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Abstract: Cation-disordered rock salt (DRX) cathodes exhibit high specific capacity due to the
simultaneous use of anionic and cationic redox reactions. However, DRX systems face severe
challenges that limit their practical applications; a most important challenge is their poor rate
performance. In this work, the structure and morphology of Li1.17Ti0.58Ni0.25O2 (LTNO) were
characterized by X-ray diffractometry (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), etc. In combination with various electrochemical characterizations, we
found that the sluggish kinetics of anionic redox within LTNO can be the key reason for the inferior
rate performance. By sample relaxation at moderate temperature and X-ray absorption near edge
structure (XANES), the ligand-to-metal charge transfer process is verified to occur between O and
Ni and exhibits a prolonged characteristic time of 113.8 min. This time-consuming charge transfer
process is verified to be the very fundamental origin of the slow kinetics of oxygen oxidation and
reduction. This claim is further supported by the galvanostatic intermittent titration technique (GITT)
at different temperatures. These findings provide essential guidance for understanding and further
optimizing cathodes with anion redox reactions not only in the context of DRX cathodes but also
conventional Li-rich cathodes.

Keywords: lithium-ion batteries; cation-disordered cathode; anionic redox reaction; sluggish kinetics

1. Introduction

Lithium-ion batteries (LIBs) form the foundation for the rapid development of energy
storage applications, including portable electronics, electric vehicles, and grid-scale energy
storage [1,2]. However, conventional cathodes based on transition metal (TM) redox
reactions are reaching their theoretical capacity limit and becoming inadequate to meet
the growing market demand. In past years, Li-rich materials utilizing both cationic redox
and anionic redox reactions (ARR) have attracted wide attention [3–6]. In such materials,
excessive Li offers the ability to extract electrons from non-bonding O 2p states, thus
almost doubling their capacity. The extraordinary capacity beyond conventional TM redox
schemes makes Li-rich material a most promising cathode candidate for the next generation
of LIBs. The development of advanced technology makes it possible to understand this
proposition more deeply [7–10]. To better understand the characteristics of ARR and
obtain cathodes with better electrochemical performance, a variety of Li-rich materials have
been designed.

Among various Li-rich cathodes, cation-disordered rock salt (DRX) cathodes show
unique advantages because of their structural characteristics [11]. Unlike Li-rich NCM
with layered structures, in DRX cathodes, O anions are located in the 4b sites in the
Fm3m space group, while Li and TM cations are completely randomly located in the 4a
sites. Traditionally, DRX cathodes are not considered to be electrochemically active due to
the disordered cation distribution that hinders the Li+ transport channel [12]. However,
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Ceder and his collaborators showed that DRX cathodes containing excess Li (at least
10%) exhibit good electrochemical performance. This phenomenon can be explained by
percolation theory, in which excess Li can form enough 0-TM channels to construct a Li-ion
transport network [13]. The stable three-dimensional structure of DRX cathodes avoids
the detrimental structural changes that often occur in Li-rich NCM with two-dimensional
layered structures, such as stacking faults and TM migration to the Li layer upon deep
cycle [14–17]. On the other hand, DRX cathodes also eliminate the dependence on elements
that are beneficial to the layered structure such as Co and Ni. Currently, reported DRX
cathodes are composed of d0 metal (e.g., Nb5+, Ti4+, Zr4+, Ta5+, W6+, Mo6+, etc.) responsible
for stabilizing the structure and TM (Mn, Fe, Ni, Cr, Co, etc.) with redox activity responsible
for providing capacity [12,14].

Despite their high capacity, DRX cathodes face a series of problems that hinder their
further application; one of the most significant challenges is their inferior rate perfor-
mance [11,18]. This is a common problem in various batteries and is mainly affected
by the Li+ diffusion barrier, electrode conductivity, reaction kinetics, etc. [19]. The rate
performance of batteries can be improved by materials design, such as designing 1D nano-
materials or porous structures to shorten the Na+ transport path [20,21], doping foreign
atoms to improve electronic conductivity [22], and using appropriate catalysts to promote
reaction kinetics [23]. At the same time, supercapacitors with special non-diffusion storage
mechanisms have unique advantages in rate performance [24]. For cathodes with ARR
activity, the sluggish kinetics of anion redox is usually considered to be one of the main
reasons for their inferior rate performance [25], but there are relatively few studies on the
detailed and fundamental origin. Tarascon and his collaborators first pointed out the slow
kinetics of the anion redox process in Li2Ru0.75Sn0.25O3 via in situ electron paramagnetic
resonance (EPR) [26]. Li et al. discovered that coupling oxygen redox with fast Co redox can
enhance the redox kinetics of oxygen [27]. Generally speaking, the ARR process is closely
related to TM migration. Ku et al. found that TM migration profoundly affects the diffusion
kinetics of Li in Li1.2Ni0.4Mn0.4O2 [28]. Wang et al. found that different oxygen-stacking
sequences in Na0.6Mn0.7Mg0.3O2 can realize discrepant anionic redox chemistry and, thus,
affect kinetics [29]. There is no doubt that the slow ARR process has a profound impact
on the rate capability of Li-rich cathodes; however, it is still unclear how ARR leads to
sluggish kinetics and the study of this effect on a time scale is missing. Therefore, it is
difficult to fundamentally solve the poor rate performance of Li-rich cathodes, and material
optimization can only be partly improved from a materials engineering viewpoint [30].

In this work, we synthesized a cation-disordered Li-rich rock salt Li1.17Ti0.58Ni0.25O2
(LTNO) by the sol–gel method and characterized its structure and electrochemistry per-
formance by XRD, SEM, TEM, XPS, and electrochemical methods. The LTNO cathode
exhibits a high specific capacity of nearly 230 mAh/g at 0.1C; however, it only exhibits a
capacity of 54 mAh/g at 3C. Through the galvanostatic intermittent titration technique
(GITT) and charge–discharge at different rates, we found that the kinetic performance
in the anionic redox region was worse than that in the TM redox region. Then, XANES
characterization verified that charge transfer takes place between oxygen and metal at
high voltage. Detailed results prove that the charge transfer process exhibits a prolonged
characterization time and is the rate-determining step in the charge compensation process.
This charge transfer process is the key factor restricting the kinetics of ARR. GITT tests
at different temperatures further support such a claim. Based on these results, this work
provides rational guidelines for improving the kinetic response of cathodes with ARR
activity, which is of great significance for practical applications.

2. Materials and Methods
2.1. Material Synthesis

All of the raw materials were of analytical grade and purchased from Aladdin. The
pristine Li1.17Ti0.58Ni0.25O2 cathode material was synthesized by the sol−gel method; in
detail, lithium acetate, nickel acetate, and tetrabutyl titanate were added into 100 mL
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alcohol according to the stoichiometric ratio. In particular, 2% excess Li was added to
compensate for the volatilization of lithium at high temperatures according to a report in
the literature [31]. After mixing evenly, the mixed solution was heated and evaporated to
obtain a viscous gel under vigorous stirring at 80 ◦C in a beaker. Then, the gel was dried
in a vacuum oven at 120 ◦C for 24 h. The obtained dry gel was prepared as powder in
a mortar and subsequently annealed at 650 ◦C for 12 h using a muffle furnace under an
air atmosphere.

2.2. Material Characterization

The crystal structure of the Li1.17Ti0.58Ni0.25O2 cathode material was characterized by
a Rigaku D/Max X-ray diffractometer (XRD) with Cu Kα radiation. The microstructures
of the samples were characterized by scanning electron microscopy (SEM, JSM-6700F),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), and selected-area electron diffraction (SAED) on a JEOL JEM-2100F microscope.
The XANES experiments were carried out in transmission mode at beamline BL11B of the
Shanghai Synchrotron Radiation Facility (SSRF). The Ni and Ti foils were measured for
energy calibration. The XANES data were processed using the ATHENA software package
version 0.9.26.

2.3. Electrochemical Measurements

The working electrodes were obtained by mixing the active material (80 wt%), con-
ductive carbon black (super P, 10 wt%), and binder (polyvinylidene fluoride (PVDF),
10 wt%). The slurry was spread on an Al current collector and then dried at 120 ◦C
overnight in a vacuum dryer and cut into discs. The average active mass loading was
about 3.5 mg/cm2 on current collectors. The CR2032 coin cells were assembled in an
argon-filled glove box (<0.01 ppm of H2O, <0.01 ppm of O2). Li foils were used as an
anode in LIBs, and a polypropylene/polyethylene microporous film (Celgard 2400) was
used as the separator. Further, 1M LiPF6 in fluoroethylene carbonate (FEC)/ethyl methyl
carbonate (EMC) (3:7 v/v) was used as the electrolyte. The electrochemical properties of
the Li1.17Ti0.58Ni0.25O2 were measured by a land instrument in the range of 1.5 and 4.8 V
vs. Li/Li+. All electrochemical data were tested several times to ensure data repeatability.

3. Results
3.1. Structural Analysis

Figure 1 shows the XRD pattern of LTNO materials prepared by the sol–gel method,
which is consistent with a report in the literature [31,32]. The diffraction peaks at 37.6◦, 43.8◦,
63.5◦, and 76.3◦ can be attributed to the structure of the Fm3m space group (PDF#74-2257),
and no other peaks are observed. The XRD result indicates that a material with typical
rock salt structure was successfully synthesized. The nanoparticle geometry demonstrates
large surface area, which can improve the Li+ diffusion coefficient [33]. HRTEM and
SEAD (Figure 2b,c) provide additional evidence for the structural characteristics of LTNO.
HRTEM images display clear and continuous lattice fringes with a spacing of 0.21 nm,
matching well with the (200) plane in the Fm3m space group. The SAED pattern exhibits
diffraction rings of LTNO, which can be accurately indexed to the cubic Fm3m phase of the
cation-disordered rock salt structure [34]. These results agree well with the XRD pattern
in Figure 1. All these structural characterizations confirm that a Li1.17Ti0.58Ni0.25O2 DRX
cathode is successfully synthesized. The structural diagram of LTNO is shown in Figure 1.
Oxygen atoms are tightly packed in an O3-stacking manner to form a structural framework;
all cations (Li, Ti, and Ni) are randomly distributed in the octahedral sites of the oxygen
sub-lattice [31,34].
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Figure 2. The structure and morphology information of Li1.17Ti0.58Ni0.25O2. (a) TEM result of
ultrasonically dispersed LTNO, HR-TEM image, (b) and the selected-area electron diffraction (SAED)
(c) of LTNO.

3.2. Electrochemical Performance Analysis

The rate capability of LTNO at 0.1C, 0.2C, 0.5C, 1C, and 3C (1C = 200 mAh/g) is shown
in Figure 3a; the voltage range is 1.5 to 4.8 V and the LTNO cathode exhibits discharge
capacities of 230 (±8), 189 (±7), 156 (±11), 123 (±7), and 54 (±3) mAh/g, respectively. The
error between the test data is about 6.5%. Notably, the result shows that the discharge
capacity of LTNO cathode decreases significantly with an increase in current density. When
the rate reaches 3C, the capacity of all test samples is only 23.5% of that at 0.1C. This
indicates that LTNO’s exertion of its high-capacity characteristics is hindered under high
current density. To further investigate the poor rate performance of LTNO, GITT was
carried out to study the kinetic differences of LTNO at different stages of charge, with pulse
time = 10 min and relaxation time = 30 min at 0.1C. The results are shown in Figure 3b;
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the ARR and TM redox regions are highlighted in red and green shadow. Li+ diffusion
coefficients (DLi

+) were calculated according to Equation (1).

DLi+ =
4

πτ
(

mBVM
MBS

)
2
(

∆Es

∆Eτ
)

2
(1)
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Figure 3. (a) Rate performance of LTNO. Blue, red and orange dots represent the charge capacity,
discharge capacity and coulombic efficiency, respectively. (b) GITT measurement performed on
the first cycle of LTNO, the GITT curve is represented by red curve and Li+ diffusion coefficient is
represented by blue dots. (c) After activation at 0.1C, the charge–discharge curves of LTNO from
1/50C–1/2C and (d) corresponding dQ/dV profile. The redox intervals of O and Ni are represented
by red shadow and green shadow. The arrows indicates that the discharge voltage moves to the
low voltage.

In Equation (1), τ is the constant current pulse time, ∆Es is the total potential change,
and ∆Eτ is the steady-stage potential change, as shown in Figure S3. VM, MB, mB, and S
stand for the molar volume, molar mass of the active material, mass of the active material,
and surface area of the electrode [35]. The result shows that the diffusion coefficient of Li+

decreases sharply from the Ni redox range to the O redox range; the difference between
them is two-to-three orders of magnitude. The phenomenon that the redox kinetics of TM
is much better than that of O is also widely observed in other cathodes with ARR [36]. We
further conducted charge and discharge tests on LTNO materials at different rates, ranging
from 1/50C to 1/2C, as shown in Figure 3c. During the discharge process, we plotted the
capacity corresponding to O and Ni reduction plateaus (Figure S2), and it was observed
that as the rate increased from 1/50C to 1/2C, the capacity decay of O redox (41%) was
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more pronounced compared to that of Ni redox (20%). This indicates that the high specific
capacity of ARR for the LTNO cathode makes it difficult for it to be fully released under
high-current-density charging and discharging. Furthermore, the differential capacity
(dQ/dV) curves (Figure 3d) demonstrate a decrease in the O reduction potential from 2.1 V
at 1/50C to 1.95 V at 1/2C, along with a sharp decline in peak intensity, which indicates
that there is a large voltage polarization in the redox range of O. In contrast, the reduction
peak of Ni remains nearly unchanged, except for a slight decrease in intensity. All the
results in Figure 3 demonstrate that ARR has more sluggish reaction kinetics compared to
redox on nickel. The slow kinetics of ARR is the core factor limiting the rate performance
of LTNO. This conclusion is also consistent with other ARR-active materials, such as
Li1.2Ni0.13Co0.13Mn0.54O2 and Na0.6Li0.2Mn0.8O2 [37,38].

3.3. Charge Transfer between Transition Metal and Oxygen

To uncover the underlying origin of sluggish kinetics, it is necessary to investigate the
detailed charge compensation process of ARR. Tarascon and his collaborators proposed the
reductive coupling scheme to clarify ARR activation in Li-rich cathodes [39]. In a recent
work, they further verified the LMCT (ligand-to-metal charge transfer) procedure in LTNO,
indicating that ARR operates with coordinated TM as a mediator [31,40]. Specifically,
Ni2+ first loses electrons and is oxidized to Ni3+/4+, and in the subsequent process, O2−

compensates electrons to Ni3+/4+, so that Ni3+/4+ is reduced back to Ni2+. Note that this
charge transfer process could be a significant factor impeding the kinetics of oxygen redox.

To validate the correlation between LMCT and ARR kinetics, here, the LTNO cathodes
at a 4.8 V charged state are maintained at the moderate heating temperature of 100 ◦C
with varying durations from 0 s to 8 h. XANES is then utilized to probe the valence
state evolution of LTNO against heating duration. In Ni K-edge XANES, depicted in
Figure 4a, a noticeable absorption edge shift to higher energy can be found from a pristine
state to a 4.8 V charged (duration 0 s) state. Upon maintaining at 100 ◦C, Ni K-edge
XANES demonstrates a gradual but obvious absorption edge shift to lower energy with
increasing duration (enlarged edge shift in Figure 4c). These results indicate that nickel
undergoes oxidation to a higher valence state (+3/+4) during charge but undergoes gradual
Ni reduction upon relaxation. On the other hand, Ti K-edge XANES does not exhibit
significant changes, suggesting that the valence state of titanium remains relatively stable
throughout the charging process, as shown in Figure 4b. The absorption edge also remains
nearly unchanged during heating, indicating the stable valence state of titanium. These
results verify the LMCT behavior of the LTNO cathode, and the process only occurs from O
to Ni while Ti remains unchanged. To further demonstrate the detailed LMCT procedure,
the Ni K-edge absorption energy is plotted against duration time, as shown Figure 4d. The
Ni K-edge absorption edge demonstrates a dramatic energy shift within the span of 0 s to
15 min, followed by a gradual energy shift within the span of 15 min to 500 min. Such a
behavior can be well fitted within an exponential decay function according to Equation (2):

y = a · e−
x
t + y0 (2)

where a = 0.28, y0 = 8345.31, and the obtained characteristic time is long as t = 113.8 min.
Such a time-consuming procedure indicates that LMCT is the key player restricting the
rapid gain and loss of electrons for oxygen, i.e., the sluggish kinetics.
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3.4. Kinetic Analysis

To further clarify the sluggish kinetics of ARR, we conducted GITT tests on LTNO at
25 ◦C and 50 ◦C. The GITT results at 25 ◦C are presented in Figure 5a,c; the results at 50 ◦C
are shown in Figure 5b,d. The variation in the calculated Li diffusion coefficient is illustrated
in Figure 5e against voltage. At the Ni redox potential range of 3.0~4.3 V, the Li diffusion
coefficient at 50 ◦C is close to that at 25 ◦C, indicating that the increase in temperature
from 25 ◦C to 50 ◦C has little effect on the kinetics of the Ni redox range in LTNO. As for
the oxygen redox potential, ranging from 4.3~4.8 V, the Li diffusion coefficient is greatly
increased at 50 ◦C compared with 25 ◦C. The onset voltage for Li diffusion coefficient
increase also shifts from 4.45 V to 4.35 V. Meanwhile, it can be found that the difference
between the Li diffusion coefficient in the O redox range and the Ni redox range is reduced
to one-to-two orders of magnitude at 50 ◦C (two–three orders of magnitude at 25 ◦C). This
contrast indicates that elevating temperature may well mitigate the energy barrier between
Ni 3d and O 2p states and facilitate/accelerate the LMCT process, making it easier for
oxygen to transfer electrons to nickel, thereby promoting oxygen redox kinetics. These
test results further confirm the above notion that sluggish ARR kinetics arise from the
LMCT process.
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Figure 5. GITT test results at different temperatures: (a) 25 ◦C and (b) 50 ◦C and corresponding
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charging process.

4. Discussion

Note that the kinetic response of LIBs is a significant factor in practical applications,
particularly in electric vehicles and fast-charging scenarios. Li-rich materials, compris-
ing a most promising cathode candidate, suffer poor rate performance at high current
density [25]. In addition, sluggish kinetics has been shown to have an effect on the volt-
age hysteresis of cathodes with ARR [41]. Such sluggish kinetics is widely attributed
to ARR activation. Although the fundamental mechanism of ARR has been clarified by
several schemes, including the reduction coupling model [39], local Li–O–Li model [42],
and trapped molecular O2 model [43], most ARR investigation focuses on verifying O
involvement and decay mode in charge compensation [9,44,45], while the detailed origin
of sluggish kinetics in ARR is missing. To uncover the kinetic response, investigation into
the dynamic activity of ARR within time scales is very necessary, but such research has
long been neglected until very recently [31].

In our LTNO system, it is verified that LMCT occurs between Ni and O at high voltage,
and such a process exhibits a long characteristic time of 113.8 min. Note that when we use
0.1C for charge and discharge, the whole cycle is long as 20 h. Once switching to a high
rate cycling like 3C, the cycle time is 20 min, which is shorter than the characteristic time
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of LMCT. In addition, the atmosphere was 100 ◦C which may well accelerate the LMCT
procedure. For practical operations at room temperature, the characteristic time may be
even longer, i.e., practical LMCT can be even more sluggish. It is reasonable to expect that
LMCT is the very fundamental origin and rate-determining step for the sluggish kinetics
of ARR. Hence, by tuning the detailed LMCT procedure, the ARR rate performance can
be modulated. Considering that such LMCT is element-selective, in this LTNO case from
O to Ni, tuning energy barriers via foreign atom doping and structure design will be a
promising strategy to improve rate performance, which is well supported by previous
works [46–48].

More importantly, the identification of LMCT as the rate-determining factor may not be
limited to DRX systems but may also work in other ARR-active cathodes. Based on previous
research, the ARR activity demonstrates similar properties among various cathode systems
including Li- and Na-based cathodes [49]. Sluggish kinetics, voltage hysteresis, and voltage
decay are common hinderances for all these ARR-active cathode families [5]. The sluggish
kinetics of LMCT verified here also provides valuable guidelines for the rational design
and optimization of other ARR-active cathodes. Mitigating the energy barrier between TM
and O and accelerating the LMCT procedure may well help overcome the kinetic hindrance
of ARR. Increasing the battery operating temperature could be one effective method, which
has been verified in previous research [50]. But elevated temperature also accelerates other
battery decay modes, which is not practically accessible [51]. Modulating the LMCT-active
TM element by foreign element substitution or local structure modulation may also be an
effective method [27]. In such cases, high-throughput theoretical investigation may well
accelerate the screening and selection of proper TM elements [52]. Above all, manipulating
the LMCT procedure is the fundamental strategy toward optimizing the rate performance
of ARR-active cathodes.

5. Conclusions

In this work, we synthesized LTNO materials using the sol–gel method. Combined
with XRD, SEM, TEM, etc., LTNO is verified to crystallize in a rock salt structure (Fm3m
space group) and presents as nanoparticles. The charge compensation is realized by Ni
redox at low voltage and ARR at high voltage. GITT, rate performance, and charge–
discharge tests at different rates further validate the poor rate performance of LTNO, which
mostly comes from the slow kinetics of ARR. Based on delithiated LTNO relaxation and
XANES characterization, the charge transfer from ligand O to coordinated Ni is verified
experimentally, i.e., LMCT. The LMCT procedure demonstrates sluggish kinetics with
a characterization time long as 113.8 min. GITT tests at different temperatures further
support that the LMCT procedure is the ringleader of sluggish ARR kinetics. Based
on these findings, rational guidelines can be proposed to optimize rate performance by
regulating the LMCT process. Mitigating the energy barrier and accelerating the dynamic
response of LMCT by structure design or by replacing mediate Ni are promising strategies,
while detailed structure and element selection still needs further investigations. Overall,
our work provides new insights into advancing the practical application of ARR-active
materials, not only in DRX cathodes but also in other materials with ARR capacity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16186740/s1. Figure S1: The Energy-Dispersive X-ray Spec-
troscopy (EDX) element diagram of LTNO cathode. Figure S2: Electrochemical properties of
Li1.17Ti0.58Ni0.25O2. Figure S3: GITT partial enlargement curves. Figure S4: The capacity con-
tribution of Ni and O at different rates. Figure S5: The cyclic performance of Li1.17Ti0.58Ni0.25O2
at 0.5C.
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