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Abstract Although LiFePO,/C has been successfully put in-
to practical use in lithium-ion batteries equipped on new en-
ergy vehicles, its unsatisfactory low temperature results in
poor low performance of lithium-ion batteries, leading to a
much smaller continue voyage course at extreme environ-
ments with low temperature for electric vehicles. In this paper,
the electrochemical performance of the LiFePO,/C prepared
by polyol route was investigated at a temperature range from
25 to =20 °C. Compared to commercial ones, as-prepared
LiFePO4/C shows a much better low-temperature perfor-
mance with a reversible capacity of 30 mA h g ' even at
5 C under —20 °C and a capacity retention of 91.1 % after
100 cycles at 0.1 C under 0 °C. Moreover, high-resolution
transmission electron microscopy (HRTEM) revealed that this
outstanding performance at low temperatures could be
assigned to uniform carbon coating and the nano-sized parti-
cles with a highly crystalline structure.
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Introduction

Among the many potential cathode materials, LiFePO, cath-
ode has attracted great attention since its discovery in 1997
[1], owing to its numerous appealing merits such as environ-
mental benignity, high thermal stability, relatively good cycle
stability, and a flat discharge potential at 3.4 V versus Li/Li"
[2, 3]. However, LiFePO,4 has low electric conductivity
(~107"" S cm ') and low Li-ion diffusion dynamics
(~1.8 x 107" ¢cm? s') at room temperature (RT) [4].
Numerous efforts have been paid to overcome these deficien-
cies, such as dedicated controls of particle size [5, 6], shape
and morphology [7, 8], surface conductive coating [9, 10], and
ion doping [11, 12]. There have been many reports on
LiFePO, with ultrahigh rate performance (some even up to
100 C) at RT when the cathode is modified by the above
methods [13, 14]. However, up to date, LiFePO, is still diffi-
cult to operate at rate >1 C including both charge and dis-
charge when the temperature falls down to below —20 °C
[15], a condition which would restrict its practical application
as electric products, such as electrical vehicles, cell phone
battery, and electronic instruments in winter or in cold areas.

Among various methods to solve this problem, two prop-
erties—small-sized cathode and uniform conductive coat-
ing—are believed to greatly enhance the electric and ionic
kinetics of LiFePO, under low temperature and thus promote
its low-temperature performance. A liquid-phase reduction
process (expanded reduction agents include classical polyols
[14], dimethyl sulfoxide [16], oleylamine [17]) is reported to
realize these two properties simultaneously, as it has several
advantages as follows: (1) offering a lower temperature exper-
imental environment (lower than 350 °C) compared to other
preparation methods, (2) being able to confine the products
within nanoscale and keep the products stable as the reduction
agent molecules of this system not only work as the solvent
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but also serve as the capping and reducing agents [18], and (3)
facilitating the lithium-ion diffusion by providing an oriented
growth of some crystal planes. For instance, Fan [19] realized
the nanoscale size of LiFePO,4 and uniform carbon coating of
6.7 wt% by oleylamine medium and post-heat treatment for
4 h; this composite material delivered excellent low-
temperature performance. However, this route is quite com-
plicated and even requires nitrogen atmosphere in the whole
reaction process. Wu [14] also adopted a polyol route to fab-
ricate two layers of carbon-coated nano-LiFePO, cathodes
with average primary particle size of ca. 90 nm, followed by
a later calcination process for 8 h to achieve good low-
temperature performances. These nano-sized products and
uniform carbon coating are responsible for the excellent
low-temperature performance. However, the production costs
of these processes are quite high because not only are the raw
materials such as Fe (Ac), and Fe (CI), expensive, but also
these soluble raw materials would lead to low crystallinity of
the products after liquid-phase reduction. They always require
extended post-heat treatment time to enhance the crystalline
structure of the products, a process which would further raise
production costs. Moreover, these fine-sized particles below
100 nm would decrease the tap density and thus lead to poor
processing performance when commercially used as cathodes
for Li-ion batteries.

In our previous work, we have found that LiFePO,/C
prepared by a polyol route possesses an excellent room tem-
perature performance with a high rate capability and a high
capacity retention after 300 cycles [20]. In this study, the low-
temperature performance (0, —10, and —20 °C) of as-prepared
LiFePO,/C will be investigated.

Experimental
Materials

Iron(IT) sulfate heptahydrate (FeSO47H,0, analytical reagent
(AR), 99.0 %), ammonium phosphate monobasic
(NH4H,PO,4, AR, 99.0 %), ammonia solution (25.0 %), phos-
phoric acid (H3PO4, aqueous solution, AR, 85.0 %),
triethylene glycol (TEG, AR, 97.0 %), and citric acid
monohydrate (C4gHgO7-H,0) were purchased from Chengdu
Kelong Chemical Reagent Co. (Chengdu, China). Lithium
hydroxide monohydrate (LIOH-H,O, AR, 99.0 %) was pur-
chased from Sigma-Aldrich (Shanghai, China). All the
chemicals were used as received without any further
purification.

Material preparation

The ferrous phosphate precursor and LiFePO,/C were pre-
pared through liquid co-precipitation combined with polyol
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process as described in our previous work [20]. NH4H,PO,
was added into a solution of FeSO,4 7H,0 in a molar ration of
1:1 to obtain the embryo of Fe; (PO,),'8H,0. Then, NH;5-H,O
was added under vigorous stirring until the pH of the mixed
solution is adjusted to 6.5. Stirring was continued for a few
minutes until a blue-white suspension was formed. Finally, the
precursor was collected by filtration, washed several times
with distilled water, and dried at 60 °C in a vacuum oven for
12 h. LiFePO,4 was synthesized by a polyol reduction process.
Typically, Fe; (PO4),-8H,0, H3;PO,4, proper amounts of
LiOH'H,O0, and citric acid were mixed in TEG. The mixture
was heated at 295 °C for 5 h in a round-bottom flask attached
to a refluxing condenser equipped with a mechanical stirrer.
Then, the resultant suspension was washed with acetone and
alcohol. To evaporate the remaining acetone and alcohol, the
powder was dried in an airy place for 12 h.

Material characterization

The structure and phase purity of LiFePO,/C were character-
ized by X-ray diffraction (XRD, D/max 2200/PC, Rigaku,
40 kV, 20 mA, Cu K, radiation, A = 1.5406 A). The size and
morphology of the samples were observed with a scanning
electron microscopy (SEM, Hitachi S-5200) and field emission
transmission electron microscopy (TEM, JEOL JEM-100CX).
Raman spectroscopy (RS) was recorded on a home-built
Raman spectroscopy instrument equipped with a Pixis-100BR
CCD, Acton SP-2500i spectrograph, using the 632.8 nm line
from a He—Ne laser. Care was taken against sample
photodegradation by using a low excitation power of 10 mW.

Electrochemical measurement

The electrochemical properties were evaluated using lithium
metal as the reference electrode. For the electrochemical mea-
surements, the LiFePO,4/C materials (1-1.2 mg/cmz) were
mixed with 13 wt% carbon black and 7 wt%
polytetrafluoroethylene binder (PVDF, purchased from
Sinopharm Chemical Reagent Co.). This mixture was coated
on an aluminum mesh and dried under vacuum at 100 °C for
12 h. The CR 2032 cell consisted of a cathode, lithium metal
anode, and Celgard 2500 separator. The electrolyte used was a
1:1 (in volume) mixture of ethylene carbonate (EC) and di-
methyl carbonates (DMCs) containing 1 M LiPFg, purchased
from Zhangjiagang Guotai-Huangrong New Chemical
Materials Co., Ltd. The galvanostatic charge and discharge
were controlled to be between 2.5 and 4.3 V on an Arbin
BT2000 instrument. All the charge and discharge tests are
performed at the same currents in each rate. Electrochemical
impedance spectroscopy (EIS) measurements were carried out
in two-electrode cells on a Prinston 4000 electrochemistry
workstation, using a =5 mV AC signal amplitude over a fre-
quency range from 0.1 to 100 kHz, and cycling voltammetry
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Fig. 1 SEM images of as-prepared precursor (a), LiFePO,/C before (b) and after sintering (c). nsets are low magnification images

(CV) test was obtained in the range of 2.5-4.3 V by the same
station at targeted temperatures (i.e., 0, —10, and —20 °C). For
LiFePO4/C low-temperature test, we activated the cells by
charge/discharge tests at a constant current density of 0.1 C
for 5 cycles at RT. Then, the cells were soaked in a
temperature/humidity environment test chamber
(Thermotron, SM-8-8200) for 3 h at the targeted temperatures
to reach thermal equilibrium. And, all the charge and dis-
charge capacities are based on the weight of LiFePO,/C. At
various temperatures, 1 C = 170 mA g .

Results and discussion

Figure 1a shows the SEM image of the precursors. A contin-
uous network of laminated nano-layer shape was observed
from the precursors, which could be attributed to the con-
trolled co-precipitation process according to its crystallization
characteristics of (010) plane-oriented growth [21]. LiFePO,4/
C powders with a size range of 100200 nm are shown in
Fig. 1b, which preserve the controlled morphology from the
precursor by the adsorption effects of TEG on the specific
plane of precursors [20]. Figure lc shows the as-prepared
powders after heat treatment. The figure demonstrates clearly
a rod-like morphology of homogeneous distribution, about
160 nm in length and 80 nm in width with good
monodispersity.

The XRD pattern of the as-prepared powders after heat
treatment is shown in Fig. 2. All the peaks are assigned to

the typical orthorhombic structure of LiFePO, (JCPDS Card
No. 81-1173), and no other impurity peaks are present within
the experimental resolution of the instrument. The Rietveld
refinement on the XRD pattern is performed to obtain the cell
parameters (¢ = 1.0319 nm, » = 0.6000 nm, ¢ = 0.4695 nm),
indicating a highly crystalline LiFePO, phase. Here, no dif-
fraction peaks of carbon are identified, suggesting that carbon
yielded from the decomposition of citric acid exists as an
amorphous phase.

The Raman spectrum is further utilized to analyze the sur-
face composition of the as-prepared LiFePO, as shown in
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Fig. 2 Rietveld refinement of XRD pattern for as-prepared LiFePO,/C

0

@ Springer



22

Tonics (2017) 23:19-26

=

-

. -+

A R

wy
—
=
&
o I
£ 2 o
=
[ [
.E Q
=
=
£
é M
Kk y JN&‘WMI
'l ™ 2 o 2 o 4 "
400 800 1,200 1,600 2,000

Raman shift/ (cm™)
Fig. 3 Raman spectra of the LiFePO,/C sample

Fig. 3. It shows two broad bands centered at 1340 and
1584 cm™ ' for the rod-like LiFePO4/C composite particles,
bands which are usually assigned as the D-band (disordered)
and G-band (graphitic) of carbon layer. The bands between
327 and 647 cm™ " are assigned to the intramolecular symmet-
ric and antisymmetric O—P—O bending bands, related to the
(PO4)*~ group in the LiFePO, phase [22]. The strong Raman
peaks below 400 cm ™', ca. 232 and 289 cm ', are suggested to
be caused by lattice vibrations of LiFePO, [23]. The observed
vibrational bands are in good agreement with the assignments
reported in the literature, suggesting the absence of impurities
on the surface [24]. The above analyses indicate that a
LiFePO,/C cathode possessing favorable properties, includ-
ing small size, uniform distribution, and free of impurities,
could be prepared through this modified polyol route from
the low-cost precursor Fe; (PO4),-8H,0.

Electrochemical performance

To systematically investigate the prepared LiFePO,/C under
low temperatures, a designed testing schedule of half cells is

a 45
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carried out stepwise from 0.1 to 10 C and from RT to —20 °C,
followed by reverting to 0.1 C after the highest rate at each
temperature and going back to 0 °C at the end of the test. The
structural stability of cathode materials after being cycled at
higher rates and lower temperatures could be evaluated by the
capacity retention when cycled back to 0.1 C under 0 °C.
Hence, this testing schedule could verify the shortened
lithium-ion diffusion path and high crystallinity of the pre-
pared LiFePO,/C, a schedule which could be barely found
in other papers related to the low-temperature performance
of LiFePO,/C cathode. To complete the testing schedule, the
cells were soaked in a temperature/humidity environment test
chamber (Thermotron, SM-8-8200) for 3 h at the targeted
temperatures to reach thermal equilibrium.

As shown in Fig. 4a, b, the initial charge—discharge profiles
at0.1 and 1 C (17 and 170 mA g ") show typical flat voltage
plateaus. The increases in the potential intervals between
charge and discharge profiles at 0.1 C, especially at 1 C when
the temperatures dropped from RT to —20 °C, as shown in
Table S1, should be assigned to the significant decrease in
the diffusivity of lithium ions within the LiFePO, cathode,
and the related polarization of the LiFePO, electrode, and
substantially increased charge-transfer resistance on the elec-
trolyte—electrode interface [25-27]. A similar phenomenon
has been reported by others [28]. The initial charge/
discharge profiles at each rate under different testing temper-
ature, 25, 0, =10, and —20 °C, are supplemented in Fig. S1. It
is worth noting that the as-prepared powders exhibit a flat
plateau even at 5 C under —20 °C, demonstrating a stable
crystalline structure and comparable fast lithium diffusion rate
at the LiFePO,4/C cathode.

Different discharge rates from 0.1 to 10 C are applied step-
wise to investigate the high rate capability of the prepared
LiFePO,/C under different temperatures. The cycling perfor-
mance is shown in Fig. 5, and the exact discharge capacities
are listed in Table 1. It is found that when the prepared
LiFePO,/C was reverted to 0.1 C after reaching 10 C, more
than 97 % capacities at every testing temperature are retained,
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Fig. 4 The initial charge/discharge profiles at 0.1 C (a) and 1 C (b) under different test temperatures
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indicating an excellent stable crystalline structure of the as-
prepared powders. Figure S2 (Supporting Information) shows
the rate capability of the commercial powders for comparison.
At low current densities, electrodes of commercial powders
no. 1 and no. 3 show comparable reversible capacities, for
example, ca. 140.6 and 141.7 mA h g " at 0.1 C under 0 °C.
When the C rate increases, the difference in rate capability
between the as-prepared LiFePO,/C and commercial powder
electrodes becomes distinct. The as-prepared LiFePO,/C pre-
sents a high rate capacity of ca. 119.0, 105.3, 85.3, and
68.3 mA h g71 at the rate of 1, 2, 5, and 10 C, respectively,
while commercial powder 1, showing the best performance
among the three commercial powders, only presents ca. 96.3,
77.6, 46.7, and 12.9 mA h g ' at the corresponding C rates
under 0 °C. The as-prepared LiFePO,/C even shows a capac-
ity of 35.4 mA h g' at 10 C under —10 °C, but all the com-
mercial powders are barely rechargeable at this current density
under this temperature. Table S2 listed the corresponding ca-
pacity retention of the as-prepared LiFePO,/C at each charge/
discharge rate, and the comparison indicates a good low-
temperature performance retention and better cycle stability
versus the commercial powders.

In order to evaluate the stability of its crystal structure, the
galvanostatic discharge/charge tests of half cells are conducted
back at 0.1 C under 0 °C after cycling at 10 C under —20 °C. In
Fig. 6, the first specific discharge capacity is shown to be
133.7 mA h g ', which retains 91.1 % of the initial capacity
at 0.1 C under 0 °C as shown in Fig. 4 and Table 1, indicating
a fading of the discharge capacity of the electrode after high

Table1 The specific discharge capacity of LiFePO,/C at different rates
under various temperatures

T°C 01C 02C 1C 2C 5C 10C 0.1C
25 160.5 157.7 1480 1413 1293 1166 1576
0 146.7 140.0 1190 1053 85.3 683 1432
-10 128.7 1158 87.9 71.5 51.8 354 1284
—20 109.2 97.4 67.1 50.4 29.9 13.6  108.0

After cycled at 10 rates, the cells are recycled at 0.1 C to evaluate the
capacity retention

30

60 90 120 150 180 210 240 270

Cycle number

rate cycling under lower temperatures. This discharge capacity
fading can be attributed to the charge/discharge models for
LiFePQ,, including the core—shell model [29], the mosaic
model [30], and the radial core—shell model [31], which are
supposed to be intensified under low temperatures. After
50 cycles, the discharge capacity decreases slightly to
126.9 mA h g ' with capacity retention of 94.9 %. The above
investigations related to the low-temperature performance
confirm that the prepared LiFePO,/C is endowed with stable
structure, oriented crystal growth, and uniform carbon coat-
ings synthesized by this modified polyol route, as demonstrat-
ed in the mentioned XRD, SEM, HRTEM, and Raman
analyses.

As can be seen from the electrochemical performance of
the as-prepared cathode material, it can retain 91.1 % of the
initial capacity at 0.1 C under 0 °C (Fig. 6) after enduring
much larger current density at lower temperatures (Fig. 6).
This excellent capacity retention can only rely on the micro-
structure of LiFePO,/C cathode. Figure 7 shows the HRTEM
images in low and high resolution. It is noticeable that the
LiFePO,/C rod particles prepared by the polyol process ex-
hibit high crystallinity, which will play an important role in the
electrochemical stability of the electrode material [32]. The
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Fig. 6 The cycle performance of LiFePO,/C at 0.1 C under 0 °C after
being conducted at 10 C under —20 °C
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Fig. 7 HRTEM images of as-
prepared LiFePO,/C cathode

interplanar distance is estimated to be 0.4211 nm, which is in
good agreement with the (101) lattice planes of the olivine
LiFePOy. This oriented crystal growth of (101) planes, in turn,
exposes the [010] crystal direction to the surface of the parti-
cles, making an easy lithium-ion diffusion through the 1D
path. The beneficial structure thus formed may be due to the
prior adsorption of organic solvent on the {010} faces of
LiFePOy, which, in turn, yield a kinetic control of growth rates
of the facets, leading to the improvement of lithium-ion diffu-
sion coefficient [33]. In addition, it can be clearly seen that the
carbon layer is evenly coated as thin as ~2 nm for isolated
particles which is verified by the existence of amorphous car-
bon layer as shown in the XRD measurement. The uniform
carbon coating on the surface of LiFePO, might originate
from a polyester network, which is induced by esterification
reaction between citric acid and TEG and then transformed
into the uniform carbon layer after high-temperature calcina-
tion. A similar process occurs between citric and ethylene
glycol as Ma [34] found. This thin and even coating allows
lithium ions to easily intercalate into the framework of
LiFePO, [35].

To further understand the electrochemical kinetics of the
prepared LiFePO,/C composite, cycle voltammogram curves
of LiFePO,/C powders are conducted at a fixed scan rate of
0.1 mV s' under different temperatures. As shown in Fig. 8,
the well-defined sharp redox peaks in the range of 2.5-4.3 V
should be attributed to the Fe’*/Fe** redox couple reaction
during the lithium extraction and insertion in the LiFePO,
crystal structure. It is obvious that with the temperature
dropping, the potential difference between the anodic and ca-
thodic peaks (AEp) increases. The peaks are broadened, and
the peak intensity decreases. Meanwhile, the first 3 cycles of

@ Springer

CV curves at each testing temperatures are provided in
Fig. S3, indicating a more obvious change after 3 cycles when
operation temperature falls down to —20 °C. These CV curves
indicate that lithium insertion and extraction reaction are hin-
dered at low temperature due to the poor kinetics [26].

To diagnose the surface and bulk of the LiFePO,4/C in the
course of the room and low-temperature operations, the tem-
perature dependence of change in interfacial resistance and
Li" diffusion dynamics is obtained by electrical impedance
spectroscopy at various targeted temperatures. In Fig. 9, three
profiles show the typical Nyquist plot of the electrical imped-
ance spectroscopy in the frequency range from 0.1 to
100 kHz. The intercept (R.) at the Z. axis at high frequency
corresponds to the ohmic resistance of the battery. The semi-
circle in the middle frequency range is attributed to the charge-

3.0x10°

2.0x10° 0°(< -10°C -20°C

Lox10™

0.0

Current / (A)

-1.0x10™"

-2.0x10™

24 28 3.2 3.6 4.0 4.4

Potential/ VS. Lit/ Li(v)

Fig. 8 Cyclic voltammetric profiles of LiFePO,/C powders at a fixed
scan rate of 0.1 mV s~ at different testing temperatures
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Fig. 9 EIS profiles of LiFePO,/C powders at open circuit voltage. The
inset is the real part of the complex impedance versus w2

transfer resistance (R,) at the interface between the electrolyte
and the cathode. The oblique line segment at low frequency
represents the Warburg impedance (Z,,) related to the Li* dif-
fusion process [36]. It is observed that with the decrease of
testing temperature, R, shows a negligible increase compared
to the dramatic increase suffered in R, a difference which can
be attributed to increasing internal resistance and electrolyte
freezing at the low temperatures of the R, versus the sluggish
electrons transferring across through the solid/electrolyte in-
terface of the R [23]. The relationship plot between Z,. and
the reciprocal square root of the angular frequency (w™ %) at
the low-frequency region is shown in Fig. 9 inset. Based on
the simplified equivalent circuit (Fig. S4), the diffusion
coefficients (Dy ;") of the fresh cells at open circuit potential
are calculated to be 6.0 x 1074, 4.2 x 10715, and
4.1 x 107" cm? s7! under 0, =10, and —20 °C, respectively.
These results as well as the other fitted electrode kinetic pa-
rameters are listed in Table S3 (see Supporting Information for
more calculation details).

Conclusions

In summary, the low-temperature properties of LiFePO,/C
prepared by polyol route were fully investigated. The as-
prepared LiFePO,/C presented an excellent low-temperature
electrochemical properties, delivering 146.7, 128.7, and
109.2 mA h g{l at 0.1 C under 0, —10, and —20 °C, respec-
tively. Moreover, this prepared LiFePO,/C could retain a spe-
cific discharge capacity of 133.7 mA h g_1 when recycled at
0.1 C under 0 °C after charge/discharge measurements at

higher rates and lower targeted temperatures. Furthermore,
less than 3 % capacity fading after 50 cycles at 0.1 C under
0 °C is achieved. The excellent low-temperature properties
could be attributed to the nano-sized particles with a highly
crystalline structure and uniform carbon coating.
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