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bstract

The key to development of sodium-ion battery is the preparation of cathode/anode materials. Cr doped NaV1−xCrxPO4F (x = 0, 0.04, 0.08) were
repared by the high temperature solid-state reaction for the application of cathode material of sodium-ion batteries. The structures and morphologies
f the cathode materials were characterized by Flourier-infrared spectra (FT-IR), X-ray diffraction (XRD) and scanning electron microscope (SEM).
he effects of Cr doping on performances of the cathode materials were analyzed in terms of the crystal structure, charge–discharge curves and

ycle performances. The results showed that the as-prepared Cr-doped materials have a better cycle stability than the un-doped one, an initial
eversible capacity of 83.3 mAh g−1 can be obtained, and the first charge–discharge efficiency is about 90.3%. In addition, it was also observed
hat the reversible capacity retention of the material is still 91.4% in the 20th cycles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lithium rechargeable batteries are now well established
s power sources for portable electronic equipments such as
ellular phone, camcorder and laptop computer. If recharge-
ble sodium-ion batteries with good performance characteristics
ould be developed, it would have some significant advantages
ver lithium-ion batteries, notably a reduction in raw materials
ost and the ability to utilize electrolyte systems of lower decom-
osition potential (due to the higher half-reaction potential for
odium relative to lithium) [1]. So, sodium-ion batteries will be
kind of promising novel batteries.

With the development of anode materials in sodium-ion bat-
eries [1–7], the studies of cathode materials with high perfor-
ances will become more and more important. Recently, a num-
er of studies about cathode materials have been reported [8,9],
or example, NaxCoO2, NaxMnO2 [8], NaxTiS2, NaxNbS2Cl2,

∗ Corresponding author. Tel.: +86 732 8293371; fax: +86 732 8292061.
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doping; NaV1−xCrxPO4F

axWO3−x, NaxV0.5Cr0.5S, NaxMoS3, NaxTaS2 [9–13] and so
n. However, the bad reversibility of intercalation and deinterca-
ation of sodium-ion in above materials and the lower reversible
apacity or the greater transferring resistance of the materials
ave limited their commercial use.

Recently, Barker et al. reported that the NaVPO4F was used
n conjunction with commercially available hard carbon mate-
ial to form viable sodium-ion batteries [14–17]. The average
ischarge voltage for the sodium-ion battery was determined to
e about 3.7 V, a figure comparable with commercially available
ithium-ion cells. But the discharge capacity of NaVPO4F was
eclined to less than by 50% of its initial discharge capacity
fter 30 charge/discharge cycles. Although NaVPO4F is cur-
ently considered one of the most hopeful cathode materials for
odium-ion battery, its performance should be highly improved
y modification or doping technology. It is well known that dop-
ng technology has been widely used in lithium-ion battery to

mprove the capacity retention [18,19]. In this paper, NaVPO4F
ere synthesized with a high temperature solid-state reaction,

nd Cr was doped into this material to prepare NaV1−xCrxPO4F
x = 0–0.1) powders. The effects of Cr doping on structure and
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lectrochemical properties of NaV1−xCrxPO4F are discussed
ased on FT-IR, XRD, SEM, charge–discharge curves and cycle
erformances.

. Experimental

.1. Preparation of NaV1−xCrxPO4F

The NaV1−xCrxPO4F samples used in this study were all
repared using a carbothermal reduction (CTR) method [16,17]
sing VPO4 as a reaction intermediate. The precise CTR reaction
onditions for the VPO4 preparation were determined by a semi-
mpirical approach based on the thermodynamic requirements
or a V5+ to V3+ transition. The reaction mechanism of VPO4
reparation may be summarized as fellow:

.5V2O5 + NH4H2PO4 + C → VPO4 + NH3 + 1.5H2O + CO

(1)

The precursors, V2O5, NH4H2PO4, and carbon were inti-
ately mixed and then pelletized. To enable complete vanadium

eduction and to ensure the presence of residual carbon in the
roduct phase, a 20% mass excess of carbon was used over the
toichiometric conditions based on reaction (1). The precursor
ixture was heated to an ultimate reaction temperature of 750 ◦C

nd held for 4 h inside a temperature-controlled tube furnace.
Thereafter, the stoichiometric amounts of Cr2O3 and

NH4)2HPO4 were mixed using ball mill and the powder was
ressed into pellets. The pellets were initially heated to 500 ◦C
or 6 h, and then reground. Pellets were remade and subsequently
alcined at 1050 ◦C for 6 h.

In the second stage of preparation, the VPO4 and CrPO4 were
urther reacted with the alkali fluoride to yield the single-phase
roducts NaV1−xCrxPO4F

aF + (1−x)VPO4 + xCrPO4 → NaV1−xCrxPO4F (2)
.2. Materials characterization

1) Infrared spectra were recorded on Fourier transform infrared
(FTIR) spectrometer (Perkin-Elmer Spectrum one) in the

(
f
g
a

Fig. 2. XRD pattern of NaV1−xCrxPO4F with different Cr do
Fig. 1. FT-IR spectra of NaV1−xCrxPO4F.

wavelength range from 4000 to 500 cm−1, using the KBr
disk method.

2) X-ray diffraction (XRD) of NaV1−xCrxPO4F was per-
formed on a diffractometer (D/MAX-3C) with Cu K� radi-
ation and a graphite monochromator at 50 kV, 100 mA.

3) Scanning electron microscopy (SEM), modified 5000 times
with 20 kV voltage, was also employed to characterize the
prepared powders.

.3. Electrochemical measurement

The cathode was prepared by mixing the active material with
arbon black and PTFE in a weight ratio of 75:15:10. The mix-
ure was pressed onto stainless steel mesh used as current col-
ector and dried under vacuum at 120 ◦C for 24 h. The simulated
attery consisting of the cathode, the sodium foils as an anode
nd 1 MNaClO4–EC/DMC (1:1 in volume) as an electrolyte
ere assembled in an argon-filled glove box. Charge/discharge

ests were performed between 3.0 and 4.5 V at a rate of 0.1 C
t 30 ◦C with a BTS-51800 Neware Battery Testing System

Shenzhen, China). A typical three-electrode test cell was used
or cyclic voltammetry at room temperature. Cyclic voltammo-
rams (CVs) were measured at different scan rates between 3.0
nd 4.5 V using an electrochemical workstation (CHI660A).

ped amount. (a) x = 0.00, (b) x = 0.04 and (c) x = 0.08.
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. Results and discussion

The FT-IR spectrum of NaV1−xCrxPO4F (x = 0.00, 0.04,
.08) was shown in Fig. 1. It can be seen that a number
f symmetric and anti-symmetric P–O stretching mode peaks
ppeared in the range of 1000–850 cm−1, as well as P–O bend-
ng mode peaks below 700 cm−1 in Fig. 1. Especially, the band
t 1050 cm−1, assigned to the absorbed peak resulted by PO4

3−
nti-symmetric stretching [20], was observed to become nar-
ow and its absorbance is increasing with the doped amount of
r. Another, the bending vibration peak, at 580 cm−1 usually, is
ivided into several peaks, at 630, 559 cm−1, etc. It is well known
hat the FT-IR spectrum of phosphates is mainly consisted of

3−
he inner-vibrated mode peaks of PO4 group and some other
roups. Thus, from the FT-IR spectrum of samples, it can be
onfirmed that this material is in phosphates type. Also, in the
T-IR spectrum of Cr doped materials, it was observed that the

a
i
h
V

Fig. 3. SEM micrographs of samples with different Cr doped amount:
ources 160 (2006) 698–703

bsorbance of peak increased comparing to the un-doped mate-
ials, and the band peak is moving to higher band numbers as
he doped amount of Cr increase. So, it explains that the strength
f V O band increased with the doped Cr, and the crystal cell
hrunk. So that it can be expected that the stability of materials
ill be enhanced and the cycle performance will be better with

he introduction of Cr.
Fig. 2 is the XRD pattern of NaV1−xCrxPO4F (x = 0–0.1)

btained by solid-state reaction, and its lattice parameters of
rystal cell are shown in Table 1. From Fig. 2 and Table 1, it can
ndicate that the as-synthesized powder has the typical struc-
ure of a monoclinic type crystal with a space group of C2/c.
he proposed structure is in good accordance with the structural

nalysis of the related compound, Na3Al2(PO4)2F2 [21]. That
s, the asymmetric unit of NaVPO4F consists of two PO4 tetra-
edra that share two corner-oxygen atoms with two different
O4F2 octahedra. The V(1)O4F2 and V(2)O4F2 octahedra are

(a) NaVPO4F; (b) NaV0.96Cr0.04PO4F; (c) NaV0.92Cr0.08PO4F.
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Table 1
The lattice parameters for samples

Sample Cr (x) a (nm) b (nm) c (nm) α (◦) β (◦) γ (◦)

NaVPO4F 0.00 1.273 0.638 0.895 90.00 102.31 90.00
N 8
N 3
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aV0.96Cr0.04PO4F 0.04 1.260 0.59
aV0.92Cr0.08PO4F 0.08 1.220 0.56

inked together via the F(1)-fluorine atom [22]. This distribu-
ion produces cavities in which the sodium ions are statistically
istributed. To understand the influence of the Cr doping on the
tructure, Rietveld refinements were carried out for all composi-
ions. Comparing with the un-doping Cr powder, it was observed
rom Fig. 2 that the diffraction peaks were shifted to a higher
ngle with the doping amount of Cr increasing, which indicates a
radual decrease in lattice parameters. The intensities of peaks
re gradually increased by increasing Cr doping amount. The
iffraction peaks were quite narrow, it indicates that the pow-

er has a high crystallinity and no impurity diffraction peak
as observed. The better crystalline properties the material is,

he better structural stability during electrochemical cycle. The
eason for the decrease of its structural parameter in Table 1

c
o
s
n

ig. 4. Cyclic voltammograms of NaVPO4F electrode with different scan rate in the
0 mV min−1; (d) 5 mV min−1).
0.893 90.00 100.07 90.00
0.889 90.00 99.92 90.00

s primarily due to the difference in the ionic radius of Cr3+

0.610 Å) and V3+ (0.640 Å). These results clearly confirmed
hat Cr substitution for V sites was successful and the single-
hase solid solution was formed when the doped amount of Cr
s increase to x = 0.08 (seen NaV0.92Cr0.08PO4F).

Scanning electron microscopy (SEM) images of the
aV1−xCrxPO4F (x = 0, 0.04, 0.08) powders are given in Fig. 3.

t was observed that the average particle size is about 2–5 �m.
nd some cubic shape particles can be found in all of these sam-
les. Maybe it is the macroscopical reflection of its monoclinic

rystal structure. Also, in Fig. 3(c), it was observed that the size
f particles is symmetrical. Comparing with the un-doped Cr
ample, it can concluded that small amount of Cr-doping did
ot affect the powder morphology shown in Fig. 3(b) and (c).

voltage range 3.0–4.5 V (scan rate: (a) 100 mV min−1; (b) 50 mV min−1; (c)
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Fig. 5. The first charge and discharge capacity of NaV1−xCrxPO4F electrodes.
Data collected with a current density of 10 mA g−1 in the voltage range of
3
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Fig. 6. Discharge capacity versus cycle numbers for Na/NaV Cr PO F cells.
D
3

fi
0
i
T
s
1
t
e
o
o
W
i
C
i
e

r
N
s
a
(
N 1−x x 4
ties and capacity retention, compared to those of NaVPO F.

T
C

C

N
N
N

.0–4.5 V: (a) NaV0.92Cr0.08PO4F; (b) NaV0.96Cr0.04PO4F; (c) NaVPO4F.

Fig. 4 shows cyclic voltammograms of NaVPO4F electrode
ith different scan rate in the voltage range 3.0–4.5 V. The cyclic
oltammogram showed two couples of peaks in cathodic sweep
nd anodic sweep when scan rate are 20 and 5 mV min−1. It
grees well with the two voltage plateaus of the charge/discharge
urves for NaVPO4F in Fig. 5, which suggests that the inter-
alation and deintercalation of sodium-ion in the NaVPO4F
ere carried out in two steps. It can be seen obviously from
ig. 5 that two charge voltage plateaus are approximately 3.8 and
.2 V, respectively, the equivalent discharge voltage plateaus are
round 3.65 and 3.4 V, respectively. The cyclic voltammograms
how two anodic peaks at around 4.3 and 4.0 V and cathodic
eaks at 4.2 and 3.4 V at a scan rate of 5 mV min−1. Thus, com-
aring the voltammograms curves in 20 and 5 mV min−1, it can
e found that the anodic and cathodic peaks potential shifted
oward more positive direction. This suggests that the inter-
alation and deintercalation of sodium ions in the NaVPO4F
ere quasi-reversible. Another, it can also be observed in Fig. 4

hat the redox peaks of NaVPO4F electrode are sharp and show
ell-defined splitting as the scanning rate increase, the potential

eparation between the two peaks increase with the scanning
ate increase, it may be result from that the sodium ions can-

ot diffuse into the electrode surface when each fast cycle is
ompleted.

E
w

able 2
harge–discharge capacity and capacity retention ratio (%) of the samples

athode materials The first charge
capacity (mAh g−1)

The first discharge
capacity (mAh g−1)

Capacity loss
first cycle (m

aV0.92Cr0.08PO4F 83.3 75.2 8.1
aV0.96Cr0.04PO4F 93.3 82.6 10.7
aVPO4F 106.9 87.7 19.2
1−x x 4

ata collected with a current density of 10 mA g−1 in the voltage range of
.0–4.5 V: (a) NaV0.92Cr0.08PO4F; (b) NaV0.96Cr0.04PO4F; (c) NaVPO4F.

Fig. 5 illustrates the cell voltage versus capacity curves for the
rst charge and discharge of NaV1−xCrxPO4F electrodes (x = 0,
.04, 0.08) between 3.0 and 4.5 V. Charge–discharge capac-
ty and capacity retention ratio of the samples are tabulated in
able 2. The cathodes are first galvanostatically charged and
ubsequently discharged by application of a current density of
0 mA g−1 at 30 ◦C. The Cr-free NaV1−xCrxPO4F had the ini-
ial discharge capacity of 87.7 mAh g−1, showing a Coulombic
fficiency of 82%. However, the cathode doped with 0.04 mol
f Cr per formula unit delivered a decreased discharge capacity
f 82.6 mAh g−1, of which the efficiency corresponds to 88.5%.
hen x = 0.08 in NaV1−xCrxPO4F, the initial discharge capac-

ty was only 75.2 mAh g−1 and the efficiency was up to 90.3%.
onsidering the Cr substitution amount, the reversible capac-

ty is decreased by higher level Cr doping, but the efficiency is
nhanced.

Fig. 6 show plots of the discharge capacity measured at
oom temperature as a function of the cycle number for
aV1−xCrxPO4F electrodes (x = 0, 0.04, 0.08). The Cr-free

ample showed the initial discharge capacity of 87.7 mAh g−1

nd retained 73.5% of its original capacity at the 20th cycle
in Fig. 6(c)). As the Cr content increased up to x = 0.08,
a/NaV Cr PO F cells exhibited some increased capaci-
4
specially, when x = 0.08, the capacity retention at the 20th
as close to 91.4% of its initial discharge capacity. The

in the
Ah g−1)

Reversible efficiency
in the first cycle (%)

The discharge
capacity at the 20th
(mAh g−1)

The capacity
retention ratio at
the 20th (%)

90.3 68.8 91.4
88.5 67.9 82.2
82.0 64.5 73.5



wer S

r
a
o

4

w
t
c
h
n
s
w
a
p
s
a
g
a
o
d
o
b

A

s
o
(
s
B

R

[

[

[

[

[
[
[

[

[

[

[

H. Zhuo et al. / Journal of Po

esults show that the as-prepared Cr-doped materials have
better cycle stability characterization than the un-doped

ne.

. Conclusions

NaV1−xCrxPO4F (x = 0–0.1) with the monoclinic structure
ere synthesized by the high temperature solid-state reac-

ion and the effect of Cr doping on structure and electro-
hemical behaviors of NaV1−xCrxPO4F were investigate. It
as been confirmed that a small amount of Cr-doping did
ot affect their morphology, Cr substitution for V sites was
uccessful and the single-phase solid solution was formed
hen the doped amount of Cr is increase to x = 0.08. A small

mount of Cr doping gave rise to the electrochemical cycling
roperties of NaV1−xCrxPO4F. The results of cycling testing
howed a preferable discharge capacity of about 80 mAh g−1

nd good capacity retention (91.4%). The cyclic voltammo-
ram showed two couples of peaks in cathodic sweep and
nodic sweep. It agrees well with the two voltage plateaus
f the curve for NaV1−xCrxPO4F. Based on the available
ata, we believe that the NaV1−xCrxPO4F doped with Cr will
ffer considerable promise as a viable cathode for sodium-ion
atteries.
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