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A novel composite of LiFePO, with phosphorus-doped carbon layers has been prepared via a simple
hydrothermal method using glucose as the carbon source to generate the carbon coating and
triphenylphosphine as the phosphorus source. Effects of phosphorus doping on the phase purity,
morphology and electrochemical performance of the materials are studied by the characterizations of X-
ray diffraction, Raman spectra, scanning electron microscopy, high resolution transmission electron
microscopy and electrochemical techniques. It is indicated that phosphorus doping into the carbon layers
is beneficial for the graphitization of the carbon. Phosphorus in the carbon layers exists in the form of P-C
bond and its concentration depends on the second calcination temperature. Moreover, phosphorus-doped
carbon layers on the particle surface make the charge transfer resistance decreased remarkably from 156.5
Q to 49.1 Q, which can be ascribed to the free carriers donated by phosphorus. The as-prepared LiFePO,
with phosphorus-doped carbon layers calcined at 600 °C shows the best electrochemical performance
with a discharge capacity of 124.0 mAh g at the high rate of 20 C and an excellent retention rate of
91.4% after 50 cycles. The LiFePO, with phosphorus-doped carbon layers exhibits excellent
electrochemical performances especially at high current rates, which is a promising cathode material for
20 high-performance lithium ion batteries.

>
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45 carbon layers can further enhance the electronic conductivity of
1. Introduction the bulk since the additional electrons contributed by the nitrogen
atom provide electron carriers for the conduction band.** For
example, Yoon et al. prepared rod-like LiFePO, with a
conductive nitrogen-doped carbon layer on the particle surface
so using hydrothermal method, which exhibited an initial discharge
capacity of 98 mAh g at 5 C.*® Almost at the same time, Yang et
al. prepared a hierarchical porous composite of LiFePO, with
nitrogen-doped carbon nanotubes by a sol-gel method, which
delivered a capacity of ~77 mAh g at the current density at 5
ss C.7 Additionally, Zhang et al. synthesized LisTisO;, composite
with the coating of nitrogen-doped carbon layers, which showed
the superior performance with the discharge capacity of 100 mAh
g at a high rate of 24 C.*® More recently, doping phosphorus
into the graphene support to improve the performance of certain
o catalysts for the oxygen reduction or CO oxidation reaction has
been extensively studied.?® It is reported that phosphorus doping
affects the degree of graphitization and surface areas of carbon
materials,”® the doped phosphorus can modify the electron
transport properties and the affinity towards acceptor molecules
(such as O,), which make phosphorus-doped carbons more
efficient electrocatalysts.*! These results enlightened us to study
whether or not the phosphorus doping can accelerate the
conductivity of the carbon layers and consequently improve the
electrochemical performance of the battery materials.

Olivine structured lithium iron phosphate (LiFePO,) is one of
the most promising candidates for cathode materials of
rechargeable lithium ion batteries applied in new energy storage

2s devices, due to the advantages of cost reduction, environmental
benignity, electrochemical and thermal stability, appropriate
operating voltage and relatively high theoretical specific capacity
of 170 mAh g'.'* However, LiFePO, has intrinsic drawbacks
including low electronic conductivity and low lithium ion

30 diffusivity,”® which have hindered its large-scale production and
especially further application in electrical/hybrid vehicles. Thus,
extensive efforts have been made to improve the properties of
existing LiFePO,-based electrode materials, including the
reduction of particle size,”!' atomic-level doping with alien

35 ions'>"* and surface modification by coating with electronically
conductive agents.'”>'® Among these methods, the well-known
surface carbon coating is one of the most effective ways to
improve the electrochemical performance of the electrode
materials. However, solely through pristine carbon coating, a

40 superior rate performance of the LiFePO, materials cannot be
achieved.

Recently, nitrogen-doped carbon has been considered as a
promising anode material candidate for high performance lithium
ion batteries.””? It is reported that doping nitrogen into the

o
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To our knowledge, no literature has been found on the
application of phosphorus-doped carbon coating on the LiFePO,
surface to improve electrochemical performance of the material.
In this work, we have successfully synthesized LiFePO,/C
through a simple hydrothermal method and incorporated
phosphorus into the carbon layers by an additional calcination
process using triphenylphosphine (TPP) as the phosphorus source.
Effect of calcination temperature on the electrochemical
properties as well as phase purity and morphology are analyzed
by characterizations of X-ray diffraction (XRD), Raman spectra,
X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), high resolution transmission electron
microscopy (HRTEM), thermogravimetric (TG) analysis and
electrochemical techniques.

2. Experimental
2.1. Preparation of samples

LiFePO4/C and phosphorus-doped LiFePO,/C were prepared
by a simple hydrothermal process using LiOH-H,O (=95%,
Sigma-Aldrich), FeSO,7H,O (AR, Sigma-Aldrich), H;PO,
(>85%, Sigma-Aldrich) as starting materials, glucose (AR,
Sigma-Aldrich) as the carbon source and TPP (=99%, Sigma-
Aldrich) as the phosphorus source. In the typical synthesis of
LiFePO,, the molar ratio of Li : Fe : P is 3 1 1 1 in the
precursor solution, and the concentration of transition metal was
controlled at 0.5 mol L'!. A solution of H;PO, with glucose was
firstly added into a LiOH solution dropwise under vigorous
stirring, immediately forming a white suspension. A degassed
FeSO, aqueous solution was then slowly added into the above as-
prepared white suspension under N, protection. Subsequently, the
obtained pale green suspension was quickly transferred into an
autoclave and maintained at 180 °C under mechanical stirring for
3 h. After cooling down to the room temperature, the precipitate
was filtered and washed with de-ionized water three times before
dried at 120 °C for 12 h under vacuum. To obtain carbon coated
LiFePO, powder with well crystallized phase and good
electrochemical performance, the dried samples were calcinated
at 700 °C for 6 h under a N, flow. The obtained LiFePO,/C
sample was named as LFP/C. To prepare the phosphorus-doped
LiFePO4/C, 10mL ethanol solution with 0.2 g mL"' TPP was
mixed with 4 g as-prepared LiFePO,/C powders, followed by the
dessication at 100 °C for 10 h under vacuum and then the
calcination under N, atmosphere for 4 h at the temperature of 300,
500, 600 or 700 °C respectively. For simplicity, the samples
calcinated at different temperatures were denoted as LFP/C-P1,
LFP/C-P2, LFP/C-P3 and LFP/C-P4 respectively when the
temperature rose from 300 to 700 °C.

2.2. Structure and morphology characterizations

The samples were characterized by XRD (Rigaku D/MAX-
2500) with a Cu Ka source (4=0.154 nm) at 35 kV and 20 mA.
Data were collected between 15°and 75° (26 degree) in the step
of 3° min™'. Morphologies of the samples were observed via SEM
images using a Hitachi S4800 microscope (INSA, Lyon).
HRTEM images were recorded using a JEM100CXII instrument
operating at an accelerating voltage of 100 kV. TG analysis was
performed on a Netzsch-STA 449C from 25 to 700 °C at a
heating rate of 10 °C min" in air. XPS measurements were

90

95

performed by a PHIS000 Versa Probe spectrometer, equipped
with a monochromatized Al Ka X-ray source (24.2 W) and an
analyzer pass energy of 187.85 eV for survey scans. Raman
spectra were obtained from a DXR microscope Raman
spectrometer system equipped with a 532.4 nm laser. Specific
surface areas and pore volume of the samples were determined
through N, adsorption-desorption isotherms using Quantachrome
NovaWin2 autosorb automated gas sorption system (USA). The
electrical conductives were measured on San Feng SB120 using a
four-point probes method.

2.3. Electrochemical characterization

Electrochemical measurements were carried out with CR2032
coin cells using metallic lithium as the anode at room temperature.
Composite positive electrode was prepared by thoroughly mixing
the active phosphate material, acetylene black (Shanghai
Chemical Reagents Corporation) and polyvinylidene fluoride
(PVDF, Shanghai Chemical Reagents Corporation) (80 : 10 : 10
wt.%) in N-methyl-pyrrolidinone and spread onto aluminum foils
then dried for 12 h at 120 °C in vacuum. The electrolyte was a
mixed solvent of ethylene carbonate (EC, Novolyte, battery grade)
and dimethyl carbonate (DMC, Novolyte, battery grade) (1:1, v/v)
containing 1.0 mol L' LiPF, (Sigma-Aldrich, battery grade).
Coin-type cell was assembled in an argon-filled glove box with
H,0 and O, content less than 0.1 ppm, using lithium metal as the
electrode and Celgard 2400 as the separator.
Galvanostatic charging-discharging experiments were carried out
on LAND-CT2001A (Wuhan Kingnuo Electronic Co.) in the cut-
off voltages of 2.2 and 4.2 V versus Li/Li" at room temperature.
The electrochemical impedance spectroscopic analysis (EIS) was
carried out with CHI604D (CH Instruments, China) by applying a
5 mV amplitude signal over the frequency range between 100
kHz and 0.1Hz.

counter

3. Results and discussion

The phase compositions of the as-prepared samples were
determined by XRD patterns. As shown in Fig. 1, all the obtained
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Fig. 1. XRD patterns of LFP/C and LFP/C-P.

samples show strong and narrow diffraction peaks, which can be
indexed to an orthorhombic structure with a space group of Pnma
(JCPDS card NO.40-1499). It is worth noting that no diffraction
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peak indicative of a second phase is found, indicating the high
crystallinity and phase purity of all the LiFePO, samples.
Obviously, the incorporation of phosphorus into the carbon layers
has no effect on the formation of crystalline structure of LiFePO,.
It is suggested that well crystallized LFP/C-P samples without
any impurity phase can be prepared at the calcination temperature
ranged from 300 to 700 °C.

Raman spectra were measured to investigate the density of
defects at the sample surfaces. As shown in Fig. 2, the peaks near
1325 and 1592 cm™” are assigned to D-band and G-band,
respectively. The G-band is associated with the vibration of sp*-
bonded carbon atoms in a 2D hexagonal lattice, while the D-band
corresponds to the defect-induced mode.** These two peaks can
be detected in all of the five samples, suggesting that a carbon
film is successfully coated onto the surface of each sample.
Generally, it is considered that the graphite carbon on the surface
of the materials shows higher conductivity compared with
disorder carbon and thus enhances the electronic conductivity
during the charge/discharge process,” i.e., the larger amount of
graphite carbon on the surface, the better electrochemical
properties of the materials. The intensity ratio of D and G bands
(Ip/lg) is used to evaluate the degree of graphitization of the
carbon layers on the surface of the materials. As listed in Table 1,

—LFPIiC

LFP/C-P1
—— LFPIC-P2
—— LFRICF3
——LFPIC-P4

Intensity / a.u
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1 . 1 . 1 . 1 . 1 . 1
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Fig. 2. Raman spectrum of LFP/C and LFP/C-P.

Table 1 Ip /Ig of LFP/C and LFP/C-P materials.

Sample Ip/Ig
LFP/C 1.38
LFP/C-P1 1.19
LFP/C-P2 1.17
LFP/C-P3 0.96
LFP/C-P4 1.11

the carbon layers of the phosphorus-doped samples show a
relatively lower Ip/lg ratio, indicating the positive effect of
phosphorus doping on the graphitization of the carbon layers,

30 compared with sample LFP/C. Obviously, the sample LFP/C-P3,
with an Ip/lg ratio of 0.96, exhibits the highest degree of
graphitization, which is probably responsible for the excellent
electrochemical performance of the sample, as discussed in the
next context.

35 XPS spectra of LFP/C-P samples were analyzed to determine
the composition content and the species of phosphorus in the
carbon layers. As listed in Table 2, the LFP/C sample without
phosphorus doping consists of 41.73 % carbon and 3.92 %
phosphorus, with the P:C ratio of 0.09. For the sample with

40 phosphorus doping, the relative ratio of P:C is increased and
achieves the highest of 0.13 for LFP/C-P3. The phosphorus
species were discriminated through the deconvolution of XPS P
2p profiles for these samples.

Table 2 The composition contents and relative ratios in the carbon layers of

45 LFP/C and LFP/C-P materials
atm.%
Sample P:C P:O
P C O
LFP/C 3.92 41.73 15.89 0.09 0.25
LFP/C-P1 4.13 40.76 16.20 0.10 0.25
LFP/C-P2 4.35 39.50  17.31 0.11 0.25
LFP/C-P3 4.70 3533 1898 0.13 025
LFP/C-P4 4.68 43.14 18.39 0.11 0.25
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Fig. 3. XPS spectra of P 2p of (a) LFP/C, (b) LFP/C-P1, (c) LFP/C-P2, (d)
LFP/C-P3 and (e) LFP/C-P4.

This journal is © The Royal Society of Chemistry [year]
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As shown in Fig. 3a, the undoped LFP/C exhibits two peaks at
133.3 and 134.2 eV, which are respectively corresponding to P-O
and P=0.** For LFP/C-P samples there appears a new small
peak at 131.6+0.3 eV, attributing to the bonding of P-C (Fig. 3b -

s 3e).” As listed in Table 3, the P-C content of LFP/C-P samples
increases from 3.1% to 8.1% as the calcination temperature rises
from 300 °C to 600 °C, suggesting that the higher calcination
temperature is beneficial to the formation of P-C chemical
bondings in the carbon layers around LiFePO,. The P-C content

10 of LFP/C-P3 equals the maximum of 8.1%, whereas for the
LFP/C-P4 sample the P-C content is as low as 3.1%, which is
probably due to the sublimation of elemental phosphorus in the
carbon layers at the temperature higher than 600 °C.*

Table 3 The relative content of phosphorous species in XPS spectra of LFP/C

15 and LFP/C-P materials.

Binding energy / eV Peak area ratio / %

Sample
P-C P-O/P=0 P-C  P-O/P=0
LFP/C 1333 1342 63.7 363
LFP/C-P1 131.3 1332 1340 3.1 562 407
LFP/C-P2 131.8 1333  134.1 34 563 403
LFP/C-P3 131.8 1334 1343 81 564 355
LFP/C-P4 131.6 133.5 1343 3.1 568 40.1

Morphologies of all the LiFePO, samples were detected by
SEM and HRTEM. SEM images indicate that for the undoped
LFP/C or the phosphorus doped LFP/C-P there are rod-like
particles with a length distribution from 200 to 300 nm and a

20 width ranging from 100 to 200 nm (Fig. 4a - 4¢). HRTEM images
show that both LFP/C and LFP/C-P samples are coated by thin
carbon layers with the thickness about 4 nm (Fig. 4f - 4j). To
confirm the carbon content of all the five samples, the TG
analysis was performed. Based on the difference in the TG

25 weight gain observed in LiFePO, and the five different samples,
the carbon content of LFP/C, LFP/C-P1, LFP/C-P2, LFP/C-P3
and LFP/C-P4 is 1.9 wt%, 2.0 wt%, 1.9 wt%, 2.0 wt% and 1.9
wt%, respectively.’’ It is suggested that the calcination process
for phosphorus doping has no significantly influence on the

30 morphology and the carbon coatings of LiFePO, materials.

Table 4 lists the specific surface area and the pore volume of
the undoped LFP/C or the phosphorus doped LFP/C-P samples. It
is clear that LFP/C-P3 has the largest specific surface area of
27.08 m* g, increased by 44% compared with that of LFP/C

35 (18.85 m* g™'), meanwhile the pore volume of LFP/C-P3 is 0.010
cc g’!, which is increased by 43% compared with that of LFP/C
(0.007 cc g'). Whereas for the LFP/C-P4 sample that
experienced the calcination at 700 °C the specific surface area
and the pore volume decrease greatly. It is illustrated that the

40 calcination process for phosphorus doping with temperature
lower than 600 °C can increase both the specific surface area and
pore volume of the carbon layers around LiFePO, materials,
which is beneficial to quick migrations of lithium ions and

10 nm
r—

10 nm

45 Fig. 4. SEM and HRTEM images of (a, f) LFP/C, (b, g) LFP/C-P1, (c, h)
LFP/C-P2, (d, i) LFP/C-P3 and (e, j) LFP/C-P4.

Table 4 Specific structure parameters of LFP/C and LFP/C-P materials.

specific surface
pore volume

Sample area
Jm g'l /cc g’l
LFP/C 18.85 0.007
LFP/C-P1 24.77 0.009
LFP/C-P2 21.30 0.008
LFP/C-P3 27.08 0.010
LFP/C-P4 19.71 0.007

4|J. Mater. Chem. A, [year], [vol], 00-00
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consequently improves the electrochemical performance of
LiFePO,/C materials.

From the measurements using a four-point probes method, the
electrical conductives of LFP/C, LFP/C-P1, LFP/C-P2, LFP/C-P3,
LFP/C-P4 are 2.21x107, 3.14x107, 4.00x107, 8.39x10° and
7.50x102 S cm’! respectively, clearly indicating that the electrical
conductivities are remarkably enhanced by phosphorus doping.

Fig. 5 shows the electrochemical performances of the five
LiFePO, samples. The charge-discharge profiles of the five
different samples at 0.1 C are shown in Fig. 5a. The initial
charge/discharge profiles of all the five samples exhibit a flat
voltage plateau at around 3.4 V (versus Li'/Li), which results
from the two-phase redox reaction between FePO, and
LiFePO,.*** Generally, materials with higher platform capacity
and utilization efficiency can provide longer working time for the
electronic devices. In the initial cycle at the rate of 0.1 C, the
discharge capacities of LFP/C, LFP/C-P1, LFP/C-P2, LFP/C-P3,
LFP/C-P4 at 0.1C are 152.8, 158.4, 164.1, 165.5 and 164.2 mAh
¢! respectively and the coulombic efficiency are 98%, 98%, 98%,
99% and 99% respectively. The LFP/C-P3 sample shows the
highest platform capacity, indicating that the phosphorus doping
into the carbon layers of LiFePO, particles can elevate the
specific capacities but also the coulombic efficiency of LiFePO,
materials. Fig. 5b compares the rate performances of the undoped
LFP/C and the phosphorus doped LFP/C-P samples at different
current densities from 0.1 to 20 C. Under
charge/discharge rates, the phosphorus-doped LFP/C-P samples
show significant higher capacities than the undoped LFP/C
sample, especially the LFP/C-P3 sample exhibits the highest
discharge capacities at various rates. It is indicated that there is
less polarization inside the electrode for the phosphorus-doped
samples, and the advantage becomes even apparent as the
charge/discharge rates increases. Fig. 5c displays the cycling
performance of the LFP/C-P3 sample and the undoped LFP/C at
20 C. The corresponding specific discharge capacities of sample
LFP/C and LFP/C-P3 are 105.4 and 124.0 mAh g in the initial
cycle, and decreases to 90.7 and 1133 mAh g after 50
charge/discharge cycles, keeping 86.1% and 91.4% retention of
the initial capacities, respectively. Obviously, the phosphorus
doped LFP/C-P3 exhibits significant higher discharge capacities
than that of the undoped LFP/C, suggesting that phosphorus
doping into the carbon layers not only improves the specific
capacities at various rates, but also elevates the cycling
performance of the materials.

These extraordinary electrochemical performances of the
phosphorus-doped LiFePO4,/C materials reveal that the
phosphorus-doped carbon layers can construct the pathways for
effective transferring of the electrons even under high
charge/discharge rates. It is attributed to the good electron-donor
properties of phosphorus. Plenty of free carriers provided by
phosphorus may increase the conductivity of the LiFePO,/C
samples so as to improve the electrochemical performance of the
materials, which is confirmed by the above results showing that
sample LFP/C-P3 with the highest content of P-C bonds exhibits
the best electrochemical performance. Moreover the migration
rate of lithium ions and the mass transfer rate can be improved
because of the largest surface area and pore volume of sample
LFP/C-P3. All of these reasons together make a significant

various

contribution to the improvement of electrochemical performances
60 of the phosphorus-doped sample LFP/C-P3.
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Fig. 5. (a) The charge-discharge profiles of LFP/C and LFP/C-P at 0.1 C; (b)
the multi-rate capability of LFP/C and LFP/C-P; (c) the cycleperformance of
LFP/C and LFP/C-P3 at 20 C.

6s EIS measurement was carried out to deeply understand the
effect of phosphorus doping on the electrochemical properties.
The EIS datas were analyzed based on the equivalent circuit
shown in Fig. 6a, where R, refers to uncompensated resistance
that includes a number of contributions: particle-particle contact
70 resistance, electrolyte resistance, and the resistance between the
electrode and the current collector. R refers to charge transfer
resistance which is related to the electrochemical reaction at the
electrode-electrolyte interface and particle-particle contact. CPE

This journal is © The Royal Society of Chemistry [year]
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represents the dispersion effects caused by the inhomogeneity
such as the impurity and the defects in the crystals. R, and CPE
are unaffected by the phosphorus doping.?®***!' Fig. 6b shows the
EIS spectra of LFP/C and LFP/C-P3. The abscissa axis and the
ordinate axis represent the real part and the imaginary part of the
resistance respectively. The semicircle in the high and middle
frequency regions is resulted from the charge transfer resistance.
While the sloping line in the lower frequency represents the
Warburg impedance (Z,,), which is associated with lithium ions
diffusion in the bulk of the electrode.”® Obviously, the diameter
of the semicircle of LFP/C-P3 is smaller than that of LFP/C from
the Nyquist plot. As a result, the charge transfer resistance
decreases from 156.5 Q in LFP/C to 49.1 Q in LFP/C-P3. That is
to say, the increase of free charge carriers donated by phosphorus
can be directly reflected from the decrease of the specific
resistivity. The reduction of the charge transfer impedance is
beneficial to overcome the dynamic limitations of the process, so
as to improve the electrochemical properties. Moreover, the slope
of the line of LFP/C-P3 is higher than that of LFP/C, indicating
that the Warburg impedance (Z,,) of LFP/C-P3 decreases as well.
The exchange current density (i) is a very important parameter of
kinetics for an electrochemical reaction, and can measure the
catalytic activity of electrodes. It is calculated using the following
formula:

RT
nFR,

where R is the gas constant (8.314 J mol' K), T is the
temperature (298 K), n is the charge transfer number per
molecule during the intercalation, and F is the Faraday’s constant
(96500 C mol™).** The i, value of LFP/C-P3 (0.5 mA) is higher
than that of LFP/C (0.2 mA), which is in accordance with its
excellent electrochemical performances, displayed in Fig. 5. The
lithium ion diffusion coefficients (D) are calculated according to
the following equation:

22
RT
o 2 442 2
24°n'F'C'o
where R is the gas constant, 7' is the absolute temperature, A4 is the
surface area of the cathode, n is the number of electrons per
molecule during oxidization, F is the Faraday constant, C is the

concentration of lithium ion, and ¢ is the Warburg factor which is
relative with Z:

ly =

(M

@

1

Z’=RD+RL+oa)7E 3)

Fig. 6¢ shows the relationship between Z’ and reciprocal square
root of frequency (@) in the low-frequency region. The
calculated lithium ion diffusion coefficients of LFP/C and LFP/C-
P3 are 1.15x107" and 1.72x107"* cm? s™!, respectively, suggesting
that the phosphorus-doped sample LFP/C-P3 is more mobile for
diffusions of lithium ions and thus has better electrochemical
performance than undoped LFP/C.* Therefore, the EIS analysis
further confirms that phosphorus-doping carbon coating is
effective to improve the electrical conductivity of LiFePO,.

4. Conclusions
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Fig. 6. (a) Equivalent circuit model; (b) EIS of LFP/C and LFP/C-P3; (c) the

relationship between Z’ and reciprocal square root of frequency (™).

We have successfully synthesized phosphorus-doped

ss LiIFePO,/C materials via a simple hydrothermal method at

6

6:

S

a5

various calcination temperatures. The P-C concentration of the
phosphorus-doped carbon layers changes with calcination
temperatures and reaches a maximum at 600 °C, under which
conditions the prepared LiFePO,/C-P exhibits the best
electrochemical performances. In comparison with undoped
LiFePO,/C, the electron-donating phosphorus-doped LiFePO,/C-
P shows higher specific capacities and better rate performances
with relatively lower charge transfer resistance which may be
ascribed to a higher concentration of free charge carriers. The
phosphorus-doped LiFePO,/C materials are rather promising for
high power lithium ion batteries. Such a novel strategy with its
facile preparation process may be extended to the preparations of
other cathode materials for advanced batteries applied in electric
vehicles.
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