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Abstract
LiFePO4 is one of the most outstanding cathodes for the high performance lithium-ion battery,
while it is restricted by its unsatisfactory low temperature performance. Here we detect the
structural dynamics and reaction routes of LiFePO4 via operando condition with high rates, well
reproducibility over cycles and low temperature in common laboratory X-ray without the
synchrotron light source. The intermediate phases between LiFePO4 and FePO4, driven by the
overpotential and limited ion transfer rate along the b direction at low temperature, are
captured. Our results demonstrate that the existence of intermediate can greatly improve the
diffusion kinetics of LiFePO4. The deep understanding of reaction routes of LiFePO4 at low
temperature will guide the further material optimization design. Besides LiFePO4, such high
time resolution in-situ X-ray diffraction testing method with laboratory source is available to
understand the reaction mechanisms of other electrochemical reaction system.
& 2016 Published by Elsevier Ltd.
016.01.031
er Ltd.

t.edu.cn (Q. An),

to this work.
Introduction

Rechargeable lithium-ion batteries (LIBs) show great poten-
tial in electrical vehicles, portable electronics, and back-up
for wind energy [1–5]. Olivine LiFePO4 is one of the most
promising and safest cathode materials for LIBs [6]. Since
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the seminal work by Goodenough et al. [7], over 4000
papers have been reported to enhance the performance and
understand the lithiation/delithiation mechanisms of
LiFePO4 [8–12]. At room temperature, the phase transition
between LiFePO4 and FePO4 is considered as a two-phase
reaction with a theoretic volume change of 6.8%, due to the
limited Li+ solubility and miscibility gap in LiFePO4 and
FePO4 [13–15]. Such a large volume change during the phase
transition processes traditionally leads to a poor cycling
performance in LIBs. However, LiFePO4 displays excellent
high-rate performance after nanosized [10,16–21]. In
numerous studies, the theoretical calculation was used to
understand the correlation between the structure and the
ionic/electronic transportation properties of LiFePO4, which
were further employed to explain the nanosized effect in
LiFePO4 [22–24]. It is found that the Li+ can move quickly in
the tunnels along the b direction. During the cycling, the
phase growth is much faster than its nucleation process
[25]. Thus, only few particles react, while the majority of
particles keep in the stable LiFePO4 or FePO4 state. This is
known as the “Domino-cascade mechanism” [9].

Ceder's group proposed a nonequilibrium solid solution
path to understand the high-rate performance of nanosized
LiFePO4. During cycling, the high C-rate arouse high over-
potential, which changes the Li+ reaction route from the
thermodynamic control to kinetics control. Instead of
undergoing nucleation and two-phase growth processes,
the overpotential induces a nonequilibrium LixFePO4

(0oxo1) solid solution path [26]. Recently, Grey's group
demonstrated the nonequilibrium facile phase transforma-
tion route by high temporal resolution in-situ synchrotron X-
ray diffraction (XRD) [27]. It provides a new understanding
on the high rate capability of electrode materials undergone
two phase reactions, during which the intermediate phase
forms with a really short life time. The statement above is
further confirmed by X-ray absorption near edge structure
investigation [28]. As mentioned above, the research on
LiFePO4 has achieved great progresses on both the electro-
chemical performance and reaction mechanisms at room
temperature. However, further application of LiFePO4 is still
limited by the unsatisfactory low temperature performance.
Therefore, detecting the structural dynamics and reaction
routes of LiFePO4 at low temperature is meaningful to
understand and further optimize the electrochemical per-
formance of LiFePO4.

Herein, we develop an approach to in situ probe the
reaction in a customized electrochemical cell at high rates
and adjustable temperatures for multiple cycles. A two-
dimensional XRD (XRD2) [29], which is available in common
laboratory without the synchrotron light source, is employed
to probe the electrochemical reaction with high time resolu-
tion. In this work, the phase transformation routes of
LiFePO4/FePO4 at different temperatures (253, 273, 293,
and 313 K) with various cyclic voltammetry (CV) scan rates
(1.4, 2.8, and 4.2 mV s�1) and galvanostatic charge/dis-
charge rates (1, 2, and 5 C) are investigated by in-situ XRD2

(Co Kα radiation, λ=1.7902 Å, Bruker D8 DISCOVER). We
demonstrate the existence of intermediate phases during
the lithiation/delithiation processes at low temperature.
Moreover, the dynamics determined phase transformation
between LiFePO4/FePO4 at low temperature with/without
overpotential is further investigated. At a temperature of
273 K, the ion diffusion rate along the b direction is greatly
limited, which leads to the accumulation of potential,
another channel is forced to open, which results in the
stronger polarization and the formation of intermediate
phases at lower temperature. It is found that, such inter-
mediate phases between LiFePO4/FePO4 can efficiently
inhibit the degradation of ion diffusion coefficient with the
decreasing of reaction temperature. Meanwhile, more inter-
mediate phases form during the discharge process than the
charge process, due to the high activation energy for the
phase transition from FePO4 to LiFePO4 [30].

Experimental section

Material synthesis

The LiFePO4/C composites were obtained through a sol–gel
process followed by sintering. In the preparation, stoichio-
metric amount of LiNO3, FeCl2 � 4H2O, and citric acid were
dissolved in deionized H2O to form a homogeneous solution.
Ethylene glycol and NH4H2PO4 solution were then added into
the above solution. After drying at 60 1C for 24 h, the
precursor was heated at 600 1C for 1 h in N2 atmosphere
to obtain the LiFePO4/C composites.

Materials characterization

Materials characterization was conducted by field emission
scanning electron microscopy (FESEM, JEOL 7100F) at an
acceleration voltage of 10 kV and XRD (Bruker D8 DISCOVER
X-ray diffractometer with non-monochromated Co-Kα X-Ray
source). Thermogravimetry/differential scanning calorime-
try (TG/DSC) was performed using a Netzsch STA 449C
simultaneous thermal analyzer at a heating rate of 10 1C/
min in air. BET surface areas were measured using Tristar II
3020 instrument by nitrogen adsorption of at 77 K. Trans-
mission electron microscopic (TEM) and high-resolution TEM
images were recorded with a JSM-2100F STEM/EDS micro-
scope. For in-situ XRD testing, an electrochemical cell
module with a beryllium window was used, while the slurry
was directly cast on the beryllium window.

Measurement of electrochemical performance

The electrochemical properties were characterized in
CR2016 coin cells with lithium foils as the anode. The
working electrodes were prepared by mixing the active
materials, acetylene black, and carboxyl methyl cellulose at
a weight ratio of 6:3:1. The slurry was cast onto Al foil and
dried in a vacuum oven at 150 1C for 2 h. The mass loading
of active materials was 1–2 mg cm�2. The electrolyte is
composed of 1 M LiPF6 dissolved in ethylene carbonate/
dimethyl carbonate with a volume ratio of 1:1. Galvano-
static discharge/charge cycling behaviors were investigated
with a multichannel battery testing system (LAND CT2001A).
CV was tested with an electrochemical workstation (CHI
760D). The in-situ XRD with variety temperatures are tested
by combining the electrochemical workstation (CHI 760D),
the two dimentional XRD (Bruker D8 DISCOVER) and a home
made temperature controller system (including a ethyl
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alcohol based low temperature trap system and a special
hot stage instead of the sample stage of XRD).
Results and discussion

The LiFePO4/C nanoparticles show an average particle size
of �43 nm, which is consistent with the XRD Rietveld
refinement data (Figure S1). The LiFePO4/C exhibits a BET
surface area of 23 m2 g�1 and a carbon content of 8.9 wt%
(Figure S2). To explore the electrochemical performance
and structural dynamics of LiFePO4, the CV curves were
measured at different scan rates and temperatures under
operando conditions (Figure 1a–c). It is observed that, the
lower the temperature is, the flatter the reduction and
oxidation peaks are. With the temperature cooling from
333 K to 253 K, the ion diffusion coefficient decreases
almost one order of magnitude. The variation of in-situ
diffraction patterns during two random cycles at scan rates
of 1.4, 2.8 and 4.2 mV s�1 at 293 K are shown in Figure 1d–i.
At a low scan rate of 1.4 mV s�1, all the diffraction peaks
can be indexed to LiFePO4 or FePO4 with the space group of
Pnma, which can agree with the traditional understanding:
the LiFePO4 peaks disappear, while the FePO4 peaks appear
and intensify upon charge [31]. There is no obvious con-
tinuous positive intensities in the selected individual
Figure 1 (a–c) The CV curves of LiFePO4 under different scan rate
253–313 K. (d–f) The image plot of diffraction patterns for (111), (21
under different scan rates of 1.4 (d), 2.8 (e), and 4.2 mV s�1 (f) at
plotted to the right. LFP represent for LiFePO4; FP represent for FeP
cycles at 1.4 (g), 2.8 (h), and 4.2 mV s�1 (i), corresponding to the
diffraction patterns, at the scan rates of 1.4, 2.8 and
4.2 mV s�1. (Figure 1i) However, it can be observed
between 41.71 and 42.8o 2θ ranges in the image plot of
diffraction patterns at 4.2 mV s�1, which indicates the
possible existence of intermediate phases with lattice
parameters between those of LiFePO4 and FePO4 under
thermodynamic equilibrium state [27] (Figure 1f).

The in-situ XRD is applied to further detect the structure
change of LiFePO4 at the scan rates of 1.4, 2.8 and 4.2 mV
s�1 at a relative low temperature of 273 K (Figure 2). The
intermediate phases become much more obvious than those
at 293 K (Figure 2a–c). Before charging, the XRD pattern of
LiFePO4 at 273 K is identical to that at 293 K (Figure S3). As
charging proceeds, two changes in the XRD patterns can be
noticed. First, the (211), (311), and (121) reflections start
to broaden asymmetrically. The most obvious asymmetrical
broadening is accompanied by the formation of intermedi-
ate phases. For example, the (311) reflections of both
LiFePO4 and FePO4 are connected with each other by the
positive intensity band (Figure 2d–f). Second, all the
selected peaks shift to higher angle after certain cycles at
273 K, which indicates the decrease of unit cell volume.
This results in not only reduced capacity, but also sluggish
ion diffusion at low temperature. The Randles–Sevcik equa-
tion [32,33] (Eq. 1), is used to calculate the ion diffusion
coefficients of LiFePO4, where Ip is the peak current, n is the
s of 1.4, 2.8, and 4.2 mV s�1 at the temperature ranging from
1), (020), (311), and (121) reflections during the two CV cycles
a temperature of 293 K. The corresponding current curves are
O4. (g–i) Selected individual diffraction patterns for the two CV
results in Figure 1d, e and f, respectively at 293 K.



Figure 2 (a–c) The image plot of diffraction patterns for the (111), (211), (020), (311), and (121) reflections during the two CV
cycles under scan rates of 1.4 (a), 2.8 (b), and 4.2 mV s�1 (c) at a temperature of 273 K. The corresponding current curves are
plotted to the right. (d–f) Selected individual diffraction patterns for the two CV cycles at 1.4 (d), 2.8 (e), and 4.2 mV s�1 (f),
corresponding to the results in Figure 1a, b and c, respectively at 273 K.
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number of electrons transferred in the redox reaction, F is
the Faraday constant, A is the active surface area of the
electrode, C is the concentration of Li+ in the cathode, v is
the scanning rate, R is the gas constant, and T is the
temperature during measurement.

Ip ¼ 0:4463nFAC
nFvD
RT

� �1
2

ð1Þ

From the slope of the fitting line collected from the
oxidation peak of the LiFePO4 (Figure S4), the apparent ion
diffusion coefficient D is calculated to be 4.65� 10�13,
3.84� 10�13, 2.16� 10�13, 2.14� 10�13 and 5.50� 10�14

cm2 s�1 at the temperature of 333, 313, 293, 273, 253 K,
respectively (Table S1). Due to the low coefficient while
decreasing the temperature, Li+ cannot fully insert into the
lattice of FePO4 rapidly, which result in the formation of
intermediate phases. The average percentage of diffusion
coefficient degradation is calculated at the reaction tempera-
tures of 333, 313, 293, 273 and 253 K which achieves a high
level of 34% per decreasing 20 K. However, the diffusion
coefficient D degrades only 0.93% while decreasing the tem-
perature from 293 to 273 K. (Figure 3a, Table S1) It demon-
strates that the formation of intermediate phases can greatly
improve the diffusion kinetics of LiFePO4. While decreasing the
reaction temperature, more intermediate phases lead to less
kinetic limitation for LiFePO4. Besides, there is more amount
of intermediate phases generated at 273 K during the dis-
charge process than those of the charge process, which is due
to the high activation energy while FePO4 transfers to LiFePO4

(Figure S5) [33]. The intermediate phases are also observed
during the charge/discharge processes at 273 K with a rate of
1 and 2 C (Figure S6a and b). However, less intermediate
phases form at 253 K, due to the limited reaction activity at
extremely low temperature (Figure S6c and d). To further
understand the influence of intermediate phases, Total pattern
solution (TOPAS) structure refinement package is used to refine
the lattice parameter variations during cycling. It is found that,
the unit cell parameter b also changes during cycling, accom-
panying with the formation of the intermediate phases. At a



Figure 4 The schematic pathways of the transformation of FePO4 to LiFePO4. The lower path shows the traditional phase boundary
model, which need less energy and undergo an equilibrium thermodynamics processes. The upper path and the upper curve in the
center show the high energy pathway via a continuous solid solution called supersaturation model, which shows different mixing
energy during the charge and discharge processes.

Figure 3 Temperature determined ion diffusion coefficients and structure evolution. (a) Ion diffusion coefficients of LiFePO4 at
different temperatures. (b,c) The unit cell parameter b as a function of reaction time obtained from Rietveld refinement at the
temperature of 273 K (b) and 293 K (c) with the scan rate of 1.4 mV s�1. All the phases were described in the space group of Pnma.
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temperature of 293 K, the LiFePO4 has a parameter b value of
�10.25 Å. With the extraction of Li+, the parameter b
decreases to �9.25 Å abruptly, which indicates the two phase
transition from LiFePO4 to FePO4 (Figure 3b). Then, the FePO4

phase changes back to LiFePO4 during the anodic process,
accompanied by the instantaneous increase of parameter b.
While cycling at 273 K, the parameter b decreases and
increases continually with time in the cathodic and anodic
processes, respectively, indicating a solid solution reaction
between LiFePO4 and FePO4 (Figure 3c). It is worth mentioning
that the low temperature also decreases the volume change
during cycling from �7% at 293 K to �3% at 273 K (analyzed
by TOPAS structure refinement). It can be predicted that, the
LiFePO4 forms through intermediate phase process with smal-
ler unit cell volume is more disordered or has a shorter
coherence length than that of the stoichiometric LiFePO4.

According to the experimental results above, the phase
transition model of LiFePO4 during cycling under room
temperature (293 K) and low temperature (273 K) is pro-
posed in Figure 4. At room or higher temperature, the ion
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diffusion is fast. During discharge process, the FePO4

transfers to LiFePO4 almost directly, with an interfacial
phase boundary moving with time. Under this process, all of
the phases are under thermodynamic equilibrium states.
The ion transfer rate is greatly limited with decreasing the
temperature to 273 K, which results in the accumulation of
overpotential at the interfacial phase boundary of LiFePO4/
FePO4 and the thermodynamic equilibrium state is broken
down. Companying with the increase of overpotential,
another channel is forced to open, which is predicted by
Chiang Group [34]. The phase transition between LiFePO4

and FePO4 achieves a quasi-equilibrium state with the drive
of overpotential, which results in the stronger polarization
at lower temperature [35]. Thus, FePO4 changes to LiFePO4

with a supersaturation model with the inflection of the free
energy–composition profile. Such inflected free energy–
composition profile leads to the spontaneous disproportio-
nation of phase which also can be understood as intermedi-
ate phases or nonequilibrium phases [27]. During the
intercalation process, more intermediate phases form
resulting from the higher mixing energy. The similar phe-
nomenon is also observed during the charge/discharge
processes (Figures S6a and b). Further decreasing the
temperature to 253 K, the electroactivity of LiFePO4 is
reduced due to the sluggish ion intercalation/deintercala-
tion kinetics. Even though, intermediate phases of LiFePO4

still can be captured at such a low temperature (Figures S6c
and d). It is worth noting that such intermediate phase
seems not stable after cycling at ambient temperature. The
ex-situ HRTEM results show a lattice spacing of 0.303 nm,
which matches well with the separation between (0 2 0)
planes of LiFePO4. The above phenomenon may be related
to the very short life of such metastable state (Figure S7).

Conclusion

We firstly in-situ investigate the structural dynamic and
observe the formation of intermediate phases of LiFePO4

with high time resolution with laboratory X-ray source. Our
experiments allow the electrochemical process to be
probed in a wide temperature ranging from 253 to 313 K
and the intermediate phases of LiFePO4 are captured under
the relatively low temperature. The formation mechanism
of intermediate phases is further proposed, which is due to
the limited ion transfer rate and the accumulate of over
potential at the interfacial phase boundary of LiFePO4/
FePO4. It is also demonstrated that the existence of
intermediate phases inhibit the degradation of ion diffusion
coefficient at low environment temperature. Besides
LiFePO4, such high-time resolution in-situ XRD testing
method with laboratory source can also be used to under-
stand the reaction mechanism of other battery electrode
materials and related electrochemical reaction system.
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