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Abstract

High-crystalline Na; ; V3079 nanoplates were synthesized by a facile sol-gel reaction followed by calcination. The microstruc-
ture and crystallinity of the nanoplates were primarily determined by calcination temperature. The maximum crystallinity
Na; 1 V5079 sample was calcined at 500 °C was calculated by XRD, and the DSC demonstrated that the amorphous transfor-
mation temperature begins at 550 °C. The XPS spectrum confirmed the presence of Na; ; V3079 and consistent with the XRD test
results. The SEM/TEM test illustrated the crystal particle growth of the Na; ; V305 ¢ nanoplates. Electrochemical results showed
that the maximum crystallinity Na, ; V3059 sample prepared at 500 °C exhibited the optimum performance when evaluated as a
cathode material for lithium-ion batteries: the discharge capacity was maintained at 195 mAh g after 150 cycles at a current of

100 mA g .
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Introduction

The popularity of portable electronic digital appliances and
electric vehicles is relying on high-performance lithium-ion
batteries increasingly [1-6]. However, the cycling perfor-
mance and energy density of commercial lithium-ion batteries
are poor and do not meet the current energy storage require-
ment. This issue could be addressed by research and develop-
ment of new cathode materials [7, 8]. In this regard, scholars
have focused on developing new electrode materials with high
capacity and power density [9—12]. Vanadium-based oxides
and vanadates, which exhibit the advantages of high capacity,
high energy density, low cost, and abundant resources, have
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attracted the interest of researchers and are one of the most
studied cathode materials [13—17]. Also, vanadates possess a
higher specific capacity than conventional cathode materials
(LiCoO, [18], LiMn,yO4 [19-21], LiMnO, [22], and LiFePO,
[22-25]) for lithium-ion batteries [26, 27]. However, conven-
tional vanadium-based oxides and vanadates have disadvan-
tages used as a cathode material, such as low lithium-ion dif-
fusion coefficient and poor long-term cycling performance
[28]. In particular, LiV30g has gained increasing attention,
which has a crystal structure that can accommodate three or
more lithium ions and thus has a high reversible theoretical
specific capacity [29]. NaV;0g has the same monoclinic layer
structure as LiV3Oyg; considering that the radius of Na® is
larger than that of Li*, NaV3Og has a larger interlayer distance
than LiV;Og, resulting in easier insertion and extraction of
lithium ions [30]. Cao et al. [31] prepared NaV;0g nanoplate
through in the situ template method and used it as lithium-ion
cathode; the cathode exhibited a high reversible capacity of
230 mAh g ' and a capacity retention rate of 93.4% after
200 cycles at a current density of 100 mA gfl. Na; V3079
(JCPDS No: 45-0498, lattice parameters: a=13 A, b=
8.388 A, and c=14.102 A, 3=101.7°) has the same mono-
clinic structure as NaV;0g and layers of mixed V-O octahe-
dral and tetrahedral units forming slabs parallel to (001), and
the interlayer space contains sodium and oxygen ions. In this
framework, interstitial channels along b-axes could provide
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large cavities, and the Na* ions in the layer space support two
independent positions [32]. Liang et al. [13]. synthesized
Na; V3059 nanobelts by a facile and scalable hydrothermal
reaction followed by calcination; the electrode delivered a
high specific capacity of 204 mAh g ' at the current density
of 100 mA g . Previous works achieved significant break-
throughs in lithium and sodium batteries; however, the stabil-
ity of cycle performance has been the bottleneck in the devel-
opment of layered vanadium-based electrode materials.

In this paper, Na; ; V50,4 electrode was synthesized by a
simple method, and the relationship between crystal structure
and electrochemical performance was discussed. The crystal
structure was studied by XRD and HRTEM tests; DSC and
XPS tests have described the transformation of crystal struc-
ture also. The SEM/TEM test illustrated the crystal particle
growth of the Na, ; V307 ¢ nanoplates. Electrochemical results
show that Na; ; V3074 exhibits outstanding electrochemical
performance and could be a major cathode material for next-
generation lithium-ion batteries.

Experimental section
Material synthesis

Na; 1 V5059 electrode was prepared through a sol-gel method
using V,Os, oxalic acid, and NaNO; as raw materials (all
chemicals were of analytical grade). As shown in Fig. 1, ,
1.6 g of V,05 and 3.327 g of oxalic acid were added into
200 ml of deionized water under stirring at 80 °C for 1 h.
The solution was added with 0.548 g of NaNOj as a precursor.
The solution was kept at 100 °C. The solvent was evaporated
to obtain sol, which was further dehydrated to a dark blue gel.
The bright dark blue solid was dried at 80 °C for 12 h, cooled
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Calcination

Fig. 1 Flow chart for the preparation of Na; ; V5079
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naturally, pulverized, and calcined in air at 350 °C, 400 °C,
450 °C, 500 °C, and 550 °C for 4 h. The obtained Na; V3079
products were designated as NVO350, NVO400, NVO450,
NVO500, and NVO550.

Material characterization

Crystal phase composition and crystallinity were examined by
X-ray diffraction (XRD, D8-ADVANCE). The diffraction pat-
terns were collected at a scan rate of 6° per min over a diffrac-
tion angle of 26 range of 5°-65°. The morphologies and sizes
of'the products were investigated by scanning electron micros-
copy (SEM, HITACHI, S-4800) and transmission electron
microscopy (TEM, Tecnai F30). The sample surface element,
valence state, and other information were detected by XPS
(Thermo Scientific Escalab 250Xi).

Electrochemical measurement

Active materials, namely, acetylene black and polyvinylidene
fluoride (PVDF), were mixed by the weight ratio of 7:2:1 in
N-methyl-2-pyrrolidone (NMP) solution to make a paste. The
paste was coated on aluminum foil, dried under an air atmo-
sphere at 80 °C for 10 h and under vacuum atmosphere at
100 °C for 12 h, and cut into circular pieces of 12 mm in
diameter. CR2016 coin cells were assembled in a glove box
filled with high-purity argon by using metallic lithium and
polypropylene film as anode and separator, respectively. The
electrolyte was composed of 1 M LiPF dissolved in ethylene
carbonate/dimethyl carbonate/ethylene methyl carbonate (EC/
DMC/EMC = 1:1:1, v/v/v). The electrolyte was aged for more
than 24 h to ensure cell stability. Galvanostatic charging/
discharging tests were conducted using channel battery ana-
lyzer (Land CT 2001A, Wuhan, China) within the voltage
range of 1.5-4.0 V at different current densities. Cyclic volt-
ammetry (CV) test was performed on an electrochemical
workstation (CHI660E, China) at a scan rate of 0.1 mV s !
within the voltage range of 1.5-4.0 V. Impedance was record-
ed within the frequency range of 100 kHz to 10 mHz on a cell
in assembled condition.

Results and discussion

The X-ray diffractograms (XRD) in Fig. 2a suggest that all the
as-prepared Na; 1 V5059 samples were monoclinic crystalline
structure. The results show that the samples are well con-
verged with the monoclinic P21/m (11) space group (JCPDS
card 45-0498). The intensity of the peak corresponding to the
(002) plane increases sharply with increasing calcination tem-
perature (match with Table 1). As shown in Fig. 2a, the
highest intensity peaks coincide with the (400) plane for the
NVO0400 sample and (002) plane for the NVO450 and
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NVO500 samples. However, the other peaks are substantially
unchanged, with the calcination temperature increased. This
phenomenon, due to the speed of crystal, grows in the c-axis
direction more than in the other directions with increasing
calcination temperature (Table 1). Crystallinity is used to in-
dicate the proportion of crystalline regions in the polymer
[33]. For polycrystals, the peak intensity is determined by
the number of crystal planes arranged in the same direction.
If all the crystal grains are arranged in the same direction, then
the peak intensity of each crystal plane is larger than that of the
irregularly arranged crystal grains. The different peak intensi-
ties in the same spectrum are determined by the number of
crystal planes corresponding to each peak. The crystallinity of
samples was calculated by the “jade 6.0” software via the
relative crystallinity calculation method (Supporting
Information). It is known that the c-axis of the Na; { V507,
sample increases as the calcination temperature increases
(Table 1), means the crystal grains grow along the c-axis di-
rection, which indicates that the number of (002) crystal
planes increases, and the SEM also proved that the nanoplates
have increased (Fig. 4a—c). The crystallinity and orientation of

Temperature (°C)

the crystals are discussed in detail in the supporting informa-
tion. For the investigation, we tested the Na, ; V5079 using
scanning calorimetry (DSC), because DSC is an important
tool for evaluating amorphous phase transitions [34]. The
DSC test result was shown in Fig. 2c; the curve has a distinct
endothermic peak at 590 °C and the starting inflection point at
550 °C, which means the amorphous transformation begins at
550 °C. Therefore, the sample calcined at 550 °C has an
amorphous state, so the crystallinity of the NVOS550 sample
is lower than that of the NVO500 sample. Combined with the
XRD test results (Fig. 2a), there were only one phase when
Na, 1 V3079 samples were calcination at different tempera-
tures. XPS test was conducted to obtain important information
for exploring the surface molecular and electronic structure
and the elemental valence state of the prepared NVO500 sam-
ples. As shown in Fig. 3, two well-forming peaks were found
at 517.2 and 524.7 ¢V in the V2p core level spectrum; these
peaks are ascribed to the spin-orbit splitting of the compo-
nents, namely, V2ps, and V2p, ., respectively [35]. In Fig.
3, the dominant core level at 517.2 eV is consistent with the
literature values for V>* (V2p;p) in V,05 or other vanadates

Table 1 Lattice parameter and crystallinity of Na; 1 V3054 at different calcination temperatures

Sample Space group a(A) b(A) c(A) Crystallinity Peak area of the (002) plane
NVO0350 P21/m(11) 12.7990 8.2116 14.0649 37.61% 2966

NVO400 P21/m(11) 12.7765 8.1971 14.0736 39.16% 3487

NVO450 P21/m(11) 12.8593 8.3884 14.1077 65.77% 4828

NVO500 P21/m(11) 12.9094 8.3803 14.1231 79.92% 12,387

NVOS550 P21/m(11) 12.8194 8.2806 14.1764 51.62% 16,429
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Fig. 3 XPS spectrum of V 2p of NVOS500 sample

[36]. The satellite core level at 515.7 eV with a weak signal is
attributed to V** (V2ps,0) [37]. Also, the satellite core level at
524.7 and 523 eV corresponds to V>* (V2p,,) and V**
(V2py ), respectively [38]. The proportion of V>* and V** is
89.5% and 10.5%, respectively. These results agree well with
the presence of Na; V3079, which is consistent with the
XRD test results.

To better observe the micro-morphology of the powder
synthesized by calcination at various temperatures from 450
to 550 °C for 4 h, we characterized the topography of the
Na, ; V5079 sample by SEM. As shown in Fig. 4, the effect
of calcination temperature on the morphology was significant.
In Fig. 4a, the NVO450 sample is composed of nanoplates,

Fig. 4 SEM images of the as-
prepared Na, ; V3079 samples
calcined at different temperatures
for 4 h: (a) 450 °C, (b) 500 °C,
and (¢) 550 °C. TEM images of
the as-prepared Na; ; V3079 sam-
ple calcined at 500 °C for 4 h (d),
and the HRTEM image of

Na,; V307 (inset in d). The ele-
ment distribution mapping of the
(e) region is () Na, (g) V, (h) O,
respectively
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with a thickness of about 100 nm and length of several micro-
meters. At the calcination temperature of 500 °C (Fig. 4b), the
nanoplates become thicker, and the length of nanoplates in-
creases significantly. At the calcination temperature of 550 °C,
the nanoplates consist of partial fragments and long microm-
eter rods with the disordered arrangement (Fig. 4c). As the
calcination temperature increases, the size of the sample in-
creases dramatically. The TEM images for the NVO500 sam-
ples are recorded in Fig. 4d. The edges of a single nanoplate
are stepped, and the crystals grow in a stepwise and layered
manner. The growth pattern will result in preferential growth
in the direction of the c-axis, consistent with the XRD results.
The HRTEM tests on a single NVOS500 sample [Fig. 4 (inset
in d)]. The HRTEM images of individual nanoplates show
organized lattice fringes with spacings of 0.6 and 0.2 nm,
which can be indexed to the (002) and (400) planes of the
monoclinic Na; V505 structure, respectively, consistent
with the crystal structure calculations (Fig. 2a). The element
distribution mapping test was performed in the area of Fig. 4e,
and as shown in Fig. 4 (f-h), Na, V, and O elements were
uniformly dispersed.

Figure 5a shows the cycling performance of the
Na; V3079 samples calcined at different temperatures at
100 mA g '. The initial discharge specific capacities of the
NVO0450, NVO500, and NVO550 samples are 147, 205, and
150 mAh gfl, respectively, and remained at 31, 195, and 167
mAh g ! after 150 cycles. The capacity retention rates of the
NVO0450, NVO500, and NVO550 samples are 21%, 95%,
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and 112%, respectively. Figure 5b shows that the Na; ; V3059
samples exhibit excellent cycle stability at a current of
300 mA g '. After 200 cycles, the discharge specific capaci-
ties of the NVO450, NVO500, and NVO550 samples are 96,
141, and 129 mAh g ', and the corresponding capacity

e .h
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Fig. 6 Lithium-ion transmission mechanism model diagram
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retention rates are 75%, 92%, and 94%, respectively.
Obviously, the NVO500 sample has the highest specific ca-
pacity, and the NVOS550 has the best capacity retention, which
consistent with the crystallinity and c-axis length of the as-
prepared Na; V3079 samples at different temperature (Fig.
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2b), respectively. Figure Sc displays the galvanostatic charge-
discharge voltage profiles of the Na; ; V307 4 electrode at var-
ious current densities (from 50 mA g ' to 500 mA g '). Three
distinct plateaus were observed in each charge-discharge pro-
file, corresponding to the conversion of the vanadium valence
state. At high current densities, the sharp drop in the discharge
specific capacity of the NVOS500 sample is due to the polari-
zation of the electrodes, leading to a reduction in the specific
capacity [39]. Figure 5d shows the rated capacity of the
NVOS500 sample with current densities varying from
50 mA g ! to 500 mA g '. The discharge capacity after the
10th cycle is 203.1, 194.7, 175.5, 150.9, and 135.2 mAh gf1 at
50, 100, 200, 300, and 500 mA gfl, respectively. When the
current density abruptly returns to 50 mA g ', the capacity
recovers to 204.7 mAh g, reflecting the excellent reversibil-
ity and rate capability of the electrode in which made of
NVOS500 sample. Figure 5e shows the first five successive
CV curves of the NVO500 sample at a scan rate of
0.1mVs ! from 1.5 V to 4.0 V. Three cathode peaks observed
at 3.6, 3.1, and 2.4 V versus Li/Li* related to Li* ion interca-
lation. Also, three anode peaks were retrieved at 2.75, 3.3, and
3.8 V versus Li/Li*. The position of the cathode/anode peaks
is consistent with the discharge/charge plateaus in Fig. 5c. The
results show that during the discharging/charging process, the
valence state of vanadium continuously changes during the
insertion and extraction of Li/Li* in the electrode
Na; 1 V307, resulting in a multiple-phase reversible transfor-
mation processes [13]. The cyclic voltammogram is similar,
indicating the superior reversibility of the Na; ; V307 ¢ sample.
Figure 5f shows the Nyquist plot of different samples calcina-
tion at different temperatures. The NVO450, NVO500, and
NVOS550 samples exhibit a similarly shaped electrochemical
impedance spectrogram, where a semicircle and a straight line
were detected in the high- and low-frequency regions, respec-
tively. The semicircle of the NVO500 sample is the smallest,
which indicates that the sample has low electrochemical reac-
tion resistance but excellent electron conduction and lithium-
ion migration rates. The excellent crystallinity of the sample
will increase the reaction kinetics, resulting in a better cycle
and capacity performance.

The electrochemical performance of the Na; 1 V5079 sam-
ples relates to the crystalline structure. The schematic diagram
of lithium-ion transmission mechanism was shown in Fig. 6,
the c-axes of the unit cell become longer with calcination
temperature increased, so the layer spacing among the vana-
dium oxide polyhedron becomes larger. Thus the larger cavity
was formed in the b-axis direction. Lithium ions are mainly
transported and diffused in the monoclinic layer (b-axis direc-
tion), so the larger layer spacing, more advantageous for
lithium-ion transport, the smaller damage of lithium ions to
the crystalline structure. Therefore, the larger the layer spacing
of the c-axis, the higher the sample capacity retention ratio,
such as the NVO550 sample, which consistent with Fig. 2b
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and Fig. 5a-b. However, due to the amorphous transformation
begin at 550 °C (Fig. 2¢), the lattice structure was damaged
when the calcination temperature raised to 550 °C. The for-
mation of the amorphous state blocked the transport path of
lithium ions, so the redox reaction is not complete during the
charging/discharging process.

Conclusion

In summary, the Na; ; V3079 nanoplates were synthesized by
the sol-gel method and then calcined at different temperatures.
The crystallinity and the lattice parameter of Na; ; V305 4 cath-
ode materials were calculated by XRD results, the maximum
crystallinity Na; ; V5079 sample was calcined at 500 °C, and
the maximum length of c-axis was calcined at 550 °C. The
DSC test result confirmed that the amorphous transformation
begins at 550 °C. The XPS results agree well with the pres-
ence of Na; ; V5059, which is consistent with the XRD test
results. The electrochemical results show that the sample cal-
cined at 500 °C has the highest specific capacity because of
the most excellent crystallinity. The lattice parameter and cy-
cling performance results show that the length of c-axis in-
creases with the calcination increases, the larger layer spacing
of the c-axis, the higher sample capacity retention ratio, and
then the damage of the lithium-ion to the structure during
charging/discharging is smaller, thus maintaining excellent
cycle stability.
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