEM)
images were obtained using a JEOL model 6700F electron microscope
with beam energy 5 kV. 2D small-angle X-ray scattering (2D-SAXS)
data were collected at the Stanford Synchrotron Radiation Laboratory
using beamline 1-4 using the Rayonix165 large angle CCD detector. All
measurements were performed in reflection geometry. XPS analysis was
performed using a Kratos Axis Ultra DLD with a monochromatic (Ko
radiation) source. The charge neutralizer filament was used to control
charging of the sample. A 20 eV pass energy was used with a 0.05 eV
pass energy. Scans were calibrated using the C Ts peak shifted to 284.8
eV. Ellipsometric porosimetry was performed on a PS-1000 instrument
from Semilab using toluene as the adsorbate. A UV-visible CCD
detector adapted to a grating spectrograph analyzes the signal reflected
by the sample. The light source is a 75 W Hamamatsu Xenon lamp and
measurements were performed on the spectral range from 1.24-4.5 eV.
Data analysis was performed using the associated SEA software with the
assumption of slit-like pores. If the actual pores are closer to cylindrical,
the real pores sizes will be slightly larger than the values reported here.
Data is fit with a contact angle of zero for the solvent. Electrochemical
measurements were carried out in a three-electrode cell using a PAR
EG&G 273A potentiostat in an argon-filled glovebox, with oxygen and
water levels <1 ppm. The working electrode consisted of ITO glass upon
which ITO-V,05 films were deposited. The electrolyte solution used was
1.0 m LiClO, in propylene carbonate (PC) and lithium metal foils were
used as the counter and reference electrodes. Cyclic voltammetry was
performed using cutoff voltages at 4 and 1.8 V vs Li/Li*.
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from the author.
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