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Abstract

A series of cation-doped Li,MoOj3; materials were successfully prepared by a facile method. The experimental characterizations
showed that the incorporation of metal cations can change the structures of Li,MoO5; materials. In addition, Li,Mog 9sMg 0403
materials have higher structural stabilities and electrical conductivities in comparison to the pristine sample, which results in a
much improved electrochemical performance. The initial discharge capacities are respectively 246.87, 256.92, 255.38, 271.12,
and 261.25 mAh g_l for Li2M003, Li2M00.96Zn0_04O3, Li2M00_96Mg0_0403, Li2M00_96Cr0_04O3, and Li2M00_96La0_04O3.
Li,Mog g6Lag 0405 has the best performance, and it can deliver a specific capacity of 149.89 mAh g_l at the 50th cycle at a
charge/discharge current density of 34 mA g . Our experiments have identified the promising role of cation doping and offered
some important information for the design and optimization of Li,MoOs;-based cathode materials.

Keywords Cation doping - Li;,Mo0Oj - Lithium-ion battery

Introduction

Rechargeable lithium ion battery (LIB) has gradually become
the main power source of portable products due to its high
energy density, long cycle life, and low cost. However, with
its application in electric vehicles, hybrid electric vehicles, and
smart grids, demands for higher energy density LIB are ur-
gently required [1]. In recent years, the development of high
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specific capacity and novel lithium ion battery cathode mate-
rials has received great attentions. In comparison to conven-
tional cathode materials like olivine-type LiFePO, [2] and
Li3V,(POy); [3] and silicate-based oxides Li,MSiO4 (M=Fe
and Mn) [4, 5], manganese-based—layered lithium-rich cath-
ode (LLRC) material with the formula of xLi,MnO5-(1-
x)LiMO, (0 < x < 1) was focused on due to its specific capac-
ity higher than 250 mAh g "' [6]. However, this material gen-
erally has a low lithium ion migration rate, a large irreversible
capacity in the first circle, a severe voltage and capacity fad-
ing, and the oxygen release issue, which hinders its practical
application [7].

Therefore, it is necessary to find alternative materials to
overcome these inherent defects. In recent years, a strategy
to increase the theoretical capacity of the cathode and to sup-
press the oxygen evolution issue is constructing new materials
with other Li,MO3; (M = Ru, Ir, Sn, Mo) components [8—12].
Since lithium-rich Li,MO; phase can exchange more than one
lithium during cycling, the capacity of the material can exceed
300 mAh g ' [13, 14]. According to previous reports, it was
confirmed that Li,MoOj; undergoes a multi-electron redox
reaction and its theoretical capacity is 339 mAh g ' without
oxygen release [15-17]. The existence of the Mo**/Mo®* re-
dox pair can avoid many structural problems caused by oxy-
gen evolution [18]. These unique advantages make Li;MoO;
a promising building block for the design of next-generation
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Fig. 1 XRD patterns for LMO, .
LMZ0O, LMMO, LMCO, and L12M00.96Lao.0403
LMLO samples
’\ n LizM00.9ocr0.0403
=’E /L Lil.oGNIgo.MMoos
<
~~
>
~N—
=
& -
3 L12M00.9ozn0.0403
= J\/\_.-AJ\._M/‘-J\*-‘.
Ll
LiZMOO3
JL J-A__—A_A A AN A
§ o § - PDF
g =8 T @ g5 828 <=
g | S 22 22 g%
1 1 || | 1 | 1 I' 1 | |. [ T i
10 20 30 40 50 60 70 80
2Theta/Degree

cathode materials. However, the preparation difficulty and the
poor conductivity of Li,MoO3; must be solved before its prac-
tical application [10].

In recent years, many strategies have been applied to im-
prove the electrochemical properties of the lithium-rich mate-
rials [6, 19, 20]. However, anion and cation doping is consid-
ered to be the most simple, effective, and economical method
to achieved this goal [21, 22]. The electrochemical perfor-
mance OfLi(Lio_zNio_15+0.52C00.1MH0_55_0_52)02,ZFZ was inves-
tigated by Kang and co-workers, and the results show that F
doping can improve the capacity retention of the material [23].
The reasons were suggested to be that fluorine doping de-
creases the cell impedance for Li* diffusion, and it stabilizes
the crystal structure by suppressing the formation of oxygen
vacancies in the first charging process. Sung Park et al. have
reported that iron ions were doped into (1-x)Li;,MoO3-
xLiFeO, materials, and the incorporation of iron ions stabi-
lizes the crystal structure of the material and inhibits the dis-
solution of Mo(VI) [24]. According to previous literatures,
Fe?* [25, 26], Mg** [20, 27], Zn** [28, 29], and Cr** [30,
31] elements have been widely used to stabilize the crystal
structure of Mn-based LLRC and improve their conductivity.
However, this impact on Li,MoQOj is still unknown and de-
serves further considerations. It is expected that there is still an
undeveloped cationic doping library, which also has a positive
contribution on the structure and electrochemical performance
of Li,Mo00Os5 [17]. Therefore, in the present manuscript, four
typical cations, i.e., Zn>*, Mg>*, Cr’, and La*", were doped
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into Li,Mo00O3 materials. Our experiments have revealed the
origin of the doping effect, which provides some useful infor-
mation for the modification and design of relevant Li,Mo0Oj3
materials in the future.

Experimental section
Sample preparation

All chemical reagents are of the A.R. grade and used without
further purification. The pristine and cation-doped samples
were synthesized by a facile molten salt method [32, 33].
First, a stoichiometric amount of Li,CO3; (5% excess),
MoO,, (CH3C00),Zn-2H,0, Mg(NO3),-6H,0,
(CH3;C0OO0)5;Cr, La(NO3);-6H,0, KCI, and NaCl was

Table 1 Lattice constants calculated from Rietveld refinement for
different samples.

LMO LMZO LMMO LMCO LMLO
a(A) 2.8635 2.8640 2.8587 2.8619 2.8688
c(A) 15.0879  15.0922  15.1278 15.0409  15.1543
1(003)/1(104)  1.373 1.709 1.447 1.272 1.652
Ryp 6.74% 15.47% 11.69% 11.56%  5.76%
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dispersed in distilled water, and the solution was evaporatedto  and naturally cooled down to room temperature. The resulting
dryness at 80 °C in a water bath. The mixture was calcined at ~ sample was washed with distilled water to remove KCI and
700 °C for 7 h in a tube furnace with a Hy/Ar (5:95 v/v) flow  NaCl. Five samples, Li;Mo0O3;, Li;Mo0g.96Z1n0.0403,

Fig. 3 SEM images for a MoO,,
b LMO, ¢ LMZO, d LMMO, e
LMCO, and f LMLO samples
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Fig. 4 a Low-resolution and b
high-resolution TEM images of
LMLO sample. ¢ Lattice fringes
and d diffractions of seleced
area ¢ EDS mapping for LMLO

Lij 96Mgo.04M0O3, LiosMog 96Crg.0403, and
Li>Mog oslag 0403, were obtained and labeled as LMO,
LMZO, LMMO, LMCO, and LMLO, respectively.

Material characterization and electrochemical testing

X-ray powder diffraction (XRD) patterns were recorded by a
Bruker D8 instrument. The morphologies of the samples were
measured by a Hitachi S-4800 scanning electron microscopy
(SEM) and a JEOL 2100 transmission electron microscopy
(TEM). The elemental compositions were characterized by
using the energy-dispersive spectroscopy (EDS) (Oxford
INCA, Britain). X-ray photoelectron spectroscopy (XPS)
analysis was performed by using an ESCALab 250 system.
All samples were tested in a half cell with Li metal as the
counter anode, and Celgard 2400 membrane was used as the
separator. The active materials (80 wt%), super-P carbon
black (10 wt%) and polyvinylidene fluorides (10 wt%) were
dissolved in N-methyl-2-pyrrolidinone (NMP) to form a slur-
ry, which was then pasted on the surface of an aluminum foil.
After the foil was dried under a vacuum condition at 110 °C
for 12 h, it was cut into circle sheets with a diameter of 14 mm.
The sheets were further pressed at 3 MPa to form the final
cathode. The active materials loaded on the cathode were

about 0.91 mg cm 2. CR2025 coin cells were assembled in
an argon-filled glovebox, in which the moisture and oxygen
concentrations were both below 0.1 ppm. The electrolyte was
1 M LiPF solution solved in a mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC) (EC/DEF, volume ratio,
1:1). The loading of the active materials is 0.48—0.88 mg,
and the 1 C rate corresponds to a current density of 340 mA
g '. The charge and discharge behaviors of the half-cells were
recorded between 1.5 and 4.3 V (vs. Li*/Li) at room temper-
ature by using a LAND CT2001A system under constant cur-
rent conditions. Electrochemical impedance spectroscopy
(EIS) study was conducted by using a Princeton P4000 elec-
trochemical working station over a frequency range from
0.01 Hz to 100 kHz at a potentiostatic signal amplitude of 5
mV. Cyclic voltammetry (CV) tests were carried out on a CHI
1000C electrochemical workstation with a voltage between

1.5 and 4.3 V and a scanning rate of 0.1 mV s .

Results and discussion

Figure 1 shows the XRD patterns of LMO, LMZO, LMMO,
LMCO, and LMLO. The peaks of the five samples can be
indexed into the «-NaFeO, structure with a R _3,,, space group
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Fig. 5 XPS spectrum for a LMO and LMLO sample, b Mo3d, and ¢ La 3d bands
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(PDF#88-0303) [10]. No obvious impurities or secondary
phase can be observed, while the sharp and well-defined peaks
imply that five samples are well crystallized. This result also
suggested that the doping elements were successfully intro-
duced into Li,M0Oj3. The lattice parameters of all samples are
calculated via the Rietveld refinement, and the data are sum-
marized in Table 1. The results clearly showed that a and ¢ for
pristine Li,MoO5 are 2.863(5) and 15.087(9) A, while the
lattice parameters of Zn>*-, Mg**-, and La**-doped samples
are slightly expanded. Owning to the expanded layer distance,
it can be expected that the diffusion of lithium within lithium
layer will be improved. The lattice parameters of the sample
after Cr’* doping decreased slightly [34], but the incorpora-
tion of the cation disorder material Cr can be uniformly dis-
tributed between the metal layers, resulting in an increase in
Li* diffusivity [35]. Furthermore, it can be found that different
from the conventional Mn-based LLRC materials, no peaks
appear between 20° and 25° for all investigated samples, and
the intensity ratios of the (003)/(104) peaks are large. These
features suggested that the antisite arrangements between Lis,
and Mosy, are scarce [10, 18]. On the other hand, a clear split-
ting can be observed for the (006)/(101) pair and the (018)/
(110) one, indicating that the five samples have an ideal lay-
ered structure [10, 18]. Zn**, Mg**, Cr’*, and La’* can be
successfully doped into the lattice of Li,MoO; without affect-
ing the diffraction pattern and causing any impurities.

To determine the lattice parameters and atomic positions,
Rietveld refinements were performed and the results are
displayed in Fig. 2. Based on the refinement model in Fig.
2f, the atomic positions for different species were determined.
Our calculation confirmed that lithium occupies 3a and 3b
sites, while molybdenum and doping elements are located at
3b site. Oxygen takes the 6¢ sites. The occupation ratio of the
3b site Li and Mo is very close to 1:2, implying that Mo/Li
disordering is mainly restricted within the transition metal
layer.

Figure 3 is SEM images of the MoO, precursor, LMO, and
four M-doped LMO samples. It can be seen from Fig. 3a that
the MoO, precursor is an irregular block structure with a di-
ameter of about 2—7 pum. Due to the incorporation of metal
cations, the morphology of the samples changes significantly,
and the synthesized LMO, LMZO, LMMO, LMCO, and
LMLO samples are mainly composed of stacking flakes.
Compared with the LMO pristine sample (Fig. 3b), the aver-
age particle size and the flake thickness of the LMZO,
LMMO, and LMCO materials all decreased. Especially for
the LMCO sample, its size was even reduced to tens of nano-
meters, which suggests that the diffusion dynamics of lithium
of this sample should be good [36-38]. On the contrary, for
the LMLO sample, its width increases significantly while its
thickness decreases to ~ 20 nm. As a result, the wide and ultra-
thin nano-sheets are formed. More importantly, the stacking of
the large nano-sheet leads to very large void spaces (Fig. 3f),

which is very helpful for the penetration of the electrolyte and
the enhancement of the interfacial contacts. As a result, the
surface area of the LMLO sample should be the largest, which
will lead to an excellent rate capability [39].

To further reveal the structural details of the material, TEM
images of LMLO samples were obtained. As shown in Fig.
4a, it can be proved that the La**-doped material is composed
of a series of nano-sheet, which is consistent with the SEM
results. In addition, the calculated lattice fringes of the LMLO
sample corresponding to the (003) crystal facets are ~ 0.491
nm. The electron diffraction pattern of the selected area shows
that the prepared sample is simple crystal with a good hexag-
onal structure. Figure 4 b shows the EDS mapping of the
LMLO sample. It can be seen that the elements of La, Mo,
and O are evenly distributed, which proves that lanthanum
ions have entered the lattice. Compared with traditional
solid-state synthesis, the introduction of KCI and NaCl as
molten salts will provide a liquid environment at high temper-
ature to facilitate the diffusion of different ions, leading to the
specific morphology and the even distribution of the element.
These features are favorable for boosting the electrochemical
performance of the materials.

XPS is a powerful tool for analyzing the oxidation state of
ions and the elemental composition. Figure 5 a shows the full
spectrum of different samples with the peaks corresponding to
Li 1s, Mo 3s, Mo 3p, Mo 3d, Mo 4d, and O 1s bands. The
high-resolution XPS spectrum for molybdenum in Fig. 5b
clearly shows that 3ds), and 3ds, bands of Mo** are located
at 229.4 and 232.1 eV, while those of Mo®" are at 231.7 and
234.9 eV. This observation is coincident with previous litera-
tures [40—42] and also confirms the surface oxidation of pris-
tine Li;Mo0Oj in air [43, 44]. However, it is interesting to note
that the positions of the characteristic peaks are nearly un-
changed. When La®* is incorporated, the strength of Mo®*
3ds,, at 231.7 eV decreases obviously. Figure 5 ¢ is a high-
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Fig. 6 Cyclic performance of different samples at current density of
34mAg!
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resolution XPS spectrum of La 3d band. It can be seen that the
spectrum is mainly composed of two double peaks distributed
near 834.5 ¢V and 851.3 eV, which belong to the La 3ds/, and
La 3d;,, bands, respectively. The peaks at 838.3 eV and
855.2 eV are the oscillating satellite peaks for La 3ds, and
La 3d;,, bands [45]. This signature was also confirmed in La-
doped TiO, materials [46].

The cyclic performance of different samples is depicted in
Fig. 6. It can be noted that the initial discharge capacity of the
pristine sample is 246.87 mAh g ', and it retains at 84.49 mAh
g ! at the 50" cycle. The capacity retention is 34.22%. The
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continuous capacity decrease during cycling may be attributed
to two possible reasons, the irreversible crystalline to amor-
phous transition [17] and the dissolution of Mo®" at 4.3 V
[47]. However, due to cation doping, the initial discharge ca-
pacities for LMZO, LMMO, LMCO, and LMLO samples
increase significantly to 256.92, 255.38, 271.12, and 261.25
mAh g '. The capacity retentions are 47.01%, 47.55%,
47.81%, and 57.38%. Our results confirmed that La*>* doping
increases the cyclic stability of the compounds. Since Mo**
has much smaller ionic radius (65 pm) with respect to La**
(103.2 pm), the introduction of La** at Mo** site will increase
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Fig. 7 a Rate capability of different samples and charge/discharge curves for b LMO, ¢ LMZO, d LMMO, e LMCO, and f LMLO samples
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the inter-planar spacing, which was confirmed by the XRD
refinement above. This feature suggested that lithium ion dif-
fusion in LMLO should be higher than pristine LMO sample.

The rate capability of different samples is shown in Fig. 7a.
The charge current density is 34 mA g ', while the discharge
current density ranges from 34 to 1700 mA g '. It can be
found that the discharge capacity of each sample gradually
decreases with the increase of current density. This result is
correlated to the redox polarization under different current
density. Compared with the pristine sample, the specific ca-
pacities of all doped samples at high current density
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conditions are much higher, indicating that the redox polari-
zation will decrease significantly due to cation doping. From
the viewpoint of band structure, partial substitution of molyb-
denum by La®* ions will change the valence state of the spe-
cies in the materials, leading to varied oxidation states for Mo
ions. Due to partial Mo™* ions in LMLO, partially filled ener-
gy bands are thus expected. Therefore, it can be deduced that
the electronic conductivity of LMLO should be improved. On
the other hand, the larger radius of La** expands the (001)
layer distance, leading to a lower charge transfer resistance.
Therefore, at a current density of 1700 mA gfl, LMLO can
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Fig. 8 Cyclic voltammetries (CVs) for a LMO, b LMZO, ¢ LMMO, d LMCO, and e LMLO samples
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still deliver a specific capacity of 60.44 mAh g ™', which is also
the highest among all samples. Figure 7 b—f are the charge and
discharge curves of different samples. For pristine Li,MoQOs3,
no obvious presence of voltage plateau was observed at low
current density condition. When the current density increases
to 100 mA g ', it can be observed that a small voltage plat-
form appears at 2.3 V. However, the situation in LMLO sam-
ples is different, and it can be found that the plateau region at
2.3 V is expanded obviously. This is responsible for the in-
crease discharge capacities of the sample. Our experiments
also suggested that trivalent cation doping seem to be superior
to the divalent cation doping.

The cyclic voltammetries (CVs) are plotted in Fig. 8. It
can be observed that two redox pairs for pristine sample
are located at 2.75/2.25 V and 3.5/3.15 V, and the high
potential oxidation peak is nearly disappeared in subse-
quent cycles. This phenomenon is reported to be related to
the irreversible crystalline to amorphous transformation of
the material [17]. However, with the doping of cation, the
materials exhibit an entirely different behavior from pre-
vious reports [16, 24, 47]. The two redox pairs become
more clear and strengthened gradually due to the doping.
In comparison to the pristine sample, the enhanced struc-
tural stability of the doped materials will suppress the
irreversible phase transformation and increase the revers-
ibility of the electrochemical reactions. Furthermore,
thanks to the complex charge compensation condition
caused by the non-equivalent doping (M** or M>*), par-
tial Mo ions will deviate from their normal oxidation
states, and the formation of Mo“*®* species becomes

4000 -(b) = LiMoO,
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3000 | > LiMo  Cr O,
¢ LiMo La O,
2500
2000
1500 F
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500
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(0]

> at low-frequency region

possible. This can also be verified by the plateau observed
in the charge discharge curve of Fig. 7. Therefore, multi-
ple small but reversible redox pairs appear in the CV
curves. For the LMLO sample, the potential difference
between its oxidation and reduction peaks is significantly
reduced, while its peak current is also the largest.
Therefore, LMLO sample has an excellent activity and
reversibility.

EIS measurements were performed and shown in Fig. 9a.
The Nyquist plots are composed of two parts, a depressed
semicircle in the high-frequency region and a straight line in
the low-frequency region. The former is related to the charge
transfer resistance (Rct) at the particle/electrolyte interface,
while the latter corresponds to a semi-infinite Warburg diffu-
sion process [48, 49]. It can be found that the Rct value of
LMLO is much smaller than those of LMO, LMZ0O, LMMO,
and LMCO samples. This result identified that La dopant does
increase the electrochemical activity of the materials.
Furthermore, the diffusion coefficient of lithium ions (Dy;)
can also be calculated by

o=

Zwe = Ry + Ry + ow”
2R’T?
At FACS 0?

(1)

Dy = (2)

where R,T, A, n, F, Dy; are the gas constant, the absolute
temperature, the surface area of the cathode, the number of
electrons transferred in the half-reaction, the Faraday constant,
and the concentration of lithium ion in solid, respectively,

Table 2 EIS fitting data for

different samples Samples LMO LMZO LMMO LMCO LMLO
R/ 1071.138 583.078 537.957 452.132 367.904
Dyi/em®s ! 6.66 x 107 225x 101 2.64 %101 3.74x 101 5.64 x10°1°
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while o denotes as the Warburg factor. As reported previous-
ly, the relationship between the real part of impedance (Zre)
and oy, is governed by Eq. (1) [49, 50]. Zre as a function of the
reciprocal root square of the lower angular frequencies (w )
is displayed in Fig. 9b. Our calculations showed that the dif-
fusion coefficient of LMLO is 5.64 x 10'® cm? s !, which is
much larger than those (Table 2) of other samples. Our exper-
iment has identified the important role of La doping on the
enhancement of the structural stability and electrochemical
performance of the materials.

Conclusions

Relying on a molten salt method, a series of cations were
doped into Li,M00O5. XRD image indicated that cation doping
will not change the overall structure of LMO, while SEM and
TEM results showed that the morphology of the material is
changed significantly due to the doping. The incorporation of
Cr’* reduces the average size of particles at the most, while
La** doping widens the flakes but decreases the thickness. As
a result, the wide LMLO nano-sheets are formed.
Furthermore, the CV tests clearly showed that many small
but reversible redox pairs appear, which can be correlated to
the reactions of Mo™*®* species caused by non-equivalent
doping (M*+ or M*) of the samples. Due to the enhanced
structural stability, the volume expansion, and the large stak-
ing void space, LMLO sample exhibits the most promising
performance. Its discharge specific capacity retains at 149.89
mAh g after 50 cycles at a current density of 34 mA g . The
EIS test shows that the diffusion coefficient of LMLO is
5.6447 x 107'¢ em?® s, which is the largest value among all
samples.
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