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ABSTRACT: Nb,Oq is a Li* intercalation transition metal oxide
that is of current interest for lithium ion battery and capacitor
electrodes. For orthorhombic (T) Nb,Og films prepared by
electrophoretic deposition (EPD) and subjected to lithiation/
delithiation cycling, a remarkably reproducible degradation process
is observed. It is characterized by the onset of irreversible capacity
loss from a baseline specific capacity, Cy,, of 400 (+50) F/g at
1000 (& S00) cycles. A gradual reduction of C,p occurs during the
ensuing 9000 cycles after which the C,, stabilizes at 200 (+25) F/
g. We investigate this degradation using six ex situ instrumental
methods and more than 100 individual Nb,Oj; films to characterize
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and understand the composition, atomic scale structure, chemical bonding, electrochemical, and electrical properties of these films
during these 10,000 cycles. What emerges is a multidimensional picture of the degradation process in which the decline in C,, occurs
concurrently with an increase in the charge transfer resistance, a loss of crystalline order, and the dissolution of niobium from the

film.
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B INTRODUCTION

Transition metal oxides (TMOs) gradually lose their ability to
reversibly intercalate/deintercalate metal ions (e.g., Li*) after
500—1000 cycles. When TMOs are used as battery cathodes,
this process causes irreversible capacity loss for the battery,
necessitating its replacement. The degradation and failure
mechanisms responsible for capacity loss are complex and
commonly include three measurable changes:l_5 (1) aloss of
TMO crystallinity, (2) slowed ion intercalation/deintercalation
and ion transport within the TMO, and (3) diminished
electronic conductivity. In the cathodes of metal ion batteries,
TMOs are mixed with conductive fillers to enhance electronic
conductivity and binders to promote cohesion of the TMO
layer. Mechanisms of degradation operating in such composite
films are likely to involve these fillers and binders.' ™ Since real
battery electrodes contain these components, their partic-
ipation in degradation is important to understand, but the
complexity of these multicomponent systems with respect to
degradation can be daunting.

In this study of degradation focusing on orthorhombic
niobium (V) oxide (T—NbZOS),G_18 we simplify this problem
in two ways. First, all binders and fillers are eliminated,
ensuring that degradation pathways involving these extrinsic
materials are removed. Second, electrophoretic deposition
(EPD)" is used for synthesizing thin films of T-Nb,O; films.
We have recently reported'” that EPD provides an unusually
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reproducible method for synthesizing thin films of T-Nb,Os.
The use of many quasi-identical T-Nb,Og films provides a
means for studying the evolution of the structure and
composition during the degradation process using tools
including cyclic voltammetry, high-resolution transmission
electron microscopy (HR-TEM), X-ray diffraction (XRD),
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray (fluorescence elemental) spectroscopy (EDS),
electrochemical impedance spectroscopy (EIS), Raman
microprobe spectroscopy, and X-ray photoelectron spectros-
copy (XPS).

T-Nb,Ojs is an interesting candidate TMO for this study
because the orthorhombic polymorph shows unusually rapid
Li* diffusion and

9,14,15,18,20—24

intercalation/deintercalation ki-
netics

Nb,O; + «Li* + xe” = Li,Nb,O; (1)
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It also has a relatively high theoretical specific capacity, Cg,
of 202 mA h/g or 403 F/g for the 1.8 V voltage window used
in this study. These values correspond to x = 2 in eq 1.*

T-Nb,O; films of 60 (+£20) nm thickness were prepared
from colloidal suspensions of NbO, using a two-step process
involving EPD and calcination (Figure 1)."” The reproduci-
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Figure 1. Schematic diagram of EPD of NbO, and subsequent
processing to obtain T-Nb,Os.

bility of these films in terms of their electrochemical response
and the trajectory of the specific capacity over many lithiation/
delithiation cycles are very good. For example, during
repetitive potentiostatic cycling of these films at 200 mV/s,
the C,, fades by =30% from 400 to 280 F/g after 2000
cycles.”” Film to film dispersion of the Cyp is less than 15%
from 0 to 10,000 cycles, providing the opportunity for ex situ
investigation of the film structure (XRD, TEM, and SEM),
chemical composition (EDS and XPS), local bonding environ-
ments (Raman spectroscopy), and electrochemical metrics (via

in situ EIS). The focus of this study is the mechanisms
responsible for the degradation causing this irreversible
capacity loss.

B RESULTS AND DISCUSSION

Ex Situ TEM Analysis of Degrading T-Nb,Os Films. T-
Nb,O; films were cycled voltammetrically between 1.3 and 3.1
V versus Li/Li* at 200 mV/s for 10,000 cycles (Figure 2a).
Even at this rapid charge/discharge rate, corresponding to a C-
rate exceeding 400, the voltammetry of fresh films is
characterized by a reversible cathodic lithiation peak at 1.57
V and an anodic delithiation ]geak at 1.75 V—as previously
observed for Nb,O; films'*'*?** and nanostructures.”®'"'*

Fresh T-Nb,Og films produce C, values of 360—420 F/g
(Figure 2b), approaching the theoretical maximum value of
403 F/g. Beyond 1000 cycles, C,, smoothly decreases by 50%
to 200 F/g at 10,000 cycles (Figure 2b). The reproducibility of
these cycle stability curves is excellent, as evidenced by the
error bars that show +16 for up to 12 different films. This cycle
stability etlluals or exceeds that reported for Nb,Oy in previous
studies.'*">??%2%2% This suggests that some degradation
channels are eliminated by the omission of conductive fillers
and binders and possibly by the nanoscopic dimensionality of
the film thickness. Understanding the origins of this
irreversible capacity loss is the goal of this paper.

The evolution of crystallinity and crystal structure of T-
Nb,O; films were tracked by ex situ TEM during the
degradation process by halting the cycling of films and
preparing cross-sectional specimens for TEM analysis. Twelve
T-Nb,O; films, corresponding to the twelve Cg, versus cycle
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Figure 2. Electrochemical and ex situ TEM analysis of T-Nb,Os films. (a) Voltammetric cycling of a 60 nm T-Nb,Os film at 200 mV/s in 1.0 M
LiClO,/PC showing a loss of capacity coupled with a positive shift in the reversible potential by 100—200 mV across 10,000 scans. (b) Plots, for
twelve T-Nb,Os films, of C, vs the number of lithiation/delithiation cycles. Data points (black) are average C,p values with +1 o error bar. Blue and
red data were used to acquire TEM data for lithiated and delithiated films, respectively. (c) Raw FFTs of atomic resolution TEM images (top) are
paired with assignments (bottom) for lithiated and delithiated films at 1, 1000, and 2000 cycles. Changes in the major three lithiation planes, 001
(3.9 A), 180/200 (3.1 A), and 181/201 (2.5 A), are tracked. Yellow indices represent the periodicities corresponding to literature T-Nb,O d-
spacings. Orange indices correspond to distortions of literature d-spacings either due to lithiation (increase in d-spacing) or damage to the crystal
integrity (decrease in d-spacing). Blue indices track the appearance of a 060 (4.9 A) family of planes which have not been shown to contribute to

lithiation in T-Nb,O;.
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data sets shown in Figure 2b, were used for the preparation of
the samples studied by TEM. Black data points and error bars
are mean values and standard deviations, respectively, for C,
showing the reproducibility of the electrochemical energy
storage properties of these films. Cross-sectional TEM studies
were also conducted on thin films after 0, 1, 1000, 2000, 5000,
and 10,000 voltammetric lithiation/delithiation cycles (Figures
2c and 3). TEM data for S000 cycle films is omitted here

a. uncycled

b. 1 0,00 cIes

Figure 3. Real space and Fourier-transformed TEM images. (a,b)
TEM images shown in real space (top) and after the application of an
FFT (bottom) for (a) a freshly prepared, uncycled T-Nb,Oj film and
(b) a film cycled 10,000 times. (a) Inset shows the niobium sublattice
at higher magnification. (b) T-Nb,Oj; film cycled 10,000 times at 200
mV/s is completely amorphous. FFTs of these images show no
prominent reflections, and no atomic order is seen at higher
magnification (inset). The distance bar for the inset images is 2 nm.

because these films were indistinguishable from 2000 cycle
samples. Two samples were examined at each of these
junctures corresponding to the lithiated (1.3 V vs Ej;/;;) and
delithiated (3.1 V vs Ep;/;*) states, as indicated.

The niobium sublattice can be seen in HR-TEM images of
the as-prepared films (Figure 3a, top). However, the
crystallinity and structure of this material is more readily
determined by evaluating fast Fourier transforms (FFTs) of the
real-space TEM images, as shown in Figure 3a (bottom). In
the bottom image of Figure 3a, the FFT shows prominent
peaks produced by the 001, 180/200, and 181/201
periodicities present in the TEM image. At higher magnifica-
tion (Figure 3a, top inset), (001) and (180/200) planes of Nb
atoms are resolved. In contrast, after 10,000 cycles, no
evidence of the crystalline structure is observed in either real
space or FFTs of the HR-TEM images (Figure 3b). The
integrity of the orthorhombic lattice is more easily evaluated
from FFTs of the real space TEM data, and FFTs are analyzed
exclusively below.

Correlation of Specific Capacity with Cycling and
Local Film Crystallinity. Simon and co-workers™® collected
XRD data of the T-Nb,Os film as a function of lithiation
potential. They observed that reflections for the 001 (3.9 A),
180 (3.1 A), and 181 (2.5 A) planes shifted to higher d-spacing
values when Li* was inserted into the lattice. From their study,
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it can be inferred that these planes provide the necessary
pathways for Li* to intercalate and translate through the
material.”® These planes are readily identified in the FFT of the
uncycled film (Figure 3a, bottom).

The progressive loss of crystallinity of T-Nb,O; films with
cycling is evidenced by the changes seen in these planes at 1
cycle, 1000 cycles, and 2000 cycles (Figure 2c). This analysis
focuses on the major three planes, 001 (3.9 A), 180/200 (3.1
A), and 181/201 (2.5 A) (Figure 2c, yellow). The remaining
unmarked reflections are predominantly derived from the same
families of planes but are much weaker in intensity. It should
be noted that the resolution of these TEM images is
insufficient to permit the 180 (3.14 A) and 200 (3.09 A) or
the 181 (2.45 A) and 201 (2.43 A) planes to be resolved.
Instead, the d-spacings of each appear as 3.1 and 2.5 A,
respectively.

After the first lithiation of the pristine T-Nb,O; thin film
sample (Figure 2¢, 1 cycle), the presence of both shifted and
unshifted reflections is seen, revealed by the doubling of the
reflections. This implies that lithiation of the lattice was
incomplete and both lithiated and delithiated domains in the
film are contributing to the TEM image in this region. Multiple
reflections and distortions are also observed for the 180/200
(3.1 A) and 181/201 (2.5 A) planes, but the measured shifts in
these reflections are too small to significantly deviate from the
literature d-spacings. While the lithiated sample has a distorted
orthorhombic structure, it has not lost significant crystallinity
in the first lithiation. As the sample is delithiated (Figure 2c,
one cycle), the FFT shows that the sample returns to the initial
orthorhombic state. The FFT shows the presence of only the
180/200 (3.1 A) plane, and doubled peaks signaling the
presence of lithiated and delithiated domains are no longer
visible.

By the 1000th cycle, the distortions in the lattice are more
evident in the lithiated FFT. While the reflections for the three
major lithiation planes are indexed with literature values,
multiple double reflections can be seen with slight deviations
from the literature distances. Blurring of the bright reflections
into rings can be attributed to a decrease in the crystallite size
and random orientation of the crystals approaching a more
polycrystalline sample as the stress of de/lithiation damages
the crystal integrity. As the sample is delithiated, the family of
planes with a d-spacing of 4.9 A (Figure 2c, blue) can be
assigned to the 060 plane, but this plane has not been shown to
contribute to lithiation in T-Nb,Os.

After 2000 cycles, the lattice is severely distorted. In the
lithiated sample, the d-spacings for the 180/200 and 181/201
planes show significant deviations from the literature values.
Reflections that do not conform to the orthorhombic model
are proposed to be the result of minor to severe deformations
from the parent orthorhombic structure (Figure 2c, orange).
For the 181/201 (2.5 A) plane, reflections show both an
increase in the d-spacing (2.6 A) which can be attributed to
expansion due to lithiation and a decrease in the d-spacing (2.3
A) which could be due to degradation of the crystallinity. In
the delithiated state, all the visible planes do not revert back to
the original orthorhombic structure after thousands of cycles
but appear to remain contracted as compared to literature
values. By 2000 cycles, the distortions in the d-spacings are
much more severe and irreversible. Although faint, the family
of reflections with 5.0 A d-spacing corresponding to the 060
plane is again visible at 2000 cycles.

https://doi.org/10.1021/acsaem.1c00580
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As the films are cycled beyond 2000 cycles, several
reflections show the orthorhombic structure (3.9, 3.1, and
2.5 A) (Figure 2c, yellow), but most of the reflections show
distorted orthorhombic planes (3.2, 3.0, 2.3, 2.4, and 2.6 A)
(Figure 2c, orange) or orthorhombic planes that do not
contribute to lithiation (4.9 and 5.0 A) (Figure 2, blue). The
distorted reflections are also doubled and blurred, representing
a small crystallite size, random crystal orientation, and
nonuniform lithiation throughout the film. Finally, after
10,000 cycles, the distortions increase to the point that the
whole structure breaks down and only amorphous Nb,Oq
remains (Figure 3b). To summarize, as the lithiation/
delithiation progresses, the T-Nb,Oj structure slowly degrades
to a completely amorphous structure, destroying the lowest
energy pathways for Li* to traverse through this lattice (Table
1). In addition to impeding Li* transport in the lattice, the loss

Table 1. Evolution of the T-Nb,O; Structure with Cycling

cycle lithiated delithiated
pristine orthorhombic
1 expanded orthorhombic orthorhombic
1000 disoriented orthorhombic deformed orthorhombic
2000 deformed and disoriented ~ highly deformed and disoriented
orthorhombic orthorhombic
10000 amorphous amorphous

of crystallinity can be expected to reduce the rate of Li"
intercalation and to increase the electrical resistance of the T-
Nb,O;. These TEM observations demonstrate that the
observed capacity fade (Figure 2b) occurs in parallel with a
monotonic loss of lattice integrity and, eventually, the
complete loss of the orthorhombic crystal structure.

Delamination of the T-Nb,Os Film from the FTO. In
parallel with the loss of crystallinity seen in the TEM data of
Figures 2 and 3, cross-sectional TEM images of the T-Nb,Oq
film/fluorine-doped tin oxide (FTO) interface (Figure 4)
reveal that a second process is occurring that is likely to
depress Cg,. This is the delamination of the film from the FTO
current collector, resulting in the formation of cavities (Figure
4, white regions). For the pristine T-Nb,O; film, a tight
interface is observed (Figure 4a). However, small cavities are
already observed after just one lithiation/delithiation cycle
(Figure 4b), and these cavities pervade most of the interfaces
after 1000 cycles, extending for up to one micron (Figure 4c).
Strain between the FTO electrode and the T-Nb,Ojy film is a
likely cause for the loss of film adhesion to the FTO and the
formation of cavities at this interface.

This progressive delamination of the film from the FTO
conductor provides a second mechanism, in addition to the
degradation of the T-Nb,Oj lattice itself, which can be
expected to contribute to the increased electrical resistance at
the FTO/film interface potentially contributing to a loss of Cy,.

SEM Images and EDS Elemental Mapping. Strain
caused by the volume change produced by lithium
intercalation/deintercalation is implicated in the degradation
of the orthorhombic T-Nb,O; lattice (Figures 2 and 3) and in
the delamination of the film from the FTO current collector
(Figure 4). On the other side of the film which is in contact
with the electrolyte, the roughening and pitting of cycled T-
Nb,O; film surfaces are seen in ex situ SEM images (Figure S).
An EDS elemental map showing the Nb Lal peak reveals dark
areas where the active material is no longer present. Pristine,
uncycled films show a typical pebbled texture that derives from
the deposition of colloidal Nb,Og particles during EPD film
growth (Figure 5a). These films show a quasi-uniform Nb EDS
signal across the image (Figure Sd). After just one lithiation/
delithiation cycle, cracking is observed (Figure Sb) and loss of
Nb is seen at these cracks (Figure Se). For films cycled 1000
times, pitting and flaking of the film surface are pronounced
(Figure Sc) and Nb loss is colocalized with these defects
(Figure 5f).

Bulk Crystallinity as a Function of Cycling. While TEM
probes the localized crystalline structure of these films in
nanometer-scale regions, XRD is capable of assessing the
spatially averaged structure across a much larger, 100 micron-
or millimeter-scale area, probed by the X-ray beam. Thus,
TEM and XRD provide fully complimentary data on the
evolving structure of these films as degradation occurs. To this
end, grazing incidence XRD (GIXRD) was conducted on a
series of T-Nb,O;s films across the same 10,000 cycle range
explored by TEM and other techniques in this study.

The GIXRD pattern of the pristine, uncycled film aligns with
the literature pattern for T-Nb,Os,">'®** in agreement with
the diffraction points seen in the FFT of the pristine film
(Figure 3a, bottom) and tetragonal SnO, from the FTO
(Figure 6a).”” The three planes associated with the main
lithiation pathways are tracked as a function of cycling (Figure
6b). The calculated d-spacings for the 001, 180/200, and 181/
201 planes are 3.911, 3.099, and 2.438 A, respectively, which
agree with the d-spacing values measured from TEM. The
crystallite size calculated using the Scherrer equation is
approximately 20 nm.

After one cycle, GIXRD reflections are shifted to a smaller d-
spacing for delithiated films and a larger d-spacing for lithiated

pristine Nb2Os | cycle

£)
b

| «T-NbOs
|

PRER T FTO

1000 cycles

Figure 4. Cross-sectional TEM of the T-Nb,Oj film/FTO interface. (a) Pristine T-Nb,O; film showing intimate contact between the film and the
FTO. (b). After one lithiation/delithiation cycle, small voids (white outlined in orange) begin to open between the film and the FTO. (c). After
1000 cycles, delamination between the FTO and the film extends for up to one micron.
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1000 cycles

Figure 5. SEM (a—c) and EDS (d—f) analysis of T-Nb,O; film surfaces. (a,d) Typical texture for pristine T-Nb,Oj films. EDS analysis of this
region shows a quasi-uniform Nb signal (green). (b,e) After one lithiation/delithiation cycle, cracking of the film surface is observed. Such cracks
also show loss of the Nb signal. (c,f) After 1000 cycles, pitting and flaking of the film surface are seen.
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Figure 6. GIXRD data for T-Nb,Os thin films on FTO. (a) GIXRD
pattern for a pristine T-Nb,Og film on FTO. T-Nb,Oj reflections are
indexed in green, and tetragonal SnO, reflections from the FTO
substrate are indexed in orange. (b) XRD patterns collected from 15
to 40° across 10,000 cycles. Delithiated films are denoted with a “D”,
and lithiated films are labeled with “L”. GIXRD data for films cycled
for 0 (pristine), 1, 1000, 2000, and 10,000 cycles are shown in both
the lithiated and delithiated state. The reflection at 31.8° can be
assigned to the cubic phase of SnO, from FTO, and the small
reflection at 16.9° in the 10,000 cycle lithiated sample is assigned to
the 130 plane of T-Nb,O; with a d-spacing of 5.2 A. (c) Expanded
windows for the 001, 180/200, and 181/201 reflections showing
changes in peak position as compared to the pristine sample (dashed
line).

films (Figure 6b,c). Approximately, a 0.01 A contraction/
expansion is observed, which can account for the lack of
significant change in the d-spacing measured by TEM between
the pristine film and the one-cycle de/lithiated films (Figures
2¢, 3a bottom, Figure 6b,c). Simon and co-workers™ measured
a 0.1 A change in d-spacing with lithiation in T-Nb,Oj
electrodes, suggesting nonuniform de/lithiation in the thin
films observed here. Peak broadening from pristine films to

6546

films after one cycle can suggest that films are partially de/
lithiated, and the XRD reflections represent both states of
lithiation across the film (Figure 6¢c). Additionally, peak
broadening could be due to a decrease in crystallite size which
is seen in TEM by the blurring and doubling of diffraction
spots (Figure 2c).

By 1,000 cycles, signs of degradation are noticeable,
particularly in the lithiated films (Figure 6b,c). Very little
peak shift occurs with lithiation and delithiation, suggesting
that these lithiation pathways are starting to deteriorate. A
slight increase in peak broadening, especially in the lithiated
samples, continues to suggest that films are nonuniformly
lithiated, as seen in TEM. Furthermore, the low intensity of T-
sz%s reflections hints at a decrease in the crystallinity of the
film.

At 2,000 and 10,000 cycles, there is virtually no change in d-
spacing between the pristine film and the de/lithiated films
except for the 180/200 plane which appears to remain lithiated
even in the delithiated sample (Figure 6b,c). The intensity of
the lithiated (Figure 6b,c) film after 2,000 cycles is so low that
the 180/200 and 181/201 peaks appear amorphous. However,
in contrast to the TEM data of Figure 3, GIXRD does not
show that the films are amorphous after 10,000 cycles.
However, in view of the fact that crystallinity of these films
is substantially degraded at 1,000 and 2,000 cycles, the
possibility exists that film delamination of the 10,000 cycle
samples from the current collector occurred, preventing these
films from cycling and preserving the crystallinity of these
samples. This scenario is supported by the fact that little
change in d-spacing and peak width is observed between the
pristine film and the 10,000 cycle film samples. A decrease in
cycle stability and little change in crystallinity hint that the
delaminated portion of the film does not contribute to de/
lithiation capacity.

Overall, these GIXRD data support the conclusion that in
the bulk of these T-Nb,Og films, lithiation pathways
deteriorate as a function of cycling as evidenced by the loss
of d-spacing changes—between lithiated and delithiated
films—after 2,000 cycles. TEM hints that local regions within
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Figure 7. XPS analysis of delithiated T-Nb,O; as a function of the number of lithiation/delithiation cycles. (a).
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photoelectron spectra for five T-Nb,O; samples subjected to 1—10,000 cycles compared with pristine and amorphous (unannealed) samples. Blue
fittings correspond to Nb**, and orange corresponds to Nb*". (b) Oxygen 1s photoelectron spectra for the same samples shown in (a). In these
spectra, blue corresponds to lattice O, green corresponds to nonlattice oxygen, and orange corresponds to adsorbed OH™ and H,0. (c) Plot of
Nb 3d binding energy vs number of cycles, (d) plot of O 1s binding energy vs number of cycles.

these films are “trapped” in a lithiated or delithiated state by
2,000 cycles, accounting for the broad peaks seen in GIXRD
that average out to d-spacing values close to those of an
uncycled film. Between 2,000 and 10,000 cycles, the lack of
amorphization in GIXRD and low capacity suggest that large
areas of the films delaminate to the point where they can no
longer contribute to de/lithiation and stop degrading.
However, TEM shows that regions that do remain in contact
become fully amorphous by 10,000 cycles.

Ex Situ XPS Analysis of Surface Chemical Composi-
tion. In 2016, Yu and co-workers"® used ex situ XPS to
monitor the oxidation state of a Nb,Og nanosheet anode as a
function of its equilibrium potential in 1 M NaClO, in a
mixture of ethylene carbonate and propylene carbonate. They
found that upon intercalation of sodium cations, Nb 3d peaks
shift to a lower binding energy due to conversion of most Nb**
centers to Nb*" centers and then revert to higher binding
energy upon deintercalation."” Luo and co-workers™ also
investigated the sodiation of T-Nb,Ojs using ex situ XPS over
the course of 2 cycles and noted that a full conversion of the
Nb metal centers between the charged and discharged states
was not observed. Rather, the Nb centers cycled between two
charge states, Nb****> and Nb**'°, suggesting that a mix of Nb
valences is present in the sample throughout the sodiation
process. These studies focused on the initial intercalation and
deintercalation cycles for Nb,Ox.

Few investigations report the XPS analysis of the surface
chemical state of T-Nb,Os caused by long-term cycling.
Nakajima and co-workers®” looked at different states of charge
over the course of 10 lithiation/delithiation cycles for T-Nb,Os
films. These authors reported a reversible shift of 0.5 eV to
lower binding energies for the Nb 3d peaks when the sample
was fully lithiated. Subsequent cycling led to the disappearance
of clear peaks in the Nb 3d region. In the O Is spectra,
lithiation caused an irreversible 2 eV shift in the lattice O~
peak from 531.3 to 533.3 eV, which recovered to 533.0 eV
upon delithiation.*
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XPS data were acquired for delithiated films as a function of
the number of lithiation/delithiation cycles (Figure 7a,b). The
as-synthesized but unannealed Nb, O films show Nb 3d peaks
(Figure 7a, “Amorphous”) with binding energies of 207.47 and
210.21 eV assigned to Nb 3ds;, and 3d;),, respectively, in
agreement with literature values for amorphous Nb,O; films.*!
Calcining introduces oxygen vacancies to T-Nb,Os films
(Figure 7a, “Pristine”), and this is demonstrated by the Nb/
O stoichiometry of 29.9% Nb and 70.1% O, corresponding to a
stoichiometry of Nb,O,, for the orthorhombic films. Nb 3d;,,
and Nb 3d;, peaks are shifted lower by ~#500 meV in the films
annealed at 600 °C, compared with the amorphous material.
These shifts are similar to those seen by others who have
investigated Nb,O; with oxygen vacancies resulting from
elevated annealing temperatures.’”*’ For example, Atak
investigated the effect of heat treatment on the optical,
structural, electrochromic, and bonding properties of 0.125
inch-thick T-Nb,Oj; films and observed a negative shift of 300
meV upon annealing the as-synthesized material at 600 °C.*”
The O 1s region in the pristine film (Figure 7b, “Pristine”)
shows the presence of three peaks at 530.0, 531.0, and 532.1
eV which correspond to lattice O*”, nonlattice oxygen, and
adsorbed —OH and H,0, respectively.”* Film stoichiometry
was determined using the peaks for lattice O*~ and nonlattice
oxygen. Atak and co-workers’ reported a negative shift by 0.4
eV in the binding energy of the O 1s peaks after annealing their
films to 600 °C, which is also seen here for films transitioning
from amorphous Nb,Ojq to crystalline T-Nb,Os.

After one lithiation/delithiation cycle, a small shift in Nb 3d
peaks by 40 meV is observed (Figure 7a, “one cycle”). This
shift is much smaller than the 0.5 eV shift to lower binding
energy that has been reported when Nb,O; films are
lithiated,>" but it is in the same direction. This implies that
it could be a consequence of irreversible Li insertion into the
T-Nb,Os. In the O 1s spectrum (Figure 7b, “one cycle”), the
lattice O*~ peak is also shifted negatively by 30 meV. This is
interesting because the irreversible shift seen by Nakajima and
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co-workers®” is absent here. As the T-Nb,Oj is cycled, Nb 3d
peaks steadily shift to higher binding energies, approaching
values seen in amorphous films (Figure 7a,c). The O s
spectrum displays similar behavior, with both lattice O*~ and
nonlattice oxygen peaks shifting to higher binding energies
(Figure 7b,d). The observed evolution of O 1s and Nb 3d are
consistent with an increasing contribution of high valance Nb**
as cycling progresses. In parallel with these shifts, both Nb 3d
and O 1s peaks also broaden considerably. For example, in the
case of the Nb 3d peaks (Figure 7a), the line width of the Nb
3d peaks for pristine T-Nb,O;y is 0.95 eV, and these peaks
broaden to 1.35 eV after 10,000 cycles, suggesting an increase
in the heterogeneity of the Nb chemical state. Even more
dramatic broadening of the O 1s peak (Figure 7b) is caused by
increased contributions from nonlattice O and adsorbed H,O
and OH™ species.

The evolution of the XPS spectrum as a result of cycling can
be accounted for by a combination of two processes: First, T-
Nb,O; films become progressively more amorphous with
cycling causing line widths to broaden for both Nb 3d and O
1s peaks. The amorphous, as-synthesized state of Nb,O; has an
oxidation state of Nb*". Calcination imparts crystallinity while
also introducing oxygen vacancies, resulting in a mixture of
Nb* and Nb** species.””® Continuous cycling and the
associated repetitive stress of lithium insertion and deinsertion
lead to fatigue of the T-Nb,Oj lattice culminating in a collapse
of the orthorhombic structure and the formation of an
amorphous Nb,Oj;. The resulting inhomogeneity of Nb centers
accounts for the increased line width of the Nb 3d peaks after
being cycled 10,000 times.

Second, a progressive loss of T-Nb,Os is occurring as a
consequence of pitting (Figure 5) and, potentially, dissolution
of the film as more soluble Nb*" dissolves into the electrolyte
during cycling, leaving behind less-soluble Nb>* of the
delithiated oxide. To corroborate this hypothesis, XPS was
used to examine the composition of salts recovered by
evaporation from the electrolyte used for lithiating/delithiating
T-Nb,O; films for 10,000 cycles (Figure 8). There is overlap
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Figure 8. XPS analysis of dissolved salts recovered from the
electrolyte after 10,000 cycles. (a). Overlapping Cl 2p and Nb 3d
regions showing both Cl 2p peaks consistent with ClO; and Nb*
peaks. (b) O 1s region with deconvolutions illustrating contributions
from surface oxygen, ClO}, and NbO,, as indicated.

between the regions where Nb 3d peaks and Cl 2p peaks from
the perchlorate salt used as the electrolyte appear; however, the
Nb 3d;,, peak and the O 1s lattice O*~ peak are observed at
206.7 and 533.2 eV, respectively, with the former being
characteristic of Nb*" species.’® This supports the hypothesis
that Nb* is selectively dissolved from the film into the
electrolyte.
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Degradation and the Niobium Coordination Sphere:
Ex Situ Raman Spectroscopy. There is extensive literature
on crystal disorders and phase changes observed in the Raman
spectra of niobium oxides.”” "> Amorphous niobia consists of
distorted NbOg, NbO-, and NbOyg polyhedra, characterized by
strong and broad stretching modes at or about 650 cm™ in the
Raman spectrum.”’ Crystalline niobia are characterized by
Nb—O-Nb stretching at 690 cm™, with sharper transitions
than those seen for the amorphous phase, since a majority of
the polyhedra are NbO4 and a minority of polyhedra have
distorted coordination. Raman spectral evolution of lithiated
and delithiated T-Nb,O; performed by Liu and co-workers*'
showed a weakening of signal intensity between 570 and 770
cm™" upon lithiation. They suggest that this attenuation is due
to Li* “bridging” Nb—O—Nb oxygens across layers, confirming
that Raman bands in the $70—770 cm™' region correspond to
Nb—O-Nb stretching.*'

The influence of the repetitive stress imposed by many
lithiation/delithiation cycles on the stretching frequencies of
niobia, however, has not been intensively investigated.
However, the influence of another mode of damage,
mechanical milling, was studied by Senna and co-workers.*”
Starting with pure monoclinic Nb,O;, damage by milling
induced a softening of the Nb—O—Nb stretch by up to 10
cm™ coupled with an increase in its full width at half maxima
(fwhm)."” Figure 9a shows the progress of niobium pentoxide
degradation monitored via Raman spectroscopy, at regular
intervals from pristine to 10,000 cycles. The 60 nm T-Nb,O;
film was deposited on a 600 nm FTO layer on glass. The glass
layer shows a vibration at 560 cm™' (shown in blue), and
vibrations of the FTO appear at 600 and 630 cm™" (shown in
green) along with a weak vibration near 680 cm™"' (shown in
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Figure 9. Degradation of the T-Nb,Os coordination sphere upon
cycling of a 60 nm T-Nb,Og film deposited on FTO on glass to
10,000 cycles, monitored via ex situ Raman spectroscopy. (a) Raman
spectra at different intervals of cycling left at a delithiating potential.
The blue curve depicts the stretching vibrations for the glass substrate,
green for FTO, and red for the Nb—O—Nb stretching vibrations.
Gray curves in glass spectra correspond to weak stretching vibrations
that are more prominent in the FTO spectra, and the gray curve in the
FTO spectra notes a weak stretching vibration in the FTO that is
hidden by the Nb—O—Nb stretching vibration. (b,c) Changes in the
fwhm and Raman shift of the Nb-O-Nb band, respectively, across
10,000 cycles measured across several regions of the films.
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Figure 10. EIS analysis of T-Nb,O; films. (a). Nyquist plots of EIS frequency spectra acquired from 1 Hz to 30 kHz for the delithiated state of T-
Nb,Oj films in 1.0 M LiClO,, PC. Voltammetric scanning at a rate of 200 mV/s for this film was interrupted at 16 junctures, and EIS spectra were
acquired. Data from eight data sets are shown here for clarity. The solid lines are least squares fits to the equivalent circuit model shown in (c). (b)
Schematic diagram showing the system under investigation; (c) equivalent circuit used to model the EIS response of a T-Nb,Oj film on FTO. (d)
R, vs number of cycles. (e). Log-linear plots of the resistances R; and R,. (f). Log-linear plots of the CPEs CPE, and CPE,. Cycle numbers in panels

d-f are shown in intervals of 1000 cycles.

gray) that was not seen in the Nb,Og films (Figure 9a).
Pristine, uncycled orthorhombic Nb,O; shows an average
stretching vibration band at 686 cm™' with an fwhm of 72
cm™, and changes in these values are tracked across the 10,000
cycles (Figure 9b,c).

The fwhm of the Nb—O—Nb stretching band (Figure 9b)
increases significantly (up to 7 cm™) after 1000—2000 cycles.
This is attributed to an increase in the inhomogeneity of the
polyhedra in these degraded films. The increase in fwhm
coincides with TEM images that show strong distortions of the
orthorhombic structure, also at 2000 cycles (Figure 2c). With
cycling, the Nb—O—Nb stretching peak shift fluctuates about 5
cm™' (Figure 9c), but it remains in the range from 685 to 692
cm™!, providing no definitive evidence for a change in bond
order within the T-Nb,O;. Large error bars in both (Figure
9b) and (Figure 9c) indicate inhomogeneity of these quantities
across a single sample. This makes the subtle changes in the
Raman spectra difficult to precisely track due to interfering
spectra of the FTO substrate, especially the small vibration
around 680 cm™!, but these data suggest that the coordination
sphere of T-Nb,O; becomes more distorted as the film is
cycled.

EIS. In contrast to the other techniques employed in this
study, EIS was used as an in situ rather than an ex situ probe of
the electronic and electrochemical properties of T-Nb,Oj films
during cycling.43 EIS has been used to study Nb,O; battery
electrodes*** and supercapacitor’>**™** systems, but its
application to degradation analysis has not yet been reported
to our knowledge. A simple two-interface circuit provides
excellent fits to our EIS data across all 10,000 scans (Figure
10a—c). This circuit accounts for the impedance contributions

6549

of two interfaces with parallel capacitor—resistor pairs: the
FTO/T-Nb,O; interface (interface 1) and the T-Nb,O/
solution interface (interface 2). In addition, a solution
resistance, R, is included in series. Constant phase element
(CPE) approximations of a capacitor are used in this
analysis.™

Nyquist plots acquired at seven frequencies (Figure 10a)
consist of two fused semicircles that are well modeled by this
equivalent circuit (solid lines, Figure 10a). However, stable
values for the circuit elements R,, CPE,, R), and CPE, are not
obtained until after ~100 cycles. The initial impedance
response is characterized by highly fluxional values for all
four circuit elements, as seen, for example, in the <1000 cycle
data of CPE, (Figure 10f). This impedance instability is
attributed to the mechanical delamination of the T-Nb,O; film
from the FTO surface, as documented by the TEM cross
sections in Figure 4. As indicated above, we speculate that
delamination is the result of the relief of strain between the
FTO and T-Nb,O; imposed by lithiation volume expansion of
the T-Nb,O;. Once delamination has occurred and this strain
is relieved, impedance noise disappears and high signal-to-
noise impedance data are obtained (Figure 10e,f).

Delamination is expected to increase R; as electrical
continuity between the FTO and the T-Nb,O; film is lost
and to decrease CPE; by increasing the effective “capacitor
spacing” as the FTO and T-Nb,O; film surfaces are
progressively separated from one another. These two changes
are observed in the data of Figure 10ef that document an
increase in R, by a factor of 24 and a decrease in CPE, by 40%.

Changes in R, and CPE,, the culmination of a loss in
crystallinity by the T-Nb,Oyg film, are somewhat more difficult
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to rationalize. The conversion of a crystalline T-Nb,Og film to
an amorphous one should increase R, and this is clearly
observed: R, increases substantially, by 48%, from 2.5 to 3.7
kQ from 100 to 10,000 cycles (Figure 10e). CPE,, on the other
hand, increases from 1.5 X 10™* F at 1000 to 2.5 X 10™* F at
2000 cycles, but with continued cycling, CPE, declines to 1.0
x 107 F at 10,000 cycles. The source of the noise seen in the
CPE, data for <1000 cycles is likely caused by the
delamination of the film from the FTO.

Finally, the solution resistance, R, stays almost constant
throughout 10,000 scans, increasing by just 25% (Figure 10d).
In view of the magnitude of the changes in the other circuit
elements measured here, this change is inconsequential.

How will the observed changes to these five circuit elements
influence the performance of T-Nb,Oj; films? To answer this
question, it is important to appreciate that even at the rapid,
200 mV/s scan rate and a 1.8 V voltage window, the effective
frequency is just 0.06 Hz—considerably lower than the 1 Hz
lowest frequency measured in this study. Therefore, in terms of
impacting the energy storage performance of these films, the
low frequency impedance provides the most direct measure of
impact. The total film impedance, Z,, at 1 Hz, encompassing
the capacitive (Z;,) and the resistive (Z,) impedance
components (Zyw = (Zim> + Z2)"?), increases from 780 Q
at 10 cycles to 1860 Q at 10,000 cycles (data visible in Figure
S2). Therefore, the approximate doubling of the Z,,, coincides
with a reduction in Cy, by one-half (from ~400 to ~200 C/g,
Figure 3b), quantitatively as expected.

B CONCLUSIONS

We report the characterization as a function of the number of
lithiation/delithiation cycles of ultrathin (60 nm) T-Nb,Oq
films prepared by EPD. Many (>100) identical films were
prepared and characterized using ex situ tools including TEM,
SEM, EDS, GIXRD, XPS, Raman microprobe spectroscopy,
cyclic voltammetry, and (in situ) EIS. The main conclusions of
this work are the following:

The as-prepared T-Nb,O; films prepared by EPD exhibit
high C,, in the 400 F/g range approaching the theoretically
expected maximum value of 403 F/g and highly reversible
electrical energy storage, retaining significant C, for up to
10,000 cycles and losing approximately 50% over this number
of scans (see data in Figure 2b).

After 1000 lithiation/delithiation cycles, the crystalline,
orthorhombic lattice begins to undergo degradation, with
numerous lattice distortions visible at 2000 cycles (Figure 2c).
This is the interval of scans over which most of the C,, loss
occurs. Delamination of the T-Nb,Og film from the FTO
current collector producing an appreciable gap is observed
(Figure 4). SEM/EDS images of the film surfaces show circular
pitting with complete loss of Nb signal within these regions
(Figure S). An inhomogeneity develops in the coordination
sphere of oxygens about Nb centers, and NbO, and NbOg
coordinations are observed along with NbOg characteristic of
T-Nb,O; (Figure 9). This leads to destruction of the low
energy barrier pathways for Li* intercalation, which comprises
the corner-shared NbO, octahedra.

In addition to impeding Li* diffusion, these chemical
changes increase the barrier for electrons to reach the Nb
centers, resulting in increased electrical resistance. This
increased resistance is directly measured by EIS, which
shows significant increases in both R; and R, (Figure 10)
commencing at 1000 cycles.
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T-Nb,O; films are largely rendered amorphous at 2000
cycles, and the deleterious changes in film resistance (Figure
10) and chemical state (Figures 7 and 9) continue to be
observed. This is direct evidence for the selective leaching of
Nb*" from the film (Figure 8). At 10,000 cycles, chemical shifts
for Nb 3d and O Is return to values seen for freshly deposited,
amorphous Nb,Os films (i.e., purely Nb*") prior to annealing.
This means that these films are nearly depleted of Nb*,
formed during lithiation.

Remarkably, in spite of the damage documented by these
data after 10,000 cycles, the amorphous Nb,Oy films retain a
C,, ~ 200 F/g or 50% of the capacity of freshly annealed and
crystalline T-Nb,Ojs films of Cy, ~ 400 F/g.

B EXPERIMENTAL METHODS

Chemicals and Materials. Niobium pentachloride (NbCls, 99%),
hydrogen peroxide solution (H,0, 30% (w/w) in H,0), lithium
perchlorate (LiClO,, battery grade, dry, 99.99% trace metal basis),
propylene carbonate (anhydrous, 99.7%), and FTO-coated glass slides
(surface resistivity &~ 13 Q/sq) were all used as received from Sigma-
Aldrich. FTO was cleaned using a commercial cleaning solution,
Hellmanex 3, obtained from Hellma Analytics. The positive
photoresist (Shipley S1808) and developer (Shipley MF-319) were
purchased from Kayaku Advanced Materials. Acetone and methanol
(ACS certified grade) were used as received from Fisher Scientific.

EPD of T-Nb,0s. EPD of T-Nb,O; films on FTO was carried out
as previously described.' Briefly, a modification of the method of
Zhitomirsky"® was used in which a clear, colloidal NbO, solution was
first prepared by rapidly injecting Nb** in methanol (135 mg of NbCly
dissolved in 4 mL of methanol) into cold (%2 °C) hydrogen peroxide.
After aging at room temperature for 3 h, EPD was carried out
potentiostatically on a 6 X 6 mm FTO electrode with an area of 0.36
cm? in the two-electrode mode at —2.0 V. Under these conditions, a
quasi-constant deposition current was measured and EPD was
continued until a total Coulombic loading of 1.4 C/ cm? was
obtained—approximately 190 s. T-Nb,Oj; films of 60 nm in thickness
were then obtained by calcination at 600 °C for 8 h.

Electrochemical Characterization. All electrochemical measure-
ments were performed by a one-compartment three-electrode cell
using a Gamry Series G 300 potentiostat. Cyclic voltammetry was
conducted in 1.0 M LiClO, (battery grade, dry, 99.99%) in dry
propylene carbonate inside a N, glovebox. A glassy carbon rod (2 mm
diameter) was used as the counter electrode with a platinum wire
pseudoreference electrode for the electrochemical measurements. EIS
measurements were conducted from 1 Hz to 30 kHz using an
amplitude of 10 mV. All potentials are referenced to the Li/Li"
couple, Ej;;1 = —3.045 V versus normal hydrogen electrode, by
calibrating the Pt pseudoreference electrode against Li/Li* using
ferrocene/ferrocenium (Fc/Fc™) in 1.0 M LiClO,, PC.’!

Structural Characterization. SEMs and EDS were acquired
using an FEI Magellan 400 XHR system equipped with an Oxford
Instruments EDS detector (80 mm?, AZtec software). Before imaging,
samples were sputter-coated with &5 nm of iridium. Accelerating
voltages of incident electron beams ranged from 10 to 30 kV, and
probe currents ranged from 25 pA to 0.4 nA. All SEM specimens were
mounted on stainless steel stubs and held by carbon tape. XPS was
measured using the AXIS Supra by Kratos Analytical Inc. equipped
with a monochromatic Al/Ag X-ray source. Raman spectra were
obtained using a customized Renishaw InVia Raman microscope with
a 532 nm excitation laser with a 2 pm spot size. Raman transitions
were fit to Gaussians to extract peak positions and the fwhm. GIXRD
patterns were collected using a Rigaku SmartLab X-ray diffractometer
in parallel beam geometry with a fixed incident angle of 0.3°. The Cu
K, X-ray generator was operated at 40 kV and 44 mA.

TEM. TEM was performed on a JEOL JEM 2800 transmission
electron microscope equipped with a 200 kV Schottky field-emission
electron gun. High-resolution TEM images were recorded at a
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resolution of 0.2 nm. FFT's were taken from selected areas in the high-
resolution TEM images.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.1c00580.

SEM and EDS images of Nb and O in the 1000 cycle
film and an extended Nyquist plot of the data shown in
Figure 9a to show the total film impedance at 1 Hz for
10,000 cycles (PDF)
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