IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Brannerite-Type Vanadium—Molybdenum Oxide LiVMoOg as a
Promising Anode Material for Lithium-lon Batteries with High

Capacity and Rate Capability

Nan Chen, Chunzhong Wang,T’;t Fang Hu,® Xiaofei Bie,T’” Yingjin Wei," Gang Chen, ™ and Fei Du*"

"Key Laboratory of Physics and Technology for Advanced Batteries (Ministry of Education), College of Physics and *State Key
Laboratory of Superhard Materials, Jilin University, Changchun 130012, PR China

$School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, PR China

IElements Strategy Initiative for Catalysts and Batteries, Kyoto University, Kyoto 615-8520, Japan

ABSTRACT: Brannerite-type vanadium—molybdenum oxide LiV-
MoOyg is prepared by a facile liquid-phase method, and its
electrochemical properties as anode of lithium-ion batteries are
comprehensively studied by means of galvanostatic charge—
discharge profiles, rate performance, and cyclic voltammetry. In
the working voltage between 3.0 and 0.01 V, LiVMoOg delivers a
high reversible capacity of more than 900 mAh g™' at the current
density of 100 mA g~' and a superior rate capability with discharge
capacity of ca. 584 and 285 mAh g~' under the high current densities
of 2 and 5 A g™, respectively. Moreover, ex situ X-ray diffraction and
X-ray photoelectron spectroscopy are utilized to examine the phase
evolution and valence changes during the first lithiated process. A
small amount of inserted Li* induces a decomposition of LiVMoOq
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into Li;Mo,0, and V,0s, which play the host during further lithiated processes. When being discharged to 0.01 V, most V°*
change into V3V, suggesting intercalation/deintercalation processes, whereas Mo® are reduced into a metallic state on the
basis of the conversion reaction. The insights obtained from this study will benefit the design of novel anode materials for

lithium-ion batteries.
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B INTRODUCTION

states ranging from +6 to 0 when being discharged to near 0 V

With the rapid development of portable electronic devices,
especially electric vehicles (EVs) and hybrid electric vehicles
(HEVs), the great demands for advanced lithium-ion batteries
(LIBs) triggered the extensive studies on the novel electrode
materials with high energy and power densities.' * During
recent decades, transition metal oxides (TMOs),” ™! as one of
the potential alternative anode materials of LIBs, have attracted
significant interest owing to their low cost, hypotoxicity, and
natural abundance. TMOs, on the basis of the conversion
mechanism, show much better Li-ion storage capability than
that of graphite anodes in terms of high reversible capacity,
remarkable rate performance, and other properties. Never-
theless, these compounds still suffer from some disadvantages
such as low electrical conductivity and poor durability because
of the drastic volume change during Li" intercalation and
deintercalation processes.

Until now, many strategies have been proposed to tackle the
above-mentioned issues of TMO anodes. One effective
approach is to fabricate their binary and ternary derivatives
because of the diverse functionalities integrated in one single
object. Molybdenum-based oxides can deliver high capacity
owing to the great ability of Mo to exist in several oxidation
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vs Li/Li*. Encouragingly, their binary compounds, such as
MeMoO, (Me = Co, Zn, Mn, Ni, etc.),"”> " also show high
reversible capacity, good rate capability, and cycle stability.
Their electrochemical activities related to the complex chemical
compositions and synergistic effects contribute to exceptional
performance. Also, these compounds exhibit high electrical
conductivity compared with that of the simple TMOs owing to
the relatively low activation energy for electron transfer among
cations. For example, CoMoO, submicrometer particles show a
stable capacity of nearly 1000 mAh g™' between 3.0 and 0.005
V over 40 cycles."” The nanocomposite between CoMoO,
nanoparticles and reduced graphene oxide delivers an excellent
cycle stability over 600 cycles with a high specific capacity of
740 mAh g~1."”

LiMoVOQy crystallizes in the ThTi,O¢type brannerite
structure, where a quasi-2D structure is built up by the edge-
sharing VO4 and MoOyg octahedra along b axis. Lithium ions are
situated between the anionic sheets in LiOg4 octahedral
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sites. Its electrochemical properties were once studied in

different working voltages: Between 1.8 and 3.6 V, rodlike
LiVMoOyg nanocrystals delivered a stable capacity of 166 mAh
g™! at a current density of 200 mA g~! over 100 cycles.”!
Though the reversible capacity is comparable with that of
commercial LiCoO,, the low average working voltage at around
2.3 V definitely induces a low-energy density when utilized as
the cathode in a full cell. When lowering the working potential
to nearly 0 V, a high discharge capacity of nearly 1200 mAh g™*
was achieved. A large capacity loss of more than 600 mAh g/,
however, was found, and the cycle stability was also
unsatisfactory.”>??

In this work, a facile liquid-phase method employed to
prepare brannerite-type LiVMoO4 and the electrochemical
properties between 3.0 and 0.01 V are examined by charge—
discharge tests, rate capability, and cyclic voltammetry (CV).
Additionally, the structural evolution and valence changes of
the first lithiated process are studied using ex situ X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS).

B EXPERIMENTAL SECTION

Brannerite-type LiVMoOg was synthesized by a facile liquid-phase
method. First, 0.0357 M (NH,),Mo,0,,-4H,0, 0.5 M LiOH-H,0,
and 025 M NH,VO; aqueous solution were prepared. Then,
(NH,)¢Mo0,0,,4H,0 (40 mL) and LiOH-H,0 (20 mL) were
added dropwise into the solution of NH,VO; (40 mL) in sequence.
After continuous magnetic stirring at 80 °C for 12 h, the dried
precursor was ground in an agate mortar and pressed into a pellet.
After sintering in air at 550 °C for 6 h with an intermediate grinding,
the resulting yellow LiVMoO4 powder could be obtained. Powder
XRD pattern was recorded in the 260 range 10—55° at a scanning rate
of 2°/min using a Bruker D8 with diffractometer a Cu Ka source. The
particle sizes and morphologies were observed by Hitachi SU8020
type scanning electron microscopy (SEM). The microstructure was
studied by a FEI Tecnai G2 type transmission electron microscopy
(TEM). XPS was carried out on a VG scientific ESCALAB-250
spectrometer. The binding energy was corrected using the C 1s peak at
284.6 eV. To obtain detailed information on the chemical state of the
transition metal jons in the materials bulk, all the samples was
sputtered by Ar-ion beam for 90 s and then subjected to XPS analysis.

Electrochemical experiments were carried out using 2032-type coin
cells. A typical electrode was composed of LiVMoOy active material
(70 wt %), carbon black conductive additive (20 wt %), carboxy
methyl cellulose (CMC S wt %), and styrene butadiene rubber (SBR,
S wt %) dissolved in deionized water. The slurry mixture was pasted
on a copper foil, followed by drying at 120 °C for 12 h in a vacuum
oven. Each electrode was 8 X 8 mm? in size. The cathode and anode
electrodes were separated by Celgard 2320 membrane. The electrolyte
was a 1 M lithium hexafluorophosphate (LiPF,) dissolved in ethylene
carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate (EMC) with EC: DMC: EMC = 1:1:8 by volume.
Galvanostatic charge—discharge cycling was performed on a Land-
2001A (Wuhan, China) automatic battery tester. CV was recorded on
a VSP multichannel potentiostatic—galvanostatic system (Biologic,
France) at a scanning rate of 0.1 mV s7h

Bl RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of pristine LiVMoOy. All the
diffraction peaks can be indexed on the basis of the monoclinic
symmetry (space group C2/m) with no trace of impurity
phases. The lattice constants are calculated to be a = 9.3643 A,
b = 36574 A, ¢ = 6.6532 A, and B = 111.660°, which are
consistent with the previous reports.'® As displayed in Figure
2a, the SEM image exhibits the blocklike morphology and clean
surface. The particle sizes are not uniform, ranging from 0.1 to
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Figure 1. X-ray diffraction pattern of the pristine LiVMoO4.

2 pm. The corresponding SAED pattern based on one small
particle confirms the single-phase nature of LiVMoOg sample.
To identify the distribution of different ions, element mapping
for the pristine sample is provided in Figure 3, which clearly
shows that V, Mo, and O are uniformly distributed in the
material.

Galvanostatic charge—discharge profiles for LiVMoOy are
examined in the voltage range between 3.0 and 0.01 V under
the current density of 100 mA g~', as presented in Figure 4a. As
can be seen, multistep electrochemical reactions are clearly
observed in the first discharge process. At ca. 2.3 V, a working
plateau appears in the first discharge curve but disappears in the
subsequent cycles, which is related to the irreversible structural
decomposition of LiVMoOg This phase transition is also
confirmed by the following ex situ XRD studies. With
decreasing working potentials, another two small plateaus at
around 0.6 and 045 V are found. Because no structural
transition can be detected below 1.0 V, the manifested plateaus
should be ascribed to the further reduction of V**/Mo®" into
their low valence states and formation of a solid electrolyte
interface (SEI) film because of the decomposition of the
electrolyte.**** At around 0.2 V, a long, flat potential region
corresponding to nearly 800 mAh g~' is realized in the first
discharge profile and is maintained even after S50 cycles,
suggesting a highly reversible Li"-inserted/extracted processes.
The first discharge curve differs from the successive scans, and
charge/discharge profiles are analogous to each other by the
third cycle, which indicates that the irreversible structural
transition finishes after the first two cycles and a weak
polarization in the proposed cell. Moreover, the electrode
demonstrates good cycle stability, as exhibited in Figure 4. After
the gradual activation of some cell components for several
cycles, the stable specific capacity of 910 mAh g™ is achieved
with the Coulombic efficiency above 98%. However, the initial
capacity loss of nearly 300 mAh g~' may be caused by the
formation of SEI film or the poor electrical/ionic conductivity
of the resultant.?®™>! Also, the irreversible structural transition
from LiVMoOg into Li,M0,0, and V,0O;5 during the first
discharge process (see ex situ XRD discussion) can induce the
large capacity loss.

Besides the high capacity and good cycle stability, LiVMoOyg
also exhibits a superior rate capability, as displayed in Figure S.
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Figure 4. (a) Galvanostatic charge—discharge curves between 3.0 and 0.01 V at a constant current density of 100 mA g™". (b) Cycle performance

and Coulombic efficiency for 50 cycles of LiVMoOg.

The electrode delivers reversible capacities of 780, 730, 674,
6635, 634, and 584 mAh g_1 as the current densities increasing
from 0.2t0 0.5, 1, 1.2, 1.5,and 2 A g_l, respectively. Even under
the high current density of S A g™', LiVMoO, shows a
reversible capacity of 285 mAh g™, much higher than that of
the commercial graphite anode and even comparable with that
of the widely studied TMOs anode.**®**73* Furthermore,
when the current density returns to 0.1 A g~' after 80 cycles,
the stable capacity reaches 820 mAh g~', in contrast to the
capacity degradation for the first 10 cycles caused by the
gradual activation of the cell. As a result, the LiVMoOjq
electrode exhibits the overall electrochemical performances in
terms of high reversible capacity, excellent cycle stability, and

16119

rate capability among the binary or ternary TMOs anode
materials.*> >’

To understand the electrochemical redox processes of
LiVMoOq, the CV profiles for five cycles (Figure 6) are
recorded at a scan rate of 0.1 mV s™' vs Li/Li" between 3.0 and
0.01 V. In the first cathodic scan, four intensive reduction peaks
are located at nearly 2.18, 0.47, 0.4, and 0.02 V, matching well
to the working plateaus in the first discharge profile. The large
particle size of pristine LiVMoOg4 and inadequate contact with
electrolyte result in the incomplete electrochemical reaction
manifested as two broad peaks at 2.28 and 0.57 V with less
intensity in the second cathodic scan. In contrast, the first
anodic scan shows various oxidation peaks related to the
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Figure 5. Rate performance of LiVMoOg in the voltage region of 3.0—
0.01 V at various current densities.
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Figure 6. Cyclic voltammograms of LiVMoOj electrode at a scan rate
of 0.1 mV s\,

multiple steps of a Li'-extraction process attributable to the
great ability of Mo and V to exist in several oxidation states,
ranging from +6 to 0 for Mo and from +5 to +2 for V. From
the third scan onward, nearly all the CV profiles are
superimposed upon each other, indicative of highly reversible
Li*-insertion/extraction processes. In addition, the cathodic
scans after the third scan show two reduction peaks at 1.4 and
0.06 V, which can be attributed to the lithiated process in the V-
based oxides and reduction reaction of Mo from +6 to 0,°%%°
respectively, whereas only one oxidation peak at 1.2 V can be
detected because of the overlap of oxidation peaks from V°*
into V**and Mo° into Mo®. Similar lithiated/delithiated
processes have also been proposed in various oxides, such as
Co3V,04** CoMo0,,"* ZnV,0,,***" and Li,M00O,,** among
others.

Ex situ XPS (Figure 7) and XRD (Figure 8) of the electrodes
at different discharge depths are conducted to further clarify the
electrochemical processes during the first lithiated cycle. As
shown in Figure 7a,b, two split peaks located at 523.9 and 516.7
eV can be assigned as V°* 2p,,, and 2p;,, """ respectively,
whereas the peaks at 235.8 and 232.7 eV are assigned as Mo®*
2p3, and 2p; /2.45'46 Hence, both vanadium and molybdenum
are in their highest oxidized states in LiVMoO4 When being

discharged to 0.4 V (Figure 7c), most V°* are reduced into V**
and V**, Meanwhile, the Mo 3d spectrum can be fitted to two
components, Mo*" and Mo®, which is consistent with the
reduction steps for molybdenum oxides. When the electrode
discharged to 0.01 V, V** and V** are in the majority though a
small amount of V* and V°* remain because of the incomplete
electrochemical reaction, whereas the existence of Mo’
characteristic of two split peaks at 231.5 (Mo 3d;/,) and
228.3 eV (Mo 3ds;,),*° strongly suggests that most
molybdenum is in the metallic state.

Furthermore, as presented in Figure 8, it can be seen that an
abrupt structural transition takes place as voltage decreases
from the open-circuit voltage (OCV) to 2.4 V. Accordingly, an
extremely low specific capacity of less than 20 mAh g™/,
corresponding to nearly 0.2 Li* insertion, is delivered. Such a
small amount of Li* insertion triggers the complete phase
decomposition possibly owing to the bad structural tolerance of
LiVMoQq. After careful indexing, the diffraction data at 2.4 V
can be considered to show the coexistence of two phases of
Li,Mo0,0, (Powder Diffraction File (PDF) no. 24—0641,
International Centre for Diffraction Data (ICDD), 1971) and
V,0; (PDF no. 01-0359, ICDD, 1928). The two phases
remain unchanged as the voltage decreases to 0.4 V, though
some peaks shift can be observed. Such a shift suggests that
Li;Mo,0; and V,Oq are likely to play the host and further
accommodate Li". Note that any diffraction peaks of Mo or
vanadium oxides can hardly be detected when being discharged
to 0.01 V. This phenomenon can be attributed to the
nanoparticle nature of electrochemically formed species
inserted into the amorphous Li,O matrix, which has been
observed in the ZnMn,0,*” and CoM0oO,"* anode materials.

On the basis of the experimental results of this study, a
possible lithiated mechanism of LiVMoOg material in the first
discharged process is proposed as eq 1 to 3. The appearance of
reduced V>*/V*" at the end of the first discharge stage suggests
an intercalation/deintercalation processes for vanadium oxides,
whereas Mo®* is likely to be reduced into its metallic state
according to the conversion mechanism. Furthermore, the high
specific capacity of LiVMoOg of nearly 900 mAh g™ is
consistent with its theoretical expected value that is based on
the reversible redox of vanadium from +5 to +2/+3 and
molybdenum from +6 to 0. It is interesting to note that the
LiVMoOQy electrode exhibits much higher capacities and better
cyclability than vanadium oxides compounds such as ZnV,0,,*
Zn,V,04** and ZnV,04,* owing to the great ability of Mo to
exist in several oxidation states and the synergistic effects of
different electrochemical mechanisms. When molybdenum
oxides experience lithiated/delithiated processes, the vanadium
oxides can act as the matrix to alleviate the effect of volume
expansion during most Li" insertion. Thanks to the superior
cycle stability and minor volume expansion of intercalation-type
anodes, preparation of the binary or ternary compounds on the
basis of the intercalation/deintercalation and alloying/deal-
loying processes, the intercalation/deintercalation mechanism
and conversion reactions, or even all three might be an effective
approach to achieve novel anode materials with high energy
and power densities.

LiVMoOy, + xLi + xe™

1 1
— —Li,Mo,0, + —V,O;; (x < 0.2
2 2 27 ) 250 ( ) (1)
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Figure 7. XPS spectra of V 2p and Mo 3d, respectively, for (a and b) pristine LiIVMoOg, (c and d) reduced electrode obtained at 0.4 V, and (e and f)

fully discharged electrode obtained at 0.01 V.

1 " _ 7
—Li,Mo,O, + 6Li" + 6e” — Mo + —Li,O
P 2?2 )

1 1
~V,0; + yLi* + ye~ - =Li, ,O5; (y < 3
5 25 y y 5 2 5 (v ) 3)

Bl CONCLUSIONS

Brannerite-type LiVMoQy is synthesized by a facile liquid-phase
method. The electrode delivers a high reversible capacity of
more than 900 mAh g™' at a current density of 100 mA g™
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between 3.0 and 0.01 V. Also, it exhibits a superior rate
capability with discharge capacity of ca. 584 and 285 mAh g™
under the high current densities of 2 and 5 A g™, respectively.
Ex situ XRD and XPS during the first lithiated process
demonstrate an obvious structural transition from LiVMoOyq
into Li,Mo0,0, and V,05 when being discharged to 2.4 V,
which will play the host for further lithiated processes. When
being discharged to 0.01 V, most V** are changed into V*/V?**,
whereas the existence of Mo® indicates that Mo®* are reduced
into the metallic state on the basis of the conversion reaction.
Thanks to the high reversible capacity and excellent rate

DOI: 10.1021/acsami.5b05030
ACS Appl. Mater. Interfaces 2015, 7, 16117—16123


http://dx.doi.org/10.1021/acsami.5b05030

ACS Applied Materials & Interfaces

Research Article

* V,0, PDF#01-0359 & Li,Mo,0, PDF#24-0641 Cu
’ \ 0.01V
l h 04V
—_— A
3 0.6V
s A A .
> l Jﬂ/\ 22V
» A A
*| &
5 ¢ . .
- * * * *e *
[=
J H electrode
A ,._ju A A
T T T T T T T
10 20 30 40 50

20 (degree)

Figure 8. Ex situ XRD patterns of the LiVMoOg electrode at different
lithiated stages during the first discharge process.

performance, LiVMoOy is considered a promising anode
material for LIBs.
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