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ABSTRACT

We prepared cubic-like ZnMoO, anode material via precipitation-freeze drying
method and calcining directly in the air using zinc acetate and ammonium
molybdate tetrahydrate as raw materials. Through various characterization
methods, the structure, morphology and electrochemical properties of cubic-like
ZnMoO, were studied. By comparing the structure and morphology of cubic-
like ZnMoOy and ordinary ZnMoQy, cubic-like ZnMoO, had a smaller particle
size and good dispersibility. In addition, compared with ordinary ZnMoQy,, the
electrochemical performance of cubic-like ZnMoO, was improved. When
accepted as an anode material for lithium-ion secondary batteries, the cubic-like
ZnMoO, provided a discharge capacity of 457.7 mAh g~ ' at a current density of
0.1 A g ! after 100 cycles. Moreover, it exhibited excellent electrochemical
properties even at high current densities. The electrochemical results indicated
that the cubic-like ZnMoOy has high capacity, good rate ability, and outstanding
cycle stability.

Address correspondence to E-mail: 840865127@qq.com

https:/ /doi.org/10.1007 /s10853-020-04969-w @ Springer


http://orcid.org/0000-0001-7123-9498
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-020-04969-w&amp;domain=pdf
https://doi.org/10.1007/s10853-020-04969-w

13906 ! J Mater Sci (2020) 55:13905-13915
GRAPHIC ABSTRACT
{\ﬁ\ 7»“ 7»’1‘«
1200 — o 90 ﬁ\uuo _a
l e O > A5
. Q W %/\)o\) \f
1000 — . Nanoparticles ,./ \‘& PEG 20000
—~ b g’
F'cn s 0.1 A-g
< 800 — s oo
£ E ‘. (SIS TSR ’ O
= %, 02Ag" 289 2
= 6004 Q99
= 23"0“ 0.4 A-g” Cubic-like ZnMoO,
(&) °o..°o°° » 4
< 4 R 0.6 Ag" Ag 0.1A-g
[ 9330000000 - ]
O 400 "'“0. 9232000000 1.0 A-g”
4 e®%000ccce
S0occcccee
200 —
o T T T T T T T T T T T T
o] 10 20 30 40 50 60 70
Cycle number
Introduction stability and excellent rate performance, such as sin-

Lithium-ion battery (LIB) is a widely used primary
energy battery [1-4]. It develops rapidly and occupies
a great position in the energy market. The anode
material is an important part of the LIB. Graphite has
the advantages of low-priced, large storage capacity
and good electrical conductivity, which be supposed
to be a commonly used industrial anode material
[5-7]. However, the theoretical capacity of this anode
material is relatively low at 372 mAh g*l [8], which
places restrictions on its application in high energy
density batteries. The development of new anode
material capable of providing high discharge capac-
ity has become a key to break through the restrictions
of LIB extensive application.

The molybdate is considered to be a promising and
considerable anode material [9], because of the high
valence state of molybdenum, rich resources, and low
price. Recently, these MMoO, combinations include
CoMoOQOy [10, 11], FeMoO, [12], MnMoO, [13-15],
NiMoO, [16, 17], and ZnMoO, [18, 19]. However,
MMoO, anode material has the disadvantage of poor
cycle stability during the lithiation/delithiation pro-
cess [20], which limits their widespread application.
According to previously reported studies, materials
with certain special morphologies have good cycle
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gle crystals [21, 22], nanorods [23, 24], and nanosheets
[25].

Among molybdates, molybdenum zinc oxide
(ZnMoQOy4) as a unique semiconductor material is
considered to be one of the most potent alternative
materials for high energy density LIB, with a signif-
icant theoretical capacity of 951.6 mAh g~' [26]. In
this work, polyethylene glycol (PEG) 20,000 was used
as a surfactant, and cubic-like ZnMoO, (ZMO-C)
material was synthesized by precipitation-freeze
drying method. It is found that the addition of sur-
factants could effectively avoid the agglomeration of
materials. The structure, surface morphology, and
electrochemical performance of the ZMO-C were
researched.

Experimental section
Material preparation

The raw materials are polyethylene glycol 20,000
(HO(CH,CH,O),H, AR) zinc acetate (CyHgO,4
Zn-2H,0O, AR) and ammonium molybdate tetrahy-
drate ((NH4)6MO7024'4H20, AR)
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PEG 20,000 (1 wt% of gross weight) and (NHy)s.
Mo;0,4-4H,0O (1 mmol) were dissolved in the
deionized water. With vigorous stirring, C4HeO4.
Zn-2H,0 (7 mmol) was added to the above solution.
The resulting mixture was freeze-dried in a vacuum
freeze-drying oven. Finally, the precursor was placed
in a muffle furnace in the air environment and cal-
cined at 600 °C for 5 h to obtain ZMO-C. At the same
time, ZnMoO, (ZMO) was also prepared without
PEG 20,000 for comparison purposes.

Structural characterization
and electrochemical tests

The crystallinity of the materials was characterized
by an X-ray diffractometer (XRD, BDX3300) with Cu-
Ko radiation in the range of 15°-50° at a scan rate of
2°min~". Information on the surface morphology of
the samples was obtained using a tungsten scanning
electron microscope (SEM, Vega3-xmu).

The working electrodes were primed by blending
the active materials, acetylene black, and polyvinyli-
dene fluoride (PVDF as a binder) in a weight ratio of
8:1:1 in N-methyl-2-pyrrolidone (NMP) solution. The
electrochemical properties were studied in CR 2032
button cells. The lithium metal sheets were applied as
the counter electrodes and 1 M LiPFs in ethyl car-
bonate (EC), ethyl methyl carbonate (EMC) and
dimethyl carbonate (DMC, EC: EMC: DMC = 1:1:1
vol%) as the electrolyte. The diameter of each elec-
trode plate was 14 mm. The weight of the active
material on the electrode plate was about 1.8 mg. The
button cells are produced in an argon-filled glove
box. The charge-discharge investigation of cells was
realized in the range of 0.01 to 3.00 V in the battery
test system (Neware Co., Ltd., China). The electro-
chemical impedance (EIS) measurements were
accomplished at the CHI660E electrochemical work-
station in the range of 10° to 107" Hz. The cyclic
voltammetry (CV) measurements were made at a
scanning rate of 0.1 mV-s~! in the range of 0-3.00 V
using the CHI660E electrochemical workstation. All
measurements were made at room temperature.
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Figure 1 XRD patterns of ZMO-C and ZMO.

Results and discussion
XRD test analysis of materials

The purity and crystallographic structure of the
samples are tested by XRD. As illustrated in Fig. 1,
diffraction peaks of the two samples are related to o-
ZnMoQO, (JCPDS NO. 35-0765), and almost no
diffraction peaks of other phases are observed in the
pattern, which confirmed the high purity of the
sample. The detailed parameters calculated by XRD
are shown in Table 1. Compared with ZMO, the

average particle size (D =52 [27] of ZMO-C is
smaller, which may due to the coating effect of PEG
20,000, the growth of a single particle is restricted.

Morphological test and analysis of materials

Figure 2 shows SEM images of ZMO and ZMO-C.
ZMO is an irregular block with a size mainly around
1.0-2.0 um. Besides, obvious agglomeration can be
observed. It can be seen from the graphs of different
magnifications that ZMO-C has a compact cubic-like
morphology with obvious layering. On the one hand,
the cubic layered structure is conducive to buffer
volume expansion and stable structure during
charging and discharging. On the other hand, the
cubic layered structure can broaden the diffusion
path and shorten the diffusion channel of Li*. Com-
pared with ZMO, the agglomeration of ZMO-C is
significantly reduced. This is because after adding
PEG 20,000 in the precipitation process, the particles
are covered by the surfactant molecules to reduce the
contact between the particles so that the particles are
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Tablel Lattice parameters of ZMO-C and ZMO, respectively

J Mater Sci (2020) 55:13905-13915

Samples a (A) b (A) c (A) a (%) B 7 () D(nm)

ZMO-C  8.36456 9.68985 6.96022 106.859 101.761 96.755 69
(0.00398) (0.00421) (0.03467) (0.00897) (0.02025) (0.02556) (1.9)

ZMO 836967 9.69428 6.96335 106.865 101.765 96.773 77
(0.00335) (0.00385) (0.00300) (0.03548) (0.08177) (0.13579) @.1)

Figure 2 SEM images of
ZMO (a, b) and ZMO-C (c,
d).

in a uniform dispersion state. It is generally believed
that good dispersion can effectively improve the
cyclic stability of materials [28].

Charge and discharge test of materials

The initial charge—discharge curves and cycle abilities
of ZMO and ZMO-C at 0.1 A g ' are revealed in
Fig. 3a, b. The initial discharge capacity of ZMO is
1115.8 mAh g~ '. Compared with ZMO, ZMO-C has a
higher initial discharge capacity of 1133.2 mAh g~ .
During the initial discharge, the formation of a solid
electrolyte interface (SEI) film consumes a large

@ Springer

amount of Li to provide a capacity contribution, so
the first discharge capacities of ZMO and ZMO-C are
both higher than the theoretical capacity of ZnMoO,
(951.6 mAh g~!) [26, 29]. After 100 cycles, the dis-
charge capacities of ZMO and ZMO-C are 392.3 and
457.7 mAh g~ . The capacity retention rates are 35.2%
and 40.4%, respectively. The results show that ZMO-

C has higher
performance.
Figure 3c, d show the initial charge-discharge
curves and cycle abilities of ZMO and ZMO-C at 1.0
A g . Due to the rapid insertion of Li* at high

discharge capacity and cycle
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Figure 3 Electrochemical performance of ZMO-C and ZMO. a Initial charge/discharge curves at 0.1 A g~'. b Cycling performance.
¢ Initial charge/discharge curves at 1.0 A g'. d Cycling performance. e Rate capabilities at different current densities.

current density, the discharge capacity of both
materials decreases with increasing current density.
However, compared with ZMO, ZMO-C shows a
larger discharge capacity (413.0 mAh g~'), which
means that with the rate increases, the anti-polariza-
tion capability of ZMO-C is stronger. It can be found
that when the current density increases to 1.0 A g™,
the specific capacities of Fig. 3a, b are close to Fig. 3c,
d. On the one hand, due to the constant current
charging and discharging at low current density, the

electrolyte cannot fully penetrate the active material,
resulting in only a part of the active material being
fully penetrated [30]. On the other hand, the small
change in discharge capacity when the current den-
sity increases are also related to the high crystallinity
of ZMO-C. The high crystallinity can effectively
avoid the destruction of the crystal structure of the
material under the high current impact, maintaining
a stable discharge capacity.
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Table 2 Rate performances of

J Mater Sci (2020) 55:13905-13915

7ZMO and ZMO-C at various Samples Discharge capability (mAh g™

current densities 01Ag!  02Ag' 04Ag' 06Ag' 08Ag' 10Ag!
ZMO 607.3 480.9 416.1 371.8 321.8 264.7
ZMO-C 6206 5217 479.9 433.7 396.4 369.1

Rate performance is an important factor for prac-
tical battery applications. Figure 3e shows the rate
performance for ZMO and ZMO-C electrodes. The
detailed results of ZMO and ZMO-C are listed in
Table 2. Even to the current density rebounds to 0.1 A
g, the ZMO-C electrode still exhibits a higher dis-
charge capacity than the ZMO electrode in subse-
quent cycles, which indicates that the ZMO-C
electrode has better reversibility and stability.

It can be seen from Fig. 3a, c that all electrodes
exhibit similar Li* insertion tendency during the
initial discharge, indicating that the difference in
material structure and morphology does not affect
the electrochemical behavior of the conversion reac-
tion during the initial lithium storage [31]. However,
the capacity of ZMO-C is higher than that of ZMO
after cycling. The results of the charge and discharge
test show that the discharge capacity and reversibility
of ZMO-C are significantly better than ZMO. It may
attribute to the small average particle size and unique
cubic layered structure of ZMO-C leading to faster
lithium diffusion in the electrode.

Cyclic voltammetry (CV) test and analysis
of materials

The original three successive cyclic voltammetry (CV)
curves of ZMO-C at 0.1 mV-s™' is shown in Fig. 4a.
Some differences between the three curves can be

(a)00
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observed in the potential range of 0.01-3.00 V. A
broad peak at 0.62 V can be detected in the first
cathode scan curve, which can be chalked up to the
formation of the SEI film [19]. The two peaks at 1.51
and 0.25 V are due to the reaction of Zn*" to Zn° and
Mo®* to Mo” and lithification of zinc particles to form
LiZn alloys [32]. In the primary anode scan curve, the
two peaks of 0.82 and 1.54 V conform to the lithium
extraction step of LiZn alloy and the oxidation of the
metal to metal ion (Mo’/Mo®* and Zn°/Zn*").

During the first discharge, Li is inserted into the
octahedron [ZnOg] and tetrahedron [MoO,] [33] to
form Li,ZnMoOy, and gradually formed Zn particles
and Mo particles. The zinc particles further react with
lithium ions to form a LiZn alloy in the next step. As
shown in the following equation.

ZnMoOy + xLit + xe~ = Li,ZnMoO, (1)
Li,ZnMoOy + (8 — x)Li* + (8 — x)e~

= Mo + Zn + 4Li,O (2)
Zn + Li*+e” = LiZn (3)

During the charging stage, the zinc particles and
Mo particles obtained after LiZn de-alloying react
with LiO to generate ZnO and MoQ;, respectively.

LiZn = Zn + Li* (4)
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Figure 4 CV curves at a scan rate of 0.1 mV-s~ . a Initial three consecutive of ZMO-C b ZMO-C and ZMO at 0.1 A g™ " after 50 cycles.
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Table 3 Peak parameters of

CV curves for ZMO and Samples Epar(V) Epax(V) Eper(V) E,e2(V) AE,;(mV) AEp2(mV)

?ﬁf’c; ’?EP N dﬂ; separation 7 10 0.814 0.17 1.264 644 333
chween Epa and Spe. ZMO-C 0.845 1.591 0.255 1427 590 164

Zn + Li,O = ZnO+2Lit+2e~ (5) As shown, the R.; of ZMO-C is significantly smaller

. . than that of ZMO, which indicates that the reaction
Mo + 3Li,O = MoO; + 3Li" + 3e™~ (6)

In the subsequent CV curve, the position of the
reduction peak shifted slightly, which may be due to
the change in the microstructure of the active mate-
rial [34]. It can be found that the second and the third
CV curve have a high overlapping rate, indicating
that the synthesized ZMO-C electrode still maintains
a steady crystal structure and reversible electro-
chemical performance [35].

Figure 4b exhibits the CV curves of ZMO-C and
ZMO at 0.1 A g~ " after 50 cycles. The peak parame-
ters of the CV curve of ZMO-C and ZMO are shown
in Table 3. Compared with ZMO, the AE,, of ZMO-C
is smaller, which indicates that the intercalation-
delamination process of Li* is faster and the shorter
diffusion path of Li* [36].

The electrochemical impedance spectrum
(EIS) test analysis of materials

To further research the significance of the cubic-like
structure on the electrochemical impedance spectrum
(EIS), EIS measurements are performed on the bat-
tery. The Nyquist plots consist of two parts, including
semicircles and diagonal lines. The semicircle from
high-frequency to intermediate-frequency is associ-
ated with the charge transfer resistance (R.) in the
electrolyte and electrode interface. Li* diffusion
appears as an oblique line in the low-frequency
region [37].

It is worth noting that the two electrodes after cir-
culation have lower charge transfer resistance, which
is due to the Li" path is fully activated during the
cycle. The diameter of the semicircle of the ZMO-C
electrode is more cramped than the diameter of the
semicircle of the ZMO, which can be further con-
firmed by the equivalent circuit (inserted in Fig. 5a).
The equivalent circuit is composed of ohmic resis-
tance (Ry), charge transfer resistance (R.), constant-
phase element (CPE), and Warburg impedance (Wo)
[38]. Table 4 lists the corresponding data.

kinetics of ZMO-C with a cubic-like structure is
improved. Besides, the lithium-ion diffusion coeffi-
cient (Dy;) of the electrode can be obtained by Eq. 7:

Dy = R°T?/(2A*n*F*C?s?) (7)

In the formula, R is a gas constant, T is an absolute
temperature, A is an electrode surface area, n is the
number of transferred electrons, F is a Faraday con-
stant, C is a lithium-ion concentration, and ¢ is a
Warburg impedance coefficient. ¢ is the slope of line
Z' ~ o /2 obtained from Fig. 5b. Compared to
ZMO, lithium-ion transfer and diffusion in ZMO-C
materials are faster. This may be due to the small
particle size and unique structure of ZMO-C, which
accelerates lithium ion transfer.

The exchange current (%) represents the
reversibility of the electrode reaction [39] and can be
obtained from Eq. (8).

j° = RT/nFRq (8)

In the formula, R is the gas constant, T is the
absolute temperature, n is charge transfer number
and F is the Faraday constant.

The exchange current of ZMO-C is larger than that
of ZMO, which indicates that the reversibility of the
electrode reaction of ZMO-C is higher than ZMO.
This is considered to be the reason why ZMO-C has a
better electrochemical performance.

The influence of the material SEI film formation
process can be inferred by the change of the Bode
plots in the middle and high-frequency regions. The
frequency range corresponding to the SEI film for-
mation process of the anode material is mainly con-
centrated in 10-1000 Hz [40]. As the frequency
increases, the impedance value decreases (Fig. 5¢),
which is the result of the Li* path is gradually acti-
vated during the cycle. The impedance decreases
slowly in the range of 10-1000 Hz, indicating that this
area is the interface between the passivation layer
and the anode surface. Comparing respectively the
phase angle changes of the two electrodes before and
after the cycle in the range of 10-1000 Hz (Fig. 5d), it

@ Springer
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Figure 5 a Nyquist plots and equivalent circuit of ZMO and ZMO-C. b The linear relationship of Z’ as a function of the square root of

frequency (™ 12

Table 4 The results of EIS,

) in the low-frequency region. ¢ Bode magnitude on a logarithmic scale and d phase angle.

the diffusion of lithium-ion Samples R, () Ry (@) o Dpi(em®s™") f/(A-em™?)
coefficients (D) and the =y 1.96 112.40 464.77 73%102° 2.5%10°
exchange current density (j°) Before cycle
;’f ZMt? a]nd ZMO-C, ZMO 2.77 93.39 334.23 1.4x107° 3.1x10°
espectively After 100 cycles
ZMO-C 1.32 71.41 284.67 1.9x10"° 4.0%x107
Before cycle
ZMO-C 1.36 4938 132.35 9.0x10"° 5.8x107°

can be found that ZMO-C has a slower trend than
ZMO, proving that the passivation layer is in ZMO-C
electrode surface is more evenly distributed [41]. It is
mutually corroborated with the superior dynamics
and polarization of the ZMO-C obtained from the
Nyquist plots.

Morphological test and analysis
of the electrodes after cycling

To further understand the reason for the performance
improvement caused by the morphological change of

@ Springer

ZnMoQy, the microscopic morphology of the two
samples after cycling was observed. It can be
observed from Fig. 6a that the ZMO electrode has a
significant volume expansion phenomenon. In con-
trast, although the ZMO-C electrode has a small
portion of protrusions, it maintains a flat surface
structure (Fig. 6 b). It shows that the cubic morphol-
ogy material can effectively relieve the volume
expansion of the material to a certain extent during
the cycling process. Therefore, it is believed that
excellent cycle stability and rate performance of
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Figure 6 SEM images of

a ZMO electrode and b ZMO-
C electrode after 100 cycles at
10A g™

ZMO-C can be attributed to its minimal volume
change and structural stability [42].

Conclusions

In summary, we successfully prepared cubic-like
ZnMoO, by precipitation-freeze drying method
using PEG 20,000 as a surfactant. XRD analysis shows
that the pure phase of ZMO-C is free of impurities,
and ZMO-C has a smaller average particle size than
ZMO. SEM analysis shows that ZMO-C has a cubic
shape and is uniformly dispersed. The charge and
discharge test results show that compared with ZMO,
ZMO-C has higher discharge capacity and better
cycle performance. The charge and discharge mech-
anism of ZMO-C is analyzed by CV, and ZMO-C had
higher reactivity. The EIS results show that the dif-
fusion coefficient of ZMO-C is larger than ZMO,
further indicating that ZMO-C has a superior elec-
trochemical performance.
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