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Abstract: The effects of Al doping on the electrochemical properties of NaVPO,F as a cathode material for sodium-ion batteries
were investigated. Al-doped NaV,_,ALLPOF (x=0, 0.02) samples were prepared by a simple high temperature solid-state reaction
involving VPO, and NaF for the application of cathode material of sodium-ion batteries. The crystal structure and morphology of the
material were studied by Flourier-infrared spectrometry(FT-IR), X-ray diffractometry(XRD) and scanning electron
microscopy(SEM). The results show that NaV,_,ALPO,F (x=0, 0.02) has a typical monoclinic structure. The effects of Al doping on
the performance of the cathode material were analyzed in terms of the crystal structure, charge-discharge curves and cycle
performance. It is found that NaV ggAly oo,PO4F shows an improved cathodic behavior and discharge capacity retention compared
with the undoped samples in the voltage range of 3.0—4.5 V. The electrodes prepared from NaV¢3Alj o,POsF deliver an initial
discharge capacity of 80.4 mA-h/g and an initial coulombic efficiency of 89.2%, and the capacity retention is 85% after 30th cycle.

Though the Al-doped samples have lower initial capacities, they show better cycle performance than Al-free samples.
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1 Introduction

Lithium-ion batteries have become attractive energy
storage systems for portable electronic devices as they
offer higher energy density compared with the other
rechargeable systems. If rechargeable sodium-ion
batteries with good electrochemical performance could
be developed, it would have some advantages over
lithium-ion batteries, such as a lower raw materials cost
and the ability to utilize electrolyte systems of lower
decomposition potential (due to the higher half-reaction
potential for sodium relative to lithium, (pﬁw Na =
(pEmLi +0.3V)[1], so sodium-ion batteries are safer
than the lithium-ion batteries. Therefore, sodium-ion
batteries will be a kind of prospective novel batteries.

The anode materials in sodium-ion batteries have
currently made a great progress[2—6], thus the key of
sodium-ion batteries development is the preparation of
cathode  materials with good electrochemical

performance. Up to now, several cathode materials have
been reported, for example, Na,TiS,, Na,NbS,Cl,
Na,WO;_,, Na,V,sCrgsS, NaMoS;, Na,TaS, and
Na;V,(PO,),F5[6—10]. However, the bad electrochemical
performances prevent these materials to be further used.
Recently, BARKER et al[l1] reported a novel
sodium-ion  battery that based on a hard
carbon/NaVPO,F chemistry. The average discharge
voltage for the sodium-ion cells was demonstrated to be
around 3.7 V, comparable with commercially available
lithium-ion cells. The reversible specific capacities for
the cathode and anode active materials were determined
to be 82 and 202 mA-h/g, respectively. Representative
test cells cycled more than 30 times before their
discharge capacity had declined to less than 50% of the
original one. Although NaVPO,F is now considered a
hopeful cathode material for sodium-ion battery, its
electrochemical performance should be improved. It is
well  known  that doping  technology  has
been widely used in lithium-ion battery to improve the
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capacity retention, for example, Al doped or Cr doped
cathode materials have better cycleability than pure
cathode materials[12—15]. In this work, NaVPO4F was
synthesized by a high temperature solid-state reaction,
and Al was doped into this material to prepare
NaV,_Al,PO,F (x=0, 0.02) powders. The effects of Al
doping on the structure and electrochemical properties of
NaV,_AlLPOF were discussed based on FT-IR, XRD,
SEM, CV, charge-discharge curves and cycle
performance.

2 Experimental

NaV_,ALLPO4F (x=0, 0.02) was prepared with a
high temperature solid-state reaction, using VPO, as a
reaction intermediate. A proprietary carbon thermal
reduction(CTR) method[11] involving V,0s, NH4H,PO,
and C was used to make the VPO, precursor. The
incorporation reaction may be summarized as

1/2V,05+NH4H,PO,+C—VPO4+NH;+3/2H,0+CO (1)

Stoichiometric reactants were intimately mixed and
then pelletized. In order to complete vanadium reduction,
25% excess carbon was used based on reaction (1). The
mixture was heated to 750 ‘C, and held for 4 h inside a
temperature-controlled tube furnace.

Then, the stoichiometric amounts of AI(OH) ; and
NH4H,PO,4 were mixed and then pelletized. The pellets
were initially heated to 950 C for 8 h in the air. The
incorporation reaction may be summarized as

AI(OH)3+NH4H2PO4_’A1P04+NH3+3HzO (2)

In the finally stage of preparation, VPO4 and AIPO,
were reacted with the alkali fluoride to make the
products NaV,_,Al,PO,F:

NaF+(1-x)VPO+xAIPO,~NaV, ,Al,PO,F 3)

Infrared spectra were recorded on Fourier transform
infrared(FTIR) spectrometer (Perkin-Elmer Spectrum
one) in the wavelength range from 4 000 to 500 cm ',
using the KBr disk method. Powder X-ray diffraction
(D/max-2550 Rigaku, Japan) measurement using Cu K,
radiation was employed to identify the crystal structure
of products. The morphology and particle sizes of
products were examined via scanning electron
microscope(SEM) using a JEOL Microscope.

The positive electrodes were fabricated by mixing
NaV,_,Al,PO,F powders with carbon black and PTFE
binder in the mass ratio of 75:15:10. The mixture was
pressed onto stainless steel mesh used as current
collector and dried under vacuum at 120 “C for 24 h. The
laboratory cells consisted of the cathode, the sodium foils

as an anode and 1 mol/L NaClO4-EC/DMC (1:1 in

volume) as an electrolyte were assembled in an
argon-filled glove box. Electrochemical tests were
performed between 3.0 and 4.5 V with a rate of 0.1C at
25 °‘C with a BTS-51800 Neware Battery Testing System
(Shenzhen, China).

3 Results and discussion

Fig.1 shows the FT-IR spectra of NaV,_,AlL,POF
(x=0, 0.02). The analysis of the spectrum was carried out
in the area of PO?{ group oscillations. It can be seen
from Fig.l that there are no obvious changes in
stretching vibration band with the Al doping. The broad
band in 1 051 cm ' is assigned to the absorbed peak
resulted by POi_ anions asymmetric stretching, and it
becomes narrow. In addition, the symmetric stretching
vibrations, v, (PO4), appear in the 690—630 cm ™' range.
The bands corresponding to the asymmetric deformation
of the PO?{ anions are located in 540—580 cm™'. FT-IR
measurements show the existence of the type of POf[
tetrahedral in the structure. Moreover, it is found that the
band peak moves to higher band direction as the Al is
doped. So, it explains that the strength of V—O band
increases with the doped Al and the crystal cell shrinks.
Thus it can be expected that the stability of materials will
be enhanced and the cycle performance will be better
with the introduction of Al.
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Fig.1 FT-IR spectra of NaV_, A1, PO4F (x=0, 0.02)

Fig.2 shows the X-ray diffraction patterns of the
NaV |, ALLPO4F (x=0, 0.02) powders prepared by high
temperature solid-state reaction. The crystal phases of
both samples are identified to be a monoclinic structure
(space group: C2/c) according to the standard card
(PDF33-0804). No impurities are detected from the XRD
results. The proposed structure is also in good
accordance with the structural analysis of the related
compound, NazAl,(PO,),F5[16]. That is, the aluminum
compound demonstrates facile sodium-ion diffusion (as
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Fig.2 XRD patterns of NaV_, Al ,PO,F (x=0, 0.02)
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evidenced by ionic conductivity measurements) through
an extended three-dimensional framework built up from
two different [AlO4F,] octahedrons and two [POy]
tetrahedrons. This structure produces cavities, in which
the sodium ions are statistically distributed. To research
the influence of the Al doping on the structure, Rietveld
refinements were carried out for all compositions and the
calculated lattice parameters are listed in Table 1. By
comparing the Al-free powder, it is observed from Fig.2
and Table 1 that the diffraction peaks are shifted to a
higher angle, which indicates a gradual decrease in
lattice parameters. The reason for the decrease of its
structural parameter in Table 2 is primarily due to the
difference in the ionic radius of AI** (0.053 5 nm) and

Table 1 Lattice parameters for NaV,_, ALPO,F

V** (0.064 0 nm). The substitution of V** with AP’
results in the shrinkage of the unit cell volume. In
addition, the bonding energy of AI—O (512 kJ/mol) is
higher than that of the V—O (485 kJ/mol) bond, which
enhances the stability of the monoclinic structure during
insertion and deinsertion of sodium ion, and decreases
the capacity loss of the battery after 30 cycles.

Scanning electron microscopy(SEM) images of the
NaV,_,Al,POsF (x=0, 0.02) powder are shown in Fig.3.
It is observed that an amount of primary particles
conglomerate the secondary particles, and the average
particle size of the sample is about 8—10 pum; in addition,
some cubic shape particles can be found in all of these
samples. Compared with the Al-free sample,
NaVjsAly2PO4F has a smaller particle size, which also
suggests that Al is well permeated into the bare
NaVPO,F forming a solid solution. The electrochemical
performance of the NaV,_,ALPO4F (x=0, 0.02) is known
to be good because the insertion and de-insertion of Na"
during the charge and discharge processes can be
facilitated when electrode materials are smaller in
size[16].

Fig4 shows the cyclic voltammograms of
NaVPO,F and NaV,¢Al) PO at 0.15 mV/s in the
potential range of 3.0-4.5 V. It can be seen from Fig.4
that NaVPO,F samples have two pairs of redox current
peaks at about 3.61 V/3.72 V and 3.99 V/4.40 V,
respectively; while NaV¢gAlj ,PO4F samples have two
pairs of redox current peaks at about 3.69 V/3.83 V and

Sample x(Al) a/nm b/nm c/nm 0/(°) L£(°) 7/(°)
NaV9sAlg 0 PO4F 0.00 0.887 0.874 0.757 90.00 124.35 90.00
NaVPO,F 0.02 0.849 1.229 0.647 90.00 105.19 90.00
Table 2 Charge-discharge capacity and capacity retention ratio of samples
First charge First discharge ~ Capacity loss in Reversible  Discharge capacity Capacity retention
Cathode material capacity/ capacity/ first cycle/ efficiency in first  at 30th cycle/ ratio at 30th
(mAhg ") (mA-h'g™) (mAhg™") cycle/% (mA-h'g™) cycle/Y%
NaVPO,F 102.5 86.3 84.2 50.4 58.4
NaV 93Alg 0, POsF 90.1 80.4 89.2 68.3 85.0

Fig.3 SEM micrographs of NaV_,Al,PO,F: (a) x=0; (b) x=0.02
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Fig.4 Cyclic voltammograms of NaVPO4F and

NaV0,98A10,02P04F with 0.15 mV/s at 3.0-4.5V

4.01 V/4.42 V, respectively. These two pairs of redox
peaks correspond to the intercalation and deintercalation
of sodium-ion in the NaVPOF and NaV, Al oPOLF,
respectively. Besides, the potentials of redox current
peak shift toward more positive. Therefore, during the
oxidation process, it is found that the NaV ¢gAlj ¢,PO4F
sample has higher oxidation potential than NaVPO,F
sample corresponding to the extraction of Na' ions.
Deintercalation of Na'ions at higher potential indicates
that more driving force is necessary to impel the Na’
from the host structure to the anode. This implies that the
NaV9gAly ,PO4F sample has better reversibility.

In order to further study the influence of Al doping
on the electrochemical performance, the cells were
operated at a charge/discharge current density of 10
mA/g at ambient temperature. Fig.5 shows the initial
charge/discharge curves of the NaV,_,AlL,POJF (x=0,
0.02) powder. Charge-discharge capacity and capacity
retention ratio of the samples are listed in Table 2. As
seen from Fig.5 and Table 2, all cells show quite smooth
and monotonous charge/discharge curves. The Al-free

B
.
I

o
(3]
T

'-.ba

1 1 1 1 1 1
2870720 40 60 80 100 120

Capacity/(mA-+h-g™!)

Fig.5 First charge-discharge curves of NaV_,Al,PO,F: (a) x=0;
(b) x=0.02

sample has the initial discharge capacity of 86.3 mA-h/g,
showing a coulombic efficiency of 84.2%. However, the
NaVsAly 2PO,F delivers a slightly decreased discharge
capacity of 80.4 A‘h/g, of which the efficiency
corresponds to 89.2%. The initial reversible capacity
decreases by the Al doping, but the efficiency is
enhanced.

Fig.6 shows the changes of discharge capacity of
the NaV,_,ALLPO,F (x=0, 0.02) powder for different
contents of Al with cycle number. Although the Al-free
NaV_,ALLPO4F (x=0) electrodes have the higher initial
discharge capacity, they show abrupt decrease in capacity
during cycling and the capacity retention is 58.4% at the
30th  cycle, while the  Al-doped samples
NaVjsAly o, POF show obviously improved cycle
performance though they have slightly lower initial
discharge capacity. The NaVggsAlyp,PO4F has a
discharge capacity of 80.4 mA-h/g, and the capacity
retention is 85% at the 30th cycle, however BARKER et
al[11] reported that the capacity retention of NaVPO,F as
cathode material is only 50% at the 30th cycle. Moreover,
it can be seen that after 10 cycles, the obtained discharge
capacity of NaV¢3Alyo,PO4F is even higher than that of
the Al-free sample. From these results, Al doping of
NaVPO,F is an effective means to substantially enhance
cycleability during cycling, and NaV(¢3AlypPO4F has
good electrochemical performance for the application of
sodium ion batteries.
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Fig.6 Plots of specific discharge capacity vs cycle numbers of
NaV_,Al,PO4F: (a) x=0; (b) x=0.02

4 Conclusions

1) NaV_,ALPOF (x=0, 0.02) materials were
successfully synthesized by high temperature solid-state
reaction. All samples have a monoclinic structure and no
impurities.

2) The particle size of NaV¢gAly,PO4F is smaller
than that of the Al-free sample. The NaVg3Aly0nPO4F
materials show good electrochemical performance. The
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Al-doped sample shows better cycle performance
compared with the Al-free sample. The NaV(sAlggo-
PO4F electrode delivers an initial discharge capacity of
80.4 mA-h/g between 3 and 4.5 V with a current density
of 10 mA/g at ambient temperature, and the capacity
retention at the 30th cycle is 85%. The outstanding
electrochemical properties of NaV¢sAlg 0,PO4F make it
a promising cathode material for sodium-ion batteries.
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