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Abstract In this work, the MWO, (M = Co, Ni) nanopar-
ticles were successfully synthesized by a facile one-step
hydrothermal method and used as novel anode materials
for LIBs. The micromorphology of obtained CoWO, and
NiWO, was uniform nanoparticles with the size of ~60
and ~40 nm, respectively, by structural characterization
including X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), and transmission electron microscopy
(TEM). When tested as lithium-ion battery anode,
CoWO, nanoparticles exhibited a stabilized reversible ca-
pacity of 980 mA h g ' at 200 mA g ' after 120 cycles
and 632 mA h g ' at 1000 mA g ' even after 400 cycles.
And, the discharge capacity was as high as 550 mA h g
at the 400th cycle for NIWO,4 nanoparticles. The excellent
electrochemical performance could be attributed to the
unique nanoparticles structure of the materials, which
can not only shorten the diffusion length for electrons
and lithium ions but also provide a large specific surface
area for lithium storage.
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Introduction

As persistent increase in the requirement for clean energy,
people pay close attention to multifarious electrochemical en-
ergy storage, especially lithium-ion batteries (LIBs), has been
widely used in digital products such as cellphones and laptops,
also reveal hopeful application in electromobile [1-6]. The
requirements for these applications are quite stringent, so
more excellent performance for prospective LIBs electrodes
[7-9]. Currently, commercial LIB anodes are made by graph-
ite, but the low energy density and security issues during use
limits its further development [1, 10—12]. As a consequence,
we need seek replaceable electrode materials which can satisfy
the future electrode materials.

In recent years, tungsten (W) involved in materials such as
oxides, nitrides, and oxysalts also has already been proven to
be feasible for electrochemical energy storage, because of
high specific capacity, low working voltage, abundant re-
serves, and environmental friendliness. In addition, metal
tungstate as an independent entity, such as FeWO, [13],
MnWOy, [14, 15], and ZnWO, [16] reveals excellent electro-
chemical performance on account of the synergistic effect of
different metal elements. Among them, cobalt tungstate
(CoWO,) and nickel tungstate (NiWO,) have been researched
as promising replacements for catalysis [17], dielectric ce-
ramics [18], oxygen-evolving electrocatalysts [19], and
supercapacitors [20-22]. However, research on the electro-
chemical capability for LIBs has rarely been reported. As sim-
ilar to most negative electrode materials, metal tungstate ma-
terials also contain a commonality of large volume expansion,
which results in poor reversible capacity and cyclability. To
overcome the flaw, the most common and effective method is
to project various nanostructures, such as nanoparticles [23],
nanowires [24], and hollow structures [25, 26], which can
effectively reduce the capacity decay by relieving volume
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expansion during Li" insertion and extraction. In addition, the
nanostructured electrode with the advantage of small size,
large specific surface area, and high diffusion coefficient of
atoms greatly enhances the reactivity of electrode reaction and
increases the reversible capacity of the active material [27].
Hence, the CoWO, and NiWQO, with the structure of uni-
form monodisperse nanoparticles have been successfully syn-
thesized by a facile one-step hydrothermal method. And, as far
as we know, this is the first report on CoWO, and NiWO,
nanoparticles for application as LIB anode. The unique nano-
structure effectively increases the reaction site, reduces the
volume expansion effect, and maintains the stability of the
electrode structure during Li ion insertion and extraction.
Inspiringly, the CoWO, and NiWO, electrodes all demon-
strate excellent electrochemical performance with high revers-
ible capacity, good cycle performance, and rate capability.

Experimental
Synthesis of materials

As in a traditional hydrothermal reaction, 2 mmol of
NaWO,2H,0 was added in 40 mL of distilled water. And,
2 mmol of Co (NOj3),-6H,0 (or 2 mmol of Ni (NO3),"6H,0)
was also added in 40 mL of distilled water, which was drop-
wise added in the above NaWO, solution under magnetic
stirring and continued stirring for 30 min after titration.
Then, the mixed solution was transferred into a 100-mL
Teflon-lined stainless-steel autoclave and maintained in the
stove at 180 °C for 8 h. The obtained products were washed
repeatedly by distilled water and absolute ethanol, and finally
dried at 80 °C in an oven.

Characterization of materials

The products were characterized by power X-ray diffraction
measurements (XRD, Rigaku, D/MAX 2400, Japan), X-ray
photoelectron spectroscopy (XPS, ESCALAB250xi), scan-
ning electron microscopy (SEM) (JEOL, JSM-6701F, Japan)
with energy dispersive spectrometer (EDS), and transmission
electron microscopy (TEM) (JEOL, JEM-2010, Japan).

Electrochemical measurements

The button cells were used to test the electrochemical property
of the CoWO, and NiWO, samples. The electrode included
10 wt% of the sodium alginate binder, 20 wt% of the acetylene
black, and 70 wt% of the active material. The slurry evenly
dispersed on the copper foil by coater with 100 um thickness
and transferred to the 60 °C drying oven for 8 h. Then, the
copper foil after tableting and made it into wafers of 14 mm
diameter by a puncher, then put them in a 120 °C vacuum
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oven for 10 h. The Li wafers were used as the counter elec-
trode and 1 M LiPF¢ in EC-DMC (1:1 by volume) as the
electrolyte. The electrochemical properties of the obtained
cells were tested on a LAND CT2001A system. And, the
cyclic voltammetry (CV) and electrochemical impedance
spectra (EIS) was tested on an electrochemical workstation
(CHI660C).

Results and discussion
Structural analysis

The crystallographic structures of the MWO, (M = Co, Ni)
were further authenticated by X-ray diffraction (XRD). The
diffraction patterns (Fig. 1a) are at 20 = 30.480°, 53.880°, and
64.840°, corresponding to (1 11), (122 ), and (231 ), respec-
tively. Other sharper peaks also can match well to the standard
CoWO, phase (JCPDS card no. 15-0867). As shown in Fig.
1b, the NiWO, samples we obtained are amorphous material,
which can be proved by the broad and weak XRD patterns
(blue line). But, after annealing at 600 °C for 1 h, the peaks
(orange line) became sharper and stronger. Three of the stron-
gest peaks at 20 = 30.920°, 24.880°, and 54.640° are attribut-
ed to (111 ), (022), and (2 02) facts according to the pure-
phase NiWO,4 (JCPDS card no. 15-0755), respectively. In
addition, no impurity peaks can be found in both XRD pat-
terns of CoWO, and NiWO, samples. These consequences
reveal that the CoWO, and NiWO, with high purity and crys-
tallinity have been successfully synthesized.

The micromorphology of the MWO, (M = Co, Ni) is
shown in Fig. 2 by SEM, and the EDS attached to SEM con-
firmed the chemical constitution. The low-magnification SEM
images of CoWO, and NiWO, nanostructures are shown in
Fig. 2a, c, respectively. Evidently, two tungstate nanoparticles
reveal similar micromorphology. The CoWO, nanoparticles
show unordered accumulation of relatively uniform particles
with a size of 50-100 nm, which can be proved by the high-
magnification SEM image (Fig. 2b). The NiWO,4 nanoparti-
cles also can be clearly visible in the high-magnification SEM
image (Fig. 2d), similar but smaller than CoWQ, nanoparti-
cles, with a size of 30—50 nm. The uniform nanoparticles can
effectively promote the formation of stabilized solid electro-
lyte interphase (SEI) layer and increase reversible capacity. In
addition, the energy-dispersive X-ray spectroscopy (EDS)
analyses (Fig. 2e, f) also testifies the existence of Co, W, O,
and Ni, W, and O elements, respectively, which further con-
firmed that the samples are mainly made of CoWO, or
NiWO,.

Figure 3 shows the TEM and HRTEM images of CoWO,
and NiWOQO, nanoparticles. The TEM images as shown in Fig.
3a, b reveal that the different CoWO, (or NiWOQOy,)



Tonics (2018) 24:363-372

365

Fig. 1 XRD patterns of CoWO. a = b A -
(a) and NiWO, (b) NiWO, ) = =
samples | 8 S(Ateranncating
_ A R
:' ! g = : - JIL__) Lhndanadlo dolls o |
= H & =
- e’
= g
- | PDF#15-0867 CoWO, || =
- PDF#15-0755 NiWO
4
L0 ok o o L bbbl vy
10 20 30 40 50 60 70 80 10 20 30 40 S0 60 70 80
20 (degree) 26 (degree)

nanoparticles are similar in size and morphology. It is obvious
that the obtained CoWO, and NiWOy, are crystalline nanopar-
ticles with the single particle size of about 40—60 nm, which
conform to the conclusion of the SEM images. Two tungstate

Fig. 2 SEM images of CoWOy,
(a, b). SEM images of NiWOy (c,
d). EDS spectrum of CoWO, and
NiWO; (e, f)

nanoparticles are attained to the size of the mesoporous mate-
rials, which can improve cycle performance by relieving the
tension caused by repeated Li* insertion and extraction and
avoiding the abscission of electrode materials. On the other
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Fig.3 TEM and HRTEM images
of CoWOy (a, ¢). TEM and
HRTEM images of NiWO, (b, d)

hand, the nanoparticle structure can shorten the diffusion dis-
tance of electrons and lithium ions and increase electrochem-
ical reaction sites to enhance the rate capability. In addition,
the HRTEMs image (Fig. 3c) also can show clear lattice
fringes separated by 0.16 and 0.26 nm, corresponding to the
(212) and (002) crystal facets of CoWOQy, respectively. And, in
the HRTEMs image of NiWO, (Fig. 3d), the (011) and (001)
crystal facets exactly correspond to the d-spacing of 0.36 and
0.43 nm, respectively.

Electrochemical testing

To explore the electrochemical performances of the CoWO,
and NiWO, nanopatrticles, the CV tests (Fig. 4) were earliest
implemented, at a scan rate of 0.1 mV s ! within the voltage
range from 0.01 to 3.0 V. As shown in the original discharge
process of CoWOy, (Fig. 4a), the obvious reduction peaks are
revealed at ~1.2, ~0.5, and ~0.25 V, which are possibly

Fig. 4 CV curves of the CoWO, @

corresponded to the reduction of CoWO, to Co(0), W(0),
and the formation of the amorphous Li,0, as can be explained
by Eq. (1) [13-15, 28-31]:

CoWO4 + 8 Li" + 8¢ —Co + W +4 Li,O (1)

The reduction peaks of subsequent cycles move to ~1.75
and ~0.25 V because of the break of the CoWQ, structures
and the formation of SEI layer. Furthermore, two broad oxi-
dation peaks in the charging process appear at around 1.1—
1.4 'V, corresponding to the reversible conversion of Co and
W into CoO and WOs. In the subsequent cycles, the potentials
of redox peaks remain unchanged, which can be explained by
the reversible reaction in Eq. (2) [13-15, 28-31]:

Co + W + 4 Li,05Co0 + WO; + 8 Li* + 8¢ (2)

On the other hand, later redox peaks overlap very well,
indicating the good reversibility of the lithium storage of the
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CoWO4 electrode. In addition, the CV curve of NiWO, elec-
trode (Fig. 4b) is similar to that of the CoWQ, electrode; the
only difference is the potentials of the redox peaks.

In order to confirm the formation of Co, W, CoO, and WO;
during the process of discharge/charge, the study of XPS was
carried out to distinguish the valence state of the CoWOQOy elec-
trode material, which is shown in Fig. 5. Figure 5a, b shows the
XPS spectra of the fresh prepared electrode of the CoWO,
nanoparticles. Two strong peaks at binding energies
(B.E.s) = 781.08 and 797.5 ¢V are attributed to Co** 2ps)
and Co?* 2p,», respectively. The W 4f spectra shows two
peaks at B.E. = 35.18 and 37.28 ¢V, corresponding to 4f5,,
and 4fs),, respectively. These values of B.E.s can be used to
verify the as-synthesized CoWQO, nanoparticles and indicate
that the elements of Co and W exist in Co** and W®*, respec-
tively [19, 20].

In order to clarify the electrochemical processes during the
cyclic process, the ex-situ XPS was also tested after the elec-
trode discharge/charge at a current density of 200 mA g~ for
one cycle. As shown in Fig. 5c, the peaks belonging to Co
2ps,» and Co 2p; ), transform into two parts. The retention of
the Co®* 2ps, and Co®* 2p,,» peaks is due to the oxidation
reaction of Co in the charging process. Besides the existence
of Co®*, two peaks at B.E. = 778.0 and 793.3 eV correspond
to the Co° state, which indicates that Co element exists par-
tially in the metallic after one circle, and it also confirms that

the oxidation process of Co element is incomplete because of
high current density [32]. Furthermore, the appearance of W°
4f,,, and WP 4f5), peaks at B.E. = 31.88 and 32.78 eV (Fig.
5d) also obtains the similar result for W 4f. On the basis of the
CV tests, the CoWO, electrochemical process can be expected
as the above reaction equations Eq. (1) and (2).

For NiWOy, the reduction peaks of the first discharge pro-
cess shift to ~1.3 and ~0.6 V, which is the characteristic be-
havior of the reduction of NiWO, to Ni(0), W(0), as can be
explained by the reaction Eq. (3) [13-15, 28, 29, 33, 34]:

NiWO4 + 8 Lit + 8 ¢ —Ni+ W + 4 Li,O (3)

And, in the anodic scan, two broad peaks at around 1.1—
1.5 V correspond to reversible conversion of Ni and W into
NiO and WOs. In the subsequent cycles, the reduction peaks
and oxidation peaks overlap at ~1.75 and ~0.25 V and ~1.1
and ~1.3 V, respectively, as shown in Eq. (4) [13-15, 28, 29,
33, 34]:

Ni+ W +4 LiO-NiO + WO; + 8 Li" +8¢ (4)

On the basis of the research on the CoWQ, electrode ma-
terial, the XPS for NiWO, electrode material was implement-
ed in Fig. 6. Figure 6a, b shows the XPS spectra of the fresh

Fig. 5 Co 2p XPS spectrum of a b
CoWO, (a). W 4f XPS spectrum Co2p W 4f
of CoWOy (b). Co 2p XPS
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Fig. 6 Ni2p XPS spectrum of a b
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prepared electrode of the NiWO, nanoparticles. Two strong
peaks at binding energies (B.E.s) = 856.08 and 873.78 eV are
attributed to Ni** 2ps,, and Ni** 2p; », respectively. The W 4f
spectra shows two peaks at B.E. =35.38 and 37.48 eV, corre-
sponding to 417, and 4f5,, respectively. These values of B.E.s
also can be used to verify the as-synthesized NiWO,4 nanopar-
ticles and indicate the elements of Ni and W exist in Ni** and
WO, respectively [19, 20].

In order to clarify the electrochemical processes of
NiWOy, electrode during cyclic process, the ex-situ XPS
were also tested after the electrode discharge/charge at a
current density of 200 mA g ' for one cycle. As shown in
Fig. 6c¢c, the peaks belonging to Ni 2p3, and Ni 2py,,
change into two parts. The retention of the Ni** 2ps),
and Ni** 2p1» peaks is due to the oxidation reaction of
Ni in the charging process. Besides the existence of Ni**,
two peaks at B.E. = 849.98 and 870.08 eV corresponding
to the Ni° 2p3,» and Ni® 2p1,» state, which also can indi-
cate that the Ni element exists partially in the metallic
after one circle, and it also confirms that the oxidation
process of the Ni element is incomplete because of high
current density. Furthermore, the appearance of w° 4f, ),
and WP 4f5), peaks at B.E. = 31.48 and 32.88 eV (Fig. 6d)
also obtains the similar result for W 4f. On the basis of
the CV tests, the NiWO, electrochemical process also can
be expected as above reaction Egs. (3) and (4).
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The electrochemical performance of the MWO, (M = Co,
Ni) samples was also experimented by galvanostatic charge-
discharge test, within the voltage window from 0.01 to 3 V
(vs. Li/Li"), at room temperature (25 °C). Figure 7a reveals the
voltage curves of CoWOy, electrode at a current density of
200 mA g ' in the 1st, 2nd, 3rd, 5th, 10th, 15th, and until
120th cycle. In the first discharge curves, it is evident that
three platforms are at about 1.25, 0.5, and 0.25 V, which is
consistent with the results confirmed by the above CV test.
The first discharge and charge capacities of CoWQ, electrode
are 1259.0 and 929.7 mA h g, respectively, with an initial
coulombic efficiency of 75.93%; the capacity loss is mainly
due to the formation of SEI layer and some undecomposed
Li,O. In addition, it is observed that with the increasing num-
ber of cycles, the discharge curves gradually overlap and dis-
charge capacity decreases first and then increases, which can
be seen more clearly from Fig. 7b. As shown in Fig. 7b, the
coulombic efficiency increased to above 99% after only 6 cy-
cles, and the discharge capacities keep at about 80 mA h g .
More interestingly, the capacity of CoWO, electrode gradual-
ly increases after about 60 cycles; not only the coulombic
efficiency stays above 99% but also the capacity reaches sta-
ble and still maintained a high reversible capacity of
980 mA h g ™' even after 120 cycles. The capacity rise phe-
nomenon also widely occurs in various nanostructured metal-
oxide electrodes [35-38], which is usually attributed to the
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[39, 40] As shown in Fig. 7a, the extra capacity comes mainly
from the contribution below 1.25 V, corresponding to the for-
mation of a polymeric/gel-like layer. In addition, Na-alginate
as high-efficient polymer binders with high elasticity and
adhesivity is beneficial to maintain the electrode structure
and the integrity of the conductive network [41-43], enhanc-
ing cycling performance of the high-capacity electrode. More
cycling performance tests are shown in Fig. 7c at higher cur-
rent density of 500 and 1000 mA gfl; after similar short ca-
pacity decay, the reversible capacity also can increases to
752.3 mA h g ! after 240 cycles and 632 mA h g ' after
400 cycles, respectively, indicating the excellent cycling per-
formance and rate capability.

The galvanostatic discharge/charge profile of NiWO,4 nano-
particles is shown in Fig. 8a; at a current density of 200 mA g ',
the long platform of the discharge curves is in line with the
results confirmed by above CV test (Fig. 4b). As shown in
Fig. 8a, b, the discharge capacity of the Ist, 10th, 20th, 40th,
60th, 80th, 100th, and 110th cycles are 1164.6, 690.6, 585.9,
435.0,432.9,450.1, 541.4, and 565.8 mA h g ', respectively. It
is revealed that the discharge capacity reduces in the front
60 cycles, and then slowly increases in the subsequent cycles.
Interestingly, the similar capacity growth phenomenon also
shows in the NiWOy, electrode, which could be explained by
the above reason [39-43]. Furthermore, the cyclic stability of
NiWO, at a higher constant density of 500 mA g ' is depicted
in Fig. 8c, which also can deliver a stable discharge capacity of
542.1 mA h g ! even after 500 cycles, also testifying the good
cycle performance of NiWO, nanoparticles.

Figure 9 shows the Nyquist plots of CoWO,4 and NiWO,
electrodes from 100 kHz to 0.01 Hz after 50 and 200 cycles at
500 mA g ' to prove their good electrochemical perfor-
mances. The equivalent circuit is displayed in the inset of

Fig. 9a, b, where Ry is the SEI film and/or contact resistance;
R is the charge transfer resistance; Cq is the capacitance
related to the double layer, while Z,, represents Warburg im-
pedance associated with Li-ion diffusion process within the
electrode [44, 45]. The plots are composed of a semicircle at
high-frequency area and oblique line at low-frequency area,
which is corresponding to the charge-transfer resistance (R
and Warburg impedance (Z,), respectively [46—48]. Table 1
lists the R, parameters calculated from the equivalent circuit
model. The slight change of Rs along with the increase of the
cycle number could indicate the stability of SEI film in the
cycling process. It is quite clear that the charge-transfer resis-
tances (R,) of two electrodes after 200 cycles are much small-
er than these of two electrodes after 50 cycles, indicating the
improved kinetics along with cycle number. The decreased R,
may be relevant to possible activation process in the elec-
trodes, which facilitates contact between the active material
and electrolyte, and improve the electronic conductivity of the
integrated electrode [49], which also might be one reasonable
explanation on capacity growth phenomenon.

The rate performances of CoWO, and NiWO, nanoparti-
cles at various current rates from 0.1 to 1.6 A g~' are exhibited
in Fig. 10a, b, respectively. For CoWO, and NiWOy, the av-
erage discharge capacities are 900, 850, 700, 600, and
580 mA h g”' and 700, 600, 400, 300, and 250 mA h g "', at
current density of 0.1, 0.2, 0.5, 1,and 1.6 A gfl, respectively.
In addition, after during continuous huge current measure-
ment, when the rate is returned to 0.1 A g ', the capacities
of CoWO, and NiWQy, are still able to return to over 1000 and
700 mA h g ', respectively. The initial capacity could almost
be regained and even exceed, which means the electrode
structure keeps stable even through the diverse current density
transition.

Table 1 Impedance parameters

calculated from equivalent circuit CoWOy, (50th) CoWOy, (200th) NiWO, (50th) NiWO, (200th)
model

R () 114 14.3 10.2 12.1

Ry () 106.1 82.6 195.9 44.0

@ Springer



Ionics (2018) 24:363-372

371

Fig. 10 Rate performance of a b
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From the above, the excellent lithium storage performance ~ References

of CoWO, and NiWOy, can be attributed to unique nanoparti-
cles structure. On one hand, the compact packing structure of
nanoparticles can reduce the transmission length of Li* ions
and electrons, which effectively enhances battery reaction ki-
netics. On the other hand, two tungstate nanostructures with
relatively uniform size and shape maintain the stability of the
electrode structure by accommodating the volume expansion
of electrode materials during Li* ion insertion and extraction
process. In a word, the good rate capability and cycle perfor-
mance of electrode material are attributed to the unique nano-
particle structure.

Conclusions

In summary, the CoWO, and NiWQO, nanoparticles have been
successfully synthesized via a facile one-step hydrothermal
approach; the obtained nanoparticles exist relative uniform
size and morphology. When tested as the novel anode mate-
rials for LIBs, both CoWO, and NiWO, nanoparticles reveal
high capacity and good cycle performance. For the CoWO,
electrode, a high reversible capacity of 980 mA h g™' was
obtained at 200 mA g ' and the discharge capacity of
632 mA h g ' remained at 1000 mA g~ even after 400 cycles.
Moreover, the discharge capacity of NiWO, electrode was
still maintained at 542.1 mA h g ' after 500 cycles. The ex-
cellent electrochemical performance was ascribed to the
unique nanoparticle structure, which could effectively shorten
the diffusion distance of Li* ions and electrons and alleviate
the volume expansion of electrode materials during charge-
discharge. Therefore, the superior electrochemical perfor-
mance endowed the NiWO, and CoWO, nanoparticles with
potential application for high-performance LIBs.
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