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ctrochemical performances of
Na3V2(PO4)2F3/C composites as cathode materials
for sodium ion batteries

Mingxue Wang,a Xiaobing Huang, *b Haiyan Wang,a Tao Zhou,*a Huasheng Xiec

and Yurong Ren*d

Na3V2(PO4)2F3 (NVPF) with NASCION (Na superionic conductor) is recognized as a potential cathode

material owing to its high theoretical capacity. However, the electronic conductivity of NVPF is much

lower than its ionic conductivity, which seriously affects the properties of this material. The carbon layer

can be used as the conductive medium to enhance the conductivity of NVPF. In this study, we propose

a single-step solid-state reaction method based on mechanical activation with pitch as the carbon

source to synthesize NVPF/C composites. The crystallographic structure and morphology of all as-

prepared samples were investigated by XRD, Raman spectroscopy, BET measurement, thermal analysis,

SEM and TEM. Furthermore, the electrochemical performance and kinetic properties were analyzed by

CV, galvanostatic charge–discharge and EIS tests. These tests outcomes demonstrated that the NVPF/C-

2 composite with a carbon content of 12.14 wt% showed an excellent rate performance and cycle

stability. It presented reversible capacities of 103 and 95 mA h g�1 at 0.2 and 10C, respectively, and an

outstanding retention of 91.9% after 500 cycles at 5C. These excellent properties of the NVPF/C-2

composite are attributed to its high ion diffusion coefficient and small charge transfer impedance.
1. Introduction

With the realization of the smart grid, the large-scale energy
storage system has become a pivotal issue of power grid tech-
nology development.1 Among all storage systems, the lithium
ion battery is widely employed in electronic devices owing to its
high energy density and long cycle life. However, with the
application of the large-scale energy storage systems, limited
lithium resources will face the bottleneck of shortage.2 There-
fore, the urgent challenge is to develop a kind of lithium ion
battery substitute with exceptional comprehensive properties.3

Sodium ion batteries are considered as one of the potential
batteries for energy storage applications due to their advantages
in price and reserves.2 In particular, sodium ion batteries have
a similar working principle and mechanism to lithium ion
batteries. However, the volume variation in Na ion insertion/
ent and Clean Utilization of Manganese
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extraction is larger than that of Li ion insertion/extraction,
which results in a poor cycle and rate performance of the
sodium ion batteries. Therefore, research on suitable electrode
materials for sodium ion batteries is a pivotal step toward its
future applications.

With the study of cathodematerials for sodium ion batteries,
uorophosphates are brought into focus owing to their high
working potential and stable structure.4 Fluorophosphate
materials, such as NaVPO4F,5,6 Na2MPO4F (M ¼ Fe and Co),7,8

Na3V2(PO4)2F3,9–11 Na3V2O2(PO4)2F,12,13 have been used as
candidates for traditional oxide cathodes. Among all uo-
rophosphate cathode materials, Na3V2(PO4)2F3 (NVPF) with
NASCION (Na superionic conductor) is recognized as a potential
cathode material owing to its high theoretical capacity. It
possesses a good theoretical capacity of 128 mA h g�1 and
a high average working voltage of 3.9 V.14–16 In addition, NVPF
also possesses a three-dimensional structure comprising
a [V2O8F3] bi-octahedral and [PO4] tetrahedral.15,17 This crystal
structure can provide three-dimensional ion transport tunnels
that have the ability to quickly insert and extract Na ions.18 In
addition, this material has better stability and a higher poten-
tial plateau than Na3V2(PO4)3 because of the frame structure
formed by the PO4

3� polyanion and the strength of the F� ion.
Although NVPF has many advantages, it also has some serious
drawbacks. The electronic conductivity of NVPF is much lower
than its ionic conductivity, which seriously affects the proper-
ties of the material, particularly at high rates.18,19 Therefore,
This journal is © The Royal Society of Chemistry 2019
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improving the rate performance of the NVPF material is one of
the keys to improving its commercialization.

Nowadays, reducing material particle size,20,21 doping with
other ions22,23 and carbon layer coating9,24 are the three main
strategies that have been utilized to overcome the drawback of
the NVPF material. Among these strategies, coating a conduc-
tive carbon layer on the surface of NVPF is one of the effective
methods to enhance its conductivity. NVPF/C with carbon
sources, such as acetylene black powders,16 citric acid18,25 and
oxalic acid,10 have been recently reported, and the electro-
chemical performances of these materials were successfully
improved. It is well-known that the coated carbons obtained
from the pyrolysis of the aforesaid carbon sources are usually
non-graphitized. In our previous report, a functionalized
aromatic pitch has been veried to produce highly graphitized
carbon with better electronic conductivity, giving rise to higher
electrochemical properties of the electrode material.26 Similar
to this strategy, pitch is used as a carbon source to construct
NVPF/C composites. It is expected that the fabrication of the
NVPF/C composites will result in good electrochemical perfor-
mance. Among many preparation methods, the single-step
solid-state reaction method is economical. In this study, we
propose a single-step solid-state reaction method based on
mechanical activation with pitch as the carbon source to
synthesize NVPF/C composites.
Fig. 1 TG curves of NVPF/C composites.
2. Experiment

A schematic on the preparation of the NVPF/C composites is
shown in Scheme 1, and the detailed procedures are as follows.
The samples were prepared via a single-step solid-state reaction
method based on mechanical activation with NaF (99.9%,
Aladdin), NH4VO3 (99.9%, Aladdin), NH4H2PO4 (99%, Aladdin)
and pitch as the raw materials. First, a certain amount of pitch
(0.75 g, 1 g or 1.25 g), 0.045 mol NaF, 0.03 mol NH4VO3 and
0.03 mol NH4H2PO4 were dispersed into acetone and sent to
a planetary ball-milling at 500 rpm for 6 h. Second, the solvent
was then removed from the obtained slurry at 60 �C for 3 h, and
the powder was obtained. Finally, the powder was calcined in
a microwave tube furnace at 700 �C for 15 min under owing
argon gas to produce black NVPF/C composites. The NVPF/C
composites synthesized from 0.75 g, 1 g and 1.25 g of pitch
Scheme 1 Preparation schematic of NVPF/C composites.

This journal is © The Royal Society of Chemistry 2019
are expressed as NVPF/C-1, NVPF/C-2 and NVPF/C-3,
respectively.

The crystallographic structure of the sample was investigated
by X-ray diffraction (DY1219) in the range of 10–80�. The
morphology of the samples was characterized by scanning
electronmicroscopy and transmission electronmicroscopy. The
carbon content of the NVPF/C samples was determined via
a thermogravimetric analysis meter at 10 �C min�1 from room
temperature to 800 �C. Raman spectroscopy was performed on
a Raman spectrometer (Jobin Yvon-Horiba) with Ar-ion laser
excitation. The specic surface area wasmeasured by Brunauer–
Emmett–Teller measurement (Builder SSA-4200) at �196 �C.

The electrochemical performances of the sample were eval-
uated using a CR2032 coin cell. The cathode electrode consisted
of 80 wt% NVPF/C, 10 wt% Super-P and 10 wt% LA-132 binder,
and aluminum foil as the current collector. CR2032 cells were
assembled in an argon-lled glove box with sodium pieces as
the anode. In addition, the separator was a glass ber (What-
man GF/C) and the electrolyte was 1 M NaClO4 dissolved in
a solvent of EC/DMC/EMC (1 : 1 : 1 in volume) and FEC (2 wt%).
Galvanostatic charge/discharge cycling tests were performed in
the voltage range of 2–4.5 V. The cyclic voltammetry curves were
tested on a CHI electrochemical workstation (CHI760E) at
0.2 mV s�1 and 1.5–4.5 V. Electrochemical impedance
RSC Adv., 2019, 9, 30628–30636 | 30629
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Fig. 2 XRD patterns of NVPF/C composites. Fig. 3 Raman spectra of NVPF/C-2 composites.
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spectroscopy was performed on an electrochemical workstation
from 10�2 Hz to 105 Hz with 5 mV.
Table 1 Electronic conductivity of NVPF/C composites

Sample
Electronic conductivity
(S cm�1)

NVPF/C-1 1.13 � 10�4

NVPF/C-2 3.48 � 10�4

NVPF/C-3 5.35 � 10�4
3. Results and discussion

The carbon contents for the three samples were estimated via
TG measurement, and the TG curves of the NVPF/C composites
are exhibited in Fig. 1. The carbon contents of the three
composites were about 8.6, 12.1 and 15.2 wt%. XRD of the three
samples was performed, and the patterns are presented in
Fig. 2. The diffraction peaks of the three obtained samples are
consistent with the JCPDS data (PDF#04-012-2207) and litera-
ture,16 demonstrating that the powder is well-crystallized and
indexed to the tetragonal symmetry with the P42/mnm space
group. No impurity peaks were observed, which suggests that
the carbon coating is mainly amorphous.9 In addition, there
was no signicant difference among the three NVPF/C samples,
except for the peak intensity. As the carbon content increases,
the peak intensity of the as-preparedmaterials becomes weaker,
which suggests that a much smaller crystallinity of the material
is obtained with the increase in the carbon content.

To further identify the degree of graphitization in the NVPF/
C composites, the presence of amorphous carbon was deter-
mined by Raman spectroscopy and the results are shown in
Fig. 3. Two prominent peaks at 1352 cm�1 and 1593 cm�1 are
assigned to structural defects (disordered carbon) and graphitic
structures (crystalline graphitized carbon), respectively.9 As re-
ported, ID/IG is a measurement criterion for the disorder degree
or the relative number of defects in the carbon structure.9,27 In
light of the results obtained from the Raman spectrum, the ID/IG
value of carbon in the NVPF/C-2 composite is calculated to be
0.97. As reported, the ID/IG value of carbon in NVPF@C prepared
with citric acid and oxalic acid is 1.084 (ref. 9) and 1.973,10

respectively. The above results show that the less disordered
carbon is obtained from the pyrolysis of pitch. Also, the
formation of the carbonous framework in the NVPF/C-2
composite helps to improve its electrical conductivity. The
30630 | RSC Adv., 2019, 9, 30628–30636
electronic conductivity of the NVPF/C composites is presented
in Table 1, and an improved electronic conductivity of the
NVPF/C composite is observed with the increase in the carbon
content.

The morphology of the composites was characterized by
SEM, and the SEM images of the three NVPF/C samples are
represented in Fig. 4. As illustrated in Fig. 4, the particle size of
the material became smaller with the increase in the carbon
content, suggesting that more carbon coated on the surface of
the NVPF particles will be conducive to hindering the growth of
the particles. Also, the tendency of the nanoparticle aggregation
can be observed in three samples. Fig. 5 exhibits the TEM
images of the NVPF/C-2 composite. From the TEM images, the
uniform covering layer of carbon is about 16 nm on the NVPF
particle surface. As observed from Fig. 5c, there are lattice
fringes in the particles with a diameter of about 0.535 nm,
which corresponds to the interplanar spacing of the (002)
planes.

The specic surface area of the NVPF/C composites was
investigated via BET. The nitrogen adsorption and desorption
isotherm plots are shown in Fig. 6. The specic surface area of
the three composites was about 6.9, 18.2 and 18.3 m2 g�1. The
specic surface area tends to increase with the increase in the
carbon content and accordingly, the ion diffusion and the
electrolyte penetration are promoted.21

For the sake of the carbon coating effect assessment on the
electrochemical performance, CV was performed at 0.2 mV s�1

and 1.5–4.5 V, and the results are depicted in Fig. 7. Three pairs
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM images of NVPF/C composites: (a) NVPF/C-1, (b) NVPF/C-2, (c) NVPF/C-3.
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of sharp redox peaks of all NVPF/C composites at about 3.46/
3.18 V, 3.75/3.69 V, 4.23/4.11 V are observed in the CV curves. In
combination with previous references,9 the CV features can be
explained as follows: the Na ions at Na(2) with a high chemical
potential are less stable than at Na(1), indicating that the
extraction/insertion of Na ions will be carried out at an earlier or
later stage of charge–discharge. Half of the Na(2) ions will be
extracted, and the Na2.5V2(PO4)2F3 conguration will be reor-
ganized to a stable state. The le Na(2) ions are more stable and
harder to extract, which results in a higher voltage for the redox
peak. Thus, the rst two pairs of redox peaks located at 3.46/
3.18 and 3.75/3.69 V correspond to the extraction/insertion of
This journal is © The Royal Society of Chemistry 2019
the Na(2) ions.10 Similar to the analysis of the reorganization,
the distance between the Na(1) ions is increased aer the rst
ion extraction. The extraction of the Na(1) ion at the higher
potential produces a third pair of redox peaks located at 4.23/
4.11 V. The peak and difference potentials of the NVPF/C
composites are presented in Table 2. NVPF/C-2 shows the
smallest redox potential difference, indicating that NVPF/C-2
has the least polarization.

The charge–discharge proles of the NVPF/C composites at
0.2C are presented in Fig. 8. The initial discharge capacity of
NVPF/C-1, NVPF/C-2 and NVPF/C-3 at 0.2C is about 101.7, 130
and 97.6 mA h g�1, respectively. Obviously, NVPF/C-2 shows
RSC Adv., 2019, 9, 30628–30636 | 30631
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Fig. 5 TEM images of NVPF/C-2 composite with different magnification.

Fig. 6 Nitrogen adsorption and desorption isotherm of NVPF/C composites: (a) NVPF/C-1, (b) NVPF/C-2, (c) NVPF/C-3.
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a higher specic capacity among the three NVPF/C composites.
The charge–discharge curves possess three separate reduction
plateaus at about 4.2, 3.7 and 3.4 V, corresponding to the
characteristic V4+/V3+ redox couple.28 Consistent with the
conclusion from the cyclic voltammetry results, three pairs of
peaks were produced owing to the division of the Na(2) ion
extraction/insertion into two steps.17 Obviously, the voltage gap
between the charging and discharging plateaus of the NVPF/C-2
Fig. 7 CV curves of NVPF/C composites: (a) NVPF/C-1, (b) NVPF/C-2 an

30632 | RSC Adv., 2019, 9, 30628–30636
electrode is narrower than those of NVPF/C-1 and NVPF/C-3,
which indicates that it has the faster diffusion rate for Na+

and enhanced redox kinetics.9

The cycle and rate performance of the NVPF/C composites
were studied using CR2032 coin cells. As shown in Fig. 9a, the
NVPF/C-2 delivered a discharge capacity of 103, 101.5, 99.8,
98.2, 96 and 95 mA h g�1 at 0.2, 0.5, 1, 2, 5 and 10C, respectively.
The electric polarization of the battery enhanced with the
d (c) NVPF/C-3.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Peak and difference potentials of NVPF/C composites

Sample NVPF-1 NVPF-2 NVPF-3

EA1 (V) 3.455 3.455 3.497
EA2 (V) 3.750 3.748 3.757
EA3 (V) 4.235 4.225 4.236
EC1 (V) 3.177 3.202 3.151
EC2 (V) 3.589 3.605 3.574
EC3 (V) 4.125 4.117 4.090
DEA1–C1 (V) 0.278 0.253 0.346
DEA2–C2 (V) 0.161 0.143 0.183
DEA3–C3 (V) 0.110 0.108 0.146

Fig. 8 Charge–discharge profiles of NVPF/C composites at 0.2C.
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increase in the current density. In spite of this, the charge and
discharge plateaus can be clearly distinguished. From Fig. 9b,
the specic capacity of the three samples almost recovered to
the same capacity of the rst ten cycles when the current
returned to 0.2C, which indicates that the NVPF/C composites
have excellent reversibility. In addition, the rate performance of
Fig. 9 (a) Charge–discharge profiles of the NVPF/C-2 composite at vario

This journal is © The Royal Society of Chemistry 2019
NVPF/C-2 is superior to that of NVPF/C-1 and NVPF/C-3, which
is attributed to the following reasons: the electronic conduc-
tivity of the NVPF/C composite increases as the carbon content
increases.17 Furthermore, a larger specic surface area is
benecial to the ion diffusion, which gives rise to the perfor-
mance of NVPF/C-2 being better than that of NVPF/C-1.
However, serious nanoparticle aggregation can be observed in
samples with a carbon content that is too high, which hinders
the diffusion of Na ions. In addition, too much carbon will
hinder the penetration of the electrolyte solution and the
diffusion of Na+ in the carbon layers,29 which results in a sharp
degradation in the performance of NVPF/C-3.

To investigate the capacity retention properties of the NVPF/
C composites, the cycle performance was studied at 5C (Fig. 10).
As presented in Fig. 10a, NVPF/C-2 delivered a discharge
capacity of 96, 95, 93.9, 92.3, 90.3 and 88.2 mA h g�1 aer 1, 100,
200, 300, 400 and 500 cycles at 5C, respectively. The repeat-
ability of different cycles also shows that NVPF/C-2 has good
structural stability. The cycle performance of the NVPF/C
composites at 5C is presented in Fig. 10b. The rst cycle
capacity of the three samples at 5C is about 93.7, 96 and
88 mA h g�1. Aer 500 cycles, the capacity retention is about
90.1%, 91.9% and 88.1% for the three samples. The results
above indicate that the NVPF/C-2 sample showed a better
capacity retention than the NVPF/C-1 and NVPF/C-3 samples.

To further illustrate the improved properties of the moder-
ately carbon-coated samples, the kinetic properties of the
composites were investigated by EIS analysis, which was
measured aer 10 cycles. Nyquist plots and the equivalent
circuit diagram tted by the ZSimpWin soware are presented
in Fig. 11. The intercept in low frequency indicates an internal
resistance (RS) involving resistance of the electrolyte and elec-
trode.30 The dimension of the semicircle represents the transfer
resistance (RCT) between the electrolyte and the electrode.2 ZW
represents the Warburg impedance of the sodium ion diffusion
within the electrode.29 The diffusion coefficient is calculated
using the following equations:

D ¼ R2T2/2A2n4F4C2s2
us current densities; (b) rate performances of the NVPF/C composites.

RSC Adv., 2019, 9, 30628–30636 | 30633
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Fig. 10 (a) Charge–discharge profiles of the NVPF/C-2 composite at various cycle numbers; (b) cycling performance of the NVPF/C composites
at 5C.

Fig. 11 Nyquist plots of the NVPF/C composites.

Fig. 12 The relationship curve between Z0 and u�1/2 of the NVPF/C
composites.

Table 3 Impedance parameters of the NVPF/C composites

Sample RS (U cm�2) RCT (U cm�2)
s

(U cm2 s�1/2) D (cm2 s�1)

NVPF/C-1 8.59 409.41 20.34 2.13 � 10�12

NVPF/C-2 8.48 345.52 17.98 2.71 � 10�12

NVPF/C-3 8.73 495.27 35.60 6.94 � 10�13

30634 | RSC Adv., 2019, 9, 30628–30636
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where R is the gas constant, T is the absolute temperature, A is
the cathode surface area, n is the number of electrons per
molecule during oxidation, F is the Faraday constant, C is the
sodium ion concentration and s is the Warburg factor related to
Z0.

Z0 ¼ RS + RCT + su�1/2

where u is the angular frequency. The relationship curves
between Z0 and u�1/2 and the corresponding tted straight line
are given in Fig. 12. All parameters from the Nyquist plots are
presented in Table 3. NVPF/C-2 exhibits a lower RCT than NVPF/
C-1 and NVPF/C-3, which indicates that a moderate carbon coat
greatly promotes the reaction interface kinetics. Furthermore,
the ion diffusion coefficient (D) of the three composites is 2.13
� 10�12, 2.71 � 10�12 and 6.94 � 10�13 cm2 s�1. The sodium
ion diffusion coefficient of NVPF/C-2 is higher than those of
NVPF/C-1 and NVPF/C-3, which means that the sodium ions
entering the electrodes are the fastest for NVPF/C-2 as a cathode
material.31

4. Conclusion

An NVPF/C cathode material with pitch as a carbon source was
synthesized via a solid-state method at an optimum tempera-
ture of 700 �C, and the electrochemical performance and kinetic
properties were investigated. These test outcomes demon-
strated that the NVPF/C-2 composite with a carbon content of
12.14 wt% showed an excellent rate performance and cycle
This journal is © The Royal Society of Chemistry 2019
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stability. NVPF/C presented a capacity of 103 and 95 mA h g�1 at
0.2 and 10C, respectively, and had an outstanding retention of
91.9% aer 500 cycles at 5C. These excellent properties of the
NVPF/C-2 composite are attributed to the high ion diffusion
coefficient and small charge transfer impedance. Therefore, the
preparation of NVPF/C with pitch has good prospects for Na-ion
rechargeable batteries.
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