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High-volumetric-energy-density lithium-ion batteries require anode material with a suitable redox potential, a
small surface area, and facile kinetics at both single-particle and electrode level. Here a family of coarse-grained
molybdenum substituted titanium niobium oxides Mo, Ti;_,Nb,0,,, (single crystals with 1~2 um size) under-
went hydrogen reduction treatment to improve electronic conduction was synthesized, which is able to stably
deliver a capacity of 158.5 mAh g~! at 6,000 mA g~! (65.2 % retention with respect to its capacity at 100 mA
g™1) and 175 mAh g~! (73 % capacity retention over 500 cycles) at 2,000 mA g~!, respectively. Via careful in
situ electrochemical characterizations, we identified the kinetic bottleneck that limits their high-rate applications
to be mainly ohmic loss at the electrode level (which mostly concerns electron transport in the composite elec-
trodes) rather than non-ohmic loss (which mostly concerns Li* lattice diffusion within individual particles). Such
a kinetic problem was efficiently relieved by simple treatments of Mo substitution and gas-phase reduction, which
enable full cells with high electrode density, and high volumetric energy/power densities. Our work highlights
the importance of diagnosis, so that modifications could be made specifically to improve full-cell performance.

Lithium-ion batteries

1. Introduction

Advanced lithium-ion batteries (LIBs) are under rapid development
to address the ever-increasing demand of higher energy and power den-
sities, longer cycling life, and better safety in a variety of applications,
including portable electronics, electric vehicles, and large-scale energy
storage systems [1]. For high-rate LIBs that can be fast-charged and
are able to deliver large discharge current/power, many cathode ma-
terials are available, including nano lithium iron phosphate LiFePO,,
as well as coarse-grained materials of spinel LiNigsMn; 50,4 and lay-
ered LiNi;_,_,Co,Mn,0,. On the anode side, commercial graphite is
not suitable for high-rate applications because its redox potential is too
close to lithium metal (0 V vs. Li*/Li) and is prone to dendrite forma-
tion under high charging rates. A good anode candidate is nano lithium
titanate Li,Ti5O;,, which has a suitable redox potential (~1.55 V vs.
Li*/Li), fast kinetics, and good cycling stability [2-11]. However, nano
Li;Ti5O;5 has a low packing density and thus a low volumetric energy
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density, while coarse-grained Li, Ti5; O, with higher packing density suf-
fers from poor kinetics [12]. Therefore, it is a great challenge to find a
suitable coarse-grained anode with a suitable redox potential for high-
rate high-(volumetric)-energy-density LIBs.

Previous efforts to address this issue lead to the development of Nb-
based materials including intermediate-temperature-phase niobium ox-
ides (T-Nb,Og and TT-Nb,Os) [13,14], titanium niobium oxides (e.g.,
TiNb,0, and Ti,Nb;;,0,9) [15-17] and tungsten niobium oxides (e.g.,
W;5Nb; 4055 and W;Nb;g0g3) [18], which mainly rely on Nb>*/Nb3+
double-electron redox with equilibrium potential of around 1.6 V vs.
Li*/Li and have high lithium-ion diffusivity in the active-material lattice
that enables micron-size powders to be used as high-rate anodes. Among
such Nb-based candidates, TiNb,O, is of particular interest, which has
attracted continuous attention in both academia and the battery indus-
try since its first report as LIB anode in 2011 [16,19-29]. Many attempts
have been made to further improve its high-rate performance (e.g.,
modifications in the morphology, doping [30-34], coating [28] and
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synthesis of hybrid composites [35-37]), among which nano-structuring
that shortens diffusion distance is probably the most popular method to
enhance the kinetics [23-25,29,38-43]. However, such nanomaterials
often suffer from two types of problems. First, nanomaterials typically
have large specific surface area, which exposes a large number of fresh
surfaces to the electrolyte and activates side reactions. This would irre-
versibly consume the precious lithium inventory and liquid electrolyte
in practical full cells, lower the coulombic efficiency (CE), and lead
to poor cycling stability and other problems such as gassing. Second,
nanomaterials can easily get jammed during electrode preparation and
calendaring, which lowers the packing density and full-cell volumetric
energy density. Therefore, it is important to develop high-performance
coarse-grained TiNb,O,, which requires mechanistic understandings of
the rate-limiting factors under high rates and solves the kinetic problems
accordingly.

In this work, a series of molybdenum substituted (substituting Ti
in TiNb,O5) titanium niobium oxides Mo, Ti;_,Nb,0,,, was systemat-
ically investigated, aiming to clarify the rate-limiting factors for their
high-rate applications and to improve the electrochemical performance
accordingly. We found under high-rate conditions, the cells were kinet-
ically limited by huge impedance, mainly from ohmic loss that mostly
concerns electron transport in the composite electrodes (consisting of
active material, conductive carbon, binder, and porosity soaked with
liquid electrolytes) rather than non-ohmic loss that mostly concerns Li*
diffusion within individual particles. It is further supported by the mea-
sured lithium ion diffusivity on the order of 10719 cm?2 s~1 (similar to
that in high-voltage spinel LiNij sMn; 504, a known cathode for high-
rate applications, and much higher than that in LiFePO, and Li; TisO,)
[4,44], which in principle should allow 1 ym particles to be cycled un-
der 36 C rate without any diffusive bottlenecks. Correspondingly, we
demonstrated Mo substitution and atmospheric reduction are simple and
effective methods to reduce the cell impedance and boost high-rate per-
formance, which allows coarse-grained Mog 55Tig 75Nby07 55_,, to sta-
bly deliver ~158 mAh g~! at a current density of 6,000 mA g~! and
with longer-term durability (~73 % capacity retention over 500 cycles
at 2,000 mA g-!) over the voltage window of 1.0~1.5 V vs. Lit/Li.
When paired with LiNiy sMn; 50, cathodes in full cells, high volumet-
ric energy density (1338 Wh L~!) and power density (31200 W L™1)
have been achieved with high electrode density.

2. Experimental
2.1. Material synthesis

TiNbyO; (TNO), Moy 125Tig.875Nb207.125, M0y 55Tig 75Nby 07 25
(MTNO), and Mo, 5Tiy5Nb,O, 5 were synthesized by mixing Nb,Og
(99.99 % purity), MoO3 (99.998 % purity) and TiO, (99.8 % purity)
using high-energy ball mill, followed by high-temperature treatment at
1125 °C for 5 h with a heating rate of 2 °C min~! and natural cooling. To
synthesize R-MTNO and R-TNO, MTNO and TNO powders were treated
in flowing H, (5 %, balanced with Ar; flow rate 50 sccm) at 600 °C for
6 h with a heating rate of 2 °C min~! and natural cooling.

2.2. Materials characterizations

Scanning electron microscope (SEM, MERLIN VP Compact) and high-
resolution TEM (HRTEM, Talos 200X, Thermo Fisher Scientific, US)
were used to characterize the morphology and the structures. X-ray
diffraction (XRD, Rigaku D/Max-B X; Cu Ka radiation i= 1.5418 A)
was used to characterize the phase. X-ray photoelectron spectrometer
(XPS, VG microtech ESCA2000) was used to characterize the surface
chemistry. Inductively coupled plasma mass spectroscopy (ICP-MS, iCP
QC, Thermo Fisher Scientific, US) measurements were conducted to
analyze the compositions. The specific surface area was measured by
Autosorb-iQ2-MP (Quanta Chrome) and calculated following the stan-
dard Brunauer-Emmett-Teller (BET) method.
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2.3. Electrochemical characterizations

Preparation of half cells: To prepare the composite working electrodes,
active materials, conductive carbon (Super P), sodium carboxymethyl
cellulose (CMC) and polymerized styrene butadiene rubber (SBR) were
mixed with a weight ratio of 90:5:2.5:2.5 to form a homogeneous slurry,
spread on commercial Al foils, and dried at 110 °C in vacuum for 12 h.
The mass loading of active materials (1~2 mg cm~2) was controlled
by adjusting the gap of the scraper. 1 M LiPFy dissolved in ethylene
carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbon-
ate (EMC) in a 1:1:1 volume ratio was used as the electrolyte. Micro-
porous polypropylene films (Celgard 2500) were used as the separa-
tors. Cell assembly (CR2032 type) was carried out in an Ar glove box
with oxygen and water contents below 1.0 ppm and 0.5 ppm, respec-
tively. Charge/discharge tests were conducted between 1.0 and 2.5 V vs.
Lit/Li at varied current densities using LAND battery testing system (CT-
2001A). For the cycling performances, each battery was pre-activated
for 3 cycles at 100 mA g~!. Galvanostatic intermittent titration tech-
nique (GITT) measurements were conducted using LAND battery test-
ing system (CT-2001A) with two different settings: (1) with a titration
current of 4000 mA g~! and a titration time of 30 s, followed by 15 h
relaxation, or (2) a titration current of 50 mA g~! and a titration time
of 1 h, followed by 15 h relaxation.

Preparation of full cells: LiNiysM; 504//R-MTNO coin-cell type
full cells (CR2032 type) were assembled. The cathodes were pre-
pared similarly with a weight ratio of 85:7.5:7.5 for active material
(LiNiy 5sMn; 504): conductive carbon (Super P): polyvinylidene fluo-
ride (PVDF, 7.5 wt %). The optimized cathode/anode areal capacity
was set as 1.13:1, with the mass loading of active materials for cath-
odes and anodes around 18 mg cm~2 and 8 mg cm~2, respectively.
For LiNiy 5sM; 504 half cells and LiNiy5M; 50,4//R-MTNO full cells, a
constant-voltage charging step was applied at the upper cut-off voltage
until the current reaches 1/10 of the one used in the constant-current
charging step.

3. Results and discussion

We started by exploring the compositional space of
Mo, Ti;_,Nb,O,,. A series of samples TiNb,O, (x=0, abbreviated
as TNO hereafter), Moy 155Tipg75Nby07 195 (x=0.125), Mo 95Tig 75
Nb,O; 55 (x=0.25, abbreviated as MTNO hereafter), and Mogg
Tig sNbyO; 5 (x=0.5) were prepared by mixing raw materials of Nb,Os,
TiO, and MoO3 with the targeted stoichiometry (the obtained stoi-
chiometries were confirmed by ICP-MS measurements in Table S1),
followed by high-temperature solid-state synthesis at 1125 °C for 5 h in
air. Here we assumed transition metals all take the highest valence, i.e.,
Ti**, Nb®* and Mo®*, to calculate the oxygen stoichiometry. Indeed,
all the powders have similar light-yellow color (insets of Fig. 1a~d),
which suggests minimal mid-gap states and supports the argument
that Ti, Nb, and Mo all take their highest valences with d° electronic
configurations. As shown by the scanning electron microscopy (SEM)
images in Fig. 1la~d, all samples have coarse-grained microstructures
with average particle sizes of around 1~2 ym. Meanwhile, the sub-
stitution of Ti by Mo slightly promotes the growth of the particles
and changes the equiaxial morphologies in Fig. la~b to elongated
plate-like shapes in Fig. 1c~d. For the crystal structure, the X-ray
diffraction (XRD) patterns as well as Rietveld refinement analysis
suggest Mo substitution has a minimal effect and all four materials
follow the same structure as TiNb,O, (JCPDF 39-1407, Fig. S1 and
Table S2). This is an interesting observation considering the extra
oxygen content introduced by Mo®* substitution (of Ti**) to balance
the charge, yet the crystal structure is robust enough to accommodate
such changes. It can be understood from the so-called “crystallographic
shear structures”, where the formation of crystallographic shear planes
is preferred over the formation of oxygen vacancies upon reduction
and vice versa [45,46]. More specifically, in the referred structure of
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Fig. 1. Microstructure of (a) TiNb,O, (TNO), (b) Moy 155Tig g75Nby0 195, (€) Mo 55 Tij 75Nb,0; 55 (MTNO), (d) Mo, s Tiy sNb, O, 5, (f) reduced TNO (R-TNO), and
(g) reduced MTNO (R-MTNO). (e) Specific capacities of (a-d) under different rates. XPS spectra of (h) Nb 3d, (i) Ti 2p, (j) O 1s, (k) Mo 3d for TNO, MTNO, R-TNO

and R-MTNO. Insets of (a-d), (f-g): photos of corresponding materials.

TiNb,O, (crystal structure shown in Fig. S2), the cations sit in five
different octahedral sites, marked as M1 to M5 in the right panel of
Fig. S2 (detailed structural information listed in Table S3), and these
octahedra are either corner- or edge-connected. Among them, M1 has
6 corner-shared octahedral neighbors, M2 has 2 edge-shared (with M2)
and 3 corner-shared neighbors, M3 has 2 edge-shared (with M4 and
M5) and 3 corner-shared neighbors, M4 has 2 edge-shared (with M3
and M5) and 3 corner-shared neighbors, and M5 has 4 edge-shared
(with 2 x M3 and 2 x M4) and 2 corner-shared neighbors. According
to Pauling’s rule of polyhedron packing, higher-valence cations are less
favorable to occupy face-/edge-shared anion polyhedral due to strong
Coulomb repulsion. Therefore, the occupancy of Nb5* follows the rank
of M1>M2~M3~M4>MS5 in TiNb,O, (as supported by occupancy data
in Table S3), which should also apply to Mo®* in Mo, Ti;_,Nb,0,, .. As
a result, the extra oxygen brought in by the substitutional Mo®* doping
could be accommodated by de-coordinating the “dense” edge-sharing
polyhedra to more flexible corner-sharing ones, instead of forming
high-energy interstitial oxygen defects. However, its influence on the
XRD pattern is rather small, which impedes more detailed analysis at
the present stage and may be worthwhile for future studies.

Next, their electrochemical performances were investigated in half
cells using Li metal as the counter and reference electrode. At small
charge/discharge current density of 100 mA g~!, the four composi-
tions show similar redox behaviors (Fig. S3a), whereas Mo substitu-
tion slightly increases the capacity from 236.6 mAh g~! for TNO to a
peak value of 251.8 mAh g~! for MTNO. At larger charge/discharge cur-
rent densities up to 6,000 mA g~! (Fig. le, Fig. S3b~c, and Fig. S4~5),
MTNO also showed the best retention, offering impressive high-rate ca-
pacity of 196.1 mAh g1 (77.0 % retention with respect to its capacity
at 100 mA g1) at 1,000 mA g~! (~5 C; C rate estimated from actual
charge/discharge time) and 141.2 mAh g~! (55.4 % retention with re-
spect to its capacity at 100 mA g~!) at 6,000 mA g~ (~40 C). Therefore,
MTNO is selected as the optimal composition for further detailed inves-
tigations.

We next conducted gas-phase reduction to engineer the electronic
conductivity of the samples. It is known that in many transition metal
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oxides, reduction treatment assisted by fuel gases (e.g., H, and CO),
carbon, reactive metals (e.g., Al) and applied voltage is able to tune
the oxygen stoichiometry, enhance polaron concentration, and trigger
metal-insulator-transitions as well as phase transitions [47-49]. In our
cases, we treated TNO and MTNO in 5% H, (balanced with 95% Ar)
at 600 °C for 6 h to obtain reduced TNO (TiNb,O;_,, abbreviated as
R-TNO) and reduced MTNO (Moy 5Tig 75NbyO7 5., abbreviated as R-
MTNO). As shown in the insets of Fig. 1f and g, it completely changed
the yellowish colors of the untreated powders to black ones, indicat-
ing changes in light absorption caused by reduction-generated mid-gap
states [50,51]. (From the X-ray photoelectron spectroscopy (XPS) data
in Fig. 1 h,k, Mo®" and Nb>*+ ions were confirmed to be partially re-
duced after hydrogen reduction.) Such states are most likely electron
polarons in reduced transition-metal oxides, which offers more elec-
tronic charge carriers in electrochemical applications. Interestingly, we
again note minimal changes in the crystal structure with respect to the
reference structure of TiNb,O,, as shown by XRD in Fig. Sle~f. This
is consistent with the results discussed above and oxygen loss in R-TNO
and R-MTNO is probably accommodated by the formation of more edge-
shared polyhedra (lower valences of reduced transition-metal ions again
facilitate such process), instead of creating oxygen vacancies. Neverthe-
less, lattice distortions can still be introduced upon oxygen loss, as con-
firmed by high-resolution TEM (HRTEM) in Fig. S6, and they could be
beneficial to the lithium-ion or electron transport [52]. Regarding the
microstructure, the obtained R-TNO and R-MTNO have similar coarse-
grained morphology (Fig. 1f and g) to TNO and MTNO and similarly low
specific surface areas of ~1 m?2 g‘1 (see data from Brunauer-Emmett-
Teller, BET, measurements in Table S4). XPS measurements were then
conducted to study the surface chemistry as an indication of the elec-
tron doping level. For Nb 3d spectra (Fig. 1h), Nb 3ds,» & 3d3,, peaks
in reduced samples shift towards lower binding energy, from 206.9 eV
& 209.6 eV in TNO and 206.8 eV & 209.5 eV in MTNO to 206.7 eV
& 209.4 eV in R-TNO and 206.5 eV & 209.2 eV in R-MTNO, respec-
tively. For Ti 2p and O 1s spectra of XPS (Fig. 1i~j), R-TNO and MTNO
change little compared with the pristine sample of TNO, but R-MTNO
exhibit a slight shift towards lower binding energy. It suggests in TNO
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structure, Ti*t is more difficult to be reduced than Nb>* [30]. For Mo 3d
spectra (Fig. 1k), an obvious shift towards lower binding energy is iden-
tified in R-MTNO, suggesting a reduction of Mo®* [53]. Therefore, the
XPS data confirmed reduction of the oxides and electron doping in both
H,-treated samples, and R-MTNO is more reduced than R-TNO [54,55],
which is expected to facilitate electron transport during electrochemical
cycling [50,51]. Their electrochemical performances were then investi-
gated in half cells using Li metal as the counter and reference electrode
at charge/discharge current densities up from 100 mA g~! to 6,000 mA
g1 (Fig. S3~4). As summarized in Fig. 2a~b, reduction treatment of
TNO and MTNO maintains their capacity below 200 mA g~! and in-
creases their high-rate capacity up to 6,000 mA g~!. Overall, R-MTNO
offers the highest high-rate capacity of 208.0 mAh g~! (83.8 % reten-
tion with respect to its capacity at 100 mA g~!, obtained after 15 cycles
within the same set of rate-capability tests) at 1,000 mA g~! (~5 C) and
158.5 mAh g~! (65.2 % retention with respect to its capacity at 100
mA g1, obtained after 30 cycles within the same set of rate-capability
tests) at 6,000 mA g~! (~40 C). Furthermore, R-MTNO has the high-
est first-cycle coulombic efficiency of 98.5 % among all the investigated
materials (see summary in Table S4). Their cycling performances were
investigated next (Fig. 2c), among which R-MTNO shows the best capac-
ity retention of 73 % over 500 cycles at 2,000 mA g~ (~12 G). R-MTNO
also demonstrates superior cycling stability for 300 cycles under 200 mA
g1 (from 245 to 223 mAh g~1), and 1000 mA g~! (from 194 to 184 mAh
g1, with capacity decays of ~0.02 % per cycle). Even at a high current
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density of 4000 mA g1, the R-MTNO still shows very stable cycling
with capacity decay of ~0.08 % per cycle (Fig. 2d). (Note that there
shows a gradual capacity increase in early cycles (Fig. S7), which could
be related to the activation process of the composite electrodes, includ-
ing electrolyte wetting, charge transfer, and ion/electron percolation.)
Therefore, Mo substitution and reduction treatment synergistically im-
prove the high-rate performance of the investigated compounds.

Now that the experimental advantages are settled, we seek to un-
derstand the bottlenecks that limit the high-rate performance of the Nb-
based anodes and how Mo substitution and hydrogen reduction treat-
ment help. Galvanostatic intermittent titration technique (GITT) mea-
surements were conducted on TNO, R-TNO, MTNO, and R-MTNO with
a current density of 4,000 mA g~! and a duration of 30 s for each titra-
tion step, followed by 15 h rest for each relaxation step. As shown in
Fig. S8, their high-rate capacities are kinetically limited by huge overpo-
tential developed under such non-equilibrium conditions. Even for the
best sample R-MTNO (in terms of high-rate performance), the discharge
voltage shoots below 1.0 V (vs. Lit/Li) in the 8th titration step with a
huge overpotential of 0.52 V, while the equilibrium voltage after the 8t
relaxation step is as high as 1.44 V (vs. Lit/Li). We further decoupled
the overpotential into two parts: the part that relaxes immediately after
switching from the titration step to the relaxation step shall be termed
as “ohmic loss”, which typically involves more electrode-level transport
such as electron percolation and Li* transport in the soaked electrolyte;
the other part that relaxes slowly after switching to the relaxation step
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shall be termed as “non-ohmic loss”, which involves more Li lattice dif-
fusion in the individual particles of the active materials. (Note that thus
defined ohmic loss may not be exactly accurate because of finite data
acquisition time in experiments, yet it can still be considered as a good
estimate as shown below.) They are compared in Fig. 3a as a function of
the discharge voltage. We found the ohmic loss in the range of 200~400
mV always dominates over the non-ohmic one for all the samples, which
suggests electron transport in the composite electrodes (consisting of
active material, conductive carbon, binder and pore soaked with liquid
electrolytes) could be the rate-limiting factor for high-rate performance.
To further verify that Li* diffusion through the lattice of individual ox-
ide particles is not rate-limiting, we conducted GITT measurement at a
small titration current density of 50 mA g~! (Fig. S9) and calculated the
lattice diffusivity of lithium D;; according to: [56,57]

(i) o] -

YaE/dVi

where V), is the molar volume of active material (for simplification, here
we used 79.88 cm® mol~! for TiNb,0-), A is the contact area between
electrolyte and electrodes, F is the Faraday constant, I, is the applied
titration current, Z is 1 (valence of lithium ion), E is electrode voltage, §
is the deviation from the initial stoichiometry, L is the thickness of the
electrode, and t is the duration of the titration step. The calculated D;; of
all the four electrodes (Fig. 3b) is on the order of ~10~1% cm? s~1, which
is similar to that of high-voltage spinel LiNi, sMn; 50,4, a known coarse-
grained cathode for high-rate applications, and much higher than that
of LiFePO, (10715~10"1% cm? s~1) and Li TigO;5 (1071°~107° cm?
s~1) [4,44]. Taking the average value of 10~1° cm? s~1, an estimation
from the random walk model diffusion length = (diffusivity x time)'/2
would allow 1 um particles to be cycled under 36 C rate without any lat-
tice diffusion bottlenecks. It again suggests lattice diffusion of Lit and
polarons within individual particles is not the rate-limiting factor for
the high-rate applications. This observation of robust lattice diffusion of
lithium for coarse-grained oxides under high rates is impressive and re-
minds us about the pseudocapacitive charge-storage behaviors observed
in many nanomaterials for super-capacitor applications. Following the
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diagnosis method in the field of super-capacitors [58,59], we separate
the diffusion-controlled capacity (abbreviated as “diffusive” in Fig. 3d)
and capacitive capacity (that is not diffusion-controlled; abbreviated as
“capacitive” in Fig. 3d) according to:

0 =k + ky(AD)'/? @)

where Q is the specific discharge energy (calculated from Fig. S4), At is
the discharge time, k; is a constant representing the rate-independent
capacitive contribution to the specific energy, and k, is a constant set-
ting k,(AD)'/2 as the rate-dependent diffusion-controlled contribution.
As shown in Fig. 3c, the linear fitting of slow-rate discharging data
((AD)/2 in the range of 40 s/2 to 100 s!/2, corresponding to discharge
current density from 100 mA g~! to 500 mA g~!) and extrapolation
to At=0 provided the capacitive specific energy of 239.1 mWh g~! for
TNO, 265.9 mWh g~! for R-TNO, 287.9 mWh g~! for MTNO and 304.1
mWh g1 for R-MTNO. For R-MTNO, such capacitive specific energy
contributes high percentages of 80.4 % at 100 mA g~1, 85.7 % at 200
mA g1, and 90.7 % at 500 mA g~!. For the other three materials,
the capacitive contributions are slightly lower, yet still >65.6 % in the
lowest case (TNO at 100 mA g~!). Note such high capacitive contribu-
tions are achieved in micron-size coarse single crystals with extremely
small specific surface area, which demonstrates D;; in the lattice is suf-
ficiently high to remove the diffusion limitations under 100-500 mA
g~1. Nevertheless, the specific energies begin to decrease and drop be-
low the as-calculated capacitive ones at higher rates beyond 1,000 mA
g71 ((AD1Y2<40 s1/2). Such observations are similarly found in super-
capacitors, where the decline under extremely high rates could come
from kinetic limitations, including electron transport at the electrode
level, wetting of the liquid electrolyte, and ion transport in the liquid
electrolyte. For our materials at the rates range considered, the latter
two are unlikely to be the rate-limiting factors. This is because the com-
posite electrodes of the four materials were prepared under the same
conditions using the powders with similar size, morphology and spe-
cific surface area, thus having similar porosity and microstructure, yet
R-MTNO does have much better rate performance than the reference
sample TNO (Fig. 2b). Therefore, it again indicates the electron trans-
port in the composite electrodes to be the rate-controlling kinetic factor,
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Fig. 4. (a) Galvanostatic discharge/charge profiles for LiNi, sMn; 50, cathode and R-MTNO anode. (b) Galvanostatic discharge/charge profiles, (c) rate performance

and (d) cycling performance of LiNiy sMn; 50, || R-MTNO full cells.

which agrees with our previous analysis. This conclusion is consistent
with our finding that electron doping by atmospheric hydrogen reduc-
tion helps to decrease the ohmic loss and improve the high-rate perfor-
mance.

Lastly, to demonstrate the electrochemical performance of the syn-
thesized R-MTNO in a more practical way, we assembled full cells paired
with LiNig sMn, 50,4 cathode. After preparing the LiNi, sMn; 50,4 cath-
ode and the R-MTNO anode, we firstly investigated their electrochem-
ical performance under different rates in separate half cells (using Li
metal as the counter and reference electrode; charge-discharge curves
plotted in Fig. 4a), in order to determine the areal loading/capacities
of the cathode and anode and the voltage of the full cell (an optimal
areal capacity ratio of cathode/anode = 1.13:1). Full-cell performances
were next evaluated under current densities from 0.2 to 6.0 mA cm~2
(the specific capacity, as well as energy density, were based on the to-
tal mass of active materials in both electrodes). As shown in Fig. 4b
and c, the full cells have relatively good rate performance up to 4.0 mA
cm~2, with a discharge capacity of 45.8 mAh g1 (68.5 % retention with
respect to the capacity at 0.2 mA cm~2) at 4.0 mA cm~2. The cycling
capability at 2.0 mA cm~2 is also relatively stable for 500 cycles, with
0.1 % capacity loss per cycle, demonstrating the promising application
as real-life batteries.

The coarse-grained R-TNO, MTNO and R-MTNO synthesized in the
present work have several advantages. First of all, we compared our
work and the representative literary/commercial Nb-based materials
(TixNbyO4x15y)/2, NbyOs), Ti-based materials (Li4TisO;, and TiO,)
and carbon materials (graphite) considering the particle size, specific
surface area, electrode density, initial CE, volumetric energy density
and volumetric power density [60,61]. It is evident that increasing the
particle size with uniform microstructure will result in smaller surface
area (1.1 m? g~! for R-MTNO, Fig. S10 and Table S5), higher elec-
trode density (2.6 g cm~3 for R-MTNO, Fig. S11~12, and Table S6),
and higher initial CE (99 % for R-MTNO, Table S7) as well as much
more improved volumetric energy density (1338 Wh L-! for R-MTNO)
and volumetric power density (31200 W L~ for R-MTNO, Fig. S13 and
Table S7). Second, for the micro-sized materials with similar particle
size (0.8~18 um), the ones with higher theoretical densities (like 4.34 g
cm~3 of TiNb;0,, 4.55 g cm™2 of Nb,Os) exhibit higher electrode den-
sities compared with those with lower theoretical densities (like 3.41
g cm~3 of Li,TigO;5, 2.25 g cm~3 of graphite). Third, the micron-sized
particles have a robust structure that does not crack upon cycling (see
the microstructure of the cycled R-MTNO electrode in Fig. S14, which
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is essentially the same as the original one in Fig. S11). However, we do
notice the formation of unknown phases at the surface of the R-MTNO
particles, which could be solid electrolyte interphases (SEIs). Indeed, the
gassing problem of TNO-based anode has been reported in the literature
[62], which indicates the side reactions between the anode and the elec-
trolyte. In this sense, the coarse-grained particles are also advantageous
in terms of smaller specific surface area and less side reactions. On the
other hand, we believe the suspected SEI formation should be closely re-
lated to the huge overpotential under high rates and the capacity decay
over long cycles. More detailed studies about SEIs should be investi-
gated in this family of Nb-based oxide anodes and appropriate coating
should be developed to improve the cycling performance. We have al-
ready shown that the electrode-level electron transport is the key factor
that limits the high-rate performance of the investigated compounds.
Therefore, carbon coating and modifications of the electrode structure to
ensure better electron percolation would be possible methods for further
improvement. Lastly, compared with recent reported Ti,Nb,O4s5y)/2
electrodes (Table S8), R-MTNO provides the most competitive cyclabil-
ity considering the volumetric energy density at high rates; however,
MTNO also shows improved high-rate performance than the reference
sample TNO, which suggests MTNO could also be a good candidate ma-
terial if the processing cost of the additional reduction treatment is a
concern.

4. Conclusions

To summarize, a series of coarse-grained Mo substituted titanium
niobium oxides were systematically studied with possible treatment in
a reducing atmosphere and the optimal composition for high-rate appli-
cations as LIB anodes was found to be R-MTNO, Mog 55Tip 75NbyO7 95_,.
It can stably deliver a capacity of 208.0 mAh g~! at 1,000 mA g~! or
~5 C (83.8 % retention with respect to its capacity at 100 mA g~1) and
158.5 mAh g1 (65.2 % retention with respect to its capacity at 100
mA g~1) at 6,000 mA g~ (~40 C) vs. Li*/Li, and show promising rate
capability and cycling stability in full cells against LiNij s Mn; 50,4 cath-
ode. We found the main factor that limits the high-rate performance
of TNO-related anodes is the huge overpotential developed under dy-
namic conditions, mostly from ohmic losses probably originating from
the poor electronic percolation on the electrode level. Mo substitution
and reduction treatment are simple and effective methods to solve this
kinetic problem, and further modifications by coating and optimizing
the electrode structure are expected to work synergistically to boost the
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high-rate performance. More generally, we recommend diagnosis using
GITT analysis to better understand the kinetic problems at the electrode
level, so that specific modification strategies could be applied accord-

ingly.
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refinement analysis of (a) TNO, (b)

Moo.125Ti0.875Nb207.125, (c) MTNO, (d) MoosTiosNb2075, (€) R-TNO and (f) R-MTNO. More details

are shown in Table S2.
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c

Fig. S2. Crystal structure (left) and schematic polyhedron packing (right) of TiNb207. More details
about atomic occupancy information are shown in Table S3.
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Fig. S5. Galvanostatic discharge/charge profiles at 100 mA g for the first five cycles of (a) TNO, (b)
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Fig. S6. HRTEM imas of (a, b) R-MTNO showing more disorders and defects than (c, d) MTNO.
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Fig. S11. SEM images for R-MTNO electrodes before cycling.
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More details are shown in Table S6.
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Fig. S14. SEM images for R-MTNO electrodes after 500 cycles at 2000 mA g 2.
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Supplementary Tables
Table S1 Compositions of TNO, M0o.125Ti0.87sNb207.125, MTNO, MoosTiosNb2075 measured by
inductively coupled plasma atomic emission spectroscopy (ICP-MS).

Targeted composition Measured composition
TiNb207 (TNO) Tiz.03NDb1.9706.99
Mo0o.125Ti0.875Nb207.125 Mo00.11Ti0.8aNb1.9907.11

Mo0o.25Tio.7sNb207.25 (MTNO) Mo0o.30Ti0.73Nb1.9707.29

Mo0o5TiosNb207.5 Mo0o.65Ti0.47Nb1.8807.50
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Table S2 Rietveld refinement results of TNO, Moo.125 Tio.87sNb207.125, MTNO, M0o5Ti0sNb2075, R-
TNO and R-MTNO. (Because of the structural complexity, the present powder diffraction data do not
allow accurate refinements for atomic occupancies.)

Materials a(A) b (A) c(A) a (°) B (%) 7 (®
TNO 17.68 3.80 11.90 90.00 95.32 90.00
Mo0o.125Ti0.875Nb207.125 17.68 3.80 11.90 90.00 95.32 90.00
MTNO 17.68 3.80 11.89 90.00 95.32 90.00
Moo5TiosNb2075 17.68 3.80 11.90 90.00 95.31 90.00
R-TNO 17.68 3.80 11.90 90.00 95.32 90.00
R-MTNO 17.67 3.80 11.89 90.00 95.33 90.00
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Table S3 Atomic occupancy information of TiNb2O7 [S1].

Atom X y z Occupancy Site Polyhedron
Nb1 0.00000  0.00000  0.00000 0.909 2a M1
Til 0.00000 0.00000 0.00000 0.091 2a M1
Nb2 0.18528 0.00000 0.17993 0.798 4i M2
Ti2 0.18528 0.00000  0.17993 0.202 4 M2
Nb3 0.07842 0.00000 -0.55844 0.643 4i M3
Ti3 0.07842 0.00000  -0.55844 0.357 4 M3
Nb4 0.88938 0.00000 0.25857 0.727 4i M4
Ti4 0.88938 0.00000  0.25857 0.273 4 M4
Nb5 0.29286 0.00000  -0.07479 0.376 4 M5
Ti5 0.29286 0.00000 -0.07479 0.624 4i M5
o1 0.17350  0.00000  -0.42330 1.000 4 /
02 0.37287 0.00000  -0.20690 1.000 4 /
03 0.59702 0.00000  -0.02520 1.000 4 /
04 0.79131 0.00000  0.17440 1.000 4 /
05 0.24932 0.00000 0.05400 1.000 4i /
06 0.70916 0.00000  0.70590 1.000 4 /
o7 0.89988 0.00000 -0.08510 1.000 4i /
08 0.02523 0.00000  -0.39200 1.000 4 /
09 0.87451 0.00000  0.68530 1.000 4 /
010 0.50000  0.00000  0.50000 1.000 2b /
0o11 0.04964  0.00000  -0.14790 1.000 4 /
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Table S4 Specific surface area and first-cycle Coulombic efficiency of R-MTNO, MTNO, R-TNO
and TNO.

Materials  Specific surface area (m?g™?) First-cycle Coulombic efficiency (%)

R-MTNO 11 98.5
MTNO 15 97.2
R-TNO 15 95.5

TNO 1.0 96.7
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Table S5 Particle size versus specific surface area of representative TixNbyOx+sy)2, Nb20s, LiaTisO12
and TiO2 electrodes.

Specific surface

Materials Particle size (um) area (m? g Refs
2.0 12 \wi
55 0.5 [S2]
15 13 [S3]
1.0 222 [S3]
1.8 0.7 [S4]
1.2 15 [S4]
1.0 14.0 [S5]
05 102.1 [S6]
0.2 115.0 [S7]
0.2 125.0 [S8]
10.0 8.1 [S9]
6.0 12.1 [S10]
4.0 51.3 [S11]
2.0 60.2 [S12]
1.0 220.0 [S13]
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Table S6 Particle size and electrode density of MoxTi1—xNb207+x, representative Nb2Os, LisTisO12 and

TiO2 and graphite.

Electrode density

Materials Particle size (um) (g cm) Refs
R-MTNO 2.0 2.6 This work
Nb20s 2.0 1.8 [S4]
Li4TisO12 0.8~3.0 2.0 [S14]
Tio2 0.3 0.9 [S15]
Graphite 16~19 1.8 [S16]

a: Tap density of the material.

b: The average length and diameter are 2 um and 0.3 um, respectively.
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Table S7 Electrochemical comparison table considering the particle size, specific surface area,
electrode densities, initial CE, volumetric energy density and volumetric power density among
MoxTi1-xNb207+x and representative Nb20s, LiaTisO12, TiO2 and graphite. The electrode compositions
(mass ratio of active materials: conductive carbon: binder (binder)) are listed for references.

Surface Electrode - ) ) Volumetric \_/olumetr
Materials area EIectrng density Initial High-rate czig)auty energy ic power Refs
(M2 g composition (g cm) CE (%) (mAh g?) den5|t_y1 densq}/
[Wh L] [WLT]

R-MTNO 11 90:5:2.5:2.5 2.6 99 192 (2000 mA g™) 1338 31200 This work
MTNO 15 90:5:2.5:2.5 2.6 97 173 (2000 mA g™?) 1179 31200 This work
R-TNO 15 90:5:2.5:2.5 2.6 96 161 (2000 mA g?) 1080 31200 This work

TNO 1.0 90:5:2.5:2.5 2.6 97 145 (2000 mA g ™) 888 31200 This work
Nb20s
(150 nm—1 pm) 22.4 80:10:10 ~1.52 92b 140 (2000 mA g% 436 19800 [S5]
Nb20s
(10~15 nm pressed) 83.0 85:15 15 9P 130 (20 C) 515 10296 [S17]
Carbon-coated Li4TisO12
(10~20 nm—1.5 pm) 31 80:10:10 iLze 97" 110 (10 C) 590 5896 [S18]
LisTisO12
(50~100 nm—6 pm) 121 80:10:10 1.2° 96° 165 (20 C) 884 17688 [S10]
LisTisO12 nanoclusters
(50~100 nm) 142.0 80:10:10 0.8° 97° 140 (5 C) 750 3752 [S19]
LisTisO12
(150 nm) 46.4 80:10:10 1.2¢ N/A 140 (20 C) 750 15008 [S20]
LisTisO12/C
(30 nm600 nm) 8.6 80:10:10 1.2¢ N/A 120 (20 C) 643 12864 [S21]
LisTisO12 microspheres
ar 20.0 80:10:10 =1.2%¢ 840 100 (20 C) 536 10720 [S22]
(2;(')?1; | N/A 80:10:10 0.92 84P 2(1)20((2'2107 CC)) 327 6530 [S15, 23]
Graphite (16~19 pm) 2.0 92:3:5 1.83 94 36 (20 C) 293 5857 [S16, 24]

a: Estimated by specific surface area.
b: Calculated from the initial voltage capacity curve.
c: Tap density of the material. The calculation of volumetric energy density and power density was based on the electrode density of
commercialized LiaTisO12 (2.0 g cm™3).
d: The volumetric energy density and volumetric power density were calculated by the following equations (for the average voltage,
we assume charge voltage of 4.9 V for LiNiosMni.504 cathode):

Volumetric energy density

(Wh L)

Volumetric power density (W L)

(Cell capacity) x (Average voltage)

(Electrode area)

x (Thickness of anode including active materials, binder and carbon black)

(Cell capacity) x (Average voltage)

(Discharging time of anode) x (Electrode area)
x (Thickness of anode including active materials, binder and carbon black)
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Table S8 Electrochemical comparison table considering the mass loading, particle size, rate capability

and cyclability among recent reported TixNbyOux+sy)2 electrodes.

M . Ma§s . . Rate capability - 0
aterials IoadlnE;2 Particle size (MAh g Cyclability (mAh g™) Refs
(mg cm™)

R-MTNO 1~2 2 um 158 (6000 mA g') 500 cycles (2000 mA g, 75%)  This work
MTNO 1~2 2 um 141 (6000 mA g1) 500 cycles (2000 mA g%, 58%)  This work
R-TNO 1~2 2 um 126 (6000 MA g') 500 cycles (2000 mA g2, 65%)  This work

TNO 1~2 2 um 92 (6000 mA g%) 500 cycles (2000 mA g%, 29%)  This work
TiNb207 1~1.2 100 nm 150 (20 C) 50 cycles (1 C, 90%) [S25]
Ti2N10029x@C 2 50 nm 200 (20 C) 500 cycles (10 C, 98.7%) [S26]

TiNb207/C 1.6~1.8 800 nm 194 (10 C) 500 cycles (5 C, 47%) [S27]

TiNb2O7 N/A 100 nm—3 pm 125 (10 C) 500 cycles (10 C, 73%) [S28]
TizNb10O29 N/A 2 pm 120 (20 C) 800 cycles (10 C, 85%) [S29]
Ti2Nb10O29 N/A 100 nm 230 (20 C) 1000 cycles (10 C, 81%) [S30]

TiNb2O7 15 1 pm 128 (20 C) 500 cycles (10 C, 32%) [S3]

TiNDb24Os2 N/A 50 nm—2 um 181 (20 C) 500 cycles (10 C, 90.5%) [S2]

TiNb2O7 15 50 nm 150 (10 C) 1000 cycles (10 C, 75%) [S31]
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