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ARTICLE INFO ABSTRACT

LiFePO, (LFP) is widely considered as a practical cathode material for lithium ion batteries, however its ap-
plications are still plagued by the low ionic and electronic conductivities. To address this challenge, F-doped LFP
coated with N, B, F ternary doped carbon layer (F-LFP@NBFC) was synthesized by hydrothermal method using
ionic liquid [BMIM]BF, as the sole source for C, N, B and F. The F-LFP@NBFC exhibits superior electrochemical
performance compared with the pristine LFP. F-LFP@NBFC demonstrates a discharge capacity of 162.2mAh g~ *
at 0.1 C, which is close to its theoretical capacity, and maintains a 100% of discharge capacity after 40 cycles at
0.1 C. F-LFP@NBEC also shows an excellent rate capability and delivers a discharge capacity of 71.3mAh g~ ! at
15 C. The excellent performance is ascribed to the surface coating of LFP and heteroatom doping into the carbon
and LFP. On one hand, the N, B, F ternary doped carbon film acts as conductive network for LFP particles,
improves the electronic conductivity of electrode particle and consequently enhances the Li*/Li® reduced/
oxidized kinetics. On the other hand, the crystal lattice of LFP is enlarged by the F doping, which facilitates the
Li* intercalation/deintercalation. This study provides a convenient approach to prepare a high performance
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cathode material for lithium ion batteries.

1. Introduction

The energy demand in modern civilization renders the boom of
energy storage technologies. New technologies, including lithium ion
batteries (LIBs) [1-3], electrochemical capacitors [4-6], lithium sulfur
batteries [7-10] and redox flow batteries [11,12], are emerging and
rapidly developing. Due to the high energy density, portable ability and
long-term cycle life [13-16], LIBs are considered as one of the most
important power sources in practical applications. The commercially
used cathode material, i.e. layered LiCoO,, suffers from a lower safety,
a more environmental toxicity and a higher capital cost than other
cathode materials, such as LiNi,Co,Mn,0,, LiNi,Co,Al,O,, LiMnO, and
LiFePO4 (LFP) [17-20]. Among these alternative cathode materials, LFP
has attracted great attention because of its high safety and stability, low
cost, and high theoretical capacity (170 mAh g~ '). However, the bulk
LFP exhibits low specific capacity and unsatisfactory rate performance
in practical use, which is attributed to its low electronic conductivity
(107°-107'°Scem ™) and sluggish transportation of Li* ions [21,22].

* Corresponding author.

To improve the electrochemical properties of LFP, various methods,
such as carbon coating [23,24], particle size minimization [25] and ion
substitution [26,27], have been attempted to increase its electronic and
ionic conductivities [28,29].

Ion substitutions in the LFP structure were reported to effectively
increase the electronic conductivity and enhance the Li* kinetics of the
LFP when it was used as cathode material for LIBs [30,31]. Ionic do-
pants in LFP lattice include cations, i.e. Mg?*, Cu®>*, Mn**, Zr**,
Co%*, V°*, Zn2*, Nb°*, AI®* at Li* or Fe?" sites [30,32-37], and
anions, i.e. F~, $7, Cl~, replacing PO, group as a whole or at 0*~
sites [38,39]. F-substitution at the oxygen site of LiNiO, was firstly
reported by Kubo, in which lattice distortion could significantly in-
crease the capacity of LiNiO, [40]. Recently, Milovi¢ et al. [39] in-
vestigated F-doped LFP by using density functional theory (DFT), and
found that fluorine doping can enhance the diffusion of Li* ions and
induce better conductivity properties of the doped LFP.

Carbon coating on LFP surface is another method to improve the
electrochemical performance of the LFP through increasing the
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electronic conductivity, providing mechanical protection to LFP parti-
cles and preventing LFP particles from agglomeration during the
charge/discharge process [41]. Introduction of heteroatoms, i.e. N, S, B,
P, F, etc., into the carbon film can further improve the electrochemical
performance of the composites because heteroatoms can not only act as
electron donors to provide charge carriers [42], but also induce a high
amount of defects and therefore facilitate the Li* transport in the
carbon film [43]. Binary or ternary heteroatom doping in carbon dis-
played a synergetic effect in enhancing electrochemical properties of
carbon materials. For examples, N, B, F ternary doped carbon fibers
exhibited higher kinetic activity and stability compared with the single
N-doped carbon fibers used in Zinc-Air batteries [44]. LFP coated with
N, B, F ternary doped carbon layer exhibited improved electrochemical
performance than that of the single N- or B-doped materials [45].
However, how to prepare ternary heteroatom doped carbon film on the
surface of the electrode material remains a great challenge.

Ionic liquids (ILs) are widely used as carbon sources to form het-
eroatom doped carbon layer on LFP due to that ILs can penetrate into
porous crystals, and subsequently form a thin and uniform film on the
surface of LFP particles [46,47]. Furthermore, heteroatoms, i.e. N, S, B,
P, F, etc., originally from ILs remain in the pyrolyzed carbon and enable
the formation of the heteroatom doped carbon films on the surface of
LFP particles [48]. In our previous work [49], the IL 1-butyl-3-methy-
limidazolium dicyanamide was used as both carbon and heteroatom
source to prepare N-doped carbon film on the surface of LFP. A high
discharge capacity of 160.6 mAhg~' after 50 cycles at 0.1C and a
discharge capacity of 143.6 mAh g~ ! at 1 C were achieved.

In this work, we present a convenient approach to prepare F-doped
LFP coated with N, B, F ternary doped carbon film (F-LFP@NBFC). lonic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIMI]BF,)
was employed as the sole source for carbon and heteroatom (N, B and F)
dopants in both NBFC and F-LFP simultaneously. F-LFP@NBFC was
synthesized by a one-step hydrothermal reaction using the ionic liquid
[BMIM]BF,. [BMIM]BF, was pyrolyzed during the heat treatment
process, which formed N, B, F ternary doped carbon film on the surface
of LFP particles. F element from [BMIM]BF, simultaneously doped into
the lattice of the LFP. The characterization results showed that F doping
led to an expansion of lattice parameters b and ¢ of the LFP, which
enhanced the Li™ intercalation/de-intercalation kinetics. The N, B, F
ternary doped carbon film on the surface of LFP particles increased the
conductivity of LFP and Li* transport. As a result, the F-LFP@NBFC
exhibited excellent electrochemical performance in LIBs.

2. Experimental approaches
2.1. Synthesis of F-LFP@NBFC

An illustration of synthesizing the F-LFP@NBFC is shown in Fig. 1.

Applied Surface Science 476 (2019) 761-768

LFP was synthesized by the hydrothermal method reported in literature
[49]. In a typical synthesis process, the stoichiometric amounts of
LiOH-H,0 (98%), H3PO,4 (85%), and FeSO47H,0 (99%) (molar ratio is
3:1:1) were dissolved in distilled water. The solution was stirred for
0.5h. The solution was then transferred into a 200 mL Teflon-lined
stainless steel autoclave and maintained at a temperature of 180 °C for
10 h. After cooling down to the room temperature, the obtained gray
dark slurry was centrifugally washed three times by the deionized
water/absolute alcohol, and eventually dried at 110 °C for 12h. The
dark gray slurry became the dark gray powder, which was further
treated in the argon at 700 °C for 10 h to synthesize the pristine LFP. To
synthesize F-LFP@NBFC, the IL [BMIM]BF, (30 wt%) was dropped into
the LFP and stirred for 30 min and a new slurry was obtained. This
slurry was dried and calcined in the argon at 700 °C for 10 h. After
cooling down to the room temperature, the F-LFP@NBFC sample was
eventually obtained.

2.2. Structure and morphology characterizations

XRD characterization for the LFP and F-LFP@NBFC was performed
using a Rigaku D/max-2500 with the Cu Ko radiation
(A = 0.15406 nm) in the 20 range from 10° to 80° at room temperature.
Raman spectra were obtained from a LabRAM HR UV/vis/NIR (Horiba
Jobin Yvon) with a He-Ne laser (excitation line 532 nm). JEOL-7500F
scanning electron microscopy (SEM) and JEOL-JEM-2010F transmis-
sion electron microscopy (TEM) were employed to characterize the
morphologies and microstructures of the materials. Energy dispersive
spectroscopy (EDS) on the SEM was used to probe the chemical con-
tents of the materials. The X-ray photoelectron spectroscopy (XPS)
analysis was performed on a PHI-5702 multifunctional photoelectron
spectrometer with an analyzer pass energy of 29.4 eV.

2.3. Electrochemical characterization

Coin type half-cells were assembled for the electrochemical tests.
The working electrodes were prepared by using LFP (or F-LFP@NBFC)
as the active material, polyvinylidene fluoride (PVDF) as the binder and
Super-P as the conductive agent with a weight ratio of 8:1:1. Three of
them were well mixed in an appropriate amount of N-methyl-2-pyrro-
lidone by stirring to obtain a uniform slurry which was then coated onto
a piece of aluminum foil. The coated aluminum foil was dried in the
vacuum at 110 °C for 10 h. The mass loading for the electrodes is about
1.0 mg cm ™2, Half-cells were assembled inside a glove box using 1M
LiPFg in a solvent mixture of EC:DEC (1:1, vol%) as the electrolyte. The
cycling and rate capability tests were conducted by a Land CT2001A
battery tester. The half-cells were charged and discharged with desired
constant currents in a voltage window of 2.5 to 4.2 V. Cyclic voltam-
metry (CV) was performed with a Chi660E electrochemical workstation
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Fig. 1. An illustration of synthesizing F-LFP@NBFC.
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Fig. 2. XRD patterns of the LFP and the F-LFP@NBFC.

at scan rates between 0.1 mVs~! and 5mVs~!. Electrochemical im-

pedance spectroscopy (EIS) was measured by a Chi660E electro-
chemical workstation in the frequency ranging from 0.01 Hz to 100 kHz
with a sinusoidal amplitude of 5 mV at the open circuit voltage with 0 V
voltage bias.

3. Results and discussion
3.1. Analysis of structure and morphology

XRD patterns of the LFP and F-LFP@NBFC samples are shown in
Fig. 2. The characteristic peaks from both LFP and F-LFP@NBFC can be
indexed to the crystal of LFP (JCPDS 40-1499), which has an orthor-
hombic structure and belongs to the Pnma space group. There are no
characteristic peaks from carbon, indicating that the content of the
carbon in the F-LFP@NBFC is extremely low. Fig. 2(b) shows the
magnification peak for the 26 range of 35.5-36.5°. It can be seen that
the peak from the F-LFP@NBFC has a slight shift to a lower angle
compared with that from the LFP, which indicates that F-LFP@NBFC
has a larger unit cell volume than LFP [50]. The calculated crystal
lattice parameters of the LFP and the F-LFP@NBFC are summarized in
Table 1. A slight expansion of the unit cell volume reveals that the
insertion of F element can cause a distortion of the LFP, which improves
the rate performance and cycle ability of LFP [31,51].

The morphology and particle size of the LFP and F-LFP@NBFC were
examined by SEM. Fig. 3(a) shows that the LFP particles have a dia-
meter ranging from 1 ym to 5 pm. The SEM image of the F-LFP@NBFC,
as shown in Fig. 3(b), reveals that the particles of the F-LFP@NBFC
have a diameter ranging from 1 pm to 5 um, indicating that the carbon
coating process does not alter the particle size distribution of the F-
LFP@NBFC. EDS mapping images as shown in Fig. 3(c), suggest that Fe,
P and O distribute uniformly in the F-LFP@NBFC particles. The F ele-
ment also distributes on the surface of the F-LFP@NBFC particles and it
confirms that F was doped into the carbon and/or the crystal of LFP.
The C distribution reveals that a uniform carbon film was formed on the
surface of LFP particles. In addition, N and B distributions vary with the
morphology of the carbon film, which indicates that N and B may co-
exist in the carbon layer. TEM and HRTEM were used to further in-
vestigate the microstructures of the LFP, the F-LFP@NBFC and the su-
perficial carbon film and the obtained images are shown in Fig. 4. It can
be seen that a uniform carbon film is formed on the surface of the LFP
with a thickness of 5-6 nm (Fig. 4(d)).

Raman spectrum was used to analyze the microstructures of the

Table 1

Lattice parameters of the LFP and the F-LFP@NBFC.
Sample a/A b/A c/A V/A3
LFP 10.30425 5.93397 4.68391 286.40
F-LFP@NBFC 10.25402 5.95417 4.69365 286.57
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carbon film on the surface of the F-LFP@NBFC as shown in Fig. 5(a).
The band located at 953 cm ™! is assigned to the symmetric stretch of
P—O [52]. The bands below 400 cm ™! are assigned to the translation of
Fe and PO,°” and vibration of Fe—O [53]. Four bands at the
1210cm™%, 1360 cm ™!, 1510 cm ™! and 1590 cm ™! are obtained after
Gauss fitting of the Raman spectrum as shown in Fig. 5(a). The bands
located at the 1210 cm ™! and 1510 cm ™! are generally assigned to sp>-
coordinated carbonaceous materials, and the bands at the 1360 cm ™!
and 1590 cm ™! are attributed to the sp*coordinated graphite struc-
tured carbon [54,55]. The corresponding ratio of I;350/11210 and I;590/
I1510 are 2.86 and 2.29, which indicate that F-LFP@NBFC has a higher
amount of sp?coordinated carbon than the sp®-coordinated carbon.
This suggests a high conductivity of carbon film on the surface of the F-
LFP@NBFC and consequently improved electrochemical performance
of the F-LFP@NBFC.

Fig. 5(b) shows the XPS spectrum of the F-LFP@NBFC, the peaks at
binding energy of 58.3eV, 135.8eV, 192.9eV, 287.9eV, 400.1eV,
688.8 eV and 715.5 eV correspond to Lils, P2p, Bls, Cls, N1s, F1s and
Fe2p, respectively. Fig. 5(c) is the high-resolution XPS spectra of C1s for
the F-LFP@NBFC. The fitting peaks at 284.6 eV, 285.1 eV and 287.3 eV
are attributed to the sp®-coordinated carbon, the sp®-coordinated
carbon and C=O0 coordinated carbon, respectively [56,57]. The N1s
spectrum as shown in Fig. 5(d), is de-convoluted into three peaks at
399.2 eV, 400.5eV and 401.3 eV, which are relevant to the configura-
tion of pyridinic N, pyrrolic N and graphitic N, respectively [58]. Two
peaks at 685.9 eV and 688.1 eV are introduced in the fitting of the F1s
spectra as shown in Fig. 5(e), and correspond to the F—Li and F—C,
respectively [59]. The presence of the F—Li bond confirms that F-ele-
ment was incorporated into the LFP lattice. In the high-resolution XPS
spectrum of Bls as shown in Fig. 5(f), the peak at 189.1 eV corresponds
to BC3 and the peak at 191.4eV corresponds to BC,O [60,61], in-
dicating that the B atom bound is not only with C but also with O [62].
Boron atoms tend to break carbon atoms to form dangling bonds at the
edge of carbon film, and finally lead to defects [63]. Table 2 lists the
distributions of the bond types for the F-LFP@NBFC. The appearance of
C—N, B—C and C—F bonds confirms that the carbon film was ternary-
doped with N, B and F. There is no N—B signal in the N1s spectrum
(397.9 eV) neither in the Bls spectrum (190.1 eV), indicating that the
nonconductive B—N pairs were not formed in the carbon film. The F
doping in the LFP lattice and the ternary doping in the carbon film
synergistically facilitate the electron conduction and Li* transport in
the F-LFP@NBFC. Therefore, the F-LFP@NBFC is expected to exhibit
high electrochemical performance.

3.2. Electrochemical properties

The initial CVs of the LFP and the F-LFP@NBFC at a scan rate of
0.1mVs~! are shown in Fig. 6(a). The redox peak at 3.29/3.58V is
observed for the LFP and the peak at 3.24/3.62V is observed for the F-
LFP@NBFC. CV curves from the half-cell based on the F-LFP@NBFC



Y. Meng et al.

S Sy Sum

Applied Surface Science 476 (2019) 761-768

Sum J Sum

————,

Fig. 3. (a) SEM image of LFP; (b) SEM image of F-LFP@NBFC; (c) EDS mappings of F-LFP@NBFC.

exhibit sharper peaks, higher peak intensity and larger enclosed area
than that from the half-cell based on the LFP, suggesting enhanced
electrochemical kinetics of intercalation/de-intercalation of Li* into/
from the F-LFP@NBFC. Fig. 6(b) shows the first ten CV curves at a scan
rate of 0.1 mVs~ ! for the F-LFP@NBFC. The CV curves are roughly

overlapped with each other, demonstrating that the F-LFP@NBFC has
improved cycling stability and reversibility, which are attributed to the
synergistic effect of the ternary doping in the carbon film and the F
doping in the LFP lattice. On one hand, the N, B and F dopants in the
carbon film not only improve the electronic conductivity of the carbon

Fig. 4. TEM images of LFP (a) and F-LFP@NBFC (b); HRTEM images of LFP (c) and F-LFP@NBFC (d).
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Table 2

Distribution of bond types of F-LFP@NBFC.

Atom Emission peak Binding energy/eV
C sp> C 284.6
sp> C 285.1
Cc=0 287.3
N Pyridinic N 399.2
Pyrrolic N 400.5
Graphitic N 401.3
F F—Li 685.9
F—C 688.1
B B-C 189.1
B—C-0O 191.4
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film through changing the electronic structure of the carbon [64,65],
but also boost Li* intercalation/de-intercalation kinetics in the carbon
film by providing deficiencies and vacancies, which facilitate Li* pe-
netration [59,66]. On the other hand, F dopant modifies the micro-
structures of the LFP by weakening the Li—O bonds and therefore im-
proves the Li* diffusion in the LFP, which enables F-doped LFP to
exhibit a stable cycle ability and a high rate performance [51]. CV
curves of the F-LFP@NBFC as shown in Fig. 6(c) demonstrate that redox
potentials are 0.26 V, 0.32V, 0.36 V, 0.4V, 0.51 V and 0.71 V with re-
spect to scan rates of 0.1 mVs~', 0.2mVs~ !, 0.5mVs~ !, 1mVs ?,
2mVs~! and 5mVs™?, respectively.

To further analyze the characteristics of the LFP and the F-LFP@
NBFC, the EIS was conducted in a frequency range of 0.01 Hz-100 kHz
with an amplitude of 5mV, as shown in Fig. 6(d). The semicircle at
high-frequency region corresponds to the charge-transfer resistance,
and the straight line at lower frequency represents the Li* diffusion
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from the surface into the interior of the crystalline LFP or F-LFP@NBFC
(Warburg impedance) [45,67]. A smaller radius for the F-LFP@NBFC
reveals a smaller charge-transfer resistance [66]. The EIS data is fitted
through the equivalent circuit and as shown in Fig. 6(d). R1 refers to
the uncompensated resistance, including particle-particle contact re-
sistance, electrolyte resistance, and the resistance between the elec-
trode and the current collector [67]. R2 represents the charge-transfer
resistance, and W1 refers to the Warburg impedance. Based on the
equivalent circuit, the charge-transfer resistance of the F-LFP@NBFC is
fitted to be 240 Q, which is much lower than that of LFP (655 Q). The
smaller charge-transfer resistance of the F-LFP@NBFC is attributed not
only to the improved electrical conductivity of the N, B, F ternary doped
carbon film which acts as conductive network [68,69], but also to the
enhanced conductivity of the F-LFP@NBFC caused by the F doping in
LFP lattice [70].

Charge/discharge curves of the LFP and F-LFP@NBFC are shown in
Fig. 7. The initial voltage profile at a charge/discharge rate of 0.1C
shown in Fig. 7(a) displays that the F-LFP@NBFC delivers a discharge
capacity of 161.9 mAh g ~* with a coulombic efficiency of 96.5%, which
is significantly higher than those of the pristine LFP with a discharge
capacity of 50.7 mAhg~! and a coulombic efficiency of 63.6%. Also,
the F-LFP@NBFC shows a lower charge voltage plateau and a higher
discharge voltage plateau compared with the LFP. In other words, the F-
LFP@NBFC has a lower polarization potential of 30 mV than that of LFP
(200 mV). It might be attributed to the enhanced conductivity of the F-
LFP@NBFC resulted from the uniformly bonded carbon film on its
surface [71]. A higher discharge voltage plateau means the F-LFP@
NBFC can deliver more energy, which consequently improves the en-
ergy density of the batteries [72,73].

Fig. 7(b) shows that the initial charge/discharge capacities of the F-
LFP@NBFC at different rates are 167.8/161.9 mAh g’1 (0.10), 156.1/
1541mAhg™' (0.3C), 147.4/143.6mAhg™' (10), 140.3/
134.2mAh g ' (3C) and 123.8/116.4 mAh g~ ! (5 C), respectively. The
rate performance of the F-LFP@NBFC is shown in Fig. 7(c), the average
discharge capacities are 161.5mAhg™?, 156.6 mAhg™?,

147.9mAhg !, 141.7mAhg %, 123.9mAhg ™' and 71.3mAhg ' at
0.1C,0.3C,1C, 3C,5C and 15C, respectively. The discharge capacity
goes back to 164 mAh g~ ' when the charge/discharge rate returns to
0.1 C. It confirms that the F-LFP@NBFC has good rate capability and
stability. However, the average discharge capacities of the pristine LFP
are 47.1mAhg~!, 41.6mAhg~!, 31.5mAhg~!, 24.7mAhg~! and
10.6 mAh g’1 at 0.1G, 0.2C, 0.5C, 1 C and 5C, respectively. Clearly,
the F-LFP@NBFC exhibits a superior electrochemical performance
compared with the pristine LFP. The long-term cycling performance of
the LFP and F-LFP@NBFC are showed in the Fig. 7(d). It can be seen
that the F-LFP@NBFC has a specific capacity of 162.2mAhg~" after
40 cycles, and a 100% of the discharge capacity is maintained. While
the pristine LFP demonstrates a capacity of 44.3mAh g~ ! after 40 cy-
cles, and only 87% of the discharge capacity is maintained. The Cou-
lombic efficiency of F-LFP@NBFC was also improved. The enhanced
cycling performance may be originated from F doping and carbon
coating. F doping enlarges the unit cell volume of the LFP and improves
the accessibility of the Li*, which could sustain the stability of the
crystal structure of LFP during cycling. In addition, carbon layer on the
surface of LFP particles provides a mechanical protection.

4. Conclusion

F-doped LFP coated with N, B and F ternary doped carbon film (F-
LFP@NBFC) was synthesized using ionic liquid [BMIM]BF, as the sole
source of C, N, B and F. It was demonstrated that the F-LFP@NBFC has
an improved electrochemical performance compared with pristine LFP.
F-LFP@NBFC can deliver a discharge capacity of 162.2mAhg~! and
71.3mAhg~ ! at 0.1 C and 15C, respectively. It also can maintain a
100% of discharge capacity after 40 cycles at a discharge rate of 0.1 C.
The improved performance is attributed to the increased conductivity
and mechanical protection by the carbon coating and a more accessi-
bility of Li* by the enlarged crystal lattice of the LFP.
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