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We report a novel LisTis«WxO12xBrx (x=0.025, 0.050 and 0.100) anode material simultaneously doped with W°® and Br ion

prepared by a simple solid-state reaction in air, aiming to significantly improve its electrical conductivity of Li;TisO5,. Our
theoretical calculation predicts that codoping with W® on the Ti*" site and Br” on the O site can remarkably narrow down
the band gap, and thus facilitates the electron transport in the lattice of LTO. The comparative experiments prove that
W&Br-codoped LTO exhibits higher electrical conductivity compared with undoped LTO as expected, thus improved rate
capability and specific capacity. Particularly, LiaTisxWxO12xBry (x=0.05) exhibits the best rate capability and cyclic stability
with an outstanding capacity retention of 88.7% even at 10 C rate after 1000 cycles. This codoping strategy with high
valance transition metal and halide ions holds promise to be applied to other insulating cathode materials suffering from

inferior electrical conductivity.

Introduction

Although the carbonaceous materials are widely employed as
anode materials for lithium-ion batteries (LIBs), one of the serious
drawbacks related with safety issue for these carbonaceous is their
redox potentials similar to the lithium metal, which can readily form
a dendritic structure during charge-discharge process and then
cause a short-circuit inside the battery and potentially result in an
explosion.1

As an alternative anode material for LIBs, LTO has attracted many
considerable attentions due to its flat voltage plateau at around
1.55 V, which is much safer and more stable than carbonaceous
materials, theoretical capacity of 175 mAh-g'l, high thermodynamic
and structural stability with the zero-strain characteristics during
charge and discharge process.2 However, the untreated LTO
typically shows poor rate performance due to its intrinsic low
electrical conductivity (“10'13 S-cm'l),3 which limits its application in
LIBs, especially for the case that the rate performance is an
important prerequisite such as electric vehicles.* To solve this
problem, various strategies have been exploited, such as
nanostructuring,s'7 carbon coating,s'lo and doping.ll'15 Among them,
nanostructuring approach results in a very low power tap density
and significantly decreases the volumetric energy density of LIBs,16
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while carbon coating method may not improve the electronic
conductivity of LTO efficiently enough because of an incontinuous
and/or excessively thick coated carbon Iayer.17

The doping method has been proved to be a direct and effective
way to enhance the rate capability of LTO and some other cathode
electrode materials suffering from similar poor electrical
conductivity such as LiFePO4.18'20 However, most reports have
mainly focused on solely doping at the Li, Ti or O site of LTO
lattice.”*?* These improvements are noteworthy but still insufficient
for power-oriented applications. In order to significantly increase
the electrical conductivity of LTO, LaU-FO,25 AITi-FO,26 MgLi-ZrTiZ7 and
MgU-VTi28 have been explored as codoping ions to substitute
different sites such as tetrahedral 8a Li" site, 32e 0% site and/or the
octahedral 16d Ti*" (%Li*:*/5Ti"") site, and hence, breaking the
charge balance due to unequal valences compared with
corresponding substituted elements. As a result, some electrons
will be generated to compensate the unbalanced charge, and the
electronic conductivity is significantly improved, leading to
enhanced rate capability. Therefore, codoping can greatly increase
the electrical conductivity of LTO.
Of the possible transition-metal ion as a codopant, W* could be a
good candidate, because higher-valence W may effectively
generated more electrons by doing into bulk LT0.%”® Besides,
substituted [O]3,e with Br in the LTO spinel can also induce the
formation of charge compensating T (serving as electron donors)
to increase conductivity.30 Thus, codoping with W® and Br ions is a
good strategy to improve LTO’s electrical conductivity. Up to now,
however, little attention has been paid to W&Br-codoping in spinel
LTO anode material, though they are both common dopants solely
used in LTO and has been shown to significantly improve its rate
capability. Our density-functional theory (DFT) calculations reveal
that doping LTO with the W&Br pair is the optimal choice because
their orbitals are much lower in energy than that of corresponding
substituted elements. E.g., the energy of Br 4p orbital is 5.0 eV,
while the O 2s orbital in energy is 23.1 eV. So the Br atom
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energetically favors occupying O site (Bry). This, of course, results in
significantly lowering the conduction band and the energy of the
system. Therefore, this W+;&Brq- codoping can narrow the band gap
and leads to dramatically enhanced electrical conductivity. In our
previous work, we doping was carried out to increase LTO’s
electronic conductivity, and then lead to the improvement of rate
performance.29 In addition, Qi et al. reported that Br-doping at O
site was helpful in improving the electrochemical performances of
LTO. An optimal composition of Li,TisO4,,Br,, x=0.2 improved the
rate performance to a discharge capacity of 118 mAh-g'1 at5Cand
100 mAh-g'1 at 10 ¢.* Therefore, we expect that W&Br-codoping
can be utilized to further enhance the electrochemical
performance, as the so-called “synergistic effect”. Since most
previous studies have focused on investigating the codoping
phenomena themselves, like the variations of electronic
conductivity and electrochemical properties, the fundamental
origin of such phenomena is still not fully understood. In this work,
we also revealed the modification mechanism of W®* & Br’ codoping
by first-principles calculations based on DFT.

Experimental

Materials preparation and characterization

LisTis, W,01,.,Br, (x= 0, 0.025, 0.05, and 0.10) samples were
synthesized by a solid-state reaction using stoichiometric amounts
of Li,CO;, TiO,, WOszand LiBr as Li, Ti, W and Br sources,
respectively. Firstly, the raw materials were mixed by ball milling for
5h, and then calcined at 8002 for 12h in a furnace under air
atmosphere. 5% excess Li was provided to compensate for the
evaporation at high temperature during synthesis.

The final stoichiometry of the W&Br-codoped LTO composite was
confirmed by composition analysis. The content of Brion was
analyzed using anion selective electrode, and the content of Ti was
determined by titration with EDTA while the determination of
W%and Li* were analyzed by inductive coupled plasma optical
emission spectroscopy (ICP-OES, Varian Vista MPX) and thus, to
estimate their stoichiometry.

The electrode materials for SEM characterization after cycling to
confirm the structural stability were obtained through the
processes as shown in Fig. 1S. NMP was used to separate the anode
materials from Al foil. A thermal treatment was necessary to
eliminate acetylene black and PVDF binder in the anodic active
materials. The W&Br codoped-LTO materials from lithium-ion
battery after 200 cycles were then calcined at 750°C for 5h in a
muffle and cooled to room temperature(25°C).

XRD analysis employing Cu Ko (10°<29<80°) radiation with a scan
rate of 0.02°s™" was used to identify the crystalline phase of the as-
prepared powders (PANALYTICAL Incorporated, Netherlands).
Particle morphologies and sizes of the samples were observed by
SEM (Hitachi S-4800, Japan) with an energy-dispersive detector
(EDS). Raman spectra of all samples were obtained on a HR800
Confocal Raman spectroscopy (HORIBA Jobin Yvon, France) with a
532 nm laser source.XPS measurements and analyses were carried
with an ESCALAB 250Xi system (USA).

Battery preparation

The experimental batteries were assembled at room temperature in
an Ar-filled glove box, with the water content less than 0.1 ppm.
Electrode sheets were prepared by mixing 80 wt% active material
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(pristine LTO or codoped LTO), 10 wt% carbon black, and 10 wt%
polyvinylidene fluoride binder (PVDF) dissolved in N-methyl
pyrrolidone (NMP) in a mortar to form a homogeneous slurry,
which was spread onto cleaned Al foil using the doctor blade
technique, and then dried at 120@ for 10 h under vacuum. The
obtained electrode was punched into disks, which were used as the
working electrodes. The thickness of as-prepared electrodes is
about 10 um and the active loading mass was roughly 2.5 mg per
electrode. These anodes were assembled into CR2025 coin cells. Li
foil was used as the counter and reference electrodes, while using
1M LiPF¢-EC/DEC/DMC (1:1:1, in volume) as the electrolyte and
Celgard 2400 microporous polypropylene membrane as the
separator. Before electrochemical testing, the batteries were
allowed to rest for 24 h to ensure sufficient soakage.

Electrochemical measurement

Electrochemical tests were carried out by using the above
mentioned CR2025 coin cells. Galvanostatic cycling tests were
conducted in the voltage range of 1.0-2.5V (vs. Li/Li*) at various

currents rates from0.1to 20 C. For cyclic performance
measurements, the current was varied from 1 C to 10 C. Cyclic
voltammetry (CV) was measured on a Zennium/IM6

electrochemical workstation (Zahner, Germany) between 1.0 and
2.5 Vat a scanning rate of 0.5 and 5 mV-s?. Electrochemical
impedance spectroscopy (EIS) measurements were also measured
at the electrochemical workstation with a 5 mV AC signal and a
frequency range from 10 mHz to 100 kHz. All experiments were
carried out at room temperature (25 &).

Computational details

All the calculations in the present studies are performed in the
framework of density-functional theory using the Vienna a b initio
simulation package (VASP).32 This package has been proved to be
suitable for predicting the crystalline and electronic structures of
spinel LTO by the generalized gradient approximation (GGA) and
pseudo potential framework.** * The Perdew-Burke-Ernzerhof
(PBE) was used for the calculation of the electron exchange
correlations energy.*
The convergence tests of the total energy with respect to the k-
points sampling and the cut-off energy were carefully examined. A
gamma point mesh with 3X3X3k-points was specified in the
Brillouin zone and periodic boundary conditions were utilized on
the model systems. The atomic positions, lattice parameters and
cell volume are fully relaxed to simulate the optimized structure of
each lattice model, with a cutoff energy of 580 eV on a plane wave
basis set. The total energies are converged better than 10° eV, and
the final force on each atom is less than 0.02 eV/A(1 A= 0.1 nm). For
all the DOS calculations, The Gaussian smearing method is used and
the broadening width is 0.05 eV.

Results and discussion

On the basis of chemical analysis, the final chemical formula of
the W*'&Br- codoped LTO were determined as shown in Table 1. It
can be seen that final formula of codoping LTO samples are almost
in accordance with their nominal formula, though part of bromum
was lost due to their volatilization during the synthesis at high
temperature.

Fig. 1(a) shows the XRD patterns of the Li,Tis W,0,,,Br, (x= 0,
0.025, 0.05, 0.10). All the four samples show the major peaks of
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cubic LTO(JCPDS No. 49-0207), and no impurity peaks can be
detected, indicating that the W® and Br ions have successfully
entered the lattice structure of LTO bulk without causing any
changes or forming a new phase. A representative refinement when
x=0.05 is shown in Fig. 1b. All the peaks are sharp and well defined,
indicating that the crystallinity of the compound is high. The
refinement is in a good agreement with the spinel phase.
Additionally, as shown in the inset of Fig. 1(a), the colors of
different codoped samples are distinct. When x=0.025, it remains
white as the color of pristine LTO. However, the color of the
samples when x=0.05 and 0.10 are yellow and brown, respectively.
A simple mixture of LTO,WOsand LiBr cannot show such uniform
color, which deepens with increasing codoping amount, suggesting
that W® and Br would have reacted with LTO to form a lattice-
codoped phase of LTO with a changed color. The optical and
electrochemical properties of LTO are therefore altered by the
codoping method.

According to the enlarged peak of (111) planes of the samples
shown in Fig. 1(b), it can be observed that the codoped samples
undergo a slight shift toward lower degrees, indicating that the
lattice parameter of LTO increases with the increasing codoping
amount. The lattice parameter ofLi,Tis.,W,0,,,Br, (x= 0, 0.025, 0.05,
0.10) samples are shown in Table 2. The ‘a’ value of undoped LTO is
0.8357 nm, which is in a good agreement with literature data
reported by Deschanvres.®® The lattice parameter increases upon
W6+&Br_codoping level from 0.8357 to 0.8375nm, as x increased
from 0 to 0.10.This trend can be explained by the fact that the
difference of radius between Br’ and 0” is much more than that
between W®" and Ti**.The radius of Ti**, W®*, 0% and Br ions are as
following: Ry;"" =0.0605 nm, Ry,°"=0.060 nm, Ry~ =0.14 nm, and R,
=0.196 nm, respectively. Moreover, the codoping of W®" and Br will
cause the transition of a certain amount of Ti*" to Ti*" as charge
compensation. As the ionic radius of Ti* (0.067 nm) is larger than
that of Ti* (0.0605 nm), its effect also increases the lattice
parameter. Thus, as a whole result, the lattice parameter extends
with the codoping of W% and Br ions, which facilitates the Li* ions
insertion and extraction processes without lattice stability
damaged.[m

The Raman spectra of the Li,Tis W,01,.,Bry (0 <x< 0.10) samples
are shown in Fig. 2. It can be seen that five vibration peaks were
observed at 233, 348, 419, 670 and 748 cm'l, which are the feature
of the spinel structure (A1g+Eg+3F2u).[381 The frequencies in the 600-
800 cm™ region are assigned to Ti-O stretching vibrations in
“TiOg"octahedral, and the frequencies of the Li-O stretching
vibrations in “LiOg"”octahedral are known to lie in the 250-400 cm™
region. Whereas the major peak in the 400-600 em™
corresponds to the Li-O band vibration in “LiO,"tetrahedral.
“IThis observation demonstrates that the modification ofW®*&Br-
codoping cannot change the vibration characteristic and basic
spinel structure of LTO. Furthermore, it can be found that the
Raman peak intensity decreases substantially in codoped LTO with
respect to the undoped sample. It has been reported that the
Raman signal intensity decreases as particle size increases,[‘u] which
is well consistent with the aforementioned XRD results. Therefore,
the codoped samples may have a relative bigger particle size than
that of pure LTO.

Fig. 3 shows SEM images of W6+&Br'-codoped and undoped LTO

powders. It is apparent that the morphologies of the as-prepared
powders are similar. All materials are well crystallized with a

This journal is © The Royal Society of Chemistry 20xx

uniform particle size distribution in the range of 0.6-1.3 um. The
average particle size is about 1.0 um.

In order to see if the codoped elements are uniformly dispersed
in LTO bulk, we analyzed the elemental mapping of the
LisTiz 05Wo,05011.95Bro 05 sample by EDS measurement. Fig. 4 exhibits
the distributions of the element O, Ti, W and Br in the tested area
(SEM image in Fig. 5), respectively. The presence of these four
elements is verified by the EDX result shown in Fig. 5. It can be seen
from Fig. 4 that all the elements have homogeneous distributions,
demonstrating that the W®*and Brwere uniformly doped into LTO
crystal structure via the solid-stated reaction. This process can be
shown by the following chemical reaction:

W +Br” — 55— Wy, +Br, +3¢” (1)

Based on the above Eq. 1, substitutions of W*® for Ti*" and Br for
Li* will create Ti* vacancy (W;l) and 0% vacancy (Br(')) in the lattice

of LTO, respectively. The generated vacancies induce partial
reduction of Ti*" to Ti** for charge compensation. To obtain the
detailed information about the content of Ti>* in the Ti atoms, the
XPS characterizations corresponding to the Ti2p spectra were
measured for these four samples. Fig. 25(a) showed two peaks at
464.8 and 459.1 eV, which correspond to the Ti2p,,, and Ti2p342
core level binding energy of Ti*, respectively. The presence of Ti*®
in the W&Br-codoped samples was further supported by a pair of
new Ti 2p peaks observed at 458.6 and 463.2 eV as shown in Fig.
1S(b-d). Ti** content was analyzed as 4.47%, 9.65% and 18.73%
through the peak areas, respectively. Ti** content increases with
increasing codopant from 0.025 to 0.010. The results promote the
reduction of Ti** to Ti** to balance the charge. In order to further
prove the presence of Ti** jons in W&Br-codoped LTO, the XPS
spectra of Li,Tis,W,0,,.Br, materials when x=0 and x=0.05 were
comparatively studied, and their survey spectra are shown in Fig.
6a, which identifies strong signals of Li, Ti and O in pure and
codoped LTO samples. In addition to these three elements, W and
Br elements were also detected in the
LiTig 9sWop.05011.05Brogssample. As shown in Fig. 6a, very weak
signals for W and Br elements were detected for LisTis, W,01,.,Br,, X
= 0.05 due to their low codoping contents. The C 1s peak can be
clearly observed on the surface of LisTis W,04,,Br, (x = 0, 0.05)
powders, which was used for calibration. In Fig. 6b, the pristine and
codoped LTO samples exhibited characteristic two sets of spin-orbit
doublets of Ti 2p,;, (464.9 eV) and Ti2p;3;, (459.1 eV), which were
assigned to Ti** oxidation state.” The peak separation between
the Ti 2p,; and Ti 2p,, lines(ATi-2p = 2py, - 2p;/;)was 5.8 eV, which
was also consistent withTi*" oxidation state. Another pair of smaller
peaks in the XRD pattern of LisTis95Wg.05011.95Brp0s sample that
located at 464.5 and 458.7 eV belongs to Ti 2p;;, and Ti 2psp,
respectively. Compared with the XPS spectrum of undoped LTO, a
noticeable shift (A8=0.4eV) can be observed, indicating the
existence of Ti*'in the LisTis W,01,.Bry, X = 0.05 powder. Thus, after
codoping of w® and Br, it can result in the presence of mixed
Ti*/Ti*" ions. Both of the codoping ions were attributed to the
reduction of valence state of Ti cations from Ti*" to Ti*". The
conversion of Ti from higher-valence state (+4) to lower-valence
state (+3) is always accompanied by the generation of electrons to
compensate charge balance, and subsequently results in the
improvement of electronic conductivity. Therefore, it can be
inferred that the W&Br-codoping may enable the Li,Tis  W,01,.,Br,,
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x=0.05sample to present a better electrochemical performance,
especially rate capability.

To demonstrate the effect of W&Br-codoping on improving the
rate capability of the electrodes, the cyclic performance of the
LisTis  W,01,.Br,(x=0, 0.025, 0.050 and 0.100) samples at different
current rates is shown in Fig.7. For each stage, the charge-discharge
processes of the samples were subject to 10 cycles. It can be clearly
seen that undoped LTO sample exhibits high discharge capacities
and good cycling stabilities at 0.1 C, its initial discharge capacity is
169.5 mAh-g'l. However, its capacity decreases dramatically as
current rate increases, while the codoped samples display relatively
higher capacity. At 1 C, 5 C, 10 C and 20 C, the capacities of pure
LTO are133.2 mAh-g”, 113.5 mAh-g, 80.2 mAh-g?, 44.6 mAh-g?,
respectively. Better electrochemical performances for W&Br-
codoped LTO materials were found upon increasing the charge-
discharge rate. Among all doped samples, the LisTis W,015,Br,x =
0.05 shows the best rate capability. Its specific capacity exceeds the
pristine LTO following a rate of 0.5 C. At 1 C, 5 C and 10 C, the
capacities are 160.OmAh-g'1, 151.3mAh-g'1 and 139.5mAh-g'1,
respectively. Even at 20 C, its capacity still remains 120.8 mAh-g'l,
which is 70.7% of the initial discharge capacity at 0.1 C. On the
other hand, pristine LTO shows much lower capacity — only 26.3%
of that at 0.1 C. Moreover, as the current rate returned to 0.1 C
after 60 cycles, a stable capacity of170.5 mAh-g'1 can be obtained
without any decay in the following 10 cycles. These results
demonstrate that the LisTis. W,01,.,Br, electrode has an excellent
reversibility and stability.

The cyclic performances of LisTis.,W,04,.,Br, (x=0, 0.025, 0.050
and 0.100) at the rates of 1 C, 5 C, and 10 C are shown in Fig.8. Seen
from Fig. 8a and b, it is obvious that the discharge capacity of Li,Tis.
«W,0,,.,Br,,x = 0.05is much higher than that of other samples at 1 C
and 5 C rates. When discharged at 1 C and 5 C after 200 cycles, its
capacities are 158.8 mAh-g'1 and 149.0 mAh-g'l, respectively. Fig.8c
shows thatthe discharge capacity can still reach 138.8 mAh-g'1 and
maintain 88.7% of its initial discharge capacity over 1000 cycles
even at 10 C rate, which is much higher than that of solely doped
LTO electrodes.On the other hand, pure LTO electrode decreased to
80.6 mAh-g'lonIy after 200 cycles at 10 C.In sum, the W&Br-
codoped LTO samples have higher capacity than that of undoped
LTO at the same discharge current rate. In addition, LisTis,W,01,.
«Brielectrode shows excellent capacity retention. When the amount
of W&Br-codoping is higher than x=0.05, however, the capacity
decreases. Thus, the x=0.05codopant amount is most appropriate.

The initial charge-discharge curves of the electrodes prepared
from pristine LTO andLi,Tis,W,04,.,Br,, x=0.05 powders were
measured at different current rates, as shown in Fig. 9.We can
clearly see that the discharge voltage plateau drops when the
current rate increases, for both electrodes. The discharge plateau of
the pristine LTO was 1.55 V at 0.1 C. Upon increasing current,
however, the overpotential was observed to dramatically increase,
relative to the Li,Tis, W,04,.,Br, electrode when x=0.05. For the
LisTis W,01,.Br,, the discharge plateau was also 1.55 V, but did not
decrease as quickly as LTO, when the current rates increased. Both
pristine LTO and Li,Ti5,W,04,,Br,, x=0.05 reached near the
theoretical discharge capacity of 175 mAh-g'l, being 170.3 mAh-g'1
and 173.3 mAh-g'1 at 0.1 C, respectively. At 20 C, however, the
capacity of the latter is 117.5 mAh-g'l, while that of the former is
only 44.6 mAh-g'l. Accompanying the lower capacity of pristine LTO
was more polarization of the plateau. The polarization or gap
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between discharge and charge plateaus widens only slightly for
LisTis W,01,.,Br,, x=0.05, compared to the pristine material. To
demonstrate this further, the inset in Fig. 8c shows the charge-
discharge curves of pure LTO at 200th cycle and Li,Tis, W,01,..Br,
(when x=0.05) at 1000th cycle, respectively. It can be seen that the
gap between charge and discharge plateau of the former anode is
almost two times larger than that of the following anode, i.e., AE; =
3AE,. Therefore, the polarization of pristine LTO is more than that
of Li,Tis W,0,,.Br,, x=0.05. In order to explain this phenomenon,
Fig.10 shows the CV of each material at scan rates of 0.5 mV-s* and
5 mV-sT within a sweep voltage range of 1-2.5 V (vs. Li/Li"),
corresponding to very low and high C-rates, respectively. All
samples show a pair of sharp and reversible redox peaks at each
scan rate, indicating the good electrode kinetics of all anodes. The
potential difference (¢,-$.) between anodic and cathodic peaks can
reflect the degree of polarization of the electrode.”” From Table 3,
it can be seen that the potential difference of all codoped LTO
electrodes is lower than that of pure LTO, though it exhibits smaller
polarization at lower scan rate of 0.5 mV-s'l, suggesting that the W
& Br-codoping enhanced the reversibility of the LTO. Among all
samples,  LigTis, W,04,,Br,x=0.05shows the least potential
difference under the same current rate, indicating that too high an
amount of codoping is adverse. Thus, the optimal degree of W&Br-
codoping is x=0.05. This result is in agreement with the
galvanostatic charge-discharge analysis given earlier.

The rate-capability of LTO is mainly determined by electronic and
lithium-ionic conductivities. To evaluate the enhancement of
electronic conductivity due to the codoping with W and Br ions,
EIS measurements were carried out for the LisTis.,W,04,.,Br, (x=0,
0.025, 0.050 and 0.100) electrodes at the voltage of 1.55 V after the
first cycle. Fig. 11a shows the Nyquist plots obtained from the spinel
LisTi5 W, 01,.,Br, (x=0, 0.025, 0.050 and 0.100) electrodes, while the
inset is the corresponding equivalent circuit used in analysis. All the
EIS curves are composed of a depressed semicircle at the high to
intermediate frequency range, and a straight line in the lowest
frequency region. The high frequency semicircle is related to the
charge transfer resistance at the active material interface, while the
sloping line at the low frequency end indicates the Warburg
impedance caused by a semi-infinite diffusion of Li* ion in the
electrode. In the equivalent circuit, R, is the ohmic resistance of
electrolyte; R is the charge transfer resistance; CPE is a constant
phase element used to represent the double layer capacitance and
passivation film capacitance; Z, represents the Warburg
impedance.[ze‘M] Table 4 shows that the charge transfer resistance
(Ret) of W&Br-codoped electrodes are much lower than that of the
pure LTO, indicating that this codoping reduces the resistance,
enhancing the charge transfer across the electrode-electrolyte
interface. Herein, Li,Tis. W,01,,Br,, x=0.05 exhibits the least charge
transfer resistance among all samples. In conjunction with the
analysis above, it is reasonable to infer that this lowest R, value
corresponds with the material’s smallest electrochemical
polarization, thus leading to the best cyclic performance at high
charge-discharge rate.

The diffusion coefficient (D) of lithium ion can be calculated from
the plots in the low-frequency region (Fig. 11b). The straight lines
are attributed to the diffusion of the lithium ions into the bulk of
the electrode materials, the so-called Warburg diffusion. We can
obtain the value of D according to the following equations:

Ze= RS+Rct+0w-w'1/2(2)

This journal is © The Royal Society of Chemistry 20xx
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D:O.S[ RT ]“(3)

AFo ,C

Where w is the angular frequency in the low frequency region; o,,
is the Warburg impedance coefficient; D is the diffusion coefficient;
R is the gas constant; T is the absolute temperature; F is Faraday’s
constant; A is the area of the electrode surface; and C is the molar
concentration of Lithium ions (moles-cm'3).[45] The impedance
parameters are recorded in Table 4.As mentioned above, the
enlarged lattice constant due to W&Br-codoping is beneficial for
fast Li* transfer, and thus improving its diffusion coefficient D. It can
be seen that the W&Br-codopedLi,Tis.,W,01,.,Br, (x=0.025, 0.05,
0.10) electrodes have better diffusion coefficients than the LTO
electrode without codoping. The Li,Tis, W,04,,Br,, x = 0.05
electrode presents the highest lithium diffusion coefficient, which is
favorable for rapid charge and discharge, indicating that the
selection of an appropriate amount of codopants is very important.

For the above mixed ionic and electronic conductor, the ionic
conduction and electronic conduction are not two independent
processes, which are influenced and limited by each other. The total

- [46]
conductivity of electrode can be expressed by:

o = .0, (4)

o, +0,

Where g, is the total conductivity, o; is the ionic conductivity and
o, is the electronic conductivity. For the investigated system of
LisTis\W,04,.,Br,, the electronic conductivity will be enhanced by
codoping with W® and Br ions due to the generation of mixing
Ti4+/Ti3+ for charge compensation, and the Li-ion conductivity may
increase owing to the enlarged lattice parameter that is favorable
for Li-ion transportation. Based on Eq. 4, as a function of g; and o,
the total conductivity of electrode material is a monotonic
increasing function. The g, monotonously increases as o; and o,
increase. As shown in Table 4, the LizTis, W,04,,Br,, x=0.05
electrode has the best electronic conductivity and ionic
conductivity. Therefore, o, reaches its maximum value when x=0.05.
That is why LisTis.,W,04,.,Br,, x = 0.05 electrode exhibits the best
rate capability.

It can be explained in terms of LisTis W,01,.,Br,, x =0.05 with the
highest electrical conductivity that leads to best rate performance.
Fig. 3S reveals the variations of the electronic conductivity and Li*
diffusion coefficient as functions of the composition x (shown in the
below). By the results of the four-point probe meter, the electrical
conductivity of the W&Br-codoped LTO was greatly improved. It can
be observed that the x=0.05 sample exhibits much higher electronic
conductivity than other samples, especially almost improved 6
orders of magnitude compared with pristine LTO, which cannot be
measured by the four-point probe method. The enhanced electrical
conductivity can be explained by the synergistic effect of W&Br-
codoping. For LisTis, W,04,.Br, (x=0.025, 0.050 and 0.100) samples,
w® and Br partially substituted Ti* and 0% sites of LTO,
respectively. This codoping breaks the charge balance in LTO, and
subsequently generated Ti** for charge compensation. This can be
explained by the best combination of the lattice parameter of Br in
07 site and the occupancy of W® in Ti*" site. The dopant Br™ herein
plays a dominant role in lattice parameter. It is well known that Li*
ions transport in three-dimensional pathways during lithiation/
delithiation processes in the spinel LTO bulk. Li* ions have to pass
through the 0% ion planes located between the octahedral and
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tetrahedral sites, which form a transportation bottlenecks. The
large parameter mainly caused by Br-doping increases the transfer
distance of Li" between the neighboring 0% ions. Correspondingly,
the Li-ion diffusion coefficient decreases with increasing Br
content. Besides, W® located at octahedral 16d sites after doping.
Increasing x will result in more inaccessible octahedral vacancies
and thus less Li* ions in the octahedral vacancies over cycling and
more on the tetrahedral vacancies. Since the hysteresis is largely
ascribed to the lithiation/delithiation in the tetrahedral vacancies,
the hysteresis becomes larger when x equals 0.1. We can see clearly
from Fig. 8b that the discharge capacity of x=0.1 is obviously
decreased compared with the x=0.05 at 5 C rate after 200 cycles.
Therefore, LisTis, W,04,,Br,, x=0.05 sample exhibits the best
compromise in terms of the highest electronic conductivity and Li*
diffusion coefficient among all codoped samples.

SEM characterization was carried out to investigate the structure
stability of W&Br-codoped LTO materials after long cycles. It can be
seen from Fig. 4S that all of the codoped samples exhibited a spinel
shape with a particle size in the range of 0.6-1.3 um and relatively
uniform morphology. No obvious change was observed compared
with initial synthesized samples, indicating that W&Br-codoping did
not affect LTO’s structural stability after cycling.

In order to further elucidate the electronic and structure changes of
W & Br-codoped LTO materials, DFT calculations were used to
calculate energetically optimized lattice models of the pristine, W
and Br solely doped and codoped LTO. Firstly, to satisfy the
stoichiometry of LisTisO,,, the structural model containing 2
formula units is built from the unit cell of Li,TisO4, through the
following transformation matrix: [0.5 1 0.5; 0.5 -0.5 0.5; 1 0.5 0].
Twelve 16d sites exist in the model, and two of them are occupied
by Li according to the ratio of Li to Ti at this lattice site. Thus, we
use a 1x1x2 super cell of the structural model for calculations.
Those structures are represented in Fig. 12.

In order to investigate the effect of W & Br-codoping upon the
enhanced electrochemical performances of Li,TisO;,, we utilize a
DFT  band  structure calculation  on Li,TisO;,  and
LigTis 75W0.25011.75Bro.25 (LiigTiigW1047Bry), as shown in Fig.13a&b,
respectively. The band gap of pristine Li,TisO,, is about 2.3 eV,
which is mainly determined by the Ti 3d and O 2p bands, indicating
that Li,TisO1, is a typical insulator.®* In Fig. 13a, however, the
projected DOS of LisTissWo50115Brosis moved downwards with
respect to the normalized energy (E-E¢), and the tail of conduction
bands is placed below the Fermi level, becoming partly filled. This
suggests that only little energy is necessary for an electron to move
to an energy level higher than the Fermi level. Remarkably, this
codoping case demonstrates that W & Br-codoped Li,TisO;, is an
electrical conductor with increased rate capability.

In the present work, we have shown that W & Br-codoped LTO
leads to significantly improved electrical conductivity and therefore
greatly enhanced electrochemical performance as compared to
undoped LTO. The underlying reason is that the codoping modifies
the nature of the binding energy minimum so that the modification
mechanism is changed to more favorable electron conduction. The
electrochemical kinetics was shown to improve in terms of
polarization and charge transfer resistances, as well as lithium ion
diffusion and even capacity retention. The results summarized here
indicate that LisTis W,01,,Br,, x = 0.05is a particularly promising
anode material with excellent rate capability, cycling stability, and
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reversibility. Importantly, this charge-compensated codoping can be
applied to improve the rate performance of other cathode
materials suffering from inferior electrical conductivity.

Conclusions

LigTis  W,01,,Br,(x=0.025, 0.050, 0.100) samples were
successfully synthesized by a simple solid-state reaction in air
atmosphere.XRD patterns demonstrated that W &Br-codoping
did not change the spinel structure and the electrochemical
reaction mechanism of LTO. The electrochemical properties of
LTO, especially the rate capability, were significantly improved
by w & Br-codoping due to the increased electrical
conductivity and Li* diffusion coefficient and correspondingly
reduced electrochemical polarization during high rate
charge/discharge process. The optimized composition of LisTis.
W, 01,.,Br, (x=0.05) exhibited the best rate capability, showing
a high discharge capacity of 138.8 mAh~g"1and a capacity
retention of 88.7% over 1000 cycles at 10 C rate. We believe
that the strategy adopted in this work can be applied to
develop other cathode materials with inferior electrical
conductivity.
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Fig. 1. (a) XRD patterns and colors of as-prepared LisTisWxO1,xBrx (x=0, 0.025,
0.05, 0.10) samples, (b) representative Rietveld refinement when x=0.05 and (¢)

enlarged (1 1 1) peaks
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Fig.2. Raman spectra of all as-prepared samples.
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Fig. 3. SEM images of LisTisxWxO2xBrx with (a) x=0, (b) x=0.025, (c) x=0.05, and
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(d) x=0.10.

Fig. 4.EDS elemental mapping (O, Ti, W and Br) for the selected area of the sample
LisTisg05Wo,05011.95Bro.0s. The SEM image (top) shows the selected area corresponding

to the elemental mapping of the codoped LTO particle when x=0.05.



Journal of Materials Chemistry A

Sum Spectrum

2 4 6

8 10 12 14 16
Energy/keV

Fig. 5. EDX spectrum of the surface of LisTig.0sWo.05011.95B19 05 material (x=0.05).
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Fig.6. (a) The XPS survey spectra and (b) HR XPS spectra of Ti 2p peaks for

Li4Ti5_XWX012_XBI'X (X: 0, 005)



Journal of Materials Chemistry A Page 14 of 22

200
0.1C 0.1C
] 05C
1¢

Tl G, oo
= 150 10 C

< Sovonnnnen, v rvvrriddasiaLLL

£ _~~~ 20 C

> S ...+ o

'S 100 4

[ A iassaaaaad

[=h

< “

< = x=0.000

50 o x=0.025

2 07 4 x=0050 —

2 v x=0.100

2

O 1 I 1 I 1 I
0 10 20 30 40 50 60 70

Cycle Number

Fig. 7. Cyclic performance of the LisTis.x WxO24Brx (x=0, 0.025, 0.05, 0.10) samples

at various current rates from 0.1 to 20 C.



Page 15 of 22

Journal of Materials Chemistry A

v
N

m((((( e — 1 C
- W o i i
"ep %(\ O
) (@@ @
= = R . T
S @

s ]

g 100

s

=

<

o 1 O x=0.000

) O x=0.025

P

2 504 O x=0.050

2 O x=0.100

- J

a

0 . . : , . , ;
0 50 100 150
Cycle Number

200

‘?G(((t((((ﬂi(((ﬂ((('(((ﬂ.’((' (@@

- D a2V L I (sy o L 014, Tfrs LT . M =

_2_" 1407 ‘”@@«(((M@@@@««@T@(««g@«sgggggg§§g§§;§«?@<<««««<«<<<<««<««<««;< (g

NG N @
& «
Wy ; 7 )

E 120 - (U~
~

2> 1004

- p—

[P

[}

= 80 +

@

o 604 O x=0.000

2 O x=0.025

< %10 x=0.050

171 -

: x=0.100

A 20 ©

0 . r . r . . .
0 50 100 150

Cycle Number

200



Journal of Materials Chemistry A Page 16 of 22

~
e}
N—

180

1
g
—
[—]
/n

=y

N

o
1

Discharge Capacity / mAh

Potential / V

| O x=0.00

O x=0.05 ™~ j
30

T T T T
0 20 40 60 80 100 120 140 160 180

Capacity / mAh g*

T T T ; T T T T
0 200 400 600 800 1000

Cycle Number

Fig. 8. Cyclic performance for LisTisxWxO12xBrx (x=0, 0.025, 0.05, 0.10) at different

rates, (a) 1C, (b) 5C and (c¢) 10C.

@),

=2

1.5

4

— 77T 7T T — T 7"
0 20 40 60 80 100 120 140 160 180

) )

Potential / V

Capacity / mAh g'I



Page 17 of 22 Journal of Materials Chemistry A

(b)

25

0.1C g ——1 ©C
5 C 10 C—20 C

2.0 -

Potential / V
N
o

1.5

1.0 +——r—r——ar-—y——r———
0 20 40 60 80 100 120 140 160 180

Capacity / mAh g’

Fig. 9. Potential-Capacity curves of (a) Li4;TisO;, and (b) LigTis.95W.05011.95Br0 05

electrodes at various current rates.



Journal of Materials Chemistry A Page 18 of 22

()

-Scan rate: 0.5mV s

o A\

—

6 -
4 x=0.000 —_—

E x=0.025

= 5. x=0.050

E e X;ﬂ 1NN

L

S

=

O

Potential / V

(b)

Current / mA

-25

10 ' 15 ' 20 ' 25
Potential / V

Fig. 10. Cyclic voltammograms of the LisTis xWxO124Brx (x=0, 0.025, 0.05, 0.10) at

different scan rates of (a) 0.5 mV-s"and (b) 5 mV-s™.



Page 19 of 22 Journal of Materials Chemistry A

—a— x=0.000 Rs CPE
1+eo—x=0.025 t Ws
80 &—A— x=0.050

—v—x=0.100
60 /

G
o
N
T T T T T T T T T T
0 50 100 150 200 250 300
7' Q
(b)
- 7 x=0.000
A x=0.025
1V x=0.050
250_0 X:()lOO
G
—_ 200
=y /@///%’//////6
h p
N
150
100 -N
50 T ) T T T L T ' T

0.6 0.8 1.0 1.2 1.4 1.6
-1/2 -1/2
o /s

Fig. 11. (a) AC impedance spectra of the LisTisxWxO124Brx (x=0, 0.025, 0.050, 0.100)
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(a) (b)
Fig. 12. Lattice models of (a) Li4TisO,, and (b) Li;¢TijoW047Br; with correct

stoichiometry. Herein, red sphere represents oxygen atom; blue sphere represents
titanium atom; green spheres represents lithium atom; purple sphere represents

bromine atom; gray sphere represents tungsten atom.
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Flg. 13. Density of states (DOS) of (a) Li4Ti4_75W().25011.75BI'().25 and (b) Li4Ti50]2, the

Fermi energy is normalized to 0 eV.
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Tables

Table 1

The final chemical composition of the W&Br-codoped spinel LTO.

Sample Nominal formula Composition(wt.%) Final composition
Li Ti W (0] Br
x=0.000 | Li,TisOp, 6.05 | 5215 | 0.00 | 41.80 | 0.00 | LisTisOp

x=0.025 LiyTig 975W0.025011.975BT0.025 5.99 51.41 0.91 4133 0.36 LiyTig 977W0.023011.979BTo.021

x=0.050 LisTig905W0,05011.95Brg 05 5.92 50.56 1.96 40.79 0.77 LisTis05W0,05011.955B10 045
X:0100 Li4Ti4_9W0_1011_9Br0_1 5.80 49.04 3.84 39.81 1.50 Li4Ti4_9W0_1011_91BI'0_09
Table 2

The lattice parameter of LisTisx WO 2By (x= 0, 0.025, 0.05, 0.10) samples.

Sample o/ nm
x=0.000 0.8357
x=0.025 0.8362
x=0.050 0.8368

x=0.100 0.8375




Table 3

Potential differences between anodic and cathodic peaks of the LisTisxWxOj,xBryx

(x=0, 0.025, 0.05, 0.1) electrodes for the fresh cells at different scan rates.

Journal of Materials Chemistry A

Scan rate 0.5mV-s" 5mV-s’

X 0/V o/V AE/mV 0./V o/V AE/mV
0.000 1.679 1.490 189 1.808 1.361 447
0.025 1.677 1.492 185 1.780 1.371 409
0.050 1.676 1.492 184 1.733 1.418 315
0.100 1.677 1.491 186 1.770 1.399 371

@,— Anodic peak; ¢.— Cathodic peak; AE— o, - ..

Table 4 Impedance parameters of LisTisWxO2xBrx (x=0, 0.025, 0.050, and 0.100)

electrodes.
Sample R/Q Ro/Q o/Qem®s™  Diem*s
x=0.000 1.895 213.2 42.10 2.98x10™"
x=0.025 1.766 187.2 31.16 5.66x107"
x=0.050 1.041 88.7 14.32 2.68x10™"
x=0.100 1.481 126.0 18.97 1.51x10™"
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