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An a-CrPO4-type NaV3(PO4)3 anode for sodium-ion
batteries with excellent cycling stability and the
exploration of sodium storage behavior†
Xiaofang Wang,af Pu Hu,be Lanli Chen,a Yan Yao,e Qingyu Kong,*c Guanglei Cui,*b
Siqi Shi*af and Liquan Chend
A novel a-CrPO4-type vanadium-based orthophosphate NaV3(PO4)3 was synthesized as a promising anode
material for Na-ion batteries, which exhibits a high reversible capacity of 140 mA h g!1 with the capacity
retention about 98% after 100 cycles. Furthermore, the electrochemical reaction mechanism, structure
evolution and ionic diﬀusion of NaV3(PO4)3 during the sodiation process were surveyed by the
combination of experiments and ﬁrst-principles calculations. Two diﬀerent Wyckoﬀ sites (4b, Na2 and
4c, Na3) which can accommodate more sodium ions, as well as the corresponding Na insertion process
were reported to understand the sodium storage mechanism in NaV3(PO4)3. The 3d-electron distribution
near the Fermi level for vanadium in diﬀerent valence states and sites (4a and 8g) in NaxV3(PO4)3 (x ¼ 1,
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2, 3) and the local electron transfer during the sodiation process were described to predict the transition

of the electrochemical properties. The cooperative-transport mechanism dominates the Na diﬀusion in
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NaxV3(PO4)3 (1 # x # 3) and the activation barrier for Na+ transport in Na1.125V3(PO4)3 (0.30 eV) is much
lower than that in NaV3(PO4)3 (1.28 eV), suggesting the fast-ion transport characteristics during the
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sodiation process and the strong stability of Na at the 4e site.

1. Introduction
Among all kinds of electrical energy storage devices, lithium ion
batteries (LIBs) have been widely used as a high-energy power
source for portable electronic devices and expected to enable
electric vehicles.1,2 However, limited lithium resources and the
steeply increased cost of lithium-based materials make it diﬃcult to meet the demand of large scale energy storage applications. Recently, investigations on sodium ion batteries (SIBs)
have rapidly increased due to the wide availability and low cost
of sodium, which can be an ideal alternative to solve the
problems of LIBs in large scale energy storage.3–5 Despite their
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potential benets, there still remain many practical problems in
the research and application of SIBs.6,7
Due to the large ionic radius of Na, the absence of suitable
anodes is a critical issue for the successful development of SIBs.
For instance, graphite, which has been widely used as an anode
material in LIBs, shows reversible electrochemical sodiation/
desodiation in the recently reported ether-based electrolyte.3,4,8
During the past few years, many attempts have been made to
identify suitable anode materials for SIBs.9–12 The reaction
mechanism of the anodes in SIBs can be divided into three
types: intercalation reaction, alloying reaction and conversion
reaction. Although electrode materials based on alloying (e.g.
Sn, Sb, Ge, P, etc.13–18) and conversion reactions (e.g. MaXb: M ¼
Mo, Fe, Cu; X ¼ S, Se, O, etc.19–22) generally have a high capacity
density, their inevitable large volume variations will lead to loss
of capacity and poor cycle performance.10,13 In contrast, insertion materials (i.e. various non-graphitic carbonaceous materials,9,12,23 metal oxides24 and polyanion compounds25) are more
promising as long cycling anodes for SIBs. Among them, transition metal phosphates with three-dimensional (3D) skeleton
structures have been extensively studied owing to their excellent
structural stability. For example, NASICON-type NaTi2(PO4)3,26
Na3V2(PO4)3 (ref. 27 and 28) and a-CrPO4-type Na2Ni2Fe(PO4)3
(ref. 29) have been reported as anode materials for SIBs, and
show high stability in long term charge–discharge cycles.
NaTi2(PO4)3 shows a large reversible capacity close to the
theoretical value (133 mA h g!1) with voltage plateaus of 2.1 V; it
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could be used as an anode material in aqueous as well as nonaqueous SIBs. Both Na3V2(PO4)3 (ref. 27, 30 and 31) and aNa2Ni2Fe(PO4)3 (ref. 29) were considered as dual positive/
negative electrode materials, because of their multistep potential plateaus or wide potential range. According to the report of
Jian et al.,28 two Na ions can be inserted into Na3V2(PO4)3 by two
processes. The insertion potential of the rst Na ion is about
1.6 V with a capacity of 59 mA h g!1, and the second Na ion
insertion potential is about 0.3 V with a capacity of 54 mA h g!1.
Although the mechanism is not clear, the capacity of a-Na2Ni2Fe(PO4)3 is much higher than the theoretical value (371 mA h
g!1) calculated from the reduction of one Fe3+ to Fe0 and two
Ni2+ to Ni0 during the rst discharge process in the voltage
range of 0.03–3 V. Therefore, phosphate based compounds with
3D structures can be promising anode materials with high
stability for SIBs.
Recently, an a-CrPO4-type vanadium-based orthophosphate,
NaV3(PO4)3, has been applied as an anode material for sodiumion batteries, exhibiting excellent cycling stability and rate
capability in the voltage range of 0–3.0 V (vs. Na/Na+) in our
previous report.32 However, many properties of NaV3(PO4)3 and
the evolution mechanism during Na+ insertion were not clear.
In this work, the microscopic structure as well as the evolution
process of NaV3(PO4)3 during the sodiation process were
investigated systematically by the combination of rstprinciples calculations and experimental design to reveal the
intrinsic characteristics of the material and better understand
the relationship between its properties and structure.
Synchrotron X-ray absorption spectroscopy, geometric relaxation and electronic structure calculation were applied to
understand the microscopic evolution process and the related
electrochemical behavior of NaxV3(PO4)3 (1 # x # 3). In addition, the sodium ion migration mechanism and energy barriers
were studied by using the climbing image nudged elastic band
(CINEB) method.

2.

Results and discussion

Fig. 1a depicts the experimental X-ray diﬀraction (XRD) pattern
of the as-synthesized NaV3(PO4)3 and the theoretical XRD
pattern based on the spin-polarized density functional theory
(DFT) calculations. All the diﬀraction peaks are indexed in an
orthorhombic system to the space group of Imma (no. 74) in the
framework of a-CrPO4-typed structures. The calculated diﬀraction peaks are in good agreement with the experimental results
except for the small deviation of the peak position along the
small angle direction, and the oﬀset is determined by the U–J
parameter which is used to reect the strong inductive eﬀect of
vanadium atoms. The inset gure in Fig. 1a shows the structure
of NaV3(PO4)3 projected onto the (001) plane. The framework of
NaV3(PO4)3 is constructed by V2P2O14 units and zigzag /O–P–
O–V–O–P–O/ chains, where the zigzag chains are parallel to
the V2P2O14 units along the b-axis and connect with the V2P2O14
units through corner-sharing with oxygen. The [V2P2O14] unit
consists of two VO6 octahedrons and two PO4 tetrahedrons, with
each VO6 octahedron sharing opposite edges with the other VO6
octahedron and one PO4 tetrahedron, while the zigzag chain is
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Fig. 1 (a) XRD pattern of the NaV3(PO4)3 sample and its structure
drawings viewed along the (b) b-axis and (c) c-axis. (d) The projection
of sodium ions and empty Wyckoﬀ sites which can accommodate
more sodium ions on the (001) surface.

formed from the corner-sharing VO6 octahedron and PO4
tetrahedron. Depending on the diﬀerent Wyckoﬀ sites, the
vanadium atoms in the zigzag chains and V2P2O14 units are
dened as V1 (4a site) and V2 (8g site), respectively. The structure of NaV3(PO4)3 projected onto (010) and (100) planes is
presented in Fig. 1b and c from which it can be clearly seen that
there are two types of channels in the skeleton of NaV3(PO4)3
along a and b axes, and the sodium ions (4e site, dened as Na1)
are located at the intersection of these channels. In addition, all
the Wyckoﬀ sites of 4b and 4c located in the middle of two
sodium ions along b and a axes are empty (Fig. 1d) which may
accommodate more sodium ions, and thus the sodium ions can
transport along the tunnels trough these vacancies. The Na
embedded in 4b and 4c sites is dened as Na2 and Na3,
respectively.
NaV3(PO4)3 powder was synthesized via high temperature
solid-state reactions. The transmission electron microscopy
(TEM) image (Fig. 2a) presents the particle size of ca. 500 nm. A

(a) Typical TEM image, (b) HR-TEM image and (c) SAED of
NaV3(PO4)3. (d) The cycling stability of the NaV3(PO4)3 as an anode for
sodium ion batteries (inset shows the charge–discharge proﬁle for the
ﬁrst 2 cycles).
Fig. 2
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high-resolution TEM image (Fig. 2b) from an individual nanoparticle shows clear lattice fringes, demonstrating the excellent
crystalline structure of the compounds. Selected area electron
diﬀraction (SAED) projected along the [010] direction corresponds to a diﬀraction pattern typical for a pure orthorhombic
lattice and demonstrates the single crystalline nature without
any impurities. The electrochemical properties of NaV3(PO4)3 as
an anode material for sodium ion batteries were tested by using
a half cell, in which NaV3(PO4)3 was used as the working electrode and Na metal was used as the counter electrode, and 1 M
NaClO4 in (EC/DMC) with 5% uoroethylene carbonate (FEC)
was used as the electrolyte. FEC is an eﬃcient electrolyte
additive to improve the reversible electrochemical performance
of the electrodes in organic Na-ion batteries, because it is
benecial to build a stable solid electrolyte interphase (SEI)
layer between the anode and electrolyte.33–36 The batteries were
tested at a current density of 100 mA g!1 and the reversible
capacity of the batteries was 140 mA h g!1. The charge–
discharge curves of the NaV3(PO4)3 shows three distinctive
plateaus which is consistent with the previous report.32 It is
noted that the initial coulombic eﬃciency is near 60%, which
may be attributed to the irreversible decomposition of the
electrolyte. As shown in Fig. 2d, the reversible capacity of the
battery is 140 mA h g!1 with the capacity retention about 98%
aer 100 cycles, showing excellent long term cycling stability,
which is attributed to the small volume change during the
sodiation/desodiation. Fig. S1† shows the cross section of SEM
images of the electrode before and aer sodiation. No obvious
changes in the thickness were found. The outstanding stability
makes the material a promising candidate as an electrode for
Na-ion batteries.
X-ray absorption spectroscopy including X-ray absorption
near-edge structure (XANES) and extended X-ray absorption ne
structure (EXAFS) at the V K-edge revealed the oxidation state and
local structure evolution of NaV3(PO4)3 during the sodiation/
desodiation. Ex situ V K-edge XANES spectra for the rst
sodiation/desodiation are displayed in Fig. 3a. The absorption
edges shied to lower energy upon the sodiation process, corresponding to the decrease of the V oxidation state. In the desodiation process, absorption edges reversibly shi back to higher
energy, indicating the reversible redox reaction of V3+/V2+. The
slight variation of the absorption energy at the same charge/
discharge state may come from the polarization of charge
transfer during the Na insertion and desertion. EXAFS spectra at
the V K-edge reveal the interaction between the V atom and the
surrounding local environment. EXAFS spectra in Fig. 3b shows
that, the average V–O distance of NaV3(PO4)3 is 1.538 Å, while the
value increases to 1.730 Å when the battery discharges to 0.05 V,
and the elongation of the V–O distances in Na1+xV3(PO4)3 with the
intercalation of Na+ could be attributed to the change of charge
density around the V environment as will be discussed in the
calculation section. The V–O distances at the fully desodiated
state is very similar to that of the pristine phase, demonstrating
that the local structure evolution is highly reversible.
In order to investigate the Na ion intercalation mechanism,
the properties of NaV3(PO4)3 have been calculated systematically.
The experimental studies37 have indicated that NaV3(PO4)3

This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry A

(a) Ex situ V K-edge XANES and (b) Fourier transformed EXAFS
spectra of NaV3(PO4)3 at various states during the ﬁrst charge–
discharge cycle.
Fig. 3

exhibits insulating and paramagnetic properties, and the
susceptibility of NaV3(PO4)3 is mainly contributed by spins of one
bivalent and two trivalent vanadium ions where the V2+ ions are
most probably located in one of the larger octahedra of the
V2P2O14 unit. Therefore, the spin-polarized density functional
theory calculation method was used in this paper, and the
distribution of V2+ in NaV3(PO4)3 was obtained through the test of
the initial magnetic moment for diﬀerent valence states of V2
(Fig. S2 and Table S1†). However, the V2+ ions cannot be separated from the V3+ ions in the V2P2O14 unit until the U–J
parameter of vanadium, which is used to reect the strong
correlation between the V atoms, is greater than 3.6 eV when the
magnetic moments of V2+ and V3+ are obviously separated
(Fig. 4c) and the band gap of NaV3(PO4)3 appears (Fig. 4d). In
addition, the calculated lattice parameters and volume of
NaV3(PO4)3 are slightly larger than the experimental values and
increase with the U–J parameter (Fig. 4a and b). The U–J value of
4.2 eV for vanadium was chosen in the following research to
make the calculation result more reliable and the calculated
lattice constants are close to the experimental values.
There are two types of possible sites (4b and 4c sites) for Na
to insert in NaV3(PO4)3. In order to determine the most probable
initial insertion position of Na, the Na binding energy for one
Na intercalation into the 4b or 4c site in a 1 # 1 # 2 supercell
(8 f.u. NaV3(PO4)3) has been calculated. The Na binding energy
for the 4b site (!2.026 eV) is much lower than that for the 4c site
(!1.246 eV), indicating that the 4b site is more favorable for
intercalating Na. The interaction between the rst inserted Na
in the 4b site and the second Na in the 4b or 4c site was also
considered to predict the possible structure evolution during
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The calculated (a) unit cell parameters, (b) unit cell volume, (c)
magnetic moment, and (d) band gap of NaV3(PO4)3 as functions of the
U–J parameter. The density of states (DOS) of (e) NaV3(PO4)3, (f)
Na2V3(PO4)3, and (g) Na3V3(PO4)3.
Fig. 4
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the process of sodium embedding, as shown in Fig. 4e–g, where
NaV3(PO4)3 corresponds to the pure sample, Na2V3(PO4)3 denotes
that the empty 4b sites in NaV3(PO4)3 are fully occupied by Na and
Na3V3(PO4)3 denotes that the empty 4b and 4c sites in NaV3(PO4)3
are all occupied by Na. It is clearly seen that the high energy
occupied regions in the valence band of NaV3(PO4)3 and
Na2V3(PO4)3 are mainly ascribed to the O-2p states and bivalent V3d states, while the low energy occupied regions in the conduction band are mainly ascribed to the trivalent V-3d states. In
addition, the band gap of Na2V3(PO4)3 (1.008 eV) is close to that of
NaV3(PO4)3 (1.032 eV). However, the low energy occupied regions
in the conduction band of Na3V3(PO4)3 are mainly ascribed to the
bivalent V-3d states and its band gap (2.508 eV) is much larger
than those of NaV3(PO4)3 and Na2V3(PO4)3 because all the vanadium in Na3V3(PO4)3 is reduced to bivalent. The electron density
of state distribution near the bottom of the conduction band
decreases with increase of x in NaxV3(PO4)3 (1 # x # 3), which
indicates that the electrochemical properties of the material also
need to be optimized in future research as the band gap is slightly
large and increases with the reduction of trivalent vanadium
during the sodiation process.
The vanadium atoms in NaV3(PO4)3 are present in the form
of bivalent and trivalent mixed valence states. Although the
experimental37 research has shown that bivalent vanadium ions
are most probably located in one of the larger octahedra of the
V2P2O14 unit, namely the 8g sites, their distribution is still not
clear. Each V(1)O6 octahedron in the zigzag chains is connected
with four V(2)O6 octahedra by corner-sharing with oxygens, as

the process of sodium insertion. The positions and binding
energies for the second Na as presented in Fig. 5 illustrated that
the second Na in 4b sites (rst, second, and third nearest
neighbors) is more stable than that in 4c sites (rst and second
nearest neighbors), and Na prefers to occupy the 4b site on the
same layer which does not contain 4e and 4c sites.
The density of states of NaxV3(PO4)3 (x ¼ 1, 2, 3) has been
calculated to understand the change of electronic structures in

The position of the second inserted Na in the ﬁrst (4b-1 or 4c1), second (4b-2 or 4c-2), and third (4b-3) nearest neighbors (relative
to 4b or 4c site) from the ﬁrst inserted Na in the 4b site and the corresponding binding energy.

Fig. 5

3842 | J. Mater. Chem. A, 2017, 5, 3839–3847

Fig. 6 Local distribution of diﬀerent valence states of V and local
atomic positions around V3+ and V2+ in NaV3(PO4)3 obtained from (a)
the experiment and (b) GGA + U calculations.
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displayed in Fig. 6. As the V2+ ions are distributed in the partial
positions of 8g, the bond lengths between V1 (or V2) and the
corner-shared oxygens should be diﬀerent, but the bond
lengths obtained in the experiment did not show this characteristic since the valence of V2 cannot be separated. Moreover,
the average bond lengths of V1–O (2.009 Å) and V2–O (2.062 Å)
obtained in the experiment are not obvious. Although the
calculated lattice constants are slightly larger, the rstprinciples method can also eﬀectively reveal the microscopic
structure of the material. The most stable conguration of
NaV3(PO4)3 was obtained by testing the diﬀerent arrangements
of V2+ and the calculated local distribution of diﬀerent valence
states of V has been shown in Fig. 6b; the bivalent vanadium
atoms in NaV3(PO4)3 are dened as V20 . The detailed bond
lengths show that the average V–O bond length of V2+ (V20 –O:
2.177 Å) is longer than that of V3+ (V1–O: 2.058 Å, V2–O: 2.069 Å)
and the V20 –O3 (O4) bond length is also signicantly longer
than that of V1–O3 (O4) as a result of the strong Coulomb force
between the trivalent V1 and the oxygen atoms.
To further understand the variation of the electronic structure upon Na-ion intercalation into the NaV3(PO4)3 anode, the
electron density plots of NaxV3(PO4)3 (x ¼ 1, 2, 3) around V1 and
V2 are shown in Fig. 7. Diﬀerent from vanadium oxides,38 there
is almost no overlap between the charge density distributions
of V and O in NaxV3(PO4)3 (x ¼ 1, 2, 3), showing a pure ionic
bonding between V and O in the polyanionic compound.
However, there is a considerable charge accumulation around O
along the O–P direction and a strong electron sharing

Journal of Materials Chemistry A

movement between P and O, suggesting that the strong covalent
bonding between P and O greatly weakens the overlap of the
charge density between V and O. The electrode electrochemical
potential corresponds to the Fermi-energy of the redox couple of
the transition metal cation, which depends on the valence state
of the cation and the covalent component of the polyanion.39 So
the charge distribution between P and O directly aﬀects the
potential of the V redox couple and the electrochemical potential of NaV3(PO4)3 can also be regulated by adjusting the counter
cations in the polyanion. Compared with bivalent vanadium
atoms, the charge density of oxygens is more inclined to the
trivalent vanadium atoms, such as the case of V1 in NaV3(PO4)3
and Na2V3(PO4)3 (Fig. 7a) or the diﬀerent V2 in NaV3(PO4)3
(Fig. 7b). With the rst sodium ion embedded in the 4b site, the
V1 in Na2V3(PO4)3 is reduced to bivalent, while the valence state
distribution of the V2 remains unchanged. When the second Na
ion is inserted in the 4c site, the valence state of V1 keeps
invariant and all V2 in Na3V3(PO4)3 is reduced to bivalent. The
calculated local distributions of diﬀerent V in NaxV3(PO4)3 (x ¼
2, 3) are shown in Fig. S3,† and the valence state changes of
diﬀerent V derived from the bond length variation are consistent with the above results.
The migration energy barriers and the corresponding diﬀusion paths for Na+ in NaV3(PO4)3 and Na1.125V3(PO4)3 were
calculated using the climbing image nudged elastic band
(CINEB) method and are plotted in Fig. 8. The Na+ transportations in pure NaV3(PO4)3 were calculated to study the ion
mobility of NaV3(PO4)3 and the stability of sodium ions in

Fig. 7 Evolution of the electron density contour around (a) V1 and (b) V2 plots on the (010) and (001) planes (in e bohr!3 units, 1 bohr ¼ 0.529 Å),
respectively, during Na insertion in NaxV3(PO4)3 (x ¼ 1, 2).
This journal is © The Royal Society of Chemistry 2017
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diﬀerent locations (4e, 4b and 4c sites). When one sodium ion
(4e site) in NaV3(PO4)3 is moved to the nearest neighbor 4b or 4c
site, the sodium ion will automatically return to the 4e site aer
the structural optimization. However, when the sodium ions (4e
site) in one of the channels in NaV3(PO4)3 are moved to the
nearest neighbor 4b or 4c site at the same time along the same
direction, the sodium ions cannot return to the 4e site aer the
structural optimization. The migration energy barriers for two
Na+ in one channel diﬀusion from the 4e site to the 4b (or 4c)
site in NaV3(PO4)3 at the same time are shown in Fig. S4,†
illustrating that the stability of Na in 4e, 4b and 4c sites is
gradually weakened. There are two steps for Na ion transport in
NaV3(PO4)3 along the b-axis. The Na ions in the 4e site migrated
to the adjacent empty 4b site, and then migrated from the 4b
site to the next 4e site with a relatively large energy barrier of
1.28 eV as displayed in Fig. 8a. These results not only show the
stronger stability of Na+ in the 4e site compared with those in 4b
and 4c sites, but also show that one Na can be trapped inside
the material. The transportation mechanism of Na+ during the
sodiation process was investigated by adding one extra Na atom
to 8NaV3(PO4)3 to form Na1.125V3(PO4)3, and the minimum
energy barrier and pathway are presented in Fig. 8b. The Na
ions in 4e (Na1) and 4b (Na2) sites move at the same time, while
Na1 migrates to another empty 4b site and Na2 occupies the

Paper

empty 4e site where the Na1 used to stay. The next sodiation
process repeats step 1 with a barrier of 0.30 eV, much lower than
that of NaV3(PO4)3 owing to the stronger interaction between
Na1 and Na2 during cooperative diﬀusion. The Na transport
trajectories in NaV3(PO4)3 and Na1.125V3(PO4)3 are along the
channel in the b-axis as shown in Fig. S5.†
As the structural changes during intercalation and deintercalation of Na ions signicantly aﬀect the electrochemical
stability of the electrode for long cycling life, the structure of
diﬀerent sodiation states of NaV3(PO4)3 were calculated and the
corresponding lattice constants are listed in Table S2.† The
results obtained by the GGA + U method are in good agreement
with the experimental values within 3% error, and the calculations also show that Na intercalation will cause a slight expansion of the lattice constants along a and b axes. In addition, the
embedding of Na does not change the skeleton of the material
except for a slight oﬀset of the relative position of the sodium
ions in the 4e site during the insertion of the second Na (Na3)
and the distance between Na1 and Na3 is larger than that predicted (i.e. the nearest neighbor 4e–4c distance) due to the
repulsive interaction between Na. The detailed position changes
of Na during the sodiation process are listed in Tables S3 and
S4.† The detailed schematic diagram of Na position transformation for Na1+xV3(PO4)3 (0 # x # 2) during the sodiation

The energy barriers (left) and path (right) for Na+ diﬀusion in (a) NaV3(PO4)3 and (b) Na1.125V3(PO4)3. In the schematic diagram of the Na+
transport path, the wireframe represents the framework of NaxV3(PO4)3 and the white spheres represent the empty 4b sites. 8NaV3(PO4)3 and
1Na–8NaV3(PO4)3 represent the Na+ diﬀusion in the supercell of NaV3(PO4)3 and Na1.125V3(PO4)3 containing 8 f.u., respectively.
Fig. 8
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of trivalent vanadium. The energy barrier for Na+ transport in
Na1.125V3(PO4)3 is 0.30 eV, which is much higher in NaV3(PO4)3
(1.28 eV), indicating that the structure of NaV3(PO4)3 is highly
stable and easily accommodates extra sodium. The process of
Na intercalation into Na2+xV3(PO4)3 (0 # x # 1) will be accompanied by the position transformation of sodium. The transport
trajectory in the whole sodiation process is along the channel of
NaV3(PO4)3 in the b- or c-axis and the transport mechanism is
cooperative diﬀusion.

4. Experimental methods

Schematic diagram of Na position transformation for NaxV3
(PO4)3 (1 # x # 3) during the sodiation process. (a) Crystal structure of
NaxV3(PO4)3. Na arrangement in (b) Na1.5V3(PO4)3 (c) Na2V3(PO4)3, (d)
Na2.5V3(PO4)3, (e) Na2.5V3(PO4)3 and (f) Na3V3(PO4)3.
Fig. 9

process is shown in Fig. 9. The insertion of Na in the 4b site is
carried out in a layer-by-layer model (Fig. 9b and c), but the
insertion of Na in the 4c site is diﬀerent. As the distance
between 4e and 4c sites is too small (2.82 Å), the mechanism of
Na intercalation into the 4c site is much more complex. There
will be two times (i.e. Na2V3(PO4)3 / Na2.5V3(PO4)3 /
Na3V3(PO4)3) position transformation of Na during intercalation into Na2+xV3(PO4)3 (0 # x # 1) and the molecular formula of
Na2.5V3(PO4)3 corresponds to two possible sodium ion
arrangements (Fig. 9d–f). Note that the charge/discharge rate
has no direct eﬀect on Na position transformation for
NaxV3(PO4)3 during the sodiation process.

3.

Conclusions

In summary, the electrochemical reaction mechanism and the
intrinsic properties of NaV3(PO4)3 as a novel anode material
were surveyed by experiments and DFT calculations. Synchrotron X-ray absorption spectroscopy was applied to investigate
the microscopic structure evolution of NaV3(PO4)3 during the
sodiation/desodiation process. The ground state properties,
and geometrical and electronic structures, as well as the Na
intercalation mechanism in NaV3(PO4)3 have been predicted
using the GGA + U method based on the rst-principles spinpolarized density functional theory. The diﬀerent valence
distributions of V were distinguished by the calculation of the
magnetic moment of V in NaV3(PO4)3. The density of states
calculation revealed that the energy band distribution near the
Fermi level and the corresponding band gap of NaxV3(PO4)3
(x ¼ 1, 2, 3) are determined by the 3d-electron distribution as
well as the valence state of vanadium which is gradually reduced
with the sodium insertion. In addition, the electrochemical
performance also needs to be optimized in future research as
the band gap is slightly large and increases with the reduction

This journal is © The Royal Society of Chemistry 2017

NaV3(PO4)3 was synthesized by a sol–gel process, followed by
solid-state synthesis as described in our previous report.32
Typically, 6 mmol NH4VO3 was dissolved in 70 mL deionized
water at 80 $ C with continuous stirring to get a transparent
solution, and then 6 mmol NH4H2PO4, 1.05 mmol Na2CO3 and
4 mmol citric acid were added. Aer evaporation of water at
80 $ C, the mass was dried in an oven at 150 $ C for 4 h. The
obtained powder was heat-treated at 400 $ C for 5 h under
a nitrogen atmosphere to remove CO2, H2O, and NH3. Aerward, the precursor powder was ground and annealed at 900 $ C
under a H2/Ar ow (10% H2) for 12 hours to produce the nal
compound.
The working electrode was prepared by coating a mixture of
NaV3(PO4)3, 10 wt% PVDF and 10 wt% Super P onto an Al
current collector. The coating thickness of the electrode is about
20 mm. The electrode was then dried at 120 $ C in a vacuum for
12 h. Coin cells were assembled in an argon-lled glovebox. 1 M
solution of NaClO4 in EC/DMC (1 : 1 by volume) with 5% FEC
addition was used as the electrolyte. The charge/discharge and
the cycling ability of cells were recorded on a LAND battery
system testing at a current density of 100 mA g!1 in a potential
range of 0.05–3.0 V.
The extended X-ray absorption ne structural (EXAFS) analysis was performed at the optical dispersive EXAFS (ODE)
beamline at the SOLEIL synchrotron, France. The samples were
homogenously coated on Al foil. The samples were sealed with
Kapton foil in a glove box before taken out for the EXAFS
analysis in air. The quality of the spectra at the V K-edge allows
the EXAFS analysis up to 500 eV beyond the edge. The detailed
description of the experimental setup can be found in our
previous report.40

5.

Computational details

The microscopic mechanism of sodium intercalation into
NaV3(PO4)3 was investigated by using the Vienna ab initio
simulation package, based on the rst-principles spin polarized
density functional theory (DFT) and adopting the generalized
gradient approximation (GGA).41,42 The projector augmented
wave (PAW) pseudopotentials, the Perdew–Burke–Ernzerhof
(PBE) exchange–correlation functional with a plane-wave basis
set and a cutoﬀ energy of 520 eV were chosen to describe electron exchange and correlation.43,44 To account for strong on-site
Coulomb repulsion among the V 3d electrons, the simplied
rotationally invariant approach to the Hubbard model
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corrections introduced by Dudarev was added to the PBE
functional for V atoms, whereas the correction was not used for
the other species.45 The U–J parameter and the diﬀerent initial
magnetic moment distributions of vanadium atoms were
tested, and the eﬀective U–J value of 4.2 eV as well as the
structure with the lowest energy initial magnetic moment
distribution were chosen in the following calculations.
Lattice parameters were fully relaxed in all the calculations
with a force convergence criterion of less than 0.02 eV Å!1 and
a total energy convergence within 10!4 eV per unit cell. The ionmigrated barriers were obtained using the climbing image
nudged elastic band (CINEB) method46 with a total energy
convergence within 10!4 eV per unit cell and a force convergence within 0.05 eV Å!1. All calculations on ion-transport and
binding energy are performed in a 1 # 1 # 2 supercell (8 f.u.)
with a 2 # 2 # 2 Monkhorst–Pack47 k-point grid, while other
calculations are performed in an orthorhombic chemical cell
consisting of 4 f.u. NaxV3(PO4)3 (x ¼ 1, 2, 3). We used a 3 # 2 # 4
Monkhorst–Pack k-point grid for the geometric relaxation and 6
# 4 # 8 k-point mesh for the calculation of electron density of
states. The calculated XRD patterns were obtained through
Mercury soware based on the relaxation structure and the Na
binding energy during the sodiation process, which were
calculated according to the method described in previous
papers.48
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