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� Non-equilibrium phase evolution determined by in operando neutron diffraction.
� Thermal and current processes significantly delays LiFePO4 to FePO4 transitions.
� LiFePO4 to FePO4 transitions occur in subsequent electrochemical steps.
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In operando NPD data of electrodes in lithium-ion batteries reveal unusual LiFePO4 phase evolution after
the application of a thermal step and at high current. At low current under ambient conditions the
LiFePO4 to FePO4 two-phase reaction occurs during the charge process, however, following a thermal
step and at higher current this reaction appears at the end of charge and continues into the next elec-
trochemical step. The same behavior is observed for the FePO4 to LiFePO4 transition, occurring at the end
of discharge and continuing into the following electrochemical step. This suggests that the bulk (or the
majority of the) electrode transformation is dependent on the battery's history, current, or temperature.
Such information concerning the non-equilibrium evolution of an electrode allows a direct link between
the electrode's functional mechanism that underpins lithium-ion battery behavior and the real-life
operating conditions of the battery, such as variable temperature and current, to be made.

Crown Copyright © 2016 Published by Elsevier B.V. All rights reserved.
1. Introduction

The LiCoO2 jj graphite lithium-ion battery was commercialised
in the 1990s [1] and has since been implemented in billions of
portable electronic devices such as mobile phones and laptop
computers [2]. LiCoO2 is a costly and relatively-toxic positive
electrode. Other positive electrode materials such as LiMn2O4 [3]
and LiFePO4 [4] have been developed to replace LiCoO2 due to the
higher relative abundance and lower toxicity of their constituent
elements. Although LiFePO4 is an intrinsically poor ionic conductor
[4], efforts have been made to find ways to improve its perfor-
mance, ranging from cation-doping [5,6] and nano-sizing [7] to
harma).

evier B.V. All rights reserved.
carbon-coating [5,8,9].
The delithiation and lithiation reaction mechanisms of Li1-

xFePO4 typically features a two-phase reaction over virtually the
entire range of lithiation in the conventional case [4] (i.e. with
relatively-large particle sizes andminimal Li/Fe antisite mixing [7]),
although solid-solution domains are noted near the LiFePO4 and
FePO4 end members. Additionally, particular particle morphology
and defects can induce a wider solid-solution mechanism
throughout the charge/discharge process [7,10e14]. Recent work
revealed evidence of a current-dependent reaction mechanism,
with high rates of charge/discharge featuring intermediate phases
[15e17]. This work was performed using in operando powder
diffraction experiments in which both time and angular resolution
needed to be reasonable to identify intermediate phases.

In situ/operando neutron powder-diffraction (NPD) is being
increasingly applied to commercial and custom made lithium-ion
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batteries with studies investigating a range of positive and negative
electrode materials [18e20], such as LiCoO2 [21e25], Li1þyMn2O4
[26], graphite [24,27], and Li4Ti5O12 [28e31] to name a few. Re-
searchers have explored the current-rate dependency of phase
transitions [21], overcharging or high voltage conditions [27,32,33]
and associated fatigue processes [34], the function of large-format
batteries [35], compared positive electrodes as a function of charge/
discharge [23,36e39], and developed a variety of neutron-friendly
cells that mimic the performance of commercial cells whilst
providing a good NPD signal in in situ/operando experiments
[6,28,29,40e45]. The limitations of NPD to explore lithium-ion
batteries can include long collection times and insufficient
angular-resolution, with the latter leading to the inability to accu-
rately determine desired atomic parameters such as lithium site-
occupancy factors (SOFs). Researchers are overcoming some or all
of these hurdles as designs and methods continue to improve
[46,47]. This is driven by the wealth of information that can be
extracted from such in situ/operando data, which allows a direct link
between empirically-optimised electrode performance and crys-
tallographic structure to be made.

For Li1-xFePO4, in situ X-ray powder diffraction (XRPD) and in
situ NPD experiments have revealed the transformation between
LiFePO4 and FePO4 [48e50], but only a few show the time-
dependence of this transformation (e.g. chemical delithiation
[48]). Evidence of asymmetry in the kinetics of FePO4 lithiation and
LiFePO4 delithiation has been demonstrated [12]. If the kinetics of
these phase transformations can be determined in commercial
batteries and related to both applied current rate and temperature,
the conditions of battery use can be adjusted to extend lifetime and
performance. Recently, in operando NPD studies of LiFePO4 and V-
doped LiFePO4 cathodes [35] in large-format commercial cells have
revealed a slightly more uniform phase-evolution during the
charge/discharge processes in the doped material than in the pure
one. This suggests that the onset and evolution of the phase
transformation in the electrode can be manipulated by chemical
doping. A multivariate approach to in situ NPD experiments of
LiFePO4 containing batteries was also undertaken to extract further
detail from such experiments [49]. Using in situ NPD analysis of
custom-made batteries, the phase evolution of LiFePO4 cathodes
was found to possess solid-solution regions, two-phase and
simultaneous two-phase, as well as solid-solution behavior during
cycling. Therefore, in situ/operando NPD has contributed to the
understanding of the LiFePO4 cathode function. However, minimal
in situ data for LiFePO4 (or any other electrode) at elevated tem-
perature exists. Here, we present in operando NPD analysis of the
LiFePO4/FePO4 phase evolution within a commercial battery at
various applied current rates and temperature, which is directly
correlated to the measured voltage.

2. Experimental

A commercial prismatic battery of dimensions 50 � 40 � 5 mm
and containing a LiFePO4 positive electrode was fabricated at
Zhongzhi Power Co. Ltd., Zhejiang, China. The battery underwent
three full cycles at low current (0.25 A) to ensure facile formation of
a solid-electrolyte interface layer on both electrodes, and was
charged to ~50e60% prior to the in operando experiment. The
battery components included: aluminium casing, aluminium and
copper current collectors, a graphite negative electrode, positive
electrode mixture composed of polyvinyldifluoride (PVDF) with
carbon black and LiFePO4, and electrolyte composed of LiPF6 dis-
solved in a 1:1 vol % of ethylene carbonate and dimethyl carbonate.

In operando NPD data were collected on WOMBAT, the high-
intensity neutron powder-diffractometer, at the OPAL reactor fa-
cility at ANSTO [51]. The battery was placed in a neutron beam of
wavelength (l)¼ 2.4122 (1) Å, determined using the NISTAl2O3 676
standard reference material, and data collected in the range
25� 2q� 135� every 5min for 45 h. NPD data correction, reduction,
and visualization were undertaken using the program LAMP [52].
During the in operando NPD experiment the electrochemical cell
was cycled under different conditions including galvanostatic
(constant current) mode with applied current ranging from
±0.25e1 A, potentiostatic (constant voltage) mode, and current free
mode using an Autolab potentiostat/galvanostat (PG302N).

Elevated temperature experiments were performed using a
custom-designed furnace. Temperature control was achieved using
infrared quartz lamps within a vacuum furnace containing a para-
bolic Al mirror using a Eurotherm 3216 controller to modulate
power to the lamps. The battery had one face exposed directly to
the heating elements and calibrated thermocouples were placed
near the front and rear panels of the battery, with the front panel
receiving the direct heat from the lamps. The front panel temper-
ature (closer to the halogen lamps) was higher than the rear panel
(up to 30 �C in fast ramps) and the control sensor was placed at the
warmest point. The set-point temperature was 405, 353, and
333 K at various points during the experiment. The control sensor
took 50 min to reach 405 K after which it was kept at 405 K for
15 min, while the remaining temperature changes took 5 min with
the temperature maintained afterwards for ~200 min.

Rietveld refinements using the in operando NPD data were car-
ried out using the GSAS [53] suite of programswith the EXPGUI [54]
interface.

3. Results and discussion

3.1. Initial characterisation

The battery is composed of electrolyte solution, separator, cas-
ing material, aluminum and copper current collectors, and the
electrodes. Fig. 1a shows the first NPD pattern in the in operando
series and Fig. 1b the calculated refinement profile using the NPD
data with structural models of LixC6 (lithiated graphite), LiFePO4,
FePO4, Cu, and Al. The rate performance, charge/discharge curves at
different applied currents, and the capacity as a function of cycle
number are shown in Fig. 1c and d on cells tested offline.

3.2. Phase evolution

During battery function lithium-ions are transferred between
the positive and negative electrodes, resulting in structural changes
in thematerials that are captured in the time-resolved NPD powder
diffraction data [22,24,55] via changes in reflection intensity and 2q
position. Initial observation of the phase evolution of battery
components as a function of electrochemical conditions and tem-
perature can be made from examining contour plots of the time-
resolved NPD data. Fig. 2a shows a selected region of the in oper-
andoNPD data as a contour-plot, where 2q is shown along the x axis
and time along the y, and intensity shown in color with the defined
scale. The 2q range is chosen to provide a clear visual illustration of
reflections from LiFePO4 and FePO4 and their evolution during
charge/discharge. At ~900 min the background increases from
~7000 to ~7500 counts as indicated in Fig. 2a. Re-scaling the higher
background region of these data shows further detail concerning
the phase evolution of the battery components (Fig. 2b).

3.3. LiFePO4

The focus of this study is to explore the temperature and current
rate behavior of the LiFePO4 electrode structure. Typically, LiFePO4
undergoes a two-phase transition during battery charge, converting



Fig. 1. a) The first NPD data collected during the in operando NPD experiment. b) The Rietveld refinement profile using data in (a), where data are red crosses and the calculation is
shown in black and the difference between the two in purple. Vertical lines are Bragg reflection markers for the various battery phases as identified. Figures of merit are the profile
factor (Rp) ¼ 1.98%, weighted profile factor (wRp) ¼ 2.53%, and the goodness-of-fit term (c2) ¼ 2.20. c) The charge and discharge curves at 1C where C refers to a charge process, in
this case transfer of 1 Liþ in 1 h. Discharge curves for higher C rates are also shown. d) The change in capacity as a function of cycle number with 1C cycles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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to FePO4, and then back to LiFePO4 by the same mechanism during
discharge [4]. LiFePO4 electrodes can undergo other reaction
mechanisms and sequences, and intermediate phases have been
identified during battery function at high rates [7,10,11,13,15e17,56].
Overall, the reaction mechanism and presence of reaction in-
termediates of LiFePO4 depends on the particle size and
morphology, as well as current [15,16]. The electrode studied here
undergoes a two-phase reaction, where the LiFePO4 reflections
decrease in intensity, alongside increasing intensity of FePO4 re-
flections, as shown by the reflections labelled in Fig. 2b. However, as
discussed later, the onset of this phase transitionwith respect to the
battery's electrochemical state and its evolution are unusual. We
note that in addition to the two-phase reactions, reflections of the
negative electrode change position, indicating a solid-solution re-
action, in addition to two-phase reactions [21,27,57,58], with this
behavior changing with the battery state of charge.

As the majority of the positive electrode reaction was found to
be two-phase, during the sequential Rietveld refinement of LiFePO4
and FePO4 structures using these data, the lattice parameters of
both phases were kept constant. Phase fractions were refined over
the course of the charge/discharge of the battery, and the relative
abundance of the positive electrode phases is shown along with the
potential profile, applied current, and temperature, for the entire
experiment in Fig. 3.

The rate of change of phase fractions was determined by a linear
fit to the phase fraction evolution over the specified temporal re-
gion. The electrochemical-structural parameters explored over the
course of the experiment, battery voltage, and the resultant LiFePO4
and FePO4 phase evolution rate, are described in Table 1. Awealth of
information is available from such experiments that enable the
relationship between battery performance, phase composition, and
external conditions to be established. Below we discuss some
findings with respect to the LiFePO4 and FePO4 phase fraction
evolution.

3.4. Initial LiFePO4 e FePO4 evolution

The initial cycling conditions and phase evolution are shown in
Fig. 4. At relatively low applied currents of 0.1 A during charge, the
phase fraction of LiFePO4 decreases linearly while the FePO4 phase
fraction increases, as expected. Thus, lower current charging ap-
pears to show an effectively linear phase change during charge.

3.5. An abrupt increase in temperature

A sharp rise in temperature appears to be detrimental to the
battery as evidenced by the potential curve which varied signifi-
cantly following the temperature step. For example, rather than the
expected smooth potential plateau or plateau-like feature, spikes
and rough plateau-like features are observed following the tem-
perature increase. Notably, the first abrupt increase in temperature
results in an increase in the background of the NPD patterns from
~7000 to 7500 counts, which persists throughout the remainder of
the experiment even though the temperature was reduced to room
temperature at various points during the experiment. This suggests
that the initial temperature ramp caused an irreversible change.

3.6. Room temperature behavior following elevated temperature
and high-current application

Next, we consider the 1230e2140 min region which corre-
sponds to room temperature electrochemical behavior of LiFePO4/



Fig. 2. a) A contour plot of in operando NPD data shown in a selected 2q range (56e79�) composed of 534 NPD patterns that are stacked along the y-axis (time). b) Re-scaled region
corresponding to the period of time following the application of a heating step. The LiFePO4 and FePO4 311 and 221 reflections are labelled in black and red, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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FePO4 following elevated temperature. Fig. 5 shows the current,
potential, and phase fraction evolution. We note that prior to this
period, high charge/discharge rates were applied in addition to the
two temperature steps shown in Fig. 3. Here, the phase evolution is
somewhat unexpected, with the LiFePO4 to FePO4 transition on
charge occurring near the end of charge. Additionally, there is a lag
in the transformation, with FePO4 appearing at the end of the
charge and persisting into the discharge. Similarly the FePO4 to
LiFePO4 transition occurs at the final stages of discharge and the
transformation persists in the subsequent charge step. The collated
NPD patterns and potential profile in Fig. 6 show this behavior,
where arrows indicate the end of charge or discharge and shaded
regions illustrate the phase dominance by LiFePO4 in grey and
FePO4 in red. It is interesting to note that the phase evolution lag
occurs in steps where no current is applied to the battery (i.e., the
transformation continues during rest periods).

Describing the behavior in more detail, during the first charge in
this region there is an unexpected increase in the LiFePO4 phase
fraction, occurring until close to the end of the charge where the
FePO4 phase fraction begins to increase (see Fig. 5). Subsequently,
the FePO4 phase continues to increase, stabilizing after the removal
of current. During the following application of a discharge current,
the phase fractions of both LiFePO4 and FePO4 remain essentially
constant until the end of the discharge where the LiFePO4 phase
fraction increases rapidly and the FePO4 fraction decreases. Again,
with no current applied to the battery, the LiFePO4 fraction con-
tinues to increase and then stabilize. The complete stabilization of
the phase fractions in the zero-current regime occurs after 205 min
(~68% into the regime). On application of a charge current the phase
fractions remain stable until near the end of the charge where the
LiFePO4 fraction drops dramatically while the FePO4 fraction in-
creases. The phase fraction stabilizes in the first ~28% of the
following zero-current regime. The transformation from LiFePO4 to
FePO4 occurs near the end of the charge, and the phase change
persists into the subsequent step. Therefore, depending on the
battery history, the time taken for the transformation to conclude
with a zero-current step varies, e.g., discharge at 1 A takes 205 min
while charge at 0.75 A takes 50 min to achieve phase fraction sta-
bilization in the adjacent zero-current regime.

A delay in the reaction evolution with respect to charge/
discharge has been observed previously [50] and attributed to an
inhomogeneous reaction across the electrode. This is



Fig. 3. The evolution of the LiFePO4 (black) and FePO4 (red) relative weight fraction,
along with the measured voltage (blue), applied current (purple), and temperature of
the battery at the surface closest to (red) and at the other side (green) of the halogen
lamps. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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predominantly related to the volume probed by the incident beam
(X-rays) not representing the entire electrode. We note that in the
present experiment the neutron beam probes at least half of the
prismatic battery, resulting in data that represent the bulk average
structure.

3.7. Rapid cycling following the temperature steps

In operando NPD is sensitive to the bulk transformation of the
positive electrode where the majority of the battery is exposed to
the neutron beam. The apparent initiation of the phase change il-
lustrates that the majority of the positive electrode transforms near
the end of charge (or discharge). This behavior may arise due to the
applied temperature processes and the electrochemical cycling
conditions. This phase-evolution behavior is further exaggerated by
rapid cycling in the period following that shown in Fig. 5. When the
current is changed sequentially from ±0.5 and ± 1 A (Fig. 7), on
charge the LiFePO4 phase increases until near the end of charge
where it begins to drop rapidly and the FePO4 fraction increases.
Similarly, the FePO4 phase increases during the subsequent
discharge until near the end of discharge where it decreases rapidly
and the LiFePO4 phase increases. Thus, the phase expected to in-
crease during the charge only does so in the last portion of charging
and continues to increase during discharging and vice versa. This
behavior differs significantly to the previously-observed virtually-
uniform LiFePO4 4 FePO4 phase evolution occurring during
charge/discharge [35]. Notably, beyond the short zero-current re-
gion following the charge step, ~2340 min, there is a continued
decrease in the LiFePO4 phase fraction and concomitant increase in
the FePO4 phase fraction. Hence, the lag in the phase evolution
previously noted also occurs at higher current.

3.8. Comparison with the initial LiFePO4 e FePO4 evolution

The question arises whether the abnormalities observed in the
LiFePO4 phase-evolution are as a consequence of the temperature/
current steps applied. The initial cycling conditions and phase
evolution are shown in Fig. 4 and at low applied currents of 0.1 A
during charge, the LiFePO4 phase fraction decreases linearly while
the FePO4 phase fraction increases. We note that this occurs during,
rather than at the end of, the charge. Heat is applied at ~845 min
(indicated by the arrow) in conjunction with a current increase
necessary due to experimental time constraints. Although, the
lower-current initial charging results in an effectively-linear phase
evolution during charge, after the temperature/current increase the
majority of the phase evolution occurs near the end of the charge or
discharge. The phase evolution continues somewhat into neigh-
bouring electrochemical steps, as observed almost immediately
after the temperature/higher-current step in the discharge finish-
ing at 970min. Here the FePO4 phase fraction drops and the LiFePO4
phase fraction increases rapidly near the end of the process, initi-
ating the apparent lag in the phase evolution.

3.9. Phase evolution rate

Linear fits were applied to temporal sections where an
approximately linear evolution of the phase fractions were
observed and these are presented in Table 1, enabling the rate of
change to be compared under various conditions. Interestingly, the
overall magnitude of phase evolution varies from 1 (1)� 10�4 to 6.6
(2)� 10�3 phase fraction/min for themajority of the processes with
the exception of a few which are effectively 0 (e.g.
2040e2090 min), indicating an order of magnitude variation in the
rate of phase fraction change during the experiment.

Considering the zero-current regimes, the first of these follows
the current step of 0.2 A (825e910 min) and begins at the first
temperature increase. This first regime has a rate of change of the
phase fractions of 2e8 � 10�4 phase fraction/min (1100e1160 min)
compared with that for the initial sections of the zero-current re-
gimes (1375e1435 min) of ~1 � 10�3 phase fraction/min. This dif-
ference likely arises because of the higher current applied after the
first zero-current (�0.45 A) and temperature step. However,
selected zero-current steps applied for longer periods instigate a
drop in the rate of phase fraction change, to ~1 � 10�4 or 1 � 10�5

phase fraction/min (e.g. 1435e1485 min). This indicates that longer
periods are required for the electrode to equilibrate and phase
fractions stabilize under higher current or temperature.

Considering the charge process, previous work investigating
electrode lattice evolution revealed that the rate of change of lattice
parameters is proportionally correlated to the current [21,26]. In
the present work, the magnitude of the rate of change of the phase
fractions is not directly proportional to the current. For example,
although doubling the current from 0.1 to 0.2A increases the rate of
change of the phase fraction, the rate at 0.75 A (6.1 (6) � 10�3) is
larger than at 0.95 A (0.0037 (3) � 10�4). Such unexpected trends
likely arise from processes occurring in the previous electro-
chemical step, affecting the point in the charge/discharge process at
which the majority of the phase evolution occurs. This in turn is
thought to influence the rate of change of phase fraction reported in
Table 1. Generally, discharge steps have a smaller rate of phase
evolution compared to charge steps at similar applied currents, e.g.
1.6 (5) � 10�3 phase fraction/min on discharge compared to 5.4
(1) � 10�3 phase fraction/min on charge at ± 0.95 A. Therefore, we
identify a faster rate of phase evolution of this electrode on charge
than for discharge under the conditions probed in this study.

The phase evolution changes dramatically with the electro-
chemical and external conditions used in this study and reasons for
this change are likely associated with the combination of temper-
ature and current applied which speculatively could result in a
distribution of particles in intimate contact with electrode matrix
(e.g. carbon black) or separator while others lose this contact and
thus the evolution is delayed in a proportion of particles. If part of
the electrolyte turns gaseous (via internal hot spots) this could also



Table 1
Rate of change of LiFePO4 and FePO4 phase fraction and associated electrochemical and external parameters - current, temperature, voltage characteristics, and capacity.
Shading represents charge (purple), zero applied current (orange), and discharge (blue).

Period
(start and finish, 

min)

Rate of change of 
LiFePO4 phase 
fraction (phase 
fraction/min)

Rate of change of 
FePO4 phase 

fraction (phase 
fraction/min)

Current (A) Temperature 
(K)

Time 
taken 
(min)

Voltage 
characteristics

Capacity
(Ah)

1st charge
(75 - 775) -0.000377(6) 0.00033(1) 0.1 298(5) 700 3.4 V plateau 1.17

Application of a 
higher current

(775 - 825)
-0.0006(5) 0.0008(1) 0.2 298(5) 50 Increasing V to 

specified cut-off 0.17

1st heat treatment 
with no applied 

current
(825 - 910)

0.000248(7) -0.00088((6) 0 Heating to 
357(5) / 405(5) 85

Slow drop in V 
followed by a rapid 

loss
-

1st discharge while 
cooling

(920 - 965)
-0.0001(1) 0.0005(2) -1 Cooling to 

300(5) 45 Continuing drop in V 
towards cut-off 0.75

2nd heat and 
maintained at 

elevated 
temperature with no 
applied current and 
2nd slow and quick 

charge
(976 - 1035)

0.0059(2) -0.0038(2) 0, 0.45. 0.95 330(5) / 353(5) 123

Rapid increase to a 
3.1 V plateau with a 

very slow decrease in 
V at 0 A and increase 

to 3.6 V at 0.45 A

0.11, 
0.21

Elevated 
temperature and 

continuation of 2nd

slow charge
(1035 - 1095)

-0.0009(2) 0.0001(2) 0.45 330(5) / 353(5) 60
3.6 V plateau 

followed by increase 
to V cut-off

0.45

Elevated 
temperature with no 
current applied, the
completion of the 

2nd charge, and with 
current fluctuations

(1100 - 1160)

-0.00324(7) 0.00228(9)

0, 
0.95,  -0.95, 

0.95 330(5) / 353(5) 60
Drops to 3.4 V 

during 0 A, followed 
by V spikes

0.03, 
0.16, 
0.22

Cooling and 2nd

quick discharge
(1160 - 1220)

0.000009(140)
~0

0.000007(160)
~0 -0.95

Cooling from 
330(5) to 

305(5) / 353(5) 
to 313(5)

60 From 2.8 V dropping 
to V cut-off 0.95

Elevated 
temperature and 3rd

quick charge
(1220 - 1280)

0.0054(1) -0.0037(1) 0.95 300(5) / 310(5) 60 Increasing V until 
cut-off 0.95

Elevated 
temperature and no 

applied current
(1280 - 1320)

-0.0049(6) 0.0037(5) 0, 0.45 300(5) / 310(5) 40
Drops from 3.4 to 3.3 
V after another small 

current/V spike
-

Cooling and 3rd

quick discharge
(1320 - 1370)

-0.0016(5) 0.0014(4) -0.95 Cooling to 
298(5) 30 From 2.8 V dropping 

to V cut-off 0.48

No applied current 
#1

(1375 - 1435)
0.0046(3) -0.0031(2) 0 298(5) 60 Increases to 3.2 V 

and slowly increases -

No applied current 
#2 (1435 - 1485) -0.0001(1) -0.0002(1) 0 298(5) 50 Increases by 0.01 V -

No applied current 
#3 (1490 - 1560) 0.00010(3) -0.0010(1) 0 298(5) 70 Increases by 0.004 V -

No applied current 
#4 and 4th charge

(1565 - 1725)
-0.00009(2) 0.00003(2) 0, 0.75 298(5) 160

Increases by 0.007 V 
and the 3.6 V and 

increasing
0.63

End of 4th charge
(1725 - 1740) -0.0052(5) 0.0061(6) 0.75 298(5) 15 From 3.8 V to cut-off 0.19

No applied current 
#5

(1740 - 1800)
-0.0042(2) 0.0032(1) 0 298(5)  and 

315(5) 60 From 3.56 V to 3.36 -

No applied current 
#6

(1800 - 2040)
-0.00001(1) 0.000014(6) 0 298(5) 240 Drop off of 0.021 V

4th discharge
(2040 - 2090) 0.00003(11) -0.00001(6) -0.5 298(5) 50 3 V plateau 0.42

4th discharge 
continued

(2090 - 2140)
0.0027(2) -0.00229(9) -0.5 298(5) 50 Drops to cut-off 0.42

5th charge
(2140 - 2170) 0.0030(2) -0.0014(1) 0.5 298(5) 30 Increase and 

stabilises ~ 3.54 V 0.25

5th charge increased 
current

(2170 - 2210)
0.0027(4) -0.0021(9) 0.85 298(5) 40

Jump to 3.8 V and 
then increase to cut-

off
0.56

5th discharge and a 
slight increase in 

temperature
(2215 - 2270)

-0.0046(2) 0.0040(1) -0.95 298(5) / 305(5) 55 To cut-off 0.87

6th charge and 
slightly elevated 
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0.0047(2) -0.0037(3) 0.95, 0 298(5)  / 
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0.0047(3) -0.0037(3) 0,  0.95 315(5)  / 
330(5) 70
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to V cut-off with 
applied current

-

Elevated 
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0.0003(2) -0.0003(1) 0.45 315(5)  / 
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(2570 - 2605)

-0.0032(2) 0.0025(2) 0.45 315(5)  / 
330(5) 35 Between 4.2 and 3.7 

V 0.26

No applied current 
to end

(2605 - 2625)
-0.0033(1) 0.0022(2) 0 315(5)  / 

330(5) 20 Drops from 3.9 to 
3.36 V -



Fig. 4. Evolution of the LiFePO4 (black) and FePO4 (red) relative weight fraction, along
with the measured voltage (blue) and applied current (purple) in the first temporal
region. The arrow indicates where heat was applied. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Evolution of the LiFePO4 (black) and FePO4 (red) relative weight fraction, along
with the measured voltage (blue) and applied current (purple) in a selected temporal
region. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Region of in operando NPD data showing the LiFePO4 221 (black) and FePO4 221
(red) reflections and the potential profile. Red arrows indicate the end of charge and
black arrows indicate the end of discharge. Grey shading of the potential profile in-
dicates LiFePO4 dominance of the positive electrode and red shading indicates domi-
nance by FePO4. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. The evolution of the LiFePO4 (black) and FePO4 (red) relative weight fraction,
along with the measured voltage (blue) and applied current (purple) in the final
temporal region. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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result in poorer particle contacts. Delamination of the electrodes or
particles may account for the structural response. These are spec-
ulative particle-level concepts of how the phase evolution can be
modified. It is interesting to note that the evolution appears to
finish (complete) before the reverse occurs, e.g. a lag, which may
indicate sufficient energy exists in the system to force the
completion of a two-phase reaction or at least a proportion of it
even though the current is “opposing this mechanism”. This can
again speculatively be related to the cascade model [11,59] with the
particles that are partially converted continuing to fully convert
before nucleating the next phase. These concepts require extensive
further characterisation in order to systematically define the most
probable reason for the observed behavior.

This study represents the bulk evolution of the entire LiFePO4
electrode during charge/discharge in a commercial prismatic bat-
tery. Recent work on coin-type equivalent cells between 253 and
333 K show the presence of intermediate phases between the
LiFePO4 and FePO4 phases during charge/discharge with LiFePO4/C
that feature particle sizes of ~43 nm [60]. However, the reaction
evolution upon charge and discharge was not explored in detail by
these authors. Interestingly, in Fig. 1def and 2aec of this work [60],
the reflection evolution appears to show that the majority of the
transformation from LiFePO4 to FePO4 (via the intermediate) occurs
asymmetrically and closer to the end of charge or discharge (at 293
and 273 K) which was not discussed by the authors. We are able to
assign this delay to temperature and applied current in our work,
which may indeed play a role in the previous work. It should be
noted that the X-ray beam in this work is unlikely to obtain infor-
mation from the entire sample as it will be exposed to only a
portion of the electrode, whereas with neutron diffraction, we are
obtaining information from the majority of the battery. Further
work using synchrotron X-ray microbeam diffraction has investi-
gated rate-dependence of the LiFePO4 to FePO4 transformation
based on individual grains [61]. These authors observe a delay or
the converse in phase transformation at certain applied currents in
addition to asymmetric evolution but this is deemed to be related
to the number of grains probed and the measurement condition.
The transformation is also shown to be rate dependent, larger
applied current resulting in shorter transformation times. In addi-
tion, due to the shorter discharge/charge times with larger applied
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current a greater proportion of grains are active. The grain level
picture is virtually a small picture to what is being detected by in
operando neutron powder diffraction. Thus there is some pre-
liminary evidence of reaction evolution modification with current
and/or temperature but this has not been characterised in detail.

This initial study shows the power of in operandoNPD to explore
current and temperature dependent electrode behavior in com-
mercial batteries. Future work will take a more systematic
approach to investigate and de-convolute the effects of tempera-
ture and current, and is expected to shed further light on the re-
action evolution and relationship to current, temperature, and
battery history.

4. Conclusions

We report for the first time the temperature and current-
dependent structural evolution of the LiFePO4 positive electrode
within a commercial battery using in operando neutron powder
diffraction (NPD). We show that a higher temperature step irre-
versibly affects the battery and influences the LiFePO4 phase evo-
lution. The application of high current and temperature drives the
LiFePO4 to FePO4 phase evolution to occur near the end charge and
into subsequent electrochemical processes. This is clearly evident
when zero current steps are applied and is exaggerated during
continuous charge/discharge steps. Such data shows that the
electrode is not in equilibrium and that time beyond the end of the
charge or discharge indicated by the battery state of charge is
required for transformation to the anticipated phase. In operando
NPD experiments provide insight into the phase evolution of the
LiFePO4 electrode during the charge or discharge process, and this
is particularly important following heating or high current. The
information regarding the phase evolution will allow the perfor-
mance of these batteries in high-power applications such as electric
vehicles, which may undergo thermal steps and variable current
rate cycling, to be improved.
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