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Off-stoichiometric Naz_z,V>,,(PO4)3/C
nanocomposites as cathode materials for high-

performance sodium-ion batteries prepared by
high-energy ball millingt
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NazV,(POy4)s (NVP) is regarded as a promising cathode material for sustainable energy storage applications.
Here we present an efficient method to synthesize off-stoichiometric Naz_z,V,4(PO4)3/C (x = 0-0.10)

nanocomposites with excellent high-rate and long-life performance for sodium-ion batteries by high-
energy ball milling. It is found that Nas_3,V2,,(PO4)3/C nanocomposites with x = 0.05 (NVP-0.05) exhibit
the most excellent performance. When cycled at a rate of 1C in the range of 2.3-3.9 V, the initial
discharge capacity of NVP-0.05 is 112.4 mA h g% which is about 96% of its theoretical value
(1176 mA h g1). Even at 20C, it still delivers a discharge capacity of 92.3 mA h g~ (79% of the
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theoretical capacity). The specific capacity of NVP-0.05 is as high as 100.7 mA h g~ after 500 cycles at

5C, which maintains 95% of its initial value (106 mA h g~2). The significantly improved electrochemical

DOI: 10.1039/c8ra02843e

rsc.li/rsc-advances diffusion coefficient.

1. Introduction

Developing clean and renewable energy has become one of the
most important scientific and engineering tasks because of
increasing environmental concerns and energy shortages."?
Among all energy storage systems, lithium ion batteries (LIBs)
have been regarded as the best choice because of their high
voltage, high energy density, and environmental friendliness.*
However, the ability of LIBs has been doubted due to the ever
increasing demand and limited lithium reserves in the Earth's
crust. Sodium ion batteries (SIBs) have attracted more attention
due to their attractive features, such as high safety, low cost,
abundant sodium resources, etc.*” Na;V,(PO,); (NVP) has been
considered as a promising SIB cathode material with an open
NASICON framework wherein the sodium ions could diffuse
quickly through the interstitial sites reversibly without resulting
in a large volume change of the crystalline structure.®**° These
features make NVP a very promising potential cathode material
for high-performance SIBs. However, NVP has very low
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performance of NVP-0.05 is attributed to the decrease of internal resistance and increase of the Na™ ion

electronic and Na' ion conductivity.!*"** The theoretical capacity
is not fully available even at comparatively low rates, which is
a major drawback for practical applications. Therefore, many
efforts have been made to improve the charge carrier transport
kinetics in NVP by modifying NVP by carbon coating and ion
doping.***® Carbon coating is a common method to improve the
electronic conductivity of cathode materials. And it can keep the
structural integrity of the electrode materials during the
repeated charge and discharge processes, which greatly benefits
cycle stability. Recently, many studies on carbon wrapped
Na;V,(PO,4); composites have been reported.”?' In addition,
doping with metallic ions has been proved to be an effective way
in improving the intrinsic electronic conductivity in SIBs.**¢
Recently, the effects of off-stoichiometry have been widely
studied in cathode materials. Byoungwoo Kang et al. proposed
that a fast ion-conducting surface phase is formed by control-
ling the off-stoichiometry in LiFePO,.”” The fast kinetic
response induced by off-stoichiometry is attributed to the
decrease of the battery resistance. Maryia J. Aragon et al. studied
the effect of sodium excess on Nag.3,V, (PO,); (0 =x =0.15) as
cathode materials for SIBs.>® The synergic combination of the
presence of Na,P,0, impurities and the structure deviation lead
to an improvement of the electrochemical performance, espe-
cially cycling stability at high rate, compared with the stoi-
chiometric NVP. In the following work, they prepared
Naz_3,V,.x(PO4); by sol-gel method to detect the effect of
vanadium excess on the structure, morphology, and
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electrochemical properties.” The rate performance of Naz_3,-
V,.x(POy)3 is significantly improved than that of Naz.3,V, -
(PO,)s. However, both the high rate performance and cycling
stability need further improved, especially the capacity
decreased fast even after 300 cycles. High-energy ball milling
has been widely used in the field of LIBs and SIBs.*>*' The ball
milling process results in an intimate mixture of reactants in
a short time and creates fresh surfaces with defects on the
surface of the powders, resulting in the modification of the
electrochemical performance of electrode material.**** In
addition, the ball milling process represents a low cost process
with high flexibility for the manufacture of nano-structured
composites. Yaoqin Hu et al. compared LiFePO, cathode
synthesized by sol-gel and ball milling method and found that
ball milled LiFePO, has higher discharge capacity during gal-
vanostatic cycling at low to moderate discharge rates.*
Furthermore, Mobinul Islam et al. obtained improved perfor-
mance of porous LiFePO,/C as cathode in LIBs processed by
high-energy ball milling comparison with conventional ball
milling method.** Previously, we have demonstrated that the
incorporation of high-energy ball milling can significantly
improve the electrochemical performance of the cathode
materials Liz_3,V,.(PO,4)3 for LIBs.***® Thus, in this work, we
adopt the high-energy ball milling to prepare the off-
stoichiometric Naj_3,V,.(PO4);. The higher rate perfor-
mances and more stable cycle properties have been achieved,
which is attributed to the decreased internal resistance and
increase of Na' ion diffusion coefficient.

2. Experimental

2.1. Synthesis of Na;_5,V,:,(PO,); (x = 0-0.10) composites
(NVP-x)

NVP-x composites were synthesized by solid state reaction.
5 mmol NVP-x composites were synthesized by mixing Na,CO;
(AR, =99.8%), NH,VO; (AR, =99.0%), NH,H,PO, (AR, =99.0%)
and citric acid (AR, =99.5%) with molar ratio of 1.5-1.5x:2 +
x : 3 : 2 (For NVP-0, 0.7949 g Na,CO3, 1.1698 g NH,VO;, 1.7253 g
NH,H,PO, and 2.1014 g citric acid; for NVP-0.05, 0.7552 ¢
Na,CO3, 1.1990 g NH,VO;, 1.7253 ¢ NH,H,PO, and 2.1014 g
citric acid; for NVP-0.10, 0.7154 g Na,CO3, 1.2283 g NH,VO3,
1.7253 g NH,H,PO, and 2.1014 g citric acid). Then the mixtures
were blended and high-energy ball milled for 30 minutes in
ethanol media. The mixtures were dried at 80 °C for 12 h and
then transferred to a quartz tubular furnace and heated at
400 °C for 6 hours in Ar flow. After that, the precursors were
high-energy ball milled again, and finally calcined at 750 °C for
8 hours in Ar flow.

2.2. Structural characterizations

X-ray diffraction (XRD, Rigaku Smartlab3) was employed to
characterize the structural properties of the samples. Scanning
electron microscope (SEM) and transmission electron micro-
scope (TEM) images were recorded by FEI Inspect F50 equipped
with an energy dispersive X-ray spectroscope (EDS) and FEI
Tecnai F20, respectively. X-ray photoelectron spectroscopy (XPS)
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was carried out by an X-ray photoelectron spectrometer (Ther-
moFisher SCIENTIFIC) with Al Ko X-ray source (hv = 1486.6 eV).

2.3. Electrochemical characterizations

The electrochemical performances were measured using
CR2025 coin cells assembled in a glove box filled with high pure
argon gas. The electrodes were prepared by putting the mixture
of 80 wt% NVP-x, 10 wt% acetylene black and 10 wt% poly-
vinylidene fluoride (PVDF) binder in an appropriate amount of
N-methylpyrrolidone (NMP). The slurry of mixture was coated
onto an aluminum foil by a manually adjustable film-coating
equipment and then dried in a vacuum oven for 12 hours at
120 °C. Pure sodium metal was used as anode, glass fiber
membrane as separator, 1 mol L' NaClO; in ethylene
carbonate (EC): propylene carbonate (PC) (1 : 1 v/v ratio) as the
electrolyte. Galvanostatic charging/discharging tests were
measured at a voltage window of 2.3-3.9 V (vs. Na/Na') on
a NEWARE battery testing system at room temperature. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) spectra were tested with CHI 660A electrochemical
analyzer workstation (Chenhua, Shanghai, China).

3. Results and discussion

The XRD patterns of NVP-x (x = 0-0.10) are shown in Fig. 1a. All
the diffraction peaks can be indexed to the rhombohedral NVP
phase (PDF#53-0018), agreeing well with the previously reported
literatures.” No other phases appear in NVP-x (x = 0-0.10),
confirming the high phase purity. It is observed that a slight
shift to smaller angle of diffraction peaks with increasing the
deficient Na and excess V concentrations (Fig. 1b), indicating
the slight expansion of unit cell. The cell parameters are
calculated to be a = 8.717 A, c = 21.808 A, V= 1435.2 A® for NVP-
0,and a = 8.726 A, ¢ = 21.814 A, V = 1438.4 A® for NVP-0.05 and
a=28.748 A, c = 21.858 A, V = 1448.7 A® for NVP-0.10 (Table 1).
This slight expansion of lattice may make the Na* ions diffusion
into and out of NVP-x particles smoother, inducing the increase
of ionic mobility and enhancement of high-rate charge-
discharge characteristics. However, the excess V ions may locate
at the interstitial sites, instead of the lattice sites, which will
impede the transportation of Na* ions and the deterioration of
high-rate charge-discharge characteristics. These two effects
may compete with each other and contribute to the cell
performance.

Morphological study on NVP-x (x = 0-0.10) has been per-
formed by SEM, and the images are shown in Fig. 2. No
significant difference can be seen and all samples show good
uniformity in particle shape and size. TEM was conducted to
further study the particle morphologies of NVP-x nano-
composites, shown in Fig. 3a—c. It can be seen that the particle
size is in a broad range, and the biggest particle sizes of all
samples are about 500 nm. No significant dependence on the
off-stoichiometric concentration is observed. All the NVP-x
particles are separated by amorphous carbon shells with
thickness of around 3 nm (Fig. 3d-f). The HRTEM images
(Fig. 3g-i) show clear lattice fringes with d spacing of 0.3414,

This journal is © The Royal Society of Chemistry 2018
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Fig.1 (a) XRD patterns of NVP-x, (b) enlarged view of diffraction peaks, dashed line marks the position of peak from NVP-0 and shows the shift to

smaller angles with increasing x.

Table 1 Lattice parameters of NVP-x (x = 0-0.10)

Sample a (A) b (&) c (&) Vv (A%

NVP-0 8.717 8.717 21.808 1435.2
NVP-0.05 8.726 8.726 21.814 1438.4
NVP-0.10 8.748 8.748 21.858 1448.7

0.2772 and 0.3831 nm, which correspond to the (024), (116) and
(113) planes of rhombohedral NVP, respectively. EDS results of
NVP-x particles are shown in Table 2. It is observed that the
actual Na/V, Na/P and V/P ratio are close to that of designed Na/
V, Na/P and V/P ratio.

XPS was conducted to probe the valence state of Vin NVP-x. V
2p XPS peaks of NVP-x of various x are shown in Fig. 4a. Two
peaks at 515.93 eV and 523.16 eV can be observed for NVP-0,
which are attributed to V 2p;, and V 2p,),, respectively. The
binding energies are ascribed to V**, in well agreement with
previous reported NazV,(PO,);.* It is observed that V 2p peaks
of NVP-0.05 and NVP-0.10 shift to higher binding energy,
compared with that of NVP-0, indicating that the valence state
of V transfers from V** to Vv**, which is related to the vanadium
locating in a different local environment.*® Since P keeps the
valence state of +5, no shift of binding energy can be observed,
as shown the XPS spectra in Fig. S1 (ESIt). XPS spectrum of C 1s

is shown in Fig. 4b. The similar XPS spectra of C1s for NVP-x
(x = 0-0.10) indicates the similar structure of residual carbon,
which is not affected by off-stoichiometric composition.
Therefore, the effect of residual carbon on electrochemical
properties can be ignored.

The electrochemical properties of NVP-x (x = 0-0.10) elec-
trodes were performed by using 2025 coin half cells at room
temperature. Fig. 5a shows the galvanostatic charge/discharge
profiles of the NVP-x electrodes in the voltage range from 2.3
to 3.9 V vs. Na'/Na at 1C. It exhibits a pair of plateaus with
operating voltages at ca. 3.43 and 3.34 V for charge and
discharge for NVP-0. This pair of plateaus has been considered
as the insertion or extraction of Na' ions from the eight-fold
coordination sites, accompanying with the reversible oxida-
tion of the V**/V** redox couple.** Additional discharge plateau
is shown in Fig. 5a, which is attributed to the complete insertion
of Na ions and these two reduction reactions are consistent with
the CV results.*> The capacity of NVP-0.05 is 112.4 mA h g~ at
1C, which 1is about 96% of the theoretical
(117.6 mA h g~').” On the contrary, the discharge capacities of
NVP-0 and NVP-0.10 are 97.2 and 104.2 mA h g™, respectively.
Fig. 5b shows the rate performance comparisons of the three
nanocomposite electrodes. When cycled at a rate of 0.5C in the
window of 2.3-3.9 V, the initial discharge capacity of NVP-0.05 is
114.9 mA h g~', much higher than that of the other two. The

value

Fig. 2 SEM images of NVP-x, (a) x = 0, (b) x = 0.05, (c) x = 0.10.
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Fig. 3 TEM images of NVP-x under different magnifications, (a, d and g) x = 0, (b, e and h) x = 0.05, (c, f and i) x = 0.10.

Table 2 Na/V, Na/P, and V/P ratios of NVP-x (x = 0—0.10)

Na/V Na/P V/P
Samples NVP-x Calculated ratio Measured ratio Calculated ratio Measured ratio Calculated ratio Measured ratio
x=20 1.50 1.48 1.00 1.02 0.67 0.69
x = 0.05 1.39 1.31 0.95 1.00 0.68 0.70
x =0.10 1.29 1.29 0.90 0.93 0.70 0.72
(a) (b)

V2p 523.16 515.93 Ci1s 284.82
i Aj 0
523.36 516.00 284.86
x= 0.05
x= 0.05
523.38 516.12 284.87
w x=0.10

526 524 522 520 518 516 514 512 00 | o288 | 286 284 | 282 | 280
Binding energy (eV) Binding energy (eV)

Intensity (a.u.)
Intensity (a.u.)

Fig. 4 XPS core level spectra of NVP-x (x = 0-0.10), (a) V 2p, (b) C 1s.
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Fig. 5 (a) Charge/discharge profiles of the NVP-x (x = 0-0.10) electrodes at 1C. (b) Rate performance of NVP-x (x = 0-0.10). Life cycling

performance of NVP-x (x = 0-0.10) at 1C (c), 5C (d).

NVP-0.05 cathode exhibits the smallest capacity decay at each
rate. Even at 20C, a discharge capacity of 92.3 mA h g~ " (79% of
the theoretical capacity) is still delivered, much higher than that
of NVP-0 cathode (84.9 mA h g "), indicating the good high-rate
electrochemical performance. After rapid changes of the
current rate, the NVP-0.05 cathode shows stable capacities at
each state. When rate comes back to 0.5C, the capacity of
108.2 mA h g~ for NVP-0.05 cathode is recovered. Long-term
cycling stabilities of samples are subsequently shown in
Fig. 5c and d. The NVP-0.05 cathode shows an initial discharge
capacity of 112.4 mA h g, and delivers a remarkable capacity
of 109.5 mA h g~' after 100 cycles at 1C, corresponding to
capacity retention of 97%. Even after 500 cycles at 5C, the
specific capacity of NVP-0.05 is still as high as 100.7 mA h g™ *,
which maintains 95% of its initial capacity. A comparison

Table 3 A comparison between our work and the related works

between our work and the related works is listed in Table 3. It
can be clearly seen that the incorporation of high-energy ball
milling during the sample preparation significantly improve the
high rate performance and cycle stability. SEM experiments
were done to compare the morphological changes of the NVP-x
electrodes before cycling and after 100 cycles at 1C. As shown in
Fig. S2 (ESIt), there is no apparent difference among the SEM
images of the electrode before cycling and after 100 cycles at 1C.
Before cycling, a compact electrode consisting of the NVP-x
particles and acetylene black are observed. After 100 cycles at
1C, the electrodes still maintain integral. Thus, the results
suggested that the structures of NVP-x are stable and the
amorphous carbons are helpful to assist in buffering volume
change of Na ion insertion/extraction.

2C 5C 20C

Specific capacity(mA h g ")
Sample 2.3-3.9 V before (after cycles) Cycle number References
Naj.3,V,(PO,); made by sol-gel 95 88 74(67) 400 28
Naj 3, V2.4(PO,); made by sol-gel 105(75) 96 70 300 29
Naj 3, V5.x(PO,); made by ball mill 107 106(101) 92 500 This work
NazV,(PO,4)3/C made by self-combustion — 82 65 — 45
Porous Na3V,(P0O,);/C made by sol-gel — 98(87) — 100 43
Na;V,(PO,); nanofiber made by 110(97) — — 30 44
electrospinning
Na;zV,(PO,4);@C made by hydrothermal 102 95(91) 91 700 4

assisted sol-gel

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Cyclic voltammogram of NVP-x (a) x = 0, (b) x = 0.05, (c) x = 0.10 at different scan rates, (d) linear fitting of /, vs. vt

To further understand the relationship between electrode
kinetics for NVP-x nanocomposites and electrochemical
performance, CV and EIS were carried out. The CV profiles of
different scan rate for the NVP-x (x = 0-0.10) sodium-ion battery
without pre-cycling are displayed in Fig. 6 in the voltage range
2.3-3.9 V vs. Na/Na'. The reduction (Na' insertion) peaks and
oxidation (Na" extraction) peaks are located at 3.1 and 3.7 V,
respectively.*>*® The current of NVP-0.05 is the highest among
the three samples, implying its highest reversibility and fastest
kinetics during electrochemical reaction. The correlations
between the peak current densities I, and the square root of the
scan rate v'/* as presented in Fig. 6d, indicate a diffusion-
controllable process for electrode reaction. The corresponding

800

—a—x=0
—o—x=0.05
—4—x=0.10

T ]
800 1200

Z'(ohm)

¥ T
0 400 1600
Fig. 7 Nyquist plots of NVP-x (x = 0—0.10) before cycles.
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Na' ion diffusion coefficients Dy, of the three electrodes are
calculated by the Randles-Sevcik equation:*

I, = 2.69 x 10°0*2AC,D""*v'?

where I, is the peak current, n is the number of electrons
transferred of the reaction, A is the surface area of the electrode,
C, is the bulk concentration of sodium ions in the electrode
(2.35 x 107* mol em %), D is the diffusion coefficient of Na",
and v is the scanning rate. From the slope of the fitting line, the
apparent diffusion coefficient D of NVP-0.05 is 1.77 x 10~° cm?
s, higher than those of NVP-0 (1.00 x 10~° cm® s~ ') and NVP-
0.10 (1.23 x 1077 cm?® s~ ), respectively.

Fig. 7 shows Nyquist plots of impedance. The impedance
spectra of all electrodes consist of a single depressed semicircle
in the high frequency region and an inclined line at low
frequency, representing the charge-transfer resistance (R.;) and
the solid-state diffusion of ions in the active materials, respec-
tively. The NVP-0.05 electrode shows the smallest diameter for
semicircle in the Nyquist plots than those of NVP-0 and NVP-
0.10, indicating the lowest R, and better electronic conduc-
tivity. The fitting parameters are shown in Table 4.

Table 4 Fitting parameters of NVP-x (x = 0-0.10)

Samples R, Rt
NVP-0 4.704 1040
NVP-0.05 3.807 441.5
NVP-0.10 3.943 645.4

This journal is © The Royal Society of Chemistry 2018
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Thus, the excellent electrochemical performance of NVP-0.05
is ascribed to the increased Na" ion conductivity and decreased
resistance. Firstly, lattice volume expansion may make the Na*
ions diffusion into and out of NVP-0.05 particles easier, leading
to the increase of ionic mobility and enhancement of high-rate
charge-discharge characteristics. With increasing V excess to
0.10, though the lattice expansion is larger, too many V ions
locate at the interstitial sites instead of lattice sites will impede
the transportation of Na" ions, leading to the deterioration of
electrochemical performance. Secondly, the Na deficiency and V
excess may increase the valence state of V ions from +3 towards
+4. The proper tuning of the concentration of V** and V** may
facilitate the electron transport between the V** and V** ions
through the double exchange interaction, leading to the
decrease of resistance.” The above structural characterizations
demonstrate that Na deficiency and V excess with x = 0.05 is the
most appropriate which may induce the highest Na* diffusion
coefficient and electronic resistance, leading to the best cell
performance.

4. Conclusions

In summary, we have developed a simple method using high-
energy ball milling to prepare off-stoichiometric Naz_3,Voiy-
(PO4)s/C (x = 0-0.10) nanocomposites with excellent high rate
and cycle performance. Among them, Najz 3,V,.,(PO,)s/C
nanocomposites with x = 0.05 exhibit the best battery perfor-
mance. The capacity of NVP-0.05 is 112.4 mA h g~ " at 1C, which
is about 96% of its theoretical value. Long-term cycling perfor-
mance is conducted at the rate of 5C. Even after 500 cycles, the
specific capacity of NVP-0.05 is still as high as 100.7 mA h g™,
which maintains 95% of its initial capacity. The significant
improved electrochemical performance of NVP-0.05 has been
characterized to be due the decrease of internal resistance and
increase of Na' ion diffusion coefficient.
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