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Capacity decrease at low temperatures is one of the issues to be solved for secondary batteries
especially for automobile applications and it is thus important to clarify the reaction kinetics in
operating batteries and identify the rate determining step that governs the performance at low
temperatures. Phase transitions in electrode active materials are important factors that affect
the reaction kinetics particularly for thin electrodes used in high power applications. In this
study, the phase transition dynamics of thin LiNiysMn,; 5O, electrodes at various temperatures
is examined using electrochemical methods combined with temperature-controlled in situ X-
ray diffraction analysis to directly capture the reacting species and elucidate reaction
mechanism. The analysis shows that there occur consecutive phase transitions of
LiNigsMn, 50, (Lil phase) <> LigsNigsMn;sO, (Li0.5 phase) and the Li0.5 phase «
NipsMn; 504 (LiO phase) at room temperatures and above. At lower temperatures the transition
of Lil — Li0.5 proceeds during the charging process but further delithiation to form the LiO
phase is restricted, leading to the capacity decrease. On the other hand on discharging at low
temperatures the amount of the LiO phase to be lithiated is limited and this causes the capacity
decrease. There is no Li0.5 phase formation on discharging at low temperatures, revealing
remarkable kinetic asymmetry of the reaction processes for charging and discharging. It is
suggested that the Li0.5 phase formed on discharging is instantly lithiated to form the Lil
phase, due to the small potential gap between the two transitions. These results indicates that
the phase transition kinetics of Li0.5 « LiO is slower than that of Lil < Li0.5 and the former
transition is the rate determining step at low temperatures.

capacity batteries with thickly coated electrodes such as those for
EVS4'6, while the phase transitions in the electrode active material

1. Introduction

Lithium ion batteries have been widely used as power sources for
portable devices and now become to be used for electric vehicles
(EVs) and hybrid electric vehicles (HEVs). It is required for batteries
to keep their performances such as discharge capacity, power and
durability in various operating conditions and this is particularly
important for these vehicle applications. As for the temperature, the
operating range of the vehicles can be as wide as from -20 °C to 60
°C, which is a demanding condition for the batteries. Significant
capacity dependence of the batteries on the operating temperature
has been reported' and a decrease in the capacity at low
temperatures is known to be a particularly serious problem. Such
behavior should be improved, nevertheless, it is difficult to clarify
the origin of the capacity decrease because there are several possible
rate determining steps in the battery reactions and the most important
step can change depending on the battery configuration and the
operating environment. The rate determining step is often the ion
transportation in the electrode immersed in the electrolyte for high
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can be the rate determining step for high power batteries with thin
electrodes such as those used in HEVs.” In the latter case, direct
observation of the reacting species in the electrode during the
electrochemical reactions is essential and so experimental methods
such as in situ X-ray diffraction (XRD) are promising.
LiNiysMn; sO4 with a spinel structure is known to show high
energy density with high operating potential.®® It has been also
recognized that the disordered polymorph (space group P4332), in
which nickel and manganese randomly occupy the octahedral sites,’
shows high rate capability, making this compound an attractive
electrode active material especially for HV applications. In the
charge-discharge processes there are low and high potential plateaus
at around 4.7 V vs. Li/Li* '™ that correspond to the phase
transitions of LiNiysMn; 50,4 (Lil phase) <> LigsNigsMn; 504 (Li0.5
phase) and of Lio_sNio_SMn1_504 (LIOS phase) s Nio_sMn1'504 (LIO
phase), respectively.'>'* It has been shown that for thin electrodes
the solid phase transition is actually the rate determining step and the
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phase transition kinetics considerably affects the electrode
performance.'® Because kinetic behavior is generally influenced by
temperatures, it is expected that clarifying the phase transitions
behavior at various temperatures can give insight to the reaction
mechanism and is useful in view of both scientific knowledge and
practical applications.

In this paper we report the crystal structural changes of
LiNijysMn, 50O, electrodes by using the temperature controlled in situ
XRD with high time resolutions to examine their dynamic behavior.
The behavior of the Lil, Li0.5 and Li0 phases captured by the in situ
XRD method is used to elucidate the reaction dynamics. The origin
of the capacity decrease at low temperatures and marked kinetically
asymmetric charge/discharge behavior are shown, together with
possible reaction mechanisms.

2. Experimental

2.1 Sample preparation

The working composite electrode consisted of powder of
LiNiysMn,; sO4 (Toda Kogyo) classified under 15 pm, acetylene
black as a conductive additive and polyvinylidene difluoride as a
binder, mixed in a 80:15:5 wt% ratio and coated on an aluminum
current collector. Using neutron diffraction (not shown), this
LiNiy sMn, sO, powder is categorized as the disordered phase.'> The
thickness of the working electrode was about 25 um to minimize the
resistance associated with ion transportation in the electrolyte
contained in the electrode. The aluminum pouch-type cell used for
the in situ measurements consisted of a working electrode (30 mm
by 15 mm), metallic lithium foil as counter and reference electrodes,
and a 1 mol dm™ LiPF, solution of ethylene carbonate and
ethylmethyl carbonate (3:7) as the electrolyte. A polyolefin film was
used as a separator.

2.2 Electrochemical measurement

The temperature-controlled electrochemical measurements were
employed at -20, -10, 0, 10, 25, and 40 °C. We used constant current
and potential step experiments to see the dynamic behavior of the
electrode material. Constant current conditions were adopted at 1C
rate between the potential ranges of from 3.50 V to 4.85 V vs.
Li/Li*. As to the potential step conditions, the cell potential was
stepped from 4.59 V to 4.85 V and kept at 4.85 V for 1800 s in
charging, while it was stepped from 4.85 V to 4.59 V and kept at
4.59 V for 1800 s in discharging. Here, assuming that 4.72 V is the
potential where the Li0.5 phase is thermodynamically stable'’, we
set 4.85 V and 4.59 V (both 0.13 V apart from 4.72 V) as the
potential values where the Li0 and Lil phases are
thermodynamically stable, respectively. Potential higher than 4.85 V
was avoided to minimize undesirable electrolyte oxidation reactions.
The initial status was set from the fully discharged state (obtained by
0.1C discharging to 3.50 V) with a constant charging current flow at
0.1C rate at room temperature before the potential step experiments
at various temperatures.

2.3 In situ X-ray diffraction measurement

In situ XRD was performed in a transmission mode with an
electrochemical cell set in a temperature controlled jacket at
BL28XU of SPring-8, Hyogo, Japan. The incident X-ray of 12.4
keV with a wavelength of 2 = 0.100 nm was used with its beam size
of 1.0 mm by 0.3 mm. A two dimensional detector PILATUS was
set at near 20 = 37°, and we measured the (115) diffraction peak of
LiNiysMn; sO4. The (115) diffraction was selected to clearly see the
transient behavior since there is no other diffraction from the cell
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components such as aluminum in this diffraction region. The
diffraction pattern was measured in 0.5 s with the interval of another
8s.

3. Results and discussion

3.1 Electrochemical behavior under constant current conditions
Fig. 1 shows the charge curves of LiNiysMn;sO4 at 1C rate
measured at various temperatures. As the temperature becomes low,
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Fig. 1 Charge curves of LiNi0 5Mnl 5O4 at 1C rate in potential

range from 3.50 to 4.85 V measured at various temperatures.

the capacity significantly decreases. The capacity at -20 'C and that
at -10 'C are respectively about 1/6 and 1/2 of that at 25 ‘C. The two
plateaus are clearly visible at 25 'C while the shape of the potential
profile seems to be monotonous at -10, 0 and 40 'C. To clearly see
the features of the potential profiles, the derivative values of the
capacity Q per potential E, dQ/dE, are plotted versus E for the
charge curves measured at -10, 0 and 40 °C as shown in Fig. 2. Here
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Fig. 2 dQ/dE plots of 1C charge curves of LiNi0 Mn O,
meaured at -10, 0 and 40 0C.

4.85

a plateau in a potential profile is shown as a peak in the derivative
plot. Two sharp peaks are observed at 40 ‘C while two peaks are
broﬂaden and overlapped at 0 ‘C, and only a single peak is found at -
10 C.

Fig. 3 shows the discharge curves measured at various
temperatures. The capacity dependence on the temperature for the
discharge process is less than that for the charge process, and the 1C
discharge capacity at -20 'C is about half of that at 25 'C, which is
larger than the case observed for charging. To detail the features of
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the discharging potential profiles, the dQ/dE plots at -10, 0 and 40 'C
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are shown in Fig. 4. As shown, two sharp peaks are observed at 40
°C while a single peak is observed at low temperatures. However, the
shape of the peak is still sharp, unlike that observed during charging.

For a composite electrode with carbon additives to enhance the
electronic conductivity, the rate determining step of an electrode
reaction is generally either the ion transportation through the
electrolyte region or the ion diffusion/phase transition in the
electrode material. In our case both the capacities and the profiles at
the same rate considerably differ for charging and discharging,
suggesting that the ion transportation through the electrolyte region,
which is expected to be identical for charging and discharging, is not
the rate determining step. For the LiNijsMn;sO, electrode that
shows two-phase coexistence regions, it is deduced that one of the
phase transitions involved in the delithiation/lithiation processes is
the rate determining step.

The two dQ/dE peaks observed for the profiles measured at 40 'C
can be assigned to the two phase transitions of the Li0 phase < the
Li0.5 phase and the Li0.5 phase < the Lil phase.'"®' At low
temperature there seem to be a single peak for both the charge and
discharge processes. However it is difficult to assign each single
peak to one of the two phase transitions or to a united peak for two
transitions with only the electrochemical techniques, due to the small
potential gap between the two transitions. To understand the
behavior, it is important to directly capture the species of interest and
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Fig. 4 dQ/dE plots of 1C discharge curves of LiNij Mn O,
measured at -10, 0 and 40 0C.
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its dynamic changes brought by the electrochemical processes.

3.2 Phase transition behaviour during charging observed by in
situ XRD measurements

We thus observed the phase transition behavior using in situ XRD
measurements that can track the dynamic behavior of the reacting
Lil, Li0.5 and LiO phases. Here we used potential step methods for
electrochemical  perturbation instead of constant current
charging/discharging because the event is shown as a function of
time with the potential step method and this gives information on the
reaction kinetics. The terminal potential values were set at 4.85 V
and 459 V where only the Li0 and Lil phases are
thermodynamically stable, respectively. For the potential step
charging experiment to 4.85 V, it is expected that both phase
transitions of Lil — Li0.5 and Li0.5 — Li0O consecutively occur.

Fig. 5 gives the capacity versus time by the potential step
experiment in charging. Denoting the capacity at 25 'C (Qasoc, ca.
110 mAh g") as the nominal capacity, the measured capacity on the
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Fig. 5 Capacity curves of LiNi0 Mn, O,

potential step charge from 4.59 to 4.85 V measured at various
temperatures.

versus time by

basis of the nominal capacity (capacity ratio: Qr/Qasoc %) 1is
approximately 100% at 40 'C, 70 % at 0 'C and 50% at -10 'C at the
end of 1800 s charging. Fig. 6 shows the result of the time-resolved
in situ XRD during the potential step charging at 40 'C. As shown in
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Fig. 6 Time-resolved in situ XRD patterns by potential step
o
charge from 4.59 to 4.85 V measured at 40 C.
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this figure, three peaks corresponding to the Lil, Li0.5 and Li0
phases were observed during the charging process, corresponding to
the transition from the Lil phase to the Li0.5 phase and that from the
Li0.5 phase to the Li0 phase in two phase coexistence manners. This
reaction process coincides with the previous reports on in situ XRD
measurements.'* '° To visually show the phase transition behavior,
the obtained XRD patterns were transformed into graphic images as
shown below, with their intensity being shown as different color.
Figs. 7 (a), (b) and (c) show the images of the in sifu time-resolved
XRD patterns measured during the potential step charging at 40, 0, -
10 °C, respectively. At 40 'C, the initial Lil phase almost completely

(b)25°C ©)-10°C

()40 °C

500

Li0 Li0.5 JLi0 Li05 Lio

400
300
200

100

20/°

Fig. 7 Time-resolved in situ XRD pattern images by potential
step charge from 4.59 to 4.85 V measured at (a) 40, (b) 0 and

(©)-10°C.

changes to the Li0 phase via the Li0.5 phase in 400 s after the
potential step. This is in good agreement with the result shown in
Fig. 5, namely, the charge capacity reaches approximately 95% of
the nominal capacity in 400 s after the potential step. On the other
hand, at 0 C, the transition to the Li0.5 phase is nearly terminated
and the transition to the Li0 phase starts in 600 s after the potential
step, as shown in Fig. 7 (b). In 1800 s after the potential step, there
are nearly the same amounts of the Li0.5 and Li0 phases. These
results correspond to the charge capacities at 0 'C shown in Fig. 5 of
approximately 50% and 70% of the nominal capacity in 600 s and
1800 s after the potential step, respectively. At further low
temperature of -10 ‘C, there is no Li0 phase formation and the Li0.5
phase still remains even after 1800 s as shown in Fig. 7 (c). The
charged capacity is a half of the nominal capacity and so only the
phase transition from the Lil phase to the Li0.5 phase proceeded in
1800 s at -10 'C, though the potential value is set at 4.85 V where
only the Li0O phase is thermodynamically stable.

To summarize the results obtained in the charging experiments, the
formation of the Li0 phase via the Li0.5 phase proceeds at higher
temperatures while the reaction stops with the Li0.5 phase formation
presumably because the phase transition of Li0.5 — Li0O is
kinetically slow (i.e., the rate determining step) and this causes the
capacity decrease at low temperatures during the charging process.

3.3 Phase transition behaviour during discharging observed by
in situ XRD measurements

For the discharging experiments, the potential was stepped from
4.85 V to 4.59 V so that both phase transitions of Li0 — Li0.5 and
Li0.5 — Lil consecutively occur. Fig. 8 shows the obtained capacity
versus time during the potential step discharging experiment. The
relative capacity of Q1/Q,s.c by the potential step is approximately
100 % at 40 'C, 80% at 0 'C and 55% at -10 'C at the end of 1800 s
discharging while the nominal capacity Q,s,c values are nearly the
same for charging and discharging. Being similar to the case of the
1C rate tests, the obtained capacity dependence on the temperature is
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different for charging and discharging, showing kinetic asymmetry
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Fig. 8 Capacity curves of LiNiOSMnHO4 versus time by

potential step discharge from 4.85 to 4.59 V measured at
various temperatures.

in the electrode reaction process.

To track the dynamic structural changes during the potential step
discharging, the in situ time-resolved XRD measurements were
conducted at 40, 0, and -10 °C and the results are respectively shown
in Figs. 9 (a), (b) and (c). At 40 °C, all the Li0, Li0.5 and Lil phases
are observed and the transition seems to be terminated in 500 s after
the potential step discharging. This is in good agreement with the
capacity shown in Fig. 8 reaching approximately 95% of the nominal
capacity in 500 s. Though there appears the Li0.5 phase as the
(©)-10°C

(a)40°C (b)25°C
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Li0.5 Li0
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Fig. 9 Time-resolved in situ XRD pattern images by potential
step discharge from 4.85 to 4.59 V as discharge at (a) 40, (b) 0

and (c) -10 C.

intermediate species during discharging, the intensity is much
weaker than that observed during charging. This is probably because
the phase transition of Li0.5 — Lil is faster than that of Li0 — Li0.5
and the former transition to occurs before the Li0.5 phase constitutes
an XRD coherent (long-range ordered) domain. Nevertheless, the
phase transitions basically proceed via the Li0.5 phase in a stepwise
manner.

Fig. 9 (b) shows that at 0 C the Li0.5 phase cannot be observed and
the LiO phase partially remains even in 1800 s after the potential
step. This seems to correspond to that the discharge capacity is
approximately 80% of the nominal capacity at 0°C (see Fig. 8),
leaving 20% of the Li0 phase unchanged. In case of the
measurement at -10 "C, no peak for the Li0.5 phase is observed and
in 1800 s after the potential step the peak intensity of the Li0 phase
still strongly remains, which seems to be equivalent to that of the Lil

This journal is © The Royal Society of Chemistry 2012
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phase. This corresponds to the discharge capacity at -10 'C being
about a half of the nominal capacity.

The absence of the Li0.5 phase during discharging at 0 'C and -10
°C is totally different from the behavior observed during charging,
clearly showing the kinetic asymmetry of the system. The reason for
the capacity decrease at low temperatures during potential step
discharging is ascribed to that the phase transition of Li0 — Li0.5 is
the rate determining step and only a part of the Li0 phase is lithiated.
It is deduced that, once the Li0.5 phase is formed, it is quickly
lithiated to form the Lil phase, resulting in the absence of the Li0.5
phase in the XRD measurement at low temperatures.

3.4 Phase transition behaviour associated with 1C rate
experiments

The reaction mechanism observed in the 1C rate constant current

experiments shown in Figs. 1 to 4 are now elucidated based on the
results obtained in the potential step experiments with in situ XRD
measurements. The trends of the capacity dependence on the
temperature are similar for both the 1C rate constant current
experiments and potential step experiments, regardless of the current
direction (charging or discharging), see Fig. 1 with Fig. 5 and Fig. 3
with Fig. 8. Based on this, the characteristics of the dQ/dE profiles at
various temperatures can be interpreted using the results obtained by
the in situ XRD measurements. The two sharp peaks of the dQ/dE
plot at 40 °C shown in Fig. 2 correspond to the transitions of Lil —
Li0.5 at low potential and Li0.5 — Li0 at high potential. At 0 ‘C the
dQ/dE peaks are broaden, reflecting the slow reaction kinetics. The
peak area corresponding to the transition of Li0.5 — Li0O at higher
potential is small because the Li0.5 phase partially remains. At -10
'C, a single broad peak of dQ/dE is considered to correspond to the
phase transition of Lil phase — Li0.5. For the discharging process,
the two dQ/dE peaks observed at 40 'C in Fig. 4 correspond to the
transitions of Li0 — Li0.5 at high potential and Li0.5 — Lil at low
potential. On the other hand, the apparent single peak observed at 0
'C and -10 'C can be ascribed to the phase transition of Li0 — Lil,
which is a combination of the transitions of Li0 — Li0.5 and Li0.5
— Lil. The apparent electrochemical behavior is similar each other
for charging and discharging, nevertheless, the actual reactions
occurring in the electrode are different. This could affect other
properties of the electrode, for example safety at the same state of
charge.
The phase transition kinetics of Li0 <> Li0.5 being slower than that
of Lil < Li0.5 is particularly conspicuous at low temperatures,
suggesting that the activation energy barrier for the former transition
is higher than that for the latter transition. The kinetic study to reveal
the activation energy will give detailed information on the reaction
mechanism, which is an interesting future topic. It is noted that the
involved three phases have the same spinel-based structures, though
there is remarkable kinetic difference between these two transitions.
A possible reason for the difference is that the Lil phase has a solid
solution region as shown in Fig. 6 that can mitigate the volume
change between the Lil and Li0.5 phases and facilitate the transition
of Lil « Li0.5. The volume change through the transition could also
affect, namely, a 3.3% change for Li0 < Li0.5 and a 2.9% change
for Lil < Li0.5. It is also noted that these in situ analyses of the
electrode reaction dynamics are expected to be useful for optimizing
electrode performances by, for example, controlling the
charge/discharge conditions and the particle size of the material.

4. Conclusions

Temperature controlled in siftu XRD measurements are useful for
clarifying the reaction dynamics of electrode materials during
charging and discharging at various temperatures and elucidate the
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mechanism for the capacity dependence on the temperature. For
LiNiysMn, 5O, electrodes, the phase transition kinetics of Lil «
Li0.5 and Li0.5 < LiO are similar and the three phases consecutively
appear at room temperature and above. At low temperatures the
transition Li0.5 < Li0O is kinetically slow and becomes the rate
determining step, resulting in the capacity decrease by restricting the
formation of the Li0 phase (with remaining unreacted Li0.5 phase)
for the charging process and by limiting the amount of the Li0 phase
that are lithiated (with leaving unreacted Li0 phase) for the
discharging process.

As described in the case of LiNigsMn;sO,, thermodynamically
reversible electrode systems can behave kinetically asymmetrically
during charging and discharging, and it is thus important to use in-
situ technique to elucidate the reaction mechanism, in addition to the
electrochemical methods. In particular, synchrotron beam aided
analysis with a high time resolution is promising to track fast
reactions. The information obtained with the in sifu measurements is
practically useful for designing electrodes and setting
charge/discharge conditions to realize high performance of the
batteries.
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