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Abstract. Nb-doped LiNbo 00sFe,PO4/C cathode material for lithium-ion batteries were
prepared by two-fluid spray-drying using FePO4-2H,0O, LiOH-H»0, CsH1,0s(glucose)
as raw materials under N, atmosphere. The effects of doping Nb°" on the structure,
morphology and electrochemical performances of LiFePOs were investigated. The
results show that LiNboosFe,PO4+/C has Olivine Structure and pure phase. The
LixNbo.00sFey,PO4/C had an initial discharge specific capacity of 158.5mAh/g at 0.1C
and its specific capacities were 109mAh/g at 5C. The initial charge/discharge
efficiency reached 93.9%. The discharge specific capacity of the LixNbg.oosFe,PO4/C at
253K is 82.2mAh/g. This investigation suggests that the Nb>* doped material possess
high rate capability and excellent low temperature electrochemical performance.

1. Introduction

As a cathode material for lithium ion batteries, LiFePO, is widely used because of its high specific
capacity of 170mAh/g, rich resources, environmentally friendly, low price, good safety performance,
reasonable cycle life and other advantages [1]. Meanwhile, LiFePOy is one of the anode materials in
various applications such as electric power and batteries which need better performance of low
temperature and the ratio of the corresponding requirement of the lithium iron phosphate material
nano-particles. However, a main drawback of pristine LiFePO; is its very low intrinsic electronic
conductivity (~10° Scm™!), which results in less impressive performance at high rates and low
temperature [2].

To solve this problem, various methods have been applied. Proper cation doping is one of the most
effective ways to improve the electrical conductivity of LiFePOs, favoring fast charge and fast
discharge rate [3]. Many researchers have reported that selective doping with Mg, AI**, Ti*", V3*,
and W' can greatly improve the kinetics of LiFePOy in terms of the capacity delivery, cycle life and
rate capability [3-5].

In this work, Nb-doped LixNbo.oosFeyPO4/C cathode materials were synthesized to investigate the
effect of Nb substitution on the electrochemical properties of LiFePO./C.

2. Experiment
LiFePO.4/C composite was synthesized by two-fluid spray drying using FePO4-2H,0, LiOH-H,0 as
raw materials and CsHi2Os (glucose) as carbon sources. FePO4-H,O and LiOH-H,O were mixed with
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a molar ratio of 1:1 and then glucose was added in. Next, the mixture was ground into powder which
primary particle size was smaller than 200nm by wet ball-milling in aqueous solution. Then the
precursor was dried via two-fluid spray drying. Finally, the precursor was sintered in the furnace with
N> gas at 350°C for 3h, and then at 700°C for 8h, and the LiFePO4/C was obtained. The preparation
steps of LixNbo.oosFe,PO4/C were consistent with LiFePO4/C, except that 0.5% Nb>Os was
added when mixing.

The electrodes were fabricated using a mixture of the prepared nano-LiFePO4/C powders (85wt. %),
acetylene black (10wt. %), and polyvinylidene fluoride (PVDF 5wt. %) in N-methyl-2-pyrrolidone
(NMP) to form a slurry. The slurry was spread onto Al foil and dried in an oven at 110°C under
vacuum. The thickness of the electrode was 20um or so. The electrochemical performance was tested
by coin cells, using Li metal as the negative electrode and Celguard 2400 as the separator. The
electrolyte solution was lmol/L LiPF¢ in a 1:1:1(volume ratio) mixture of ethylene carbonate,
dimethyl carbonate and ethylene methyl carbonate. The charge-discharge test was performed on the
LAND test system between the voltage limits of 2.5V and 4.2V (versus Li/Li").

The structure and phase were identified by Rigaku D/MAX 2500PC X-ray diffraction (XRD) using
Cu-Ka radiation, 30KV tube voltage. The morphology of the as-prepared products was characterized
by scanning electron microscope (SEM). The particle size distributions were measured with laser
scattering techniques (BT-9300, China and Horiba LA-950, Japan). The surface area was calculated
using the Brunauer—Emmett-Teller (BET) equation (F-sorb2400, China). The tap density was
measured by tap density tester (ZS-201, China).

3. Results and discussion

Fig.1 shows the X-ray diffraction (XRD) patterns of the LiFePO.4/C and LixNbo.oosFe,PO4/C. As seen,
the synthesized LiFePO4/C and LixNbo.oosFe,PO4/C has a good crystallization from the shape of
diffraction peaks which are sharp and has an ordered olivine-type indexed by orthorhombic Pnma
(JCPDS No.83-2092). Besides, there are no obvious carbon diffraction peaks in the samples due to its
low content and amorphous state.

The Rietveld refinements allowed the determination of the lattice and structural parameters.
The profile parameters of the pseudo-Voight function were used to describe the shape of the
diffraction lines and the structural refinement was carried out by considering the [Li] 4a [Fe]
4cPO4 structural hypothesis [6]. In order to further investigate the occupancy of Nb®* in
LiFePOy structure, XRD test results of doped sample were refined. Fig.2 exhibits comparison of
the experimental and calculated XRD patterns of LixNbo.oosFe,PO4+/C. The hexagon symbol
represents the experimental test value, and the baseline at the bottom is the difference between the
actual test value and the calculated value. The observed pattern and calculated pattern match well in
this case, and the agreement factors are satisfactory (Rwp =13.5%, Rp = 9.8%). According to the
results of the refinement, the doped sample with 0.5% Nb’" can be expressed as (Lio.9s7ssNbo.oosF€0.00712)
Li (Feo.99228L10.00712) Fepos. Nb* is mainly occupied in the Li position in the lattice, and a small amount
of Fe exists in the Li position.
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Fig.1 The XRD patterns of LiFePO4/C and LixNbg.oosFe,PO4/C samples
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Fig.2 Comparison of the experimental and calculated XRD patterns of LixNbogsFe,PO4+/C

Fig.3 exhibits SEM images of the LiFePO4/C and LixNbo.oosFe,PO4/C samples. The particles of
the LiFePO4/C and LixNbg.oosFe,PO4/C are small, well-dispersed, and no agglomerations exist. The
particle size of LixNbo.oosFe,PO4/C particle is smaller than that of LiFePO4/C particle, and the
primary grain is more uniform. This is due to the fact that Nb,Os powder may be used as nucleating
agent in the sintering process, which has the effect of grain refinement. In addition, the particle size
distributions for the aggregated particle size and primary particle size are given in Fig.4. From the
images, we can acquire that particles of LiFePO4/C and LixNbo.oosFe,PO4/C are uniform with
aggregated average particle size is 6.66 and 5.28um, respectively. The primary average particle size of
LixNbog.00sFeyPO4/C is 132nm. It’s more beneficial to shorten the internal migration distance of the Li-
ions and electrons, reduce the ionic diffusion resistance and more effectively improve the contact with
the electrolyte, the specific capacity and ratio discharge property.

Table 1 exhibits particle size distribution, apparent density, tap density and special BET surface of
LiFePO4/C and LixNbyg ¢osFe,PO4/C samples. The measured apparent density of LixNbg.oosFey,PO4/C
is 0.65g/cm® and the measured tap density is 0.93g/cm>. The special BET surface of the synthesized
LiFePO4/C and LixNbgosFe,PO4/C is 14.97 and 13.88 m?g. This lower BET surface of
LixNbo.005FeyPO4/C can improve the processing performance of the lithium batteries.

Fig.5 exhibits the initial charge and discharge curves of LiFePO./C and LixNbo.o0sFe,PO4/C at rate
of 0.1C and 0.5C. The initial discharge capacity of the LiFePO4/C and LixNby.o0sFe,PO4/C are 160.2
and 158.5mAh/g at 0.1C, with the first discharge efficiency are 94.4% and 93.9%, respectively. The
characteristic of extremely flat cell reaction voltage of two samples is observed here also. The charge
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platform voltage of two samples is 3.44V and the discharge platform voltage of LiFePO./C and
Libeo_oosFeyPO4/C
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Fig.3 SEM images of the LiFePO4/C and LixNbg.oosFe,PO4/C samples(a: LiFePO4/C, b:
Libeo.oosFeyPO4/C)

Tab.1 Particle size, density and the special surface area of the samples

Simple Particle size(um) | Apparent density | Tap density | Specific surface area
P D10 | D50 | D90 (g/cn) (g/cm) (m?g)
LiFePO./C 0.90 | 6.66 | 23.89 0.88 1.09 14.97
Li,Nbo.oosFe,PO4/C | 0.83 | 5.28 | 22.42 0.65 0.93 13.88
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Fig.4 Particle size distribution curves of LiFePO, for the aggregated particle (a) and
LixNbo.o0sFeyPO4/C for the aggregated particle (b) and primary particle (c)
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Is 3.39V and 3.38V. The difference between the charging and discharging voltage is only 50mv
(LiFePO4/C) and 60mv (LixNbg.oosFe,PO4/C) at 0.1 C, indicating very low electrode resistance and
good kinetics of redox reactionat comparatively low discharge currents. Fig.5 (b) shows that the initial
discharge capacity of the LiFePO4/C and LixNbo.oosFe,PO4/C are 146.7 and 144.9mAh/g at 0.5C.

The specific capacity of LixNbo.oosFeyPO4/C is slightly smaller than that of LiFePO4/C at low
discharge currents.
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Fig.5 Initial charge and discharge curves of LiFePO4/C and LixNbg.oosFe,PO4/C at 0.1C (a) and
0.5C (b)
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Fig.6 Cycle curves at different current rates of LiFePO4/C and LixNbg ¢osFe,PO4/C samples
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Fig.7 Charge and discharge curves of samples at different temperature with 0.2C(a: LiFePO4/C,
b: LiXNbo,oosFeyPO4/C)

With an increase in C-rate, polarization is enhanced due to slow lithium ion diffusion at the solid,
two-phase FePO4/LiFePO, interface and the resulting limitation of the material to cope up with the fast
reaction kinetics at high C-rates. Fig.6 exhibits the cycle curves of two samples at different current
rates. The results are shown that the discharge capacity of LiFePO./C at 0.1C, 0.5C, 1C, 2C, 3C and
5C respectively reached 162.4, 149.8, 139.6, 121.1, 106.4, 74.8mAh/g, and the discharge capacity of
LixNbog.00sFeyPO4/C reached 160.4, 152.1, 144.2, 132.6, 122.8 and 109.0mAh/g. It can be clearly seen
that the specific capacity of undoped sample is slightly higher than that of doped sample at low
discharge currents, but the specific capacity of undoped sample decreases significantly with the
increase of the ratio, while that of doped sample decreases less. The difference between the specific
capacity of undoped and doped samples increases with the increase of the ratio. The lower specific
capacity of the doped sample may be due to the fact that Nb>* doping occupies the Li site, resulting in
the reduction of the amount of decanted Li, which can also be explained by Nb occupying Li site in
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lithium iron phosphate. However, Nb>" doping can effectively improve the conductivity and diffusion
rate of lithium ions, thus obviously improving high rate capability.

Fig.7 exhibits charge and discharge curves of LiFePO./C and LixNbo.oosFe,PO4/C at 253K and
298K with 0.2C. The results are shown that the discharge capacity of undoped sample reached
155.3mAh/g at 298K and 74.6mAh/g at 253K with 0.2C. Under low temperature 253K, the discharge
capacity is 48.0% of that at 298K. The discharge capacity of doped sample reached 156.5mAh/g at
298K and 82.2mAh/g at 253K with 0.2C. Under low temperature 253K, the discharge capacity is
52.2% of that at 298K, suggesting that the doped sample has better low temperature electrochemical
performance.

4. Conclusion

Nb-doped LixNbo.o0sFe,PO4/C cathode material for lithium-ion batteries is synthesize by two-fluid
spray-drying. Through the Rietveld refinement from XRD data, it is shown that Nb°" is mainly
occupied in the Li position in the lattice, and a small amount of Fe exists in the Li position. Compared
with undoped LiFePO4/C, the Nb-doped LixNbo.oosFey,PO4/C has better high rate capability and low
temperature electrochemical performance. It can meet the requirements for high power applications
such as electric vehicle, electric tool and energy storage for smart power grids.
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