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ABSTRACT: Bronze phase transition-metal oxides have recently attracted
attention as high-rate lithium-ion battery anode materials. Their crystal
structures are distinguished by large tunnels and an open framework, facilitating
lithium-ion diffusion and high-rate charge—discharge properties. The presence
of two transition metals also offers a route to achieve high energy density from
multielectron redox. In this paper, we report the chemistry, structure, and
electrochemical properties of two different bronze phase compositions having
the same stoichiometry: W3Nb,0,, and Mo;Nb,0O,,. These materials provide
insight into how the transition metals affect the electrochemical behavior and
structural stability of bronze phase materials. Mo;Nb,O,, exhibits greater than 1
electron redox per transition metal leading to lithium capacities above 200 mAh
g ' at C/2 but is unable to maintain this high capacity at high rates due to
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incomplete Mo redox reactions. In contrast, W;Nb,O, exhibits reversible redox reactions and retains its open structure on cycling.
This study highlights the potential of bronze phase materials containing two transition metals to exhibit fast charging properties with

a high energy density.

1. INTRODUCTION

Any significant effort at achieving net-zero emissions in the
next few decades will involve electrification of transportation,
which accounted for 66% of total U.S. petroleum consumption
in 2020." Lithium-ion batteries (LIBs) play a prominent role in
realizing electric vehicle (EV) technology, and improved
performance will be necessary to overcome limitations in
driving range and charging time.” For this reason, there is great
interest in developing energy-storage materials that can rapidly
undergo charge—discharge reactions without compromising a
high energy density.

Although graphite is the commercial material of choice for
the negative electrode material in lithium-ion batteries, it is
susceptible to lithium dendrite formation when operated at
high charge rates, especially at low potentials.” This is one
reason why another lithium intercalation material, Li,TisO,,
has been widely utilized as a high-rate negative electrode
despite its higher operating potential (1.55 V vs Li/Li*) and
lower capacity of lithium (175 mAh g™').* Over the past
several years, a number of other intercalation material systems
have emerged that offer the promise of high energy densities
and operation at lower potentials. In particular, Wadsley-Roth
crystallographic shear phases are attractive as systems such as
TiNb,0,,” PNbyO,s,° WiNb,4Os;,” and others have generated
considerable interest with their high theoretical capacity, rapid
ion conduction, and ability to accommodate greater than 1 Li
per transition metal. The multielectron redox for Nb, which
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arises from its multiple valence states, also exists with other
transition metals, including V,*? Mo,'"""* and W,">'* and
broadens the scope of fast-charging electrochemical energy
storage materials.

Bronze phases tend to possess a more open framework than
Wadsley-Roth structures and represent a promising choice for
fast-charging electrode materials. First discovered in 1824,'1°
the most common bronze family is the tungsten bronzes,
which are well-known nonstoichiometric compounds with the
general formula M,\WO,; (M = alkali metals). Depending on
the amount and size of the alkali metal, tetragonal tungsten
bronzes or hexagonal tungsten bronzes can be formed.'” The
hexagonal channels in the M,WOj; bronze framework ensure
rapid ion diffusion,'® and the presence of edge-sharing
octahedra in the a-b plane of the bronze phase structure
effectively reduces the band gap energy,19 which is beneficial
for lithium-ion battery electrodes.”” However, the unfavorable
occupation of electrochemically inactive alkali metal ions
reduces the number of insertion sites. In contrast, reduced

tungsten oxides, such as W13049,14’21 could have more than 1.2
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lithium uptake per tungsten and still retain the tunnel-like
feature of the bronze structure by replacing the alkali metal
with W', The substitution of reduced transition metals with
alkali ions provides more lithium insertion sites in the
structure.

Recently, the tetragonal tungsten—niobium bronze
phase”™** has received attention as an anode offering high
power and energy for LIBs. Griffith et al. reported that the
Nb,;;W,s0y; bronze phase has redox reaction contributions
from both tungsten and niobium and exhibited greater than 1
electron redox at rates below 1C and a capacity over 100 mAh
g™! at rates as high as 60C.” Yao et al. observed that the
W,o3Nbg-O,; bronze phase could maintain 80% capacity
retention as the rate increased from 0.5C (135 mAh g™') to
20C (108 mAh g™').* By variation of the transition metals, the
potential range changes accordingly. Kaveevivitchai et al
reported that Mo, 44VOg ;3 bronze could function as a positive
electrode material for LIBs as it delivers over 300 mAh g~' by
accommodating 6 lithium per unit formula between 3.9 and 1.5
V (vs Li/Li*).”° There is also evidence that the second
transition metal could provide stability for the open bronze
structure.”””® For example, the reduced molybdenum oxide,
MosO,,,”” which possesses a similar bronze phase tunnel-like
structure, is able to achieve multielectron redox. Although
Mo;O,, is a metastable phase and only stabilizes in a narrow
temperature range, a thermodynamically stable phase,
Mo;Nb,0,,, could be obtained by substituting Mo®* with
Nb** without changing the tunnel-like bronze structure.’® Fang
et al. reported that the Mo;Nb,O,, bronze phase can operate
as a high-rate anode material for lithium-ion batteries,
delivering 75 mAh g™" at a SC rate.”’ While these examples
show promising electrochemical results, there is the prospect
that a better understanding of the role of the two transition
metals, their redox reactions, and structural changes on charge
and discharge can lead to the development of bronze phase
materials as high-performance battery electrode materials.

In this study, we compare the structures and electrochemical
properties and determine the role of the transition metal in two
bronze phase materials with the same stoichiometry:
Mo;Nb,O,, and W;Nb,O,,. Mo;Nb,O,,, which has a more
open structure than W;Nb,O,, exhibits greater than 1 electron
redox per transition metal at rates up to C/2 as it benefits from
Mo redox reactions. However, the material is unable to
maintain this high capacity at high rates due to the
irreversibility of the Mo redox. By comparison, W;Nb,O,,
achieves 1 electron per transition metal at rates up to nearly 1C
and exhibits much better rate performance than Mo;Nb,O,,
despite having a more compact structure. The combination of
in situ X-ray diffraction (XRD), operando XRD, ex situ X-ray
photoelectron spectroscopy (XPS), and entropic potential
measurements enables us to characterize and understand the
structural and chemical features associated with the transition-
metal redox reactions which determine the electrochemical
results. The results provide insight into the design of bronze
phase materials for fast-charging electrochemical energy
storage materials.

2. EXPERIMENTAL METHODS

Solid-State Synthesis of W3;Nb,0,, and Mo;Nb,0,,. Although
the two bronzes possess the same stoichiometry, the temperatures
used in their solid-state synthesis are very different, because of the
precursor oxides. The W;Nb,0,, samples were obtained by mixing
WOj; (Alfa, Morton Thiokol Inc., 99.7%) and Nb,O; (Sigma-Aldrich,
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99.99% trace metal basis) powder with the correct stoichiometry with
an agate mortar and pestle for 10 min. The well-mixed powder was
placed in an alumina crucible and transferred into a programmed box
furnace at 1050 °C for 12 h with a § °C min™" heating rate. When the
W;Nb,0,, powder was cooled to room temperature, the color of
W;Nb,0,, shifted from white to gray. The Mo;Nb,O,, powder was
prepared similarly by mixing MoO; (Sigma-Aldrich, 99.97% trace
metal basis) and Nb,O; (Sigma-Aldrich, 99.99% trace metal basis)
powder in the correct stoichiometry. Since the melting temperature of
MoO; is 795 °C, the synthesis temperature for Mo;Nb,O,, is
significantly lower. For this material, the mixed powder was heated to
750 °C for 12 h with a 5 °C min™" heating rate and cooled to room
temperature.

Powder X-ray Diffraction. X-ray diffraction (XRD) was carried
out using a PANalytical X'Pert Pro diffractometer (Malvern
Panalytical, Almelo, Netherlands). An X’Celerator detector with Cu
K,-K,, (A = 1.54060, 1.54439 A) radiation was used. The
acceleration voltage and current were 40 kV and 40 mA, respectively.
With a step scan of 0.0167°, diffraction patterns were collected
between 20° and 90° (26). Le Bail refinements were performed by
using a pseudo-Voigt function for the peak profile.*”

Scanning Electron Microscopy/Energy-Dispersive X-ray.
Scanning electron microscopy (SEM; FEI Nova NanoSEM230)
images were obtained by using 10 keV accelerating voltage with a S
mm working distance. A thin layer of gold was sputtered for 1 min on
the surface of the samples to alleviate the charging effect and produce
better quality images. The energy-dispersive X-ray (EDX) elemental
map was collected at different focused regions for S min each.

Scanning/Transmission Electron Microscopy. Scanning/trans-
mission electron microscopy (S/TEM) was used to characterize the
structural features of the phases. Powders were dispersed in ethanol
and then deposited on a holey carbon-coated copper grid before
insertion in a probe-corrected S/TEM Themis Z G3 (Thermo Fisher
Scientific). High-angle annular dark-field (HAADF-STEM) images
were acquired at 80 kV, with 20 mrad convergence angles and 52—
200 mrad collection angles. To limit sample degradation, the Drift
Corrected Frame Integration (DCFI) mode with 20 frames (0.8 s per
frame) was used to obtain high-resolution HAADF-STEM images.
Energy-dispersive X-ray spectroscopy (EDS) was performed with the
4-SDD detector Super-X system.

Electrochemical Characterization. The as-prepared M;Nb,O,,
(M = W, Mo) sample was mixed with carbon black (TIMCAL Super
P) and poly(vinylidene fluoride) (PVDF) with a mass ratio of 75%
active material, 15% carbon black, and 10% PVDF binder. The
appropriate amount of 1-methyl-2-pyrrolidinone (NMP) was added,
and after mixing for 10 min with mortar and pestle, the slurry was cast
onto a carbon-coated Al foil using a doctor blade. The uniform cast
slurry was placed on a 40 °C hot plate to dry overnight in the fume
hood and continued drying at 110 °C in a vacuum oven for 5 h. The
average mass loading for each cell was 2 mg cm™2 The 2032 type coin
cells were assembled in an argon-filled glovebox (H,O < 0.1 ppm, O,
< 0.1 ppm). Whatman GF/C glass microfiber filters served as
separators, and the electrolyte was 1 M LiPF; in 1:1 volume ratio of
ethylene carbonate (EC)/dimethyl carbonate (DMC), and polished
lithium foil functioned as the counter and reference electrodes. A
BioLogic VMP-300 Potentiostat was used for galvanostatic (GV)
cycling, cyclic voltammetry (CV), and galvanostatic intermittent
titration technique (GITT) measurements. The theoretical capacity
was calculated based on 1 electron redox per transition metal per unit
formula. The theoretical capacities of Mo;Nb,O,, and W3Nb,0,, are
192.1 and 139.4 mAh g™, respectively. Thus, 1C corresponds to
specific currents of 192.1 and 139.4 mA g™' for Mo;Nb,O,, and
W;Nb,O,,, respectively. Based on a previous study on Mo;Nb,0,,”"
and the results of potential window opening experiments shown in
Figure S1, the 1.5—3.0 V (vs Li/Li*) potential range was chosen for
both cyclic voltammetry (CV) and galvanostatic (GV) charge—
discharge measurements for Mo;Nb,O,,. Similarly, the appropriate
potential range for W;Nb,O,, was chosen by performing voltam-
metric potential window opening experiments as shown in Figure S1.
The results reveal that cycling below 1.2 V irreversibly increases the
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Figure 1. Unit cell of (a) Mo;Nb,O,, or (b) W;Nb,O,, projected down the c axis; the W3Nb,O,, structure is depicted based on the CIF file of
W,0;Nbg30,;. The unit cell of (c) Mo;Nb,O,, or (d) W3Nb,O, projected down the a direction. The bipyramidal pentagonal and octahedral sites
in Mo;Nb,O,, are randomly occupied by Mo and Nb. The W3Nb,O,, possesses the same tunnel structure as W,o,Nbg;0,, but with a different
occupancy of transition metal, which is described in Figure S4. The crystal structures were depicted using VESTA.
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Figure 2. XRD refinement result of (a) MosNb,0,, and (b) W;Nb,0,,. HAADF-STEM images of (c) Mo;Nb,0y, and (d) W5Nb,O,,; the scale
bar is 5 nm. The green rectangle inside the images depicts the HAADF simulated images of 2 X 2 unit cell of Mo;Nb,O,, and 3 X 1 unit cell of

W;Nb,O, in the a-b plane.

anodic current, which indicates the possibility of conversion reactions
or decomposition. Thus, 1.2—3.0 V (vs Li/Li") was selected as the
appropriate cycling potential window for evaluating W;Nb,0,,.
X-ray Photoelectron Spectroscopy (XPS). The XPS electrodes
were cycled by using Swagelok-type cells. The recovered ex situ
electrodes were washed in pure EC/DMC solvent with 1:1 volume
ratio at least three times to remove residual electrolyte in the
electrode and then soaked in NMP solvent for 1 day to remove all
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PVDEF binder in the electrode for high-quality XPS signals. The
electrode was then heated at 120 °C for S h to evaporate the residual
NMP in the argon-filled glovebox and dried under a vacuum
overnight before testing. To avoid possible oxidation from occurring,
the samples were loaded in an air-free transfer carrier in an argon-
filled glovebox. The survey spectrum and detailed Mo, Nb, and W
scans were collected by XPS (Kratos Axis Ultra) with a
monochromatic aluminum X-ray source by using a voltage of 15 kV

https://doi.org/10.1021/acs.chemmater.3c01860
Chem. Mater. 2023, 35, 8675—8685
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and emission current of 10 mA. A pass energy of 20 eV and a dwell
time of 800 ms for each element with an average of 20 scans were
used for the detailed scans.

The CasaXPS software was used to fit the collected data and reveal
the oxidation states of the transition metals. All spectra were
referenced to C 1s peak of 248.8 eV. The fitting of d-orbitals of Mo
and Nb and f-orbitals of W were area-constrained to ds/,/d;,, = 3:2
and f;/,/f5/, = 4:3 area ratio, respectively. The same full width at half-
maximum (fwhm) and Lorentzian asymmetric line shape conditions
were fixed in the fitting. Shirley-type background was applied to all
fittings, and the peak splitting energy of 2.17, 2.78, and 3.15 eV was
applied to W,; Nb,,, and Mo, respectively.

In Situ XRD and Operando XRD. In situ XRD patterns were
collected using a homemade Leriche-like cell.*® In the charge—
discharge experiment, a current of 20 mA g™' was applied for 60 min
and relaxed for 30 min for XRD pattern acquisition. Le Bail analysis of
the XRD data were performed using JANA2006.

Operando X-ray diffraction was collected on beamline 11-3 (12.7
keV) at the Stanford Synchrotron Radiation Lightsource (SSRL) in
transmission geometry using pouch cells. The pouch cells were
assembled in an Ar-filled glovebox (O, < 0.1 ppm, H,0 < 0.1 ppm)
with the fabricated electrodes described above, a Celgard 2500
separator soaked in LP40 electrolyte, and a Li metal counter
electrode, vacuum sealed in an aluminized pouch. The pouches were
encased in pressure plates fabricated from poly(lactic acid) applied
with 4 screws at each corner. The screws were tightened with a torque
screwdriver set to 8 in-oz. The cells were mounted onto the beamline
and concurrently cycled at a constant current of C/3 (64 mA g for
Mo;Nb,0y, and 46.5 mA g~ for W;Nb,0,,). The voltage limits for
Mo3Nb,0,, were 1.5 and 3.0 V, and the voltage limits for W3Nb,O,,
were 1.2 and 3.0 V, both beginning with discharge. Images were
collected with 10 s exposures on a Rayonix MX22S5 CCD area
detector with a sample-to-detector distance of 150 mm. Each cell was
measured approximately every 4 min. The data were calibrated using
LaB6 and reduced to one-dimensional (1D) patterns using GSAS I

Potentiometric Entropy Measurements. The open-circuit
voltage Upcy (Cp,,T) and entropic potential 0Ugey (C,yT)/0T of
coin cells were measured as functions of specific capacity C,, using the
technique and setup described in refs 34—36. Measurements were
performed on coin cells with Mo;Nb,0,, or W;Nb,0,, working
electrodes and lithium metal counter electrodes. During the
measurements at 20 °C, a series of constant current pulses at C/10
spanning 30 min were imposed, each followed by a relaxation period
of 270 min. Within the relaxation periods, a steplike temperature
profile was applied to the coin cell from 1S5 to 25 °C in 5 °C
increments with a thermoelectric cold plate (TE technology, CP-121)
while the corresponding coin cell potential evolution was recorded
with a potentiostat (BioLogic, VSP-300). Toward the end of every
temperature step, we verified that the coin cell had reached
thermodynamic equilibrium based on two criteria: (i) the temperature
difference between the cold plate and the top of the coin cell was less
than 0.1 °C, and (ii) the time rate of change of the open-circuit
voltage 0Ugcy (C,T)/0t was less than 1 mV h™".

3. RESULTS AND DISCUSSION

Characterization of Bronze Structures. Phase pure
Mo;Nb,O,, and W;Nb,O,, were synthesized by the solid-state
method mentioned above. The unit cell structures of
Mo;Nb,0,, and W;Nb,0O,, are depicted in Figure 1(a,c)
and Figure 1(b,d), respectively. Although the two bronzes have
the same stoichiometries, they possess different unit cells and
space groups. Laboratory XRD and the Le Bail XRD
refinement results for Mo;Nb,O,, and W;Nb,0,, are shown
in Figure 2a and Figure 2b, respectively. The refined lattice
parameters of Mo;Nb,O,, are a = b = 23.1435 (9) A, ¢ =
3.99837 (17) A, and V = 2141.62 (15) A3, which agrees well
with a previous report.”’ The tungsten—niobium bronze phase
material W3Nb,O,, was first identified by Bouillaud et al. in
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1968, and the structure of W3Nb,O,, is analogous to
W,07Nbg3047. Thus, the parameters of the W;q,Nbg;0,;
phase were used for W3Nb,0,, refinement. The refinement
results show that the cell parameters are a = 12.1841 (7) A, b =
36.614 (2) A, ¢ = 39324 (2) A, and V = 1754.26 (17) A3,
which are all smaller than the W,(,Nb 30,4, phase. This might
be due to the larger ionic radius of Nb*>* compared with W*.

The SEM images shown in Figures S2 and S3 indicate that
the average particle sizes of as-prepared samples are similar,
around 1-5 um. The shape of the particles for both
compositions is rod-like, which is commonly observed in
bronze materials due to preferential growth in the ¢ direction.”®
The EDX elemental map shown in Figures S2 and S3 indicates
the uniform distribution of all transition metals. The statistical
calculation from the EDX elemental map is shown in Table S1
for both materials. The W or Mo to Nb ratio is very close to
1.5, which implies an accurate stoichiometry and almost no
loss of precursors during synthesis.

High-resolution STEM carried out in the current study
[Figures 2(c,d)] provides greater details of the structural
features than those reported previously for both bronze phase
materials.””*”> The HAADF-STEM image acquired on
Mo;Nb,0,, (Figure 2c) along the ¢ axis matches perfectly
with the superimposed 2 X 2 unit cell pattern in the green
rectangular region that was simulated with Dr Probe software*’
using the structure described in Figure la. The characteristic
hexagonal, pentagonal, and quadrilateral channels are depicted
by yellow circles. The HAADF-STEM image of W;Nb,O, is
composed mainly of pentagonal and quadrilateral channels
highlighted by yellow circles (Figure 2d). The 3 X 1 unit cell
simulated pattern is outlined by the green rectangular area.
The EDX elemental maps in Figure S4 show the preferential
cation ordering in a W3;Nb,0O,, unit cell. The Nb atoms occupy
the center of the pentagonal bipyramid site, while the edge-
sharing octahedra with pentagonal bipyramids are randomly
occupied by W and Nb. The pentagonal channels are linked by
one octahedron preferentially occupied by W. The occupancy
of W and Nb in W3Nb,0O,, is different from the W,,,Nb,;0,,
phase; this variation may be due to the slight difference in
composition. Although most regions of W;Nb,O,, in the TEM
images exhibit the proposed W,,Nbg3;0,-type structure,
there are some regions indicating the existence of defects, as
shown in Figure SS. This might be associated with the
intergrowth of ReO;-type niobium and tungsten octahedra that
were commonly observed in the niobium tungsten oxide
system.*”** Since the amount of intergrowth is relatively
negligible, the fundamental electrochemical responses of
W;Nb,O,, are assumed to be mostly related to the main
bronze phase structure.

Electrochemical Characterization. Galvanostatic
charge—discharge experiments were carried out at various
rates for both bronze phase materials [Figure 3(a—c)]. The
capacity of Mo;Nb,O,, at rates between C/10 and C/2 is
greater than the theoretical capacity of 192 mAh g~' which is
based on a total of S electron redox per unit formula (i.e., 1
electron per transition-metal ion). Thus, one of the transition-
metal ions provides more than 1 electron redox at these rates.
The capacity of W3;Nb,0,, discharged to a lower potential
(1.2 vs 1.5 V), reaches its theoretical capacity of 139.4 mAh
g~ ! only at the rate of C/10, which is much smaller than that of
Mo;Nb,0,, at the same C-rate (Figure 3a). Moreover, the
lithium per transition metal analysis (Figure 3b) shows that
more electron transfer occurs in W3;Nb,O,, than in
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Figure 3. (a—c) Comparison of variable-rate galvanostatic cycling in
terms of specific capacity, lithium per transition metal, and normalized
capacity at C/S between Mo;Nb,0,, and W;Nb,O,,; the
galvanostatic curve of voltage as a function of specific capacity for
(d) MosNb,O,, and (e) W3Nb,0,,. (f) Comparison of long-term
galvanostatic cycling at 10C for 1000 cycles for Mo;Nb,0O,, and
W;Nb,O,. The specific capacity values for the first cycle at 10C for
each material represent the reference values for the normalized
capacity.

Mo;Nb,O,, when the rate is higher than 2C. Using the specific
capacity at C/S as the reference value, normalized capacities
were determined for both bronze phases (Figure 3c). Above
SC the normalized capacity for W;Nb,O,, was significantly
greater than that for Mo;Nb,O .

The galvanostatic curve of MosNb,O,, (Figure 3d) shows a
clear plateau region only for the first cycle. Thereafter, the
plateau becomes less apparent and even disappears after 2
cycles at a C/10 rate, suggesting that irreversible reactions
might occur in Mo;Nb,O,,. The almost linear voltage profile
over the entire potential window is a signature of a
pseudocapacitive response.*’ In W,Nb,O,,, there are two
changes in slope at 2.1 and 1.7 V (Figure 3e) which may be
attributed to two different solid solution regions.”

The long-term cycling performance for both materials was
evaluated over 1000 cycles at 10C (Figure 3f). Using the first
cycle specific capacity at 10C as the reference value for the
normalized capacity, the capacity retention of W3;Nb,O, is
more than two times higher than that of Mo;Nb,O;,. A
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separate set of galvanostatic cycling experiments indicates that
the capacity fade with Mo;Nb,0O,, is not due to prior cycling
(Table S2). Overall, the various GV experiments indicate that
although Mo;Nb,O, delivers higher capacity at low rates and
exceeds 1 electron per transition-metal ion, the capacity
retention and cycling performance of W;Nb,O,, is much
better. This leads to an interesting insight that the W;Nb,O,
with its relatively compact structure performs better than the
more open structured Mo;Nb,O,, in terms of electrode
kinetics and capacity at high rates.

Electrode Kinetics. Both materials were investigated using
cyclic voltammetry (CV) at a 0.1 mV s™" scan rate. For the first
4 cycles [Figures 4(a,b)], both materials exhibit a box-like CV
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Figure 4. CV of (a) MosNb,O,, and (b) W;Nb,O,, at a scan rate of
0.1 mV s™" for the first 4 cycles. (c) The comparison of calculated
discharged and charged specific capacity from CV at a scan rate of 0.1
mV s~! for the first 4 cycles between Mo;Nb,O,, and W3;Nb,0,,; the
CV curves of (d) Mo;Nb,Oy, and (e) W;Nb,O,, at sweep rates
varying from 0.1 to 1 mV s™". (f) Calculated b-values of two cathodic
and anodic redox peaks of W;Nb,O,,; the detailed b-value fittings of
peaks are shown in the inset image.

curve, which is representative of a capacitive-type response.
There are, however, some key differences. With W3Nb,O,,
two reversible peaks are superimposed on the rectangular box
with one broad peak and one sharp peak at 1.7 and 2.1 V (vs
Li/Li*), respectively. For Mo;Nb,O,,, the CV curve also
exhibits a capacitive shape but with one irreversible sharp peak
at 2.4 V (vs Li/Li*), the intensity of which keeps decreasing

https://doi.org/10.1021/acs.chemmater.3c01860
Chem. Mater. 2023, 35, 8675—8685


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01860/suppl_file/cm3c01860_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01860?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

30 Ha — 1Istdischarge at C/10 rate|  |(b) § pristine| |(c) -y pristine|
1st charge at C/10 rate 4 3 LY A
\ . 1
E =24V 1 =2.
271 - ais =2-4 G Ey=2.4V
s | A |
_E’ ‘ / 7 : ) E . =21V,
S524T BRATS /1 S .
@ V.45 Mr‘%ﬁ\i V.4 -
° Lt ) ! g 1 1
() ] | ] —
921
; iddiee | | sl
] I I Eys=1.5V| (N E s =1.5V
| I
‘ /\ Epg=3.0V et E,,;=3.0V
Vi -
15} l w'\ M '/\_/ N
e | T T
e e e P
-0.8 0.0 0.8 16 23 3.1 39 47 55 226 228 230 232 234 236 238 204 206 208 210 212
x Liin Li,Mo;Nb,O,, Mo 3dbinding energy (eV) Nb 3dbinding energy (eV)
3.0 [-(d)A —— 1st discharge at C/10 rate (e) 5, § pristine| |(f) 4 5t pristine
L 1st charge at C/10 rate 4* | 3t '
. . 4 T
27+ | s =21V E_ . =21V
s T m
> <K
:2.4 - o R E. . =1.8V
= L I NG
-l A
g21 4?‘42’{&‘
g L | |
S8t 2ol ; -
s | Eys=1.2V|
15 - oot |
E,py=3.0V | : /-\ Ecng =3.0V
. KR ‘ N
2F ~ _Jf_.‘_"\-
Y SR SR BATU BATE BE B . ] it "YI

00 07 14 22 29 36 43 50 58
x Liiin L, W,;Nb,0,,

32 34 36 38 40 42 202 204 206 208 210 212
W 4f binding energy (eV)

Nb 3dbinding energy (eV)

Figure S. (a) The first galvanostatic discharge and charge for Li insertion in Mo;Nb,O, and the potentials corresponding to the XPS spectra in the
Mo 3d binding energy region (b) and Nb 3d binding energy region (c). Similarly, (d) is the first galvanostatic discharge and charge for Li insertion
in W;Nb,0,, and the potentials corresponding to XPS spectra in the W 4f binding energy region (e) and the Nb 3d binding energy region. The
spin—orbit splitting contributes to the duplicate peaks shown in the Nb 3d, Mo 3d, and WA4f states. For simplification, the lower binding energy
peaks are marked for indicating the oxidation states of transition metals. All gray lines correspond to the Shirley-type fitting background.

upon cycling. Calculated from CV curves, the first cycle
capacity for W;Nb,Oy, is around 136 mAh ¢!, in good
agreement with the GV experiment at C/10 and close to the
theoretical capacity of 139 mAh g~". Over the first four cycles,
there is effectively no change in capacity. The capacity of 220
mAh g™ for the first four cycles of Mo;Nb,O,, is also
consistent with the GV measurements and exceeds the
theoretical capacity of 192 mAh g~' based on the S-electron
redox process, which indicates greater than 1 electron per
transition-metal ion.

In a second series of CV experiments, the kinetic properties
of the two bronzes were characterized by determining the
sweep rate dependence. In a CV experiment, the current
response i upon varying the sweep rate v can be determined by
a power-law relationship™*

i(v) = av®

where a is a constant and b is the power-law exponent. If the b-
value is equal to or close to 0.5, charge storage kinetics are
considered to be diffusion-controlled processes restricted by
semi-infinite diffusion. If the b-value is equal to or close to 1,
this corresponds to a capacitor-like process where the current
response is dominated by surface adsorption or rapid surface-
controlled redox reactions. In the case of W3;Nb,O,,, the peak
at 2.1 V shows a b-value of 0.85 while the peak at 1.7 V has a b-
value of 0.95. Moreover, the box-like shape is maintained at all
sweep rates. These features, in combination with the linear
dQ/dV values from the GV measurements, indicate that
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surface-controlled redox reactions dominate the charge storage
kinetics of W3Nb,O,.

The kinetics for Mo;Nb, O, exhibits very different behavior.
The irreversible peak initially present in Mo;Nb,O,, is no
longer evident at higher scan rates, and the box-like CV curve
changes permanently into broad redox peaks when the scan
rate is above 0.5 mV s™". Because of the irreversible change in
the CV curve with increasing scan rate, b-value analysis for
Mo;Nb,O,, could not accurately represent the actual electrode
kinetics. Thus, a complementary kinetics analysis method
developed by Trasatti et al. was used,” as described in the
Supporting Information and shown in Figure S7(a—c). Prior to
the CV curve change in Mo;Nb,O,, the kinetics are consistent
with a surface-controlled faradaic process, while after the shape
change in CV, charge storage is largely diffusion-controlled.
Another parameter which is sensitive to the change in CV
shape is the overpotential. Using GITT (described in
Supporting Information), the overpotential value for
W;NDb,0,, is similar to that of Mo;Nb,O,, before the shape
change, as shown in Figure S9. The significant increase in
overpotential after the CV shape change indicates very
different electrode kinetics for Mo;Nb,O,.

Oxidation and Reduction of the Transition Metals. An
ex situ XPS study was used to identify the oxidation states of
the transition metals as well as to provide insight regarding the
mechanism associated with the irreversible CV peak in
Mo;Nb,0,,. High-resolution scans of Mo and Nb 3d peaks
were collected for the as-prepared (pristine) powder, for the
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Table 1. Summary of the Oxidation States of Transition Metals and the Calculated Amount of Li Insertion from Figure 5

Mo;Nb,0,,
E vs Li/Li* % Mo®* % Mo** % Mo** average 9% Nb** 9% Nb** % Nb** average total Li insertion Exp Li inserted
ocv 100 0 0 6" 100 0 0 s* 0 0
24V 58.5 28.0 13.5 5.45% 86.2 13.8 0.0 4.86" 1.93 1.88
21V 44.2 30.6 25.2 5.19* 54.7 45.3 0.0 4.55* 3.34 3.23
1.8V 28.1 37.4 34.5 4.94" 44.0 36.0 20.0 4.24* 4.71 4.69
1SV 15.2 37.7 47.1 4.68" 30.3 43.9 25.8 4.04* 5.87 5.89
3.0V 90.3 9.7 0.0 5.90* 100.0 0.0 0.0 5.00*
W;3Nb,0,,
E vs Li/Li+ % W % W** % W* average % Nb** % Nb* % Nb**  Average total Li insertion exp Li inserted
ocv 100 0 0 6" 100 0 0 s* 0 0
21V 61.6 26.4 12.0 5.50" 89.8 10.2 0.0 4.90" 1.72 1.47
1.8V 46.2 32.3 21.5 5.28" 72.5 27.5 0.0 4.72" 2.81 2.52
15V 31.0 39.5 29.5 s.01* 46.3 38.5 15.2 4.31% 4.34 4.04
12V 20.5 47.0 32.5 4.88" 23.0 61.7 18.3 4.08* S5.21 5.37
3.0V 100 0 0 6" 100 0 0 st

first cycle of MosNb,0O,, discharged between 2.8 and 1.5 V
and the subsequent charge back to 3.0 V [Figures S(a—c)].
The XPS of the pristine Mo;Nb,O,, sample shows that both
transition metals are in their highest oxidation states. After the
first discharge to 1.5 V, both Mo and Nb go to lower oxidation
states, which suggests that each transition metal contributes to
the redox reaction during the lithiation process. The
quantitative analysis and evolution of oxidation states for the
transition metals as a function of potential are summarized in
Table 1. The method used in the computation is described in
the Supporting Information, and the fitting parameters are
listed in Tables S3 and S4. The changes in the oxidation state
of the transition metals in both Mo;Nb,O,, and W;Nb,O,, as
a function of potential during the first discharge cycle are
shown in Figure S11. The average oxidation state of Mo is
4.68", and that of Nb is 4.04" after the first lithiation, which
accounts for a total of 5.87 lithium ions inserted or 225.5 mAh
g~". The capacity calculated from XPS is in good agreement
with the measured capacity obtained from the GV at C/10 and
the CV at 0.1 mV s~

The XPS data collected at 3.0 V after the first cycle indicate
that all Nb returns to the S5 state but that the average Mo
oxidation state is 5.9" as compared to 6". This result suggests
that the irreversible peak in the CV of Mo;Nb,O,, at 2.4 V
(Figure 4a) arises from an incomplete redox reaction with Mo.
We examined this hypothesis by characterizing XPS spectra for
the Li 1s peak at 3.0 V when all lithium should be removed
from the lattice. As shown in Figure S12, residual Li is detected
at 3.0 V after the first GV cycle. This peak has an even greater
intensity once the CV curve change has occurred in
Mo;Nb,Oy,. In contrast, both W and Nb in W;Nb,0O,, exhibit
good reversibility as they return to their highest oxidation
states after charging back to 3 V [Figure S(d—f)]. In Figure
S11, upon lithiation to 1.2 V, the average oxidation state of W
is 4.88%, and that of Nb is 4.08", similar to the values obtained
for Mo and Nb in Mo;Nb,O,,, which confirms that both
tungsten and niobium undergo redox reactions contributing to
charge storage. It is interesting to note that the average
oxidation state of Nb is similar in W;Nb,O,, and Mo;Nb,O,,,
and the average oxidation state of W in W;Nb,0,, is higher
than that of Mo in Mo;Nb,O,,, even though the cutoff voltage
for W3Nb,O,, was lower (1.2 V vs 1.5 V). This difference in
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oxidation state explains why the capacity is higher in
Mo;Nb,0,, at lower charge/discharge rates.

Structural Changes upon Oxidation and Reduction.
Both electrochemical and XPS experiments indicated that
irreversible reactions occurred during the initial cycle of
Mo;Nb,0,,. To establish the nature of the structural changes
associated with the irreversible reactions, in situ XRD
experiments were conducted at a C/10 rate for the first cycle
of both Mo;Nb,0,, and W;Nb,0, as illustrated in Figure 6a
and Figure 6c, respectively. The Le Bail XRD refinement for
the lattice parameter changes in MosNb,0,, and W;Nb,0,,
during the first cycle are shown in Figure 6e and Figure 6f,
respectively. The selected peaks from the (540) and (600)
planes of Mo;Nb,O,, shown in Figure 6b display a small
discontinuous shift in the first discharge cycle at 2.4 V (vs Li/
Li*). This potential corresponds to the irreversible peak
observed in the CV of MosNb,O,, (Figure 4a). The
discontinuity disappears when charging back to 3.0 V. Even
though there is a discontinuous shift of the XRD peak, no new
peaks are observed, implying that an irreversible structural
rearrangement is associated with the irreversibility of the peak
exhibited in CV. The entropic potential measurements
(described in the Supporting Information) are consistent
with the structural rearrangement as shown by nonoverlapped
entropic potentials and an abnormal decrease in apparent
lithium diffusion coefficient in the first cycle of Mo;Nb,O,,
(Figure S15).

It is important to note that selected XRD peak positions
after the first cycle charging to 3.0 V do not move back to the
original positions, indicating a change in lattice parameters.
Specifically, the interplanar distance of (540) and (600) plane
increases, illustrating that the a-b plane undergoes an
expansion after the first cycle and the distance in the ¢
direction decreases since the peak position of (001) plane
shifts to the right. To determine whether the accumulation of
irreversible redox reactions would bring a continuous change in
lattice parameters, operando XRD of more cycles of
Mo;Nb,O,, was performed at the C/3 rate shown in Figure
S16. The discontinuous peak shift observed in the first
discharge cycle of the in situ XRD pattern (Figure 6b) also
occurs in the operando XRD. The selected peak from the (330)
plane shows that even though the shift per cycle becomes
smaller due to lower capacity at high rate, the peak keeps
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Figure 6. In situ XRD patterns of (a) Mo;Nb,0,, discharged to 1.5 V and charged to 3.0 V at a C/10 rate and (c) W3Nb,0,, discharged to 1.2 V
and charged to 3.0 V at a C/10 rate. Selected Q range in in situ XRD pattern of (b) (001), (600), and (540) plane of Mo;Nb,O, or (d) (001),
(330), and (360) plane of W;Nb,O,,. Resolved lattice parameters and unit cell volume variations during discharging and charging at C/10 rate

from Le Bail refinement of (e) Mo;Nb,O4, or (f) W;Nb,O4,.

shifting in the same direction to a low Q value during cycling,
confirming the accumulation of permanent lattice expansions
in the a-b plane. The lattice parameters shown in Figure Ge
indicate lattice expansion in both the a and b directions and
shrinkage in the ¢ direction after the first cycle. The increase in
a-b direction first followed by the ¢ direction is commonly seen
in the bronze phase structure.”*® Lithium ions preferentially
occupy the large channel located in the a-b plane causing
expansion of the a-b plane before starting to occupy the sites in
the ¢ direction that lead to an increase in the ¢ direction.

In the case of W3Nb,O,, a reversible structural rearrange-
ment is suggested by in situ XRD for the tiny discontinuity
shown at 2.1 V. The a and b directions of W;Nb,O,, increase
first and then decrease when the ¢ direction starts to increase,
which compensates for the entire volume expansion and leads
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to only 3% volume expansion in the fully lithiated state. This
value is significantly smaller than that of Mo;Nb,O,,, which is
calculated to be 8%. Unlike Mo;Nb,O,,, all XRD peaks in
W;Nb,0,, return to their original positions, as shown by the
(001), (330), and (360) planes shown in Figure 6d as
examples. A similar operando XRD pattern was collected at a
C/3 rate for more cycles in W;Nb,O,,. As shown by the peak
from the (430) plane (Figure S17), the nearly identical peak
positions after each cycle clearly indicate the better structural
reversibility of W3;Nb,O,, over Mo;Nb,O,,. The smaller
change in lattice parameters in W3;Nb,O, is identified from
both the lattice parameters and the magnitude of the peak shift
in the in situ XRD pattern. The structural reversibility was also
verified by an entropic potential measurement (Figure S15)
that exhibits an overlapped entropic potential in the first two
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cycles, which indicates the stability of the electrode materials.
The smaller volume expansion and better structural reversi-
bility revealed from in situ and operando XRD explain the
superior long-term cycling stability, Coulombic efliciency, and
electrochemical reversibility of W3;Nb,O,, compared to
Mo;Nb,O .

4. CONCLUSIONS

Bronze phase materials with tunnel-like structures offer a
promising direction for fast charging battery electrodes,
particularly for systems with two transition metals. The current
studies focused on determining the role of the transition metal
in two different bronze phase compositions having the same
stoichiometry: W3;Nb,O,, and Mo;Nb,0,,. While the Nb in
both phases exhibited similar redox properties, the Mo
provides much greater redox than W, achieving >1 electron
per transition metal at rates below C/2. However, the Mo does
not return to the 6" state on oxidation, leading to lithium
accumulation, permanent lattice expansion in the a-b plane,
and poor capacity at high rates. The W;Nb,O,, material
exhibits much better structural reversibility on cycling as the
XRD peaks return to their original positions; the open bronze
structure is retained, and the capacity of W3Nb,0,, exceeds
that of Mo;Nb,O,, at rates above 10C. Thus, while
molybdenum could offer an increase in capacity in the battery
electrode, it might not be a good choice as part of a building
block that retains an open framework on cycling. These results
underscore the important role of the transition metal in the
bronze phase in terms of structure stability and electrode
kinetics and provide insight into the design of bronze phases

for high energy and high power density electrodes.
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