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ABSTRACT: The intercalation compounds are generally
considered as ideal electrode materials for lithium-ion
batteries thanks to their minimum volume expansion and
fast lithium ion diffusion. However, cracking still occurs in
those compounds and has been identified as one of the
critical issues responsible for their capacity decay and short
cycle life, although the diffusion-induced stress and volume
expansion are much smaller than those in alloying-type
electrodes. Here, we designed a thin-film model system
that enables us to tailor the cation ordering in
LiNi0.5Mn1.5O4 spinels and correlate the stress patterns,
phase evolution, and cycle performances. Surprisingly, we
found that distinct reaction paths cause negligible
difference in the overall stress patterns but significantly
different cracking behaviors and cycling performances:
95% capacity retention for disordered LiNi0.5Mn1.5O4 and
48% capacity retention for ordered LiNi0.5Mn1.5O4 after
2000 cycles. We were able to pinpoint that the extended
solid-solution region with suppressed phase transformation
attributed to the superior electrochemical performance of
disordered spinel. This work envisions a strategy for
rationally designing stable cathodes for lithium-ion
batteries through engineering the atomic structure that
extends the solid-solution region and suppresses phase
transformation.

Long-lasting lithium-ion batteries are one of the key enabling
technologies for electric vehicles and electrochemical

stationary energy storage. The desired ultralong lifetime (service
life >10 years and >5000 cycles) poses a grand challenge to the
intrinsic stability of battery electrodes. Without understanding
the fundamental structural and chemical properties of cathodes,
we cannot rationally design or optimize electrode materials. In
many cases, lithium-ion battery electrodes suffocate after
repetitive charge−discharge (lithium extraction−insertion)
cycles because of irreversible electrochemical reactions and/or
mechanical degradation. While identifying irreversible electro-
chemical reactions is straightforward, mechanical degradation
caused by volume change and the associated stress are still
puzzling researchers. Large volume change (up to ∼300%) in

alloying- and conversion-type anodes, such as silicon and tin
oxide, has been identified as the primary cause of their short cycle
life.1 A myriad of studies proved that mechanical degradation as a
failure mode can be eliminated by suppressing the volume
change2,3 and lowering the stress/strain2,4,5 through various
strategies including limiting the capacity,6 adding inactive buffer
components,7,8 engineering nanostructures,9−11 and introducing
mechanical clamping layers.1 Following this logic, mechanical
failure should not be a concern for intercalation-type cathodes,
since the volume change upon cycling is only 2−7%,12,13 much
smaller than that in alloying-type anodes which is typically
>100%. In apparent contradiction, cracking as a failure mode has
been observed for many intercalation-type cathodes, including
layered LiCoO2

14 and LiNiO2
15 and spinel-type LiMn2O4.

16

While the cycle life of most cathodes is limited to hundreds of
cycles even in half-cells with an inexhaustible supply of
electrolyte and lithium, LiFePO4, whose volume expansion is
>6.6%,17 is capable of delivering an extremely long life of tens of
thousands cycles.18,19 These inconsistencies point to the need to
understand the fundamental cause for the mechanical degrada-
tion of intercalation-type cathodes.
It is not easy to identify the intrinsic cause for degradation in a

given cathode material, because the actual failure modes of
lithium-ion batteries are usually on a complex basis. Chemical
composition, phase and structural purity, electrochemical
reaction paths, and microstrain and stress during cycling are
generally considered intrinsic factors affecting the cycling life of
cathodes. However, the actual performance of composite
electrodes is also a function of the necessary inactive
components, including binders and conducting additives as
well as fabrication procedures such as coating and calendar-
ing.20,21 Furthermore, possible side reactions between the
electrolyte and the current collectors and cell hardware further
complicate the analysis.22,23 The above factors bring complica-
tion to access the stability for the active material. For example,
although some works show that ordered LiNi0.5Mn1.5O4
possesses inferior stability compared to the disordered
spinel,24,25 under certain conditions, ordered LiNi0.5Mn1.5O4 is
capable of delivering excellent cycle life.26 While many of these
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problems can be addressed through engineering efforts, the
scientific reasons for mechanical degradation of intercalation-
type cathodes are generally overshadowed by these superficial
phenomena. A clean model system with side-by-side comparison
is required to illuminate the intrinsic degradation mechanisms of
intercalation-type cathode materials.
Here by comparing two model cathodes, disordered and

ordered LiNi0.5Mn1.5O4 high-voltage spinel, we demonstrate how
a subtle structural difference in cathodes impacts the reaction
routes, leading to significantly different cycling performance.
These two cathodes are chosen as a model system for this study
because they possess the same chemical composition and similar
lattice structures, except for cation ordering where Ni and Mn
occupy distinct crystallographic sites in ordered LiNi0.5Mn1.5O4
and are randomly located in disordered LiNi0.5Mn1.5O4 (see
Figure S1 and related discussion). In order to measure the
intrinsic performance of these two materials without interference
from the polymer binder and additives as in conventional
composite electrodes, we successfully synthesized these two
cathodes in the form of thin films through sputtering. In addition,
they have the same surface areas and thickness (1 μm), which
allows for a more direct comparison of the two cathodes. The
stress in cathodes during electrochemical cycling is quantified in
situ using a multibeam optical stress sensor (MOSS) with a
customized electrochemical cell (Scheme. S1). We show that
different phase evolution paths of the cathodes cause a slight
change in the stress patterns and a huge difference in cycle life.
Disordered and ordered LiNi0.5Mn1.5O4 show distinct long-

term cycling performance, although they have very similar
chemical composition and structure. The morphology and
crystal structures of disordered (Fd3 ̅m) and ordered (P4332)
LiNi0.5Mn1.5O4 film cathodes are confirmed by SEM, XRD,
FTIR, and Raman spectroscopy (Figures S2−S5). Furthermore,
the lack of evidence for Mn3+ in XPS and differential capacity
results reveals no oxygen deficiency in disordered LiNi0.5Mn1.5O4
(Figure S6−S7). In order to investigate the cycle life of cathodes
independent of the depletion of electrolyte with aging,27 the
measurement is performed in half cells with ample electrolyte
and lithium. In most cases, the degree of disordering in
LiNi0.5Mn1.5O4 powders is inevitably coupled with oxygen
content during annealing.28,29 With thin-film cathodes produced
by sputtering, it is possible to decouple these two factors and
fabricate disordered LiNi0.5Mn1.5O4 with stoichiometric oxygen
content (see Figures S6−S8 and discussion). As shown in Figure
1, disordered LiNi0.5Mn1.5O4 delivers very stable capacity upon
cycling after initial stabilization with an average retention of
about 99.997% per cycle. As a result, 116 mAh/g, corresponding
to 95% of the total available capacity, is usable after an extended
cycling of 2000 charge−discharge cycles. The voltage-capacity
profiles and the two plateaus corresponding to Ni2+/3+/4+ redox
are well retained during cycling, as shown in Figure 1B (also see
Figure S8 for dq/dV plots). These facts prove that disordered
LiNi0.5Mn1.5O4 has a superior structural stability that enables
ultralong cycle life. In contrast, after initial stabilization the
capacity retention of ordered LiNi0.5Mn1.5O4 is only 99.96% per
cycle, leading to a considerable decay in capacity upon extended
cycling. As a result, capacity in ordered LiNi0.5Mn1.5O4 decreases
to 80% of the initial value after ∼900 cycles, and only 57 mAh/g
(48%) is retained after 2000 cycles.
As it turns out, the distinct cycling performance corresponds to

the cracking in LiNi0.5Mn1.5O4 cathodes. We compare the surface
morphology of pristine and post-cycling LiNi0.5Mn1.5O4 spinel,
as shown in Figure 2. Ordered LiNi0.5Mn1.5O4 shows high crack

density after 2000 cycles, including long, straight primary cracks
and short secondary cracks. Interconnected cracks as a result of
electrochemical cycling leads to loss of electrical contact of active
materials by severe peeling off of thin-film electrodes. Partial
exposure of the Pt current collector is shown in Figure S9. In
comparison, no sign of cracking is detected in disordered
LiNi0.5Mn1.5O4 after 2000 charge−discharge cycles (Figure 2C).
It is worth noting that the thickness for both LiNi0.5Mn1.5O4 films
is smaller than 2 μm, which is believed a critical thickness for
severe cracking in initial cycles.30 Thus, the cracking behavior in
Figure 2 reveals the fatigue failure of LiNi0.5Mn1.5O4 cathodes
caused by subcritical stresses. Disordered and ordered
LiNi0.5Mn1.5O4 in this work have the same chemical composition
and surface chemistry, very similar structures and grain size;
more importantly, they are of the same thickness30 and
experience identical volume change (6.2%) upon lithium
extraction and insertion.28 What is causing this unexpected
markedly different cracking behavior?

Figure 1. Cycling performance of disordered and ordered
LiNi0.5Mn1.5O4. (a) Long-term capacity retention of disordered and
ordered LiNi0.5Mn1.5O4. (b) Voltage−capacity profiles of disordered
LiNi0.5Mn1.5O4. (c) Voltage−capacity profiles of ordered Li-
Ni0.5Mn1.5O4.

Figure 2. Surface morphology of (a) disordered and (b) ordered
LiNi0.5Mn1.5O4 before electrochemical cycling. (c) Surface morphology
of disordered LiNi0.5Mn1.5O4 after 2000 cycles. (d) Cracking formed in
ordered LiNi0.5Mn1.5O4 after 2000 cycles.
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It is instructive to compare the stress of both cathode materials
upon lithium extraction and insertion. We use the in situ
electrochemical stress sensor to monitor the stress evolution in
these two LiNi0.5Mn1.5O4 cathodes during electrochemical
cycling. Directly measuring the stress in composite electrodes
is very challenging, and successful synthesis of thin-film cathodes
enables the direct quantification of stress. Stress measurement is
repeated with three samples for each LiNi0.5Mn1.5O4, and the
representative stress evolution is shown in Figure 3. During the
charging process, lithium is extracted from the LiNi0.5Mn1.5O4
lattice, causing the volume to shrink.31,32 This reduction in
volume gives rise to tensile stress in LiNi0.5Mn1.5O4, as shown in
Figure 3. Tensile stresses in both cathodes increase with charging
and relaxes partially at 50% state of charge. Upon the reverse Li
insertion, the tensile stresses relax fully back to the original state.
The partial relaxation of stress and the stress pattern might be
related with local cation ordering and Li-vacancy configuration in
LiNi0.5Mn1.5O4.

33,34 The maximum average stress is 98 MPa in
disordered LiNi0.5Mn1.5O4 and 126 MPa in ordered Li-
Ni0.5Mn1.5O4. These stress values are much smaller than the
values for silicon anodes35 and are even smaller than that in
graphite anodes (∼250 MPa),36 the most widely used
commercial anodes. Further considering the fact that volume
change in LiNi0.5Mn1.5O4 is smaller than that in LiFePO4, such a
small difference in the stress of disordered and ordered
LiNi0.5Mn1.5O4 is not likely a clear indication of their distinct
cycling performance. However, the stress patterns are slightly
different, indicating possible different reaction paths in
disordered and ordered LiNi0.5Mn1.5O4.
The reaction paths in disordered and ordered LiNi0.5Mn1.5O4

are revealed by ex situ XRD measurements. Ordered
LiNi0.5Mn1.5O4 undergoes multiple first-order phase trans-
formations upon Li insertion and extraction, as confirmed by
the lattice parameter changes in Figure 4 extracted from XRD
(Figure S8):

During charging, Phase II appears before the overall
composition reaches Li0.75Ni0.5Mn1.5O4 and exists upon the full
removal of lithium from the lattice. The final phase III
Ni0.5Mn1.5O4 appears before the overall composition reaches
Li0.25Ni0.5Mn1.5O4. These facts indicate that the ordered
LiNi0.5Mn1.5O4 undergoes phase transformations during cycling,
the traditionally believed reaction route for intercalation
cathodes. On the other hand, disordered LiNi0.5Mn1.5O4 follows

a single-phase solid-solution reaction route upon Li extraction,
rather than phase transformation, before the end of charging:

The change in lattice parameter of the last phase is related with
rearrangement of atoms and associated relaxation processes.
Contrary to some previous reports,24,37 our results show that the
last phase Ni0.5Mn1.5O4 does not form until the very end of
lithium extraction. In other words, at most times during
electrochemical cycling, disordered LiNi0.5Mn1.5O4 undergoes a
smooth, single-phase solid-solution reaction but not phase
transformation.
Stress in LiNi0.5Mn1.5O4 cathode is caused by volume change

and phase evolution. For disordered LixNi0.5Mn1.5O4, the solid-
solution reaction in the composition range 0.2 < x < 1 leads to a
seamless reaction, and the concentration gradient is mainly
responsible for the stress observed in Figure 3. However, for
ordered LiNi0.5Mn1.5O4, the topotactic phase transformation
involving rearrangement of atoms leads to abrupt changes in
lattice parameters at phase boundaries, adding additional stress.
We expect that the local stress at phase boundaries, which are
possible crack initiation sites, is much higher than the average
value measured for the electrode. Considering the fact that the
two cathodes in this work process the same chemical
composition, thickness, and similar grain size, phase evolution
behavior and reaction paths are the only possible causes for their
distinct cycling performance.
It is generally believed that lithium diffusion-induced stress is

directly responsible for cracking in battery electrodes once it
exceeds the fracture strength of the electrode materials.
However, our results show that stress is only a superficial
indicator, and the fundamental cause for cracking lies in reaction
pathways. In the case of phase transformations, the localized
stress around the phase boundaries could easily lead to crack
nucleation and propagation, since the defect density along the
boundary is much higher than that in the bulk.38 In contrast, the
stress can be homogenized and uniformly distributed in the bulk
of the cathode materials in the scenario of a solid-solution
reaction. It has been predicted recently that the phase evolution
path in LiNi0.5Mn1.5O4 strongly depends on the degree of Ni−
Mn cation ordering.34 With completely random Ni/Mn
distribution, it is possible to extend the solid-solution region
over the entire composition range at ambient temperature. It has
been reported that ordered LiNi0.5Mn1.5O4 exhibits excellent

Figure 3. Stress evolution in LiNi0.5Mn1.5O4 during cycling. The
corresponding voltage profiles are shown in the upper panel.

Figure 4. Lattice parameter of LixNi0.5Mn1.5O4 with different lithium
contents. The lattice parameter is determined by XRD of (311) and
(400) planes.
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cycling performance in full cells coupled with lithium titanate
anodes.26 We expect further improvement in the cycle life with
increased degree of cation disordering in LiNi0.5Mn1.5O4. Our
results, which clarify the relation between the cycle life and phase
evolution, may also aid in understanding the superior cycling
stability of LiFePO4 olivine.

18,19 Recently it has been observed
that under certain conditions LiFePO4 goes through non-
equilibrium solid-solution reactions, rather than the previously
recognized phase transformations.39,40 Besides reducing the
particle size,18,30,39 suppressing phase transformations could be
another approach to enable smooth electrochemical reactions
and long cycle life.
To summarize, by comparing the stress patterns in situ and

phase evolution in a model system of disordered and ordered
LiNi0.5Mn1.5O4 spinels with identical chemical composition and
film thickness (1 μm), we found that distinct reaction paths cause
negligible difference in the overall stress patterns but significantly
different cracking behaviors and cycling performances: 95%
capacity retention for disordered LiNi0.5Mn1.5O4 and 48%
capacity retention for ordered LiNi0.5Mn1.5O4 after 2000 cycles.
The extended solid-solution region with suppressed phase
transformation is attributed to the superior electrochemical
performance of disordered spinel. The relationship between the
materials chemistry and its performance found in this work
provide the foundation for rationally designing or optimizing
electrode materials with long-time performance. In order to
substantially improve the reversibility of intercalation-type
cathodes and achieve long cycle life, the electrode materials
should be engineered to extend the reaction path through
stablilzed or metastabilized solid-solution reactions.
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