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e synthesized Nb-doped LiFePO,/C nano composite cathode materials by

mechanochemical activation followed by a single step calcination. The starting
chemicals of Li,CO,, FeC,0,.2H20, NHH,.PO, and CH,O, as lithium, iron,
phosphate, and carbon sources are mixed in a high energy ball mill (250 rpm, 5h)
and calcined at 650 °C and 10 hours. The resultant materials are structurally (XRD,
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SEM, TEM) and electrochemically characterized and high purity LiFePO, with high

electrochemical performance is obtained. Voltage vs. specific capacity, discharge capacity

vs. cycle number in manufactured battery is presented. An initial specific discharge

capacity of 153 mAhg™ and a specific discharge capacity of 128.4 mAhg™' after the 8th

charge/discharge cycling at 1C is recorded.
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INTRODUCTION

Rechargeable lithium-ion battery with lithium iron
phosphate (LiFePO,, LFP) cathode has found
worldwide use in the consumer electronics, hybrid
and electric automotive sectors due to its long cycle
life, thermal stability, and high reliability. Cathodes
consisting of LFP particles can achieve high charge/
discharge rates and capacity, only if a conductive
carbon mesh covers the surface of the particles to
provide electronic conduction between the particles
and if the distance between the particles is reduced to
decrease the diffusion path. Accordingly, it has been
shown that composite cathode batteries consisting
of carbon coated nano-sized LFP particles can reach
high charge / discharge rates and capacities [1].
Moreover, doping of metal ions (such as ions of Nb, V,
Mg, etc.) are also used to distort the olivine lattice of
LFP and result in an increased Li-ion transport and
conductivity [2].

There are several solid-state and solution-based
production methods available for the production of
this cathode material, yet one of the most frequently
used method is the mechanochemical activation [3].
The method is based on the principle of increasing the
chemical reactivity of the mixture in a high-energy ball

milling through attritors. By this method powders with
low particle size and high surface area can be prepared.
Similarly, LFP powders prepared by mechonochemical
activation reported to have high purity, uniform and
well-crystallized structure and exhibit high specific
capacity as detailed in the following paragraph.

Franger et al. [4] observed formation of well
crystallized, phase pure homogeneous LiFePO,/C
particles after adding sucrose to iron (II) phosphate
(Fe,(PO,),.5H,0), (Li,PO)
starting materials, milling 24 hours in planetary ball

tri-lithium  phosphate

mill and calcining them at 550 ° C for 15 minutes under
nitrogen atmosphere. Crystallization occurred at low
temperature (432 ° C) due to deep grinding. In another
work, Franger et al. [5] produced same material using
saccharose and boron phosphate (BPO,) for enhancing
electronic conductivity and reported an improved
electrochemical performance. Park et al. [6] observe
that wet-mechanochemical activation in acetone
provides approximately 74% capacity increase over dry
grinding. Shin et al. [7] characterized carbon coated
and chromium doped LiFePO, materials synthesized
by mechanochemical activation and calcination of
lithium carbonate (Li,CO,), iron oxalate dihydrate
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(FeC,0,.2H,0) and ammonium dihydrogen phosphate
((NH,),.PO,) starting materials. Compared to bare LiFePO,,
carbon coated LiFePO, showed a significant increase in
the rate performance, while the highest enhancement was
achieved in Cr doped and carbon coated LiFePO,. Li et
al. [8] investigated the electrochemical properties of LiFe,
Mn PO,/C (glucose as carbon source) composite material
produced by Mn addition during mechonochemical
activation. It is observed that Mn doping improve
electrochemical performance especially at high charge/
discharge rates. Park et al. [9] investigated the main causes
of the increase in the charge/discharge rate with the AI*",
Cr®* ve Zr*" cation doping on the LFP samples produced
by a single calcination step after mechanochemical
activation. To this end, the bonding energies of LiFePO,/C
and LiFe,, M, ,PO,/C (M=Al*, Cr*, Zr*") materials were
measured by XPS. The weakening of the Li-O bond and the
facilitation of lithium diffusion have been reported as the
main cause of the increase in rate performance with metal

addition. Similarly, Ma et al. [10], Zhou et al. [11], and Zhao
etal. [12] have prepared Nb doped LiFePO,/C powders with
improved electrochemical activity.

The mechanochemical method is also used as a second
process to reduce the particle size or to obtain a composite
powder for powders previously produced by other methods.
For example, Morales et al. [13] compared the performance
LiFePO,
activation. Some of the most commonly used starting

particles after applying mechanochemical
materials in the literature for the production of LiFePO, by
mechanochemical activation arelithium carbonate (Li,CO,),
iron oxalate dihydrate (FeC,0,2H,0) and ammonium
dihydrogen phosphate. Table 1 provides a list of references
that have been compiled for mechanochemical activation of
these materials.

In Table 1, parametric studies carried out on the
amounts of carbon and additive metal, ball to powder
ratio or calcination temperature is listed. Table 2 gives the

Table 1. A list of elements used in lithium, iron, phosphate, carbon sources and doping elements used for LFP - LFP/C synthesis by mechanochemical
activation method. Thermal and structural analysis methods can be read from the relevant columns.

Source g
# . f Dopant Thermg[* Structural analysis* Reference
Li Fe PO c* analysis
4
1 cB cr* - isXRD,SEM [7]
2 - - - XRD,HRTEM 6]
', ABY,
3 cB 7 XRD,SEM [9]
4 - Nbs* - ABF-STEM [14]
5 CA - TG/DSC XRD,FTIR,SEM [15]
6 _ R R XRD [16]
AC - - XRD,SEM,TEM [17]
Li,C 03
FeC,0,22H,0 - - - XRD,SEM [18]
NH‘H2P04
9 _ R R XRD [19]
10 - - TG XRD,FE-SEM [20]
11 - - TG/DTG XRD,EDS,SEM, TEM [21]
12 MA - DSC XRD,SEM,TEM,EDS [22]
13 MA - - XRD,SEM, TEM/EDS [23]
14 PVA - TG XRD,SEM [24]
15 LiF - - TG/DSC XRD,SEM [25]
16 - - - - [81
Li(OH)H,0
17 FePO o2H O cs - - XRD,SEM,TEM [26]
P
18 LI'ZCOg SC TGA isXRD [27]
19 . SC - TGA/DSC XRD,SEM [4]
LiPO Feg(PO4)2 5H,0
3 4
20 - - [5]
21 LI'HEPO‘ Fein LiHZPOA CA Nbs* NA XRD,FE-SEM [27]
*
CA: Citric acid TGA: Termogravimetric analysis D: Doping
CB: Carbon black DTA: Differential thermal analysis C: Carbon

SC: Saccharose

TA: Tartaric acid

PEG: Polyethylene glycol
AC: Acetylene black

CS: Cane sugar

MA: Malic acid

DSC: Differential scanning calorimetry
isXRD: in situ X-ray diffraction
SEM: Scanning electron microscopy

EDS: Energy dispersive spectroscopy
FE-SEM: Field emission SEM

HRTEM: High resolution transmission electron microscopy

T: Temperature

mt: Milling time

BP: Ball/powder ratio
w: Wet milling

RT: Room temperature
atm: Atmosphere




Table 2. Details of carbon and metal doping type and amount, calcination and mechano-chemical activation methods used in the studies given in

Table 1.
# C(w %) Dopant Calcination Activation -
°C hr atm b:p hr °C  rpm atm
13 Cr, 0.02 600/750 10 Ar+9%5 H, 20:1 3 RT 250
2 - - 600 10 Ar+%5 H, 20:1 3 RT 250
3 3 Cr AB, Zr+ 750 10 Ar+%5 H, 20:1 3 RT 250
4 Nbs*, 0.02 8oo 10 Ar
5 0/5/6/6.75/8 - 700 20 N, dyn 10:3 2 RT 400 Ar
6 700 10 Vakum 1
7 7.8/4.7 - 600 10 N, 10:3 15 RT 1000 Ar
8 - - 600+700 0.5 N, 2
9 - - 400/600 2/4 Ar 20:1/40:1 0.5 660
10 - - 50+350+650 16+4+10 Ar+%5 H, 24
11 - - 350+600+800 8+8 Ar 1:20 2
12 50 - 873 12 Ar+%5 H, 1:20 3/12/18 300
13 60 - 60+320+600 10+12 Ar+%5 H, 3
14  0/1/3/5/10/30 800/300+800/500+800 9/6+9 Ar 24
15 - - 300/400/500/600/700/800 8/24 Ar+%8 H,
16
17 20 60+650 8.5 N, 15/20/25/30:1 2.5 3000
18 - - 500+120+600 6+5 Ar 2 450
19 - - 550 0.25 N, 24
20 - - 700 A
21§ Nb5*,0.005/0.01/0.015/0.025 700 12/4 N, 5/6
details of carbon and metal doping sources and amounts, MATERIALS AND METHODS

calcination and mechanochemical activation methods for
the studies given in Table 1.

In light of the literature review presented above, the
aim of this work is to produce LiFePO,/C nano composite
cathode material with high purity and high electrochemical
performance using the mechanochemical activation

method by selected process parameters from Table 1 and 2.

Lithium carbonate (Li2CO3, Abcr, Germany), iron oxa-
late dihydrate (FeC204.2H20, Alfa Aesar, USA) and
ammonium dihydrogen phosphate (NH4H2.PO4, Merck,
Germany) were used as lithium, iron and phosphate
sources respectively. Citric acid (C6H807, Merck, Ger-
many) was used as a carbon source and niobium pentao-
xide (Nb205, Sigma Aldrich, USA) as a niobium source.
These precursor materials were mixed in stoichiometric

precursor mixture

v

b/p ratio = 14, rotational speed

= 250 rpm, duration = 5 hours

A4

Calcination under high purity (%99.99) Ar atmosphere, at 650°C for 10 hours

Figure 1. Flowchart of the synthesis method.
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amounts for 2.4 at. % Nb and at. 6.4% carbon and then
ball-milled for 5 h in a planetary mill using zirconium
dioxide vessel and balls (diameter 10mm) with a ball to
powder ratio of 14.0. The resulting mixture was calcined
in a tubular furnace (Protherm PTF 16/75/450) under
argon flow at 650 °C for 10 h in order to obtain the Nb-
doped LiFePO4/C composite powders. Flowchart for the
synthesis method is presented in Fig. 1.

XRD analysis was performed using a Bruker D8 Ad-
vance diffractometer equipped with a Cu Ka source (A =
0.15406 nm). Tests were carried out at 40 kV, 30 mA, and
the Bragg angle (26) varied from 5° to 80° with a scan rate of
1°/min. Powder morphologies were investigated using a SEM
(FEI / Quanta 450 FEG) and TEM (FEI-TECNALI).

Cast electrodes were prepared from a 500 mg mixture
of 85 wt % of LFP/C active material, 10 wt % of carbon black
(Abcr, Germany) conductive additive and 5 wt % of PVDF
(polytetrafluoroethylene, (Sigma Aldrich, USA) binder was
mixed in N-methylpyrrolidone (NMP, Merck, Germany) for
1.5 hours to obtain a thick slurry. This slurry was then cast
on an aluminum foil with a blade spacing of 100 pm and
dried in an oven at 100° C for 12 hours. Discs of 9.525 mm in
diameter punched from these films in glove box (Inert I-Lab
2GB) were used as cathode. For anode, discs were cut from
a metallic lithium rod (Alfa Aesar, USA) with a diameter
of 12.7 mm. 1M LiPF6 (lithium hexafluorophosphate, Abcr,
Germany) solution in 1:1 ethylene carbonate (C3H4OB, Abcr,
Germany): dimethyl carbonate (C.H, O,, Abcr, Germany)
was prepared as the liquid electrolyte.

Cathode and anode discs, bottom and top covers
of CR2032 button battery cell, spring and spacers and
electrolyte-impregnated (16 mm in diameter) glass fiber
filter paper separator (691 VMR, France) were assembled
using an electric coin cell crimping machine (MTI —
MSK-160D) inside the glovebox. The electrochemical
measurements were conducted with a custom designed

Lio ssNb 0o4FePO,
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Figure 2. XRD pattern of 2.4% Nb-doped LiFePO,/C powders.
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Figure 3. SEM image of 2.4% Nb-doped LiFePO4/C powders.

(max. 30mV) battery tester (UBA 5, Vencon Technologies,
Canada).

In order to determine the specific capacity of the cell,
weight of the electrode disc with the current collector (W),
weight of the uncoated current collector disc of the same
diameter (W,
material were calculated by taking their difference. Then

) were measured and weight of electrode

the weight of active material in the electrode is calculated
by: W,,,= 85 % (W_, - W_.). Multiplying this value with
the theoretical specific capacity of LEP (C = 170 mAhg
1) the theoretical specific capacity of the electrode disc
(C,p) is obtained: C,j = C x W, [28]. Then the coin cell
was first charged under a constant voltage of 3.6V, rested
for five minutes and discharged at constant current at 1C
(discharge in 1 hour). This charge and discharge cycle has
been repeated eight times.

RESULTS AND DISCUSSION

Fig. 2 shows the XRD pattern of 2.4 at. % Nb-doped
LiFePO,/C powders. The crystal phase is ordered olivi-
ne structure indexed orthorhombic Pnma, and no other
impurity peak is detected. Comparing the Li, . Nb FePO,
(x=0.024) pattern with that of JCPDS card number 83-
2092, one can conclude that doping this amount of Nb do
not affect the structure of the sample. Yet considering the
ionic radii of Nb5+ (78 pm) is larger than that of Li+ (68
pm), the enlarged crystal cell volume with Nb ion doping
is expected to improve the lithium ion diffusivity [27]
and in turn electrochemical performance.

The crystallite diameter (d) was calculated from the
XRD line width using the Scherrer equation, d = 0.9\/(B, ,
cosB), where X is the X-ray wavelength, {3, , is the calculated
width at half-maximum of the diffraction peak, and 6 is
the diffraction angle. Value of d is measured at the angle
corresponding to the (311) line and found as 52 nm.



Figure 4. TEM images of 2.4% Nb-doped LiFePO4/C powders.
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Figure 5. a) Discharge curves and b) cycle life performance of CR2032 button battery cell with a positive electrode prepared from 2.4 at. % Nb-doped
LiFePO,/C powders operated between 3.5and 2.5 V at the current rate of 1 C.

battery cell with a positive electrode prepared from 2.4 at. %
Fig. 3 shows the scanning electron microscopy (SEM)  Nb-doped LiFePO4/C powders. The discharge capacity at
image of 2.4 at. % Nb-doped LiFePO,/C powders, where  therate 1 C, wasabout 139 mAhg™ between a cutoff voltage
powders are consisting of agglomerated particles. of2.5and 3.5 V. Also, a good voltage plateau was observed at
about 3.4V (vs. Li/Li+). Fig. 5b shows the cycle performance
Fig. 4 shows the TEM images of 2.4 at. % Nb-doped  at 1 C rate. An initial specific discharge capacity of 153
LiFePO,/C powders where it seen that the particles are ~ mAhg™and a specific discharge capacity of 128 4 mAhg™ is
coated and connected by carbon. Fig. 4a confirms that the ~ recorded after the 8th charge/discharge cycling.
particles had a size of 50~100 nm with a circular and oval
shape. The particle size reported here is in good aggrement ~ CONCLUSION
with the calculated crystallite size (52 nm) using the

Scherrer equation. From Fig. 4b, it is clear that the carbon We synthesized Nb doped LiFePO,/C nano composite

coating is uniform, and the shell thickness of the coating is cathode materials by mechanochemical activation at 250

in the range of ~3 nm, indicating that carbon could inhibit rpm for 5 hours followed by a calcination at 650 °C for

the particle growth, and help in obtaining smaller particles

09] 10 hours. The resultant materials are structurally (XRD,

SEM, TEM) and electrochemically characterized. LFP
with high electrochemical performance is obtained. The

Fig. 5a shows discharge curves of the CR2032 button discharge capacity at the rate 1 C, is about 139 mAhg!
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and a good voltage plateau is observed at about 3.4 V (vs.
Li/Li+). A specific discharge capacity of 128.4 mAhg™ is
recorded after the 8th charge/discharge cycling at 1C.
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