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oxide cathodes†
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Most studies investigate the cyclable capacity fading mechanism of Li-rich layered oxides (LLOs) from the

microscopic structure level, lacking discussions about how the structure degradation influences the

performance of the pouch cell precisely and quantitatively. Based on the analysis of the evolution of key

parameters during the whole cycling period, a new transition-type fading mechanism is proposed. From

the early-to-middle stage of the cycling period, polarization increases, most of which is interface-

related, causing about 67% of the whole capacity loss. From the middle-to-late stage of the cycling

period, active material losses turn out to be the dominating factor, inducing about 61% of the total

capacity loss. Diffusion-related polarization, replacing the interface type, is responsible for most of the

increased overpotential. Relative analysis confirms that during the early stage, the increase of the charge

transfer resistance, induced by CEI (cathode electrolyte interface) growth and initial surface layered-

structure degradation, is the main source of interface polarization. As the cycling evolves to the late

stage, severe bulky structure degradation, including lattice-oxygen release, Li/Ni mixture and generation

of a new spinel phase, turns out to be the major factor, causing further capacity fading.
Electrication of transportation is recognized as a key measure
for decreasing the release of greenhouse gases and reducing the
dependence on fossil fuels.1 However, the widespread adoption
of electric vehicles (EVs) still faces challenges, of which range
anxiety is one of the biggest.2 Developing lithium-ion batteries
(LIBs) with novel high-energy density cathode materials is an
important technological route to solve this problem.3 Right
now, LLO is considered as one of the most promising cathode
materials, due to its ultra-high specic capacity.4–8 Unfortu-
nately, poor cycling stability has become one of the major
obstacles restricting its practical applications. Abundant efforts
have been devoted to analyzing the fading mechanism, but
mostly from the perspective of intrinsic structure.5,9–11 Theories
of how the structure degradation inuences the cycling stability
of full pouch cells precisely and quantitively are not clear.
Whether the fadingmechanism is always unchanged during the
whole cycle life is still a mystery. Therefore, this article will
employ LLO-based full pouch cells with practical design
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parameters and particularly focus on key parameters related to
cycling stability, which are oen neglected by former research
studies, including detailed polarization evolution, exact cycla-
ble capacity loss caused by different factors, and gas produc-
tion, to improve the recognitions of the fading mechanism of
LLO-based cells.

Cell preparation and characterizationmethods are described
in the ESI.† The cycling performances of the pouch cells are
presented in Fig. 1. Fig. 1a illustrates a typical S-type fading
curve, with about 85% capacity le aer cycling 500 times.
Fig. 1b describes discharge curves during cycling. A constant
Fig. 1 Capacity retention (a), discharge (b) and relative dQ/dV curves
(c) with varying cycle numbers for the pouch cell.
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voltage fading is observed, which is a typical characteristic
feature of LLOs.9 Relative dQ/dV curves are presented in Fig. 1c.
Peaks correspond to different reductions of the energy conver-
sion process,12 with On−/O2− for P1, Ni4+/3+/2+ and Co4+/3+ for P2,
and Mn4+/3+ for P3. P1 rst shis to the low-voltage region and
later decreases sharply aer the 250th, due to the increase of
polarization or lattice oxygen evolution.6 P2 decreases signi-
cantly without position change, while P3 experiences a fast
increase in peak intensity, regarded as a symbol of the phase
change from a layered structure to spinel and rock-salt pha-
ses.9,10 According to the evolution of the dQ/dV curves, three
cycle times, namely 1st, 200th, and 500th cycles, are selected to
represent the early, middle, and late stages of the cycling period.

Polarization, as a signicant feature related to cycling
stability, is extracted and analyzed quantitively according to
different responding time scales.13 One part that relaxes
immediately aer switching from the titration step to the
relaxation step is termed “instant loss”, which typically involves
more electrode-level transport such as electron percolation, Li+

transport in the soaked electrolyte and charge transfer resis-
tance, with a response time of hundreds of milliseconds. The
other part that relaxed slowly until the new equilibrium is
established is termed “non-instant loss”, which includes the
relaxation of concentration polarization in the electrolyte and
more Li+ lattice diffusion inside the LLO particles, with
a response time of more than hours. The “whole voltage loss” is
dened as the sum of the instant loss and non-instant loss,
representing the whole polarization degree. Relative character-
ization methods are introduced in the ESI.† The distribution of
the whole voltage loss with SOC (state of charge) is shown in
Fig. 2a. Instant loss and non-instant loss are manifested in
Fig. 2b and c. All the curves presented are U-type, consistent
with the recognition that the middle voltage range normally
corresponds to the fast-kinetic region.12 Besides, the increasing
extent is quite different. From the 1st to 200th cycle, the average
of the whole voltage loss increases from 0.41 to 0.57 V, with an
increase of about 0.16 V. As cycling proceeds, it further
increases up to about 0.53 V, implying a dramatic increase of
polarization in the late stage of the cycling period. Fig. 2b and c
illustrate the contributions of instant and non-instant loss,
respectively. The average value of instant-loss is about 0.13 V for
the 1st, 0.25 V for the 200th and 0.43 V for the 500th cycle. Thus,
Fig. 2 (a) Whole voltage loss, (b) instant loss, and (c) non-instant loss
of the cells with different cycle numbers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
from the 1st to the 200th cycle, the average increase of instant
loss is about 0.12 V, contributing to about 75% of the whole
polarization added, while from the 200th to the 500th cycle, the
increase of the non-instant loss is about 0.36 V, representing
about 68% of the whole overpotential increase. This trend can
also be proved by the evolution of the contributing proportions
of instant and non-instant loss in the whole voltage loss during
cycling, as is shown in Fig. S1 (ESI†). It should be noted that
aer cycling over 500 times, values may appear slightly exag-
gerated due to the inuence of the anode, which cannot be
entirely disregarded. Therefore, it can be deduced that from the
early-to-middle stage of the cycling period that interface-related
polarization is the main source of the whole polarization
increase. As the cycling proceeds to the late stage, diffusion-
related polarization, replacing instant polarization, turns out
to be dominant the overpotential increase.

To rene and support the polarization analysis, impedance
and diffusion coefficients were characterized. The impedance
results of the pouch cells in Fig. 3a show that all of the curves
consist of two semicircles and a subsequent straight line. The
equivalent circuit is described inside the picture, and tting
values are listed in Table S1 (ESI†). Although these kinetical
parameters involve contributions of the cathode and anode, it is
rational to infer that the change of the values is mainly due to
the cathode, as the graphite anode is relatively stable compared
to the LLO cathode.14 The results in Table S1 (ESI†) prove that
the increase of Rct (charge transfer resistance) is the main
source of the inner resistance added during the whole cycle life.
Furthermore, the increasing rate is larger for the rst 200 cycles
compared to the last 300 cycles, which is consistent with the
polarization analysis. Deep analysis of the increase of Rct will be
discussed next combined with further characterizations. The
diffusion coefficients of Li+ are calculated with the method
described in the ESI.† The results in Fig. 3b show that from the
1st to the 200th cycle, the diffusion coefficient has dropped
from an average of about 1.75 × 10−11 to 1.30 × 10−11 cm2 s−1

between 40% and 90% SOC. We also notice that when the SOC
is below 40%, the coefficients even increase a bit, in agreement
with Fig. 1c. From the 200th to 500th cycle, the diffusion coef-
cients experience a signicant drop to an average of about 3.0
× 10−11 cm2 s−1, corresponding to the dramatic increase of the
non-instant polarization.

Aside from kinetical factors, active material loss during the
cycling process can also induce capacity fading. Coin cells with
electrodes retrieved from the pouch cells are assembled to
assess accurate residual active materials. The current density of
Fig. 3 (a) EIS of the pouch cells; (b) the diffusion coefficients of the
cathodes cycled 1 200 and 500 times.
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Fig. 4 (a) Charge and discharge and (b) dQ/dV curves of coin cells
with electrodes retrieved from the cycled pouch cell.

Fig. 5 (a) Gas volume produced from the pouch during the whole
cycling period. (b) Component ratios of the gas produced from the
cells cycled 200 and 500 times.
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0.16 mA cm−2 is used in the test to eliminate polarization
interference as much as possible. The results in Fig. 4a show
that the specic capacity of the electrode cycled 200 times has
recovered to about 98.3% of that of the fresh one, while the
electrode cycled 500 times has recovered about 91.1%. Thus, it
can be roughly deduced that the ratio of cyclable capacity loss
attributed to the active material loss is about 1.7% for the 200th
and 8.9% for the 500th cycle, respectively. Relative dQ/dV curves
are presented in Fig. 4b. An interesting phenomenon is
observed that P1 that disappeared in Fig. 1b has reappeared.
Besides, the position of the three peaks is almost the same,
different from Fig. 1c. These changes imply that the reduction
of O2−/On− in the high-voltage range is still active, but limited
by sluggish kinetics aer cycling 500 times. P2 and P3 present
the same trend as in Fig. 1b, conrming again the occurrence of
a phase change inside the layered structure. Surprisingly, a new
slight peak, P0, at about 4.3 V emerges, which is likely a sign of
newly generated spinel Li4Mn5O12.15,16 Based on the quantitative
analysis of polarization and active material loss, the contrib-
uting proportions of different factors inducing the cyclable
capacity fading can be derived, as listed in Table 1. From the
early-to-middle stage of the cycling period, kinetics polarization
causes about 3.4% capacity loss, approaching 67% of the whole
capacity loss. From the middle-to-late stage of the period, active
material loss induces about 8.9% capacity loss, occupying
nearly 61% of the total loss.

Inconspicuous gas production of the pouch cell during
cycling is also characterized. The gas volume versus time is
manifested in Fig. 5a. For the rst 100 cycles, the gas volume
accumulates rapidly, reaching about 7.2 mL. Then, it increases
slowly until the end of cycling, with a total volume of about 8.8
mL. Some gases are consumed when the cell is cycled about 50
times, which can be attributed to the cross-talk effects of the
gases.17,18 As the gases are mainly produced from side reactions
at the cathode,19 it can be inferred that the early stage of cycling
is the main period when the side reactions occur and the CEI
Table 1 Contributing proportions of all factors that cause capacity fadin

Cycle number Capacity loss

Polarization lo

Interface-relat

1 0% 0%
200 5.1% 2.6%
500 14.6% 1.8%

22584 | RSC Adv., 2024, 14, 22582–22586
grows, releasing over 80% of the total gases, while during the
latter period, the rate of CEI growth becomes slower due to self-
limiting effects.20 Fig. 5b compares the proportional change of
the gas component during cycling. The ratio of CO2 reaches
about 46% aer the cell is cycled 200 times and adds up to
about 64% at the end of the period, meaning successive
oxidative reactions on the cathode and the decrease of the CO2

consumption at the anode.18 O2, the direct signal of the lattice-
oxygen emission process, is also tested. The results show that
the ratio increases from about 2.9% to 4.4%, proving that
oxygen release or layered structure degradation occurs
throughout the whole cycling period and becomes more severe
during the late stage of cycling.

To obtain more information about the evolution of the
cathode interface, we conducted scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) tests. SEM
images in Fig. S2 (ESI†) reveal that the surface becomes more
rough with thick deposits covering the surface during cycling,
due to the decomposition of electrolytes.21 Fig. 6a–c present the
tting peaks of C 1s orbit spectra. The peak at a binding energy
of 288.5 eV corresponds to the O–C]O of carbonate products.
Its intensity increased during the whole cycling period,
meaning the continuous decomposition of the electrolytes.
Fig. 6d–f illustrate O 1s orbit signals. The peak at a binding
energy of 529 eV represents lattice oxygen in O–M. Its position
shied gradually to lower binding energy during cycling,
implying that lower valence of transition metals is generated
during phase changes.11,22 Besides, the intensity of O–M
decreased signicantly for the electrodes cycled 500 times,
which may be ascribed to the limited detection depth of XPS
that cannot penetrate the thicker CEI.23 Further evidence of the
surface structure degradation can be obtained from the XPS
g

ss

Active material lossed Diffusion-related

0% 0%
0.8% 1.7%
3.9% 8.9%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of the CEI from cathode electrodes with different
cycle numbers ((a and d) for the 1st, (b and e) for the 200th, (c and f) for
the 500th cycle).
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peaks of Mn 2p and Ni 2p in Fig. S3 and S4 (ESI†). The constant
increase of the Mn3+ peak during the whole cycling period
demonstrates the generation of spinel phase. The signicant
decrease of the Ni2+ peak observed, especially during the late
stage, suggests a severe Li/Ni mixture problem at the end of the
cycle life,24 which is also consistent with our previous work.25

Based on all discussions above, a new transition-type cycla-
ble capacity fading mechanism of the pouch cells with the LLOs
is concluded. From the early-to-middle stage of the cycling
period, the increase of the polarization is the main factor
causing capacity fading, contributing to nearly 67% of the whole
capacity loss. Particularly, interface-related polarization is
responsible for most of the total overpotential increase,
approaching about 75%. Meanwhile, it is the period when most
gas production occurs, releasing over 80% of the total gases.
Combined with XPS signals, it can be deduced that interface
CEI growth from electrolyte oxidations and surface layered-
structure degradation induced by the generation of a new
spinel phase during the early stage are two reasons for the
increase of Rct and interface polarization. From the middle-to-
late stage of the cycling period, active material loss induced
by inner structure degradation becomes the dominating factor
for further capacity fading, contributing to about 61% of the
whole loss. Accordingly, diffusion-related polarization, replac-
ing interface reaction polarization, becomes the major source of
the whole overpotential increase, with a ratio of about 68%.
Signicantly, the increased ratio of O2 in gas production and
le-shiing of the XPS peak of lattice-oxygen and signals of
more severe Li/Ni mixing, together conrm this transition
process. These new ndings will not only inspire novel material
modications but also accelerate practical application via
locating specic scenarios that meet the special features of the
LLO-based cells.
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