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a b s t r a c t

Poor rate capability and capacity degradation of LiNixCoyMnzO2 restricts its practical commercial ap-
plications at high operating voltage (>4.3 V). LiNi1/3Co1/3Mn1/3O2 is successfully modified by tungsten
compound through a cost-effective ball-milling and annealing process. The rate capability of W-modified
cathode is increased by 57.6% at 10C in 3.0e4.5 V. Moreover, after 100 cycles the capacity retention is
improved from 80% to 96% under 0.5C. At 1C, W-modified cathode still maintains 145mAh g�1 discharge
capacity after 100 cycles, which has 16% increase than pristine LiNi1/3Co1/3Mn1/3O2. The improvements
on rate and cycle performance are introduced by enhanced Li-ion diffusion and surface stability by
tungsten modification.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The wide applications in the large-scale energy storage devices
and electronics, more researches focus on the high capacity, larger
energy density and longer life Li-ion battery [1e11]. As the earliest
commercialized cathode material, LiCoO2 can't meet the increasing
practical demand due to its low practical capacity, higher cost of
cobalt and unreliable safety. LiNixCoyMnzO2 (NMC; 0� x, y, z< 1) is
pioneered by Ohzuku's [12] and Dahn's [13] groups, in which the
properties depend on the ratio of transition-metal elements in the
structure. Compared with LiNiO2, LiCoO2 and LiMnO2, NMC has
more advantages including satisfactory capacity, better cycle
property, more stable structure and lower cost, which has been
recently used as cathode of Lithium-ion battery [14,15]. In NMC
micro-structures, Ni delivers capacity, Co improves the rate per-
formance, andMnmaintains the structural stability. ThoughNMC is
usually charged to a voltage of 4.3 V, the charge cut-off potential of
NMC can be increased to a higher voltage (4.5 V) in order to get
more capacity. However, the severe capacity degradation is aggra-
vated because of the NMC/electrolyte interfacial reactions during
.

high cut-off voltage cycling. For example, the LiPF6 can react with
moisture residues in electrolyte to produce HF, which damages the
NMC and decreases the electrochemical performance. Additionally,
the high cut-off voltage can accelerate the dissolution of transition
metals and structural degradation of NMC because of the interfacial
reactions between highly delithiated NMC and electrolyte. There-
fore, the NMC cathode is restricted in practical commercial appli-
cations due to its significant degradation of the cycling stability and
rate capability during high cut-off voltage cycling [6,16e18].

Many surface modification methods were proposed to improve
the electrochemical property of cathodes. Researchers found that
coating layers of metallic oxide [19e21], fluoride [22,23], phos-
phate [24,25] can suppressed interfacial reactions to increase the
electrochemical property of NMC. Particularly, some metallic ox-
ides could effectively scavenge the HF that resulting from the side
reactions between moisture residues and LiPF6. Yang [26] reported
that the enhanced cycling stability and thermal stability was
attributed to the fact that Al2O3 suppressed interfacial reactions
and inhibited oxygen release. Zhang [27] improved the stability and
capacity of Li(Ni0.5Co0.2Mn0.3)O2 using Mo-doping and Mo-coating,
which could reduce the cation mixing and impede the interfacial
reactions between NMC and electrolyte. Similar to other metal
oxides coating layers, tungsten oxide also can react with HF, and
remain its stable electrochemical properties during charging/
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Fig. 1. X-ray diffraction data of pristine NMC, NMC-annealed andW-modified samples.
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discharging process of NMC [28,29]. Furthermore, Aykol [30]
developed a high-throughput density functional theory based
framework to optimize coating materials for layered cathodes in Li-
ion batteries. According to the report, tungsten oxide is an optimal
coating for layered cathodes due to its advantages in thermody-
namic stability, electrochemical stability and the reactivity with HF.
Additionally, according to previous reports [31,32], the tungsten
compounds as like lithium tungstate also can be used to modify the
cathode materials, which can improve the lithium-ion diffusion
and reduce the interfacial resistance of LiCoO2. From previous
studies, the tungsten may be an effective material system for NMC
cathode modification.

In this study, tungsten-modified LiNi1/3Co1/3Mn1/3O2 particle
was synthesized by a facile cost-effective ball-milling and anneal-
ing process. This modification method can reduce the residual
lithium compounds and form tungsten compounds like tungsten
oxide and lithium tungstate, which can retard the cathode/elec-
trolyte interfacial reactions and facilitate Li-ion diffusion in the
batteries. After modification, the cycle and rate performance of
NMC cathode batteries under 3.0e4.5 V are improved significantly.
Furthermore, Li-ion diffusion is investigated to reveal the inertial
mechanism of tungsten modification on cathode performance.

2. Experiment details

2.1. Materials

LiNi1/3Co1/3Mn1/3O2 (NMC) powder was prepared by coprecipi-
tation method [33,34]. The aqueous solution of NiSO4, CoSO4, and
MnSO4 with a concentration of 2Mwas continuously stirring. Then,
2M Na2CO3 solution with 0.2M NH4OH was also added into the
beaker. The precipitates (Ni1/3Co1/3Mn1/3)CO3 powders were
washed bywater, and dried at 80 �C. After that, dried powders were
mixed with Li2CO3 and calcinated at 850 �C for 16 h. The exact
molar ratio between Li2CO3 and (Ni1/3Co1/3Mn1/3)CO3 was 0.51.

The different mass ratios of (NH4)2WO4 (Alfa Aesar, 99.99%) was
added to pristine LiNi1/3Co1/3Mn1/3O2, and then was dispersed in
acetone. The mixture was in ball-milling with a speed of 300 rpm
for duration of 20min followed by a 10min resting interval. This
milling process was repeated for 3 times. After dried at around
80 �C for 4 h, the mixture was calcined at 800 �C for 4 h, and then
cooled naturally. Finally, the samples of W-modified NMC (2, 3, and
4wt% W) were prepared, and were denoted here after as NMC-2%
W, NMC-3%W, NMC-4%W. As a reference, NMC-annealed samples
were prepared with the same ball milling and annealing process as
that described above but without adding (NH4)2WO4.

2.2. Material characterization

The cathode materials were represented by X-ray diffraction
(XRD, BRUKER, D8 Focus, Germany) using the Cu-Ka radiation with
10e80� incidence angle. The morphology of the cathode materials
was investigated using scanning electron microscope (SEM, Hitachi
SU8010) with collecting energy disperse X-ray spectroscopy (EDS)
maps and transmission electron microscope (TEM, Tecnai G2 F20).
The element compositions information of as-prepared samples
were obtained by inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Agilent 730). X-ray photoelectron spectrum
(XPS) was used to analysis the surface element valence state and
constituents by ESCALAB 250Xi X-ray photoelectron spectroscope
(Al Ka radiation).

2.3. Electrochemical measurements

As cathode materials, the pristine and W-modified NMC were
mixed with acetylene black (Super-P) and polyvinylidene fluoride
(PVDF) (8:1:1) in N-methyl-2-pyrrolidinone (NMP). Subsequently,
the cathode slurry coated on the aluminum foil was vacuum dried
at 110 �C for 10 h. CR2032-type coin half-cell was assembled in Ar-
filled glove box (both H2O and O2< 0.1 ppm). The device was
composed by the as-prepared cathode electrode, anode (Li metal),
separator (glass fiber, Whatman), and electrolyte (1M LiPF6/EC-
DMC). Cyclic voltammetry (CV) tests were conducted by electro-
chemical workstation (CHI660e, Shanghai Chenhua). The half-cells
were galvanostatically charged and discharged using the various
current density (1C is 180mA g�1) in 3.0e4.5 V vs Li/Liþ using the
multichannel battery test system (Land, China). An electrochemical
impedance spectrum (EIS) was recorded with the electrochemical
workstation (Zahner Zennium) under 10mV and a 100 kHz to
0.01 Hz range [35,36].
3. Results and discussion

3.1. Morphology characterization of cathode materials

Fig. 1 shows the structural information of pristine NMC and W-
modified samples by XRD. The main peaks of all samples are well
indexed with a typical a-NaFeO2 structure [8,37e40]. Highly or-
dered layered structure of NMC and W-modified samples are re-
flected by these obvious peaks and peak splits of (006)/(102) and
(018)/(110) [7,41,42]. XRD spectra of the samples indicate that the
crystal structure of NMC is not changed by annealing process or the
coating layers.

Fig. 2 shows the surface morphology of NMC and NMC-3%W
samples. Both the samples of NMC and NMC-3%W keep the sec-
ondary spherical-like particle well with a size of about 9e13 mm,
and the surface is not obviously changed by W modification. In
addition, the EDS-mappings of NMC-3%W sample in Fig. 2(d)
indicate that W element has been modified successfully on the
surface of NMC [27]. Besides, the detailed W contents of NMC and
W-modified samples detected by ICP-OES were shown in Table S2.

The particles of NMC and NMC-3%W are also observed by TEM,
as shown in Fig. 3. The measured inter-planar distances are 0.47 nm
and 0.23 nm in the crystallized areas, whichmatchwell to the (003)
and (012) crystal planes of NMC. From Fig. 3(b), an approximate
5 nm-thick layer is observed on the surface of NMC. The ammo-
nium tungsten oxide can not only react with the residual lithium
like LiOH (in Eq. (1)) and Li2CO3 [43,44], but also decompose into
WO3 [45] (in Eq. (2)). Therefore, it is supposed that this amorphous
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film may be consist of WO3 or the compounds of Li, W and O.

(NH4)2WO4þ 2LiOH / Li2WO4 þ 2NH3 þ2H2O (1)

(NH4)2WO4 / WO3 þ 2NH3 þ H2O (2)

XPS spectra of W 4f and O1s of pristine NMC and NMC-3%W
samples are given in Fig. 4. From the fitting results in Fig. 4(a),
four peaks ofW 4f and one peak ofW 5p can be seen in the NMC-3%
W sample, whereas there is no peak of W 4f or W 5p in the pristine
NMC sample. The peaks at 37.4 and 35.3 eV corresponding to W
4f5/2 and W 4f7/2 are ascribed to W6þ, whereas the peaks at 37.0
and 34.9 eV corresponding to W 4f5/2 and W 4f7/2 represented
W5þ [20,21,46]. It is supposed that someW6þ were reduced toW5þ

by inserting Liþ [47] or transitionmetal ion (Ni2þ orMn4þ) [21]. The
XPS results indicate the presence of tungsten compound in the
NMC-3%W samples. Meanwhile, the change of O 1s peaks in
Fig. 4(b) suggests that the oxygen environment on NMC surface is
changed by tungsten compound. Compare with the pristine NMC
sample, the lower intensity of peak 529.5 eV and higher intensity of
peak 531.4 eV suggest that there are more O2� from tungsten
compound. Moreover, there is no obvious change of the Ni 2p, Co
2p, and Mn 2p spectra (in Fig. S1), which indicate that the valence
states of Ni, Co and Mn are corresponding to 2þ, 3 þ and 4þ,
respectively [48]. Overall, all above results confirm that tungsten
compound has successfully been modified on NMC particles.
3.2. Electrochemical performance

The cyclic voltammetry (CV) of the first ten cycles were con-
ducted in the range of 3.0 and 4.5 V, as shown in Fig. 5(a and b). On
one hand, the only one pair of cathodic/anodic peaks around 3.8 V
from redox process of Ni2þ/Ni4þ [49,50], are both observed for
pristine NMC and NMC-3%W during charge/discharge. On the other
hand, there are no cathodic/anodic peaks corresponding to the
Fig. 2. SEM morphology of (a) pristine NMC particles; (bec) NMC-3%W particl
redox process of WO3 indicating that the coating layer is electro-
chemically stable, which are in accord with the calculation results
[30]. Moreover, for pristine NMC, the oxidation/reduction peaks
move to high/low potential and diminish in intensity after 10 cy-
cles. Compared with the pristine NMC, the curves of NMC-3%W
have a relatively smaller shift in redox peaks, which are attrib-
uted to the tungsten compounds between NMC surface and elec-
trolyte. During cycling, the tungsten compound can retards the
cathode/electrolyte interfacial reactions and reduces the surface
degradation, which can reduce the potential shift and intensity
attenuation. The data of the redox peaks of pristine NMC and NMC-
3%W electrodes in first, fifth and tenth scans are compared in
Table 1. For the pristine NMC, with the scan cycles increasing, the
potential difference between anodic and cathodic peaks is
increasing. The potential difference is 0.123 V in the first cycle,
0.125 V in the fifth cycle, and 0.153 V in the tenth cycle. However, for
the NMC-3%W electrodes, the potential difference is 0.111 V in the
first cycle, only 0.046 V in the fifth cycle, and 0.042 V in the tenth
cycle. The smaller potential difference between redox peaks in
NMC-3%W electrodes is attributed to the lower electrochemical
polarization and faster Li-ion diffusion during redox process of
Ni2þ/Ni4þ.

The galvanostatic charge-discharge cycling experiments were
performed under 3.0e4.5 V range. The rate property of NMC and
W-modified NMC is shown in Fig. 6 (a). With the current density
increasing, the specific capacity of all samples reduce, which is
attributed to an electrochemical polarization. When current den-
sity returns to 0.1C again, the capacities of theW-modified NMC are
closer to their initial capacities at 0.1C than that of the pristine NMC
samples. This result indicates that the capacity degradation during
high rate cycling is reduced by tungsten modification. From Fig. 6
(a), it is found that rate capability of NMC-3%W samples have an
improvement compared with pristine NMC. The discharge capac-
ities of the pristine NMC samples are about 170, 165, 152, 137, 128,
105, 78 and 160mAh g�1 corresponding to 0.1C, 0.2C, 0.5C, 1C, 2C,
es under different magnification; (d) EDS-mapping of NMC-3%W particles.



Fig. 3. The HR-TEM images of (a) pristine NMC particle, (b) NMC-3%W sample particle.

Fig. 4. The XPS spectra of (a) W 4f, (b) O1s for pristine NMC and NMC-3%W samples.

Fig. 5. Cyclic voltammetry profiles of (a) pristine NMC; (b) NMC-3%W in 3.0e4.5 V range with 0.1mV s�1 sweep rate.

Table 1
The potentials of the redox peaks of NCM and NCM-3%W electrodes in the 1st, 5th
and 10th scans.

Potential pristine NCM NCM-3%W

1st 5th 10th 1st 5th 10th

Anodic peak (V) 3.844 3.834 3.854 3.831 3.774 3.775
Cathodic peak (V) 3.721 3.709 3.701 3.720 3.732 3.729
Difference (V) 0.123 0.125 0.153 0.111 0.042 0.046
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5C, 10C and 0.1C (again), respectively. While the discharge capac-
ities of NMC-3%W samples are increased to 183, 179, 164, 158, 149,
138, 123 and 177mAh g�1 under the same conditions. Especially at
10C, the value is higher 57.6% than that of pristine NMC. Fig. 6(b and
c) show the charge-discharge curves of NMC and NMC-3%W from
the rate cycling. Obviously, NMC-3%W samples have lower elec-
trochemical polarization and a more stable voltage plateaus within
the range of 3.6e3.9 V at the high rate cycling.

The cycling stability at 0.5C and 1C rates are also enhanced after
modification, as shown in Fig. S2 and Fig. 6 (d). For the pristine NMC
samples, the discharge specific capacity at 0.5C after 100th cycles is
145mAh g�1 similar to previous literature [51,52]. In addition, the
cycling performance of NMC-annealed samples is parallel to the
pristine NMC samples, which indicates that the only annealing
process has no improvement to the NMC. After modification, the
NMC-(2%, 3%, 4%)W samples display enhanced discharge capacities



Fig. 6. The electrochemical properties of pristine NMC and NMC-3%W sample. (a) rate performance; (bec) voltage profiles at different current densities; (d) cycle performance at
1C; (eef) charge-discharge curves at different cycles.

Table 2
Comparison of voltage drop at the beginning of discharging for NCM and NCM-3%W
electrodes.

Cycle 1st 20th 40th 60th 80th 100th

NCM 0.04 0.09 0.12 0.15 0.19 0.23
NCM-3%W 0.04 0.04 0.05 0.06 0.06 0.08
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of 158, 162, 157mAh g�1, respectively. Therefore, the capacity
retention is increased from 80% of pristine NMC to 96% of NMC-3%
W sample. Moreover, Fig. 6 (d) is the cycling performance at the
rate of 1C in 3.0e4.5 V range. The NMC-3%W samples maintain
145mAh g�1 after 100th cycles, which has 16% increase than pris-
tine NMC sample. It is supposed that this improvement is related to
the decrease of interfacial reactions and better surface stability due
to the scavenging effect of WO3 on HF. Fig. 6(e and f) show the
voltage versus capacity curves of charge-discharge process at 1C
rate for pristine NMC and NMC-3%W samples. With the cycle
numbers increasing, the NMC-3%W sample has smaller voltage
drops than the pristine NMC in the cycling, which implies a smaller
degradation and polarization during cycling. After 100 cycles, the
pristine NMC sample has a voltage drop at 0.23 V, while the NMC-
3%W sample only has a 0.08 V drop (see Table 2). Overall, NMC-3%
W samples obtain better rate and cycling property at high oper-
ating voltage.

CV measurements [53] and galvanostatic intermittent titration
technique (GITT) [54] methods were used to study the Li-ion
diffusion property of pristine NMC electrodes and NMC-3%W
electrodes. CVs were performed in 3.0e4.5 V under
0.1e1.0mV s�1 sweep rates, as shown in Fig. 7(a) and (b). With
increase of scan rates, the peak currents (Ip) are increasing
gradually, while the oxidation (reduction) peakmoves to the higher
(lower) potential. The obvious shift of redox peak may be ascribed
to the increase of electrochemical polarization with CV sweep rate
(n). Compared with pristine NMC electrodes, NMC-3%W electrodes
have the higher peak currents and lower overpotential, which in-
dicates electrochemical polarization is reduced by tungsten com-
pound. According to previous report [55], the relationship between
Ip and n1/2 can be described to Eq. (3).

Ip ¼ 2:69� 105 � n3=2AD1=2n1=2C (3)

Where n is charge-transfer number in reactions, A is the electrode
area in cm2, D is Liþ diffusion coefficient in cm2 s�1, n is CV sweep
rate in V s�1, and C is Liþ concentration during the cathode related
reactions.



Fig. 7. Estimation Li-ion diffusion coefficient of pristine NMC and NMC-3%W. (aeb) CVs at various sweep rates; (ced) slopes of redox peaks currents from CVs vs. a square root
function of sweep rates.
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According to Eq. (1), Li-ion diffusion coefficient (D) can be
calculated by the slope of Ip vs. v1/2 plots. Therefore, the slope of
oxidation peak and reduction peak is given in Fig. 7(c and d).
Obviously, the slope of NMC-3%W electrode is bigger than NMC
electrode whether for oxidation peak or for reduction peak. The
diffusion coefficients for oxidation and reduction process in NMC-
3%W electrode are calculated to be 1.76� 10�10 cm2 s�1 and
Fig. 8. EIS results of pristine NMC and NMC-3%W. (aeb) Nyquist plots at charging to 4.5 V
pristine NMC and NMC-3%W.
3.96� 10�10 cm2 s�1, respectively, while diffusion coefficients in
NMC electrode are 1.37� 10�11 cm2 s�1 and 4.08� 10�12 cm2 s�1,
respectively. Additionally, GITT method also was used to calculate
the Li-ion diffusion coefficient, as shown in Fig. S3. During the
charge process, the diffusion coefficient of NMC-3%W electrode is
about 1.1� 10�10 cm2 s�1, whereas that of pristine NMC electrode is
about 3� 10�11 cm2 s�1. According to the diffusion coefficients
for 5th, 50th, 100th cycles; (c) Equivalent circuit model for EIS fitting; (d) Rsf þ Rct in



Table 3
Impedance parameters of pristine NCM and NCM-3%W charging to 4.5 V for 5th,
50th, 100th cycles.

Cycle number NCM NCM-3%W

Rsol (U) Rsf (U) Rct (U) Rsol (U) Rsf (U) Rct (U)

5th 3.35 20.09 71.01 2.60 12.86 11.54
50th 2.92 9.06 328.50 2.13 12.63 20.36
100th 3.31 10.32 731.00 2.24 14.93 73.27
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calculated by CV and GITT methods, there is a significant advantage
in Li-ion diffusion in W-modified NMC. These results could be
ascribed to the existence of the compounds of Li, W and O like
LixWO3 or Li2WO4, which is a good lithium ion conductor
[31,32,56]. Therefore, the W modification on NMC facilitate on Li-
ion diffusion, reduce electrochemical polarization and improve
the rate capability.

The EIS measurements were conducted to investigate the elec-
trochemical resistance after charging to 4.5 V. Fig. 8(a) and (b) show
Nyquist plots of pristine NMC electrodes and NMC-3%W after
different cycles. The plots at an enlarged scale are shown in the
insets. The spectra of each electrode can be regarded as the com-
bination of two semicircles when the coin cells are charged to 4.5 V
under 0.5C. The intercept at high frequency is Rsol corresponding to
the uncompensated ohmic resistance of solution resistance. The
small semicircle is Rsf caused by coating layer and the solid elec-
trolyte interface (SEI). The other semicircle at low frequency is the
charge transfer resistance (Rct). Additionally, the inclined line at
low frequency is corresponding toWarburg impedance Zw, which is
related to Lithium ion diffusion in electrode materials [57e60]. The
corresponding equivalent circuit model of EIS fitting is shown in
Fig. 8(c). Table 3 shows the resistance values calculated by the
equivalent circuit model. The results show that Rct of pristine NMC
increases less than that of NMC-3%W electrode with the cycling.
The Rct of NMC-3%W electrode is 73.27U after 100 cycles, which is
only one tenth of the value (731U) of pristine NMC electrode. The
results are attributed to the presence of WO3 which scavenge HF,
inhibit NMC/electrolyte interfacial reactions and reduce interfacial
resistance. It is noticed that Rsf for both pristine NMC and NMC-3%
W decrease in the initial several cycles, and then increase in sub-
sequent cycles. Even so, Rsf still keeps at a low value after 100 cy-
cles. The decrease of Rsf is attributed to NMC activation during the
initial cycles and the SEI formation, while the increase of Rsf could
be ascribed to the growth of SEI layer with the cycles. Furthermore,
the sum of Rsf and Rct are compared in Fig. 8(d). The NMC-3%W
electrode has a lower sum of Rsf and Rct than pristine NMC elec-
trode, which can explain that NMC-3%W samples have the better
rate performance.
4. Conclusions

In present studies, the tungsten-modified LiNi1/3Co1/3Mn1/3O2
cathode materials are successfully prepared through a facile and
low cost ball-milling and annealing process. The tungsten com-
pounds outside NMC particle retard the cathode/electrolyte inter-
facial reactions and facilitate ion diffusion in the batteries. After 100
cycles at 0.5C rate in 3e4.5 V range, NMC-3%W sample maintains
162mAh g�1 discharge capacity with an improved capacity reten-
tion of 96% (representing 16% increase). After 100 cycles at 1C rate,
NMC-3%W sample delivers 145mAh g�1 discharge capacity with
16% increase. Moreover, the tungsten compounds also improve the
rate capacity of the NMC cathode. The discharge capacity of NMC-
3%W achieves to 123mAh g�1 at 10C, which increase 57.6% than
that of pristine NMC. Li-ion diffusion property investigated by CV
and GITT methods indicates that tungsten compounds enhance
apparent Li-ion diffusion in cathode and reduce electrochemical
polarization. EIS results prove that the tungsten compounds
impede cathode/electrolyte interfacial reactions, resulting in the
decreases of charge transfer resistance and capacity degradation.
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