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ABSTRACT High-capacity anode materials, such as SiO and
Si/C, are considered promising candidates for high-energy-
density lithium-ion batteries. However, the low initial Cou-
lombic efficiency of these anode materials induced by side
reactions (forming Li,O and lithium silicate) and the forma-
tion of solid electrolyte interface film reduces the active Li-
ions and causes low-discharge capacity. Adding a Li-com-
pensation material in the cathode or anode is an effective
strategy to overcome this problem. The most used Li-com-
pensation material is the stabilized lithium metal powder.
However, this strategy has high safety risks, high costs, and is
challenging to quantify. Herein, the Li-compensation material
of LisCoOy, is synthesized and investigated. The preparation
conditions, stability in the air, delithiation mechanism, and
structural transformation are analyzed and discussed. Elec-
trochemical tests reveal that the discharge capacity and capa-
city retention of the full pouch cells (3-Ah) with LigCoO,4
additive is significantly improved. Also, the reason for such
improvement is investigated. This work provides an effective
strategy of Li-compensating technology to enhance the elec-
trochemical performance of lithium-ion batteries.

Keywords: lithium-ion batteries, Li-compensation, LisCoOs,
Coulombic efficiency, cycle performance

INTRODUCTION

With the rapid development of applications, such as portable
electronic devices and electric vehicles, lithium-ion batteries
with high energy density are urgently needed [1-5]. As a con-
ventional anode material, graphite is used in commercial
lithium-ion batteries. However, the theoretical specific capacity
of graphite is low (372mAhg™), which cannot meet the
increasing demand for high energy density [6-8]. Meanwhile,
silicon anode possesses a theoretical capacity of 4200mAhg™,
which is ten times larger than that of graphite [9-11]. Never-
theless, the huge volume change (>300%) during the charge-
discharge process significantly decreases the efficiency and
capacity of the batteries [12-14]. SiO, (0 < x < 2) anode material
can generate Li,O and lithium silicate during the first cycle,
which can accommodate the volume change and inhibit particle
agglomeration [15-17]. Therefore, the Coulombic efficiency and
cycle stability of SiO, can be significantly improved. However,

the formation of Li,O and lithium silicate consumes a large
amount of Li-ions, significantly decreasing the Coulombic effi-
ciency and discharge capacity of lithium-ion batteries [18-21].
Li-compensation is an effective method to solve this problem
and has become a research hotspot recently.

Stabilized lithium metal powder (SLMP) is the most direct
way to compensate lithium for lithium-ion batteries [22-28].
However, this method suffers from several disadvantages.
(1) High environmental requirements. Li powder has high
activity and poor stability in the air. Even for SLMP, dry air is
needed. (2) Safety issues: fine powder can cause an explosion in
the air, which is very dangerous for the highly reactive lithium
powder. (3) Incompatibility with the existing production pro-
cesses of lithium-ion batteries. Additional equipment and pro-
cedures are required to compensate for lithium with SLMP,
which considerably affects the existing lithium-ion battery pro-
duction process. (4) High cost: solving the above problems
brings high costs. (5) Hard to quantify accurately: the amount of
Li-compensation material needs to be accurately quantified.
Minute lithium compensation has no effect, whereas excess
quantity causes the growth of lithium dendrite, inducing safety
hazards. Excessive lithium replenishment is likely to occur using
the SLMP. Therefore, it is urgently needed to develop new Li-
compensation materials with high Li-compensation capacity,
high safety, and low cost.

Recently, antifluorite LisFeO,, LisCoO, and LisReOg are
considered promising Li-compensation materials owing to their
high capacity, high security, and low cost. Nevertheless, only a
few studies exist on these materials. Lu and co-workers [29,30]
investigated the Li-compensation effect of LisFeO4 The syn-
thesized LisFeO, was added to the LiNiy;Cog,Mng;0,
(NCM523) electrode with a weight ratio of NCM523:LisFeO, =
10:1. SiO was used as the anode material. The initial discharge
capacity of the full battery with LisFeOs was 140.8 mAhg™,
which exceeded that of the cell without LisFeO, (126.8 mAh g™).
Jezowski et al. [31] found that LisReOg can be used as a Li-
compensation material for lithium-ion capacitors. A Li-com-
pensation capacity of 410mAhg™ was obtained at 2.5-4.3V.
Energy and power density values of 40 W hkg™ and 0.5kW kg™,
respectively, were obtained. Furthermore, LicCoO4 has a high
theoretical capacity (977.1mAhg™) and high irreversibility,
which is believed to be a promising Li-compensation material.
The charge and discharge capacities of LisCoO, prepared by
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Noh et al. [32] were 318 and 13 mAh g™, respectively, at 4.7 V.
Besides, LisCoQO,4 (15wt%) was added to the LiCoO, electrode
and assembled with a silicon-based anode. The first discharge
capacity with the LisCoO4 material was 133 mAh g™, whereas
that of the cell without LisCoO, was only 77mAhg™. Addi-
tionally, the electrochemical performance of the Li-ion capacitor
with the LicCoO, additive was investigated [33]. Herein, the
preparation condition, the stability in the air, the delithiation
mechanism, and the structural transformation of LigCoO, are
analyzed and discussed. Furthermore, to examine the Li-com-
pensating effect of LigCoOy, full pouch cells (3-Ah) are assem-
bled, and the electrochemical performances are investigated.

EXPERIMENTAL SECTION

Material preparation

LicCoO4 was synthesized by the high-temperature solid-phase
method. CoO and LiOH (excess molar ratio 5%) were carefully
ground in a corundum crucible and then sintered at 650, 700,
750, or 800°C for 20h under nitrogen atmosphere. The as-pre-
pared LisCoO, was ground and stored in a glove box filled with
argon to prevent it from reacting with H,O and CO.,.
LiNig 70C00.10Mng 200, (referred to as NCM) cathode material
was prepared by combining the coprecipitation and high-tem-
perature solid-phase methods, similar to our previous work [34].
Hard carbon (HC) and Si/C composite anode materials were
commercially available.

Materials characterization

The crystal structure and composition of the composite elec-
trode materials were determined using an X-ray powder dif-
fractometer (D/Max-2500, Rigaku, Cu Ka radiation). A high-
resolution transmission electron microscope (HRTEM, Talos
F200 X) was used to confirm the micromorphology and
microstructure of the prepared materials. The surface
morphologies of the LiCoO, materials sintered at different
temperatures were characterized using a field emission scanning
electron microscope (FESEM, Quantum FEG 250). An ex situ X-
ray diffractometer (XRD, Rigaku Ultima IV) was used to analyze
the structural changes of LigCoO, during the first cycle. The
valence state of the elements in the LisCoO, electrode during the
first cycle was identified using X-ray photoelectron spectroscopy
(XPS, Escalab250Xi). For ex situ XPS and XRD analyses, bat-
teries were carefully disassembled in a glove box, and the col-
lected electrodes were washed with glycol dimethyl ether to
remove residual electrolyte.

Electrode preparation and cell assembly

First, the prepared active materials, acetylene black, and poly-
vinylidene fluoride (PVDF) (weight ratio of 8:1:1) were mixed in
N-methyl pyrrolidone to form a homogeneous slurry, which was
coated on an Al foil and dried at 120°C for 10h. Next, it was
dried for 10h under a vacuum. Finally, roll-pressing was per-
formed, and the electrodes were cut into 12-mm-diameter
wafers to assemble CR2032 coin cells. The dried electrodes,
lithium plate, and Celgard 2400 microporous membrane were
used as the cathode, anode, and separator, respectively. LiPFg
(1 mol L™") was dissolved in a mixture of ethylene carbonate and
diethyl carbonate (volume ratio = 1:1) to form the electrolyte.
The NCM cathode and graphite (denoted by GR) anode were
used to prepare a full pouch battery (3-Ah). The NCM electrode
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containing B was written as NCM + L6C. The full pouch battery
without LigCoO, was recorded as NCM—GR, and the battery
with LigCoQO,4 was written as (NCM + L6C)—GR. The mass ratio
of NCM and L¢CoO4 was 9:1 in the NCM + L6C electrode.

RESULTS AND DISCUSSION

When charging lithium-ion batteries, Li-ions are extracted from
the cathode and migrate to the anode. In the following discharge
process, when the SiO, anode is employed, some Li ions lose
their activity due to the formation of Li,O, lithium silicate, and
solid electrolyte interphase (SEI) film, resulting in low Cou-
lombic efficiency of the battery. When LisCoO, is added, Li ions
released from LisCoO, during the initial charging process can
effectively compensate for the loss of lithium. Consequently, the
reversible capacity of the battery is improved greatly. Fig. S1
presents the role of LigCoO, and the Li-compensation
mechanism. To obtain LisCoO, with high specific capacity, the
calcination temperature of LicCoOy is optimized. Fig. la shows
the XRD patterns of LisCoO, materials synthesized at different
temperatures. They are denoted as L6C-650, L6C-700, L6C-
750, and L6C-800 according to their calcination temperatures.
At a sintering temperature of 750°C, the main diffraction peaks
correspond well to LisCoO, (PDF# 75-1819) with an antifluorite
structure, which belongs to the P4,/nmc space group (cell
parameters a = 6.536 A and b = 4.654 A).

Some impurities, such as CoO and Co,0;, can be observed at
36.8° and 42.7°, especially for samples synthesized at 650, 700,
and 800°C. The diffraction peaks of L6C-750 are strong and
sharp, indicating that the LisCoO, material prepared at 750°C
has high crystallinity. Fig. 1b-e show the surface micro-
morphology of LisCoOs materials prepared at different tem-
peratures; no significant surface morphology and grain size
difference can be observed. The as-prepared samples exist in
loose aggregates of the primary grains with ~5um diameter. It
seems that the particles gradually agglomerate when the tem-
perature increases to 800°C, which may adversely affect the
extraction of Li ions from the grains.

Fig. 2a shows the TEM images of LisCoO, synthesized at
750°C. The particle size is ~3 um, which is similar to the SEM
images (Fig. 1). Fig. 2b shows the lattice fringe of Li;CoO4. The
uniform distribution of lattice stripes can be observed, which is
consistent with the XRD results. The long arrow in Fig. 2c
represents ten times the interplanar spacing of the (110) plane.
The interplanar spacing is calculated to be 0.464 nm, which is
almost the same as the 0.463-nm value of the (110) plane spacing
of PDF# 38-1140. Fig. 2d shows the corresponding fast Fourier
transform (FFT). Clear and ordered electron diffraction patterns
of the (110) plane can be found in the image, which illustrates
the excellent crystallinity of the prepared LigCoO..

Fig. 2e shows the initial charge-discharge curves of the
LicCoO, materials prepared at different calcination tempera-
tures. As the temperature increases, the initial charge capacity of
LisCoOy, increases. However, when the temperature increases to
800°C, the charge capacity of LisCoO, decreases significantly.
This phenomenon may be due to the increase in impurities and
the partially destroyed structure of LigCoO,, which can be illu-
strated by the impurity peaks and the low diffraction intensity of
L6C-800 in Fig. 1. An initial charge capacity of 573.6 mAhg™ is
obtained when LigCoOy is prepared at 750°C. However, in the
following discharge process, a low discharge capacity of only
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Figure 1
(d) 750°C, and (e) 800°C.

25.6mAhg™ is obtained, which may be attributed to the irre-
versible phase transition of antifluorite LisCoOy [9]. Due to the
high charge and low discharge capacities of the LisCoO, elec-
trode, a high Li-compensation capacity of 548 mAhg™ (573.6
—-25.6mAhg™) can be obtained for L6C-750. Fig. S2 shows the
initial dQ/dV curves of the four LisCoO, samples prepared at
various temperatures. Three oxidation peaks at ~3.3, 3.65, and
3.95V can be found in the anodic process. The peaks located at
3.3V are related to the oxidation of Co**/Co*". Meanwhile, two
oxidation peaks at ~3.65 and 3.95V are caused by the oxidation
reactions of Co**/Co*" and 0?/0,%™" [13-16]. The redox peak
area in the cyclic voltammetry (CV) curve represents the elec-
trode’s capacity. The area of the three oxidation peaks is large,
illustrating a large Li-extraction capacity in the anodic process.
However, in the following cathodic process, only a sharp
reduction peak with a low area is present, which is in accordance
with the low reversible capacity of the LisCoOy, electrode.

It is expected that Li-compensation materials have good air
stability. Herein, LisCoO, powder was exposed to air for dif-
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(a) XRD patterns of LigCoO, samples synthesized at various temperatures. SEM images of LisCoO, samples synthesized at (b) 650°C, (c) 700°C,

ferent durations (1, 10, and 20 h; relative humidity (RH) = 50%)
to examine its air stability. As shown in Fig. S3a-c, compared
with the pristine LisCoO, material, the peak position and
intensity remained almost unchanged after 1-h exposure.
However, the impurity peaks at 31° and 32°, which correspond
to the diffraction peak of Co;0y4 become stronger as the expo-
sure time increases. Besides, many other impurity peaks can be
observed, such as those at 21° and 37°. The surface micro-
morphologies of LisCoO, exposed for different durations are
shown in Fig. S4a-d. The particle size and morphology remained
unchanged after 1-h exposure. However, the small particles
aggregate into large elliptical particles after exposure for more
than 10h. The initial charge-discharge performance of LisCoO,
after exposure for different durations is shown in Fig. S5. The
irreversible capacity of LisCoO, exposed for 1h in the air (50%
RH) is slightly less than that of the fresh one, whereas the
irreversible capacities of samples after 10 and 20h are con-
siderably less than that of the fresh one. Based on the above
analysis, it can be inferred that the short-term contact with air
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Figure 2 (a) TEM and (b) HRTEM images of LisCoO,. (c) displays ten times of the (110) interplanar spacing. (d) FFT images of (b). (e) Initial charge and

discharge curves of LisCoO, at different sintering temperatures.

(within 1h) will not significantly affect the structure, morphol-
ogy, and properties of LisgCoOy, indicating much better air sta-
bility of LisCoO,4 than that of SLMP (cannot be stored under
such high humidity conditions (50 RH%)). However, after a long
time of contact with moisture, oxygen, and carbon dioxide in the
air, Co** may be oxidized to Co** and some impurities appear. It
can be inferred that the electrochemical performance of the
LisCoO4 samples will deteriorate with more than 10h of expo-
sure time.

Ex situ XPS was conducted to examine the chemical states of
Co and O during the first charge (delithiation) process of the
LicCoO4 (L6C-750) material (Fig. 3). Fig. 3a shows the initial
charge curve of the electrode, and the core-level spectra of Co
2ps2 and O 1s at various states of charge of the electrode
(Fig. 3a) are analyzed and listed in Fig. 3b, c. For the fresh
LicCoO4 material, a peak at 779.9eV can be found, corre-
sponding to Co*" in LisCoO4. For the Lis,CoO, samples, the
peak value of Co 2ps), shifts gradually to higher binding energy,
indicating an increment in the oxidation state of Co along with
an increase in the x value. When x = 1.0 (1-mol Li* extracted
from LigCoOy), the peak value of Co is located at 780.5eV,
which is assigned to Co®* [35]. As more Li ions are extracted and
x increases, the peak at 781.5 eV becomes more obvious, which is
attributed to Co**. Also, Fig. 3c examines the O 1s spectra during
the first charge. When x < 2, the peak positions and intensities of
O 1s are almost the same, implying that the chemical states of O
remain unchanged. When x > 2, the O 1s peak located at 531.9-
532.7eV can be observed, corresponding to O,*™ species
[36,37]. The existence of O,%*™  species implies that the
0?/0,%™" oxidation process occurs when x > 2 in the charging
process. The peak value of O 1s gradually shifts to higher
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binding energy, and the peak area enlarges when x > 2, implying
that more O%" is oxidized to O,*™", which contributes to a high
capacity in the charging process [38].

To illustrate the structural evolution of LisCoO, during the
charging process, ex situ XRD patterns of the LisCoOy electrodes
at different charging states were collected (Fig. 4), and the
contour plot (Fig. 4a) is drawn to illustrate the process of
structural change clearly. The color depth in the contour plot
represents the diffraction intensity. When x < 1.0, the intensity
of the (101) peak gradually weakens as x increases (Fig. 4b, ¢).
When x > 1, the color in the contour plot of the (201) peak
becomes lighter, implying that the diffraction intensity of the
(201) peak weakens. Besides, a new diffraction peak appears at
~18.6°, which can be attributed to the Miller indices (111) of
Co304. Also, the color of this new peak in the contour plot
gradually turns red, and its intensity gradually increases as x
increases, illustrating that more Co*" is produced. This dis-
tinctive feature of the structural evolution is attributed to the
deep delithiation process of LisCoOy at high voltages, according
to the XPS analysis and the high discharge capacity referred
above.

According to the above structural evolution analysis of
LicCoOy during the initial charge process, the Li-compensation
mechanism of LisCoO, during the charging process can be
summarized as Equations (1) and (2). The removal of Li ions is
accompanied by the oxidation of Co?* in the first stage
(Equation (1)). Co can only be oxidized to ~+3.6 (the mixing of
Co*'**) before the oxygen loss begins due to an overlap of the
Co****:ty, band with the top of the O*:2p band [39], which
corresponds to the charging capacity of 261 mAhg™ with 1.6-
mol Li ions removed. When more Li ions are removed, the
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Figure 3 (a) Charge (delithiation) profiles of Lis-,CoO, between 3.0 and 4.3V with a current density of 0.1C (1C = 200mA g ). XPS of (b) Co 2p and

(c) O 1s at different charge states.
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Figure 4 Ex situ XRD analysis of Lisc+CoO, during the first charge. (a) Contour plot of XRD patterns in the ranges of 18.2°~18.5°and 33.1°-33.7°. Based on
different phase-transition processes, the different charging stages are distinguished by white dashed lines. (b) Charging curve of Lisc«CoO, between 3.0 and
4.3V, with a current density of 0.1C (1C = 200mAg"). (c) Ex situ XRD patterns corresponding to various charge states. The dots in the charge curve
correspond with the XRD spectra in sequence. The * and ¢ symbols in the XRD patterns refer to the diffraction peak of the Al current collector and the (111)

peak of the Co;0,, respectively.

oxidation of Co*" stops, and the charge compensation at this
stage is mainly provided by the oxidation of O*, as discussed in
Fig. 3 and shown in Equation (2) (where y = (2 — m/2) x (2 + n)
according to the charge balance in the redox reactions).

Li CoO, — Li, CoO,+xLi' +xe (x < 2), (1)
Li, CoO, — Lig, CoO, +yLi" +ye
+2-m/2)0,%" (x> 2). )

The morphology and structure of the LisCoO, material in the
NCM electrode were investigated via XRD and SEM. As shown
in Fig. 5a, the characteristic diffraction peaks of NCM and
LiCoO, materials can be observed, implying that LisCoOy exists
in the cathode steadily. The micromorphologies of the NCM and
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NCM + L6C electrodes are displayed in Fig. 5b, ¢, respectively. It
can be observed that LisCoO, and NCM are dispersed uni-
formly.

Furthermore, the electrochemical performances of the NCM
and NCM + L6C electrodes in half-cells were investigated
(Fig. 6). Fig. 6a shows the initial charge-discharge curves. The
first charge capacity of the NCM electrode is 215mAh g™, with
a Coulombic efficiency of 90.3%, whereas the first charge
capacity of the NCM + L6C composite increases to
272.3mAh g™, with a Coulombic efficiency of 72.8%. The low
Coulombic efficiency of the NCM + L6C electrode is mainly due
to the large compensation (irreversible) capacity of LisCoOs.
However, as the electrode’s capacity is investigated in a half-cell,
which can provide a sufficient amount of Li ions in the anode (Li

March 2022 | Vol.65 No.3
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metal), the difference between the discharge capacities of the two
electrodes is small (194.1 and 198.1mAhg™ for the NCM and
NCM + L6C electrodes, respectively). Besides, as shown in
Fig. 6a, the average charge voltage of the NCM + L6C electrode
is 3.811V, which is larger than that of the NCM electrode
(3.835V) and indicates a much lower polarization during the
charge-discharge process. To reveal the reason for the low
polarization of the NCM + L6C electrode, XRD patterns of the
cycled LigCoOy electrode were examined (Fig. S6). Compared
with the pristine material, the characteristic peak of LisCoO,
disappears after the first cycle, and other cobalt oxide peaks can
be found. The existence of cobalt oxide enhances the ionic and
electronic conductivities of the electrode and thus decreases the
polarization of the electrode, which may be responsible for the
elevated discharge capacity of the NCM + L6C electrode.
Moreover, lower polarization of the electrode increases the rate
capabilities and capacity retention. Fig. 6b shows the rate per-
formances of the NCM and NCM + L6C electrodes. The rate
performance of the NCM + L6C electrode is better than those of
the pristine electrode. Fig. 6¢ displays the cycle performances of
the two electrodes. Interestingly, after 150 cycles, the capacity
retention of NCM and NCM + L6C electrodes is 86.6% and
93.0%, respectively. The superior cycle capacity retention of the
NCM + L6C electrode is mainly due to the low ohmic polar-
ization, as discussed above.

The full pouch cells (3-Ah) were assembled to examine the Li-
compensation effect and the electrochemical performance of the
NCM + L6C electrode (Fig. S7). The anode material of the full
pouch cell is graphite (GR). Fig. 7 displays the initial charge-
discharge curves and the cycle performances of the full battery.
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Fig. 7a shows that the initial charge and discharge capacities of
the (NCM + L6C)-GR battery are 243.3 and 186.6mAhg™,
whereas those of the NCM-GR battery are 204.4 and
179.9mAhg™, respectively. The Coulombic efficiency of the
(NCM + L6C)—GR battery is 76.7%, which is lower than that of
the NCM—GR battery (88.0%); this is similar to Fig. 6a due to
the compensation (irreversible) capacity of LisCoO,. The higher
discharge capacity and lower Coulombic efficiency of the (NCM
+ L6C)—-GR battery confirm the Li-compensation effect of
Li¢CoOy in the full battery.

Moreover, similar to Fig. 6a, the lower ohmic polarization is

present in the first cycle of the (NCM + L6C)—GR battery
(Fig. 7a), which is conducive to improving its cycle stability. The
lower ohmic polarization of the (NCM + L6C)—GR battery can
also be clearly illustrated by the average voltage during the cycle
(Fig. 7c). The average charge voltage of the (NCM + L6C)—GR
battery during the cycle is greater than that of NCM—GR,
whereas the average discharge voltage of (NCM + L6C)—-GR
exceeds that of NCM—GR. The low polarization of the NCM +
L6C electrode implies that the Li-compensation material,
LisCoOy, can reduce the charge-discharge polarization during
the cycle, according to Figs 6a and 7a. The cycle performances of
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the two batteries are displayed in Fig. 7b. As expected, the
capacity retention of the (NCM + L6C)—GR battery after 493
cycles at 1C is 85.7%, which exceeds that of the NCM—GR
battery (75.3%), implying the improved cycle performance of the
full pouch cells. The improved cycle stability of the (NCM +
L6C)—GR battery is mainly due to the high ionic and electronic
conductivity of the reaction product of LisCoO,, as discussed
above.

Fig. S8 shows the initial charge-discharge curves of the HC
and Si/C composite in the half coin cell. The initial charge
capacity of HC is 295.6 mA h g™, with a Coulombic efficiency of
80.3%. The reversible capacity of Si/C for the initial cycle is
534.4mAh g™, with a Coulombic efficiency of 89.2%. Fig. 8a-c’
show the electrochemical performance of the full coin cell, in
which NCM was used as the cathode and HC or Si/C was
employed as the anode. Fig. 8a, a’ show that whether the anode
material is HC or Si/C, the initial discharge capacity of the
composite electrode NCM + L6C is improved. The initial dis-
charge capacity of the (NCM + L6C)—HC battery is increased by
7.7% (122mAhg™), whereas that of the (NCM + L6C)-Si/C
battery is increased by 14.8% (22.9mAhg™). Besides, as shown
in Fig. 8b-¢’, with LisCoO, addition, the full cell delivers much-
improved rate and cycle performance, which is similar to the full
pouch cells due to the low ohmic polarization during cycling
(Fig. 7¢).

CONCLUSIONS

Herein, with the view of compensating for the irreversible
capacity and increasing the discharge capacity of lithium-ion
batteries, a Li-compensation material, LisCoOy, was synthesized
and investigated. In the first cycle, when LisCoO4 was synthe-
sized at 750°C, a high Li-compensation capacity of 548 mAh g™’
was obtained, and the charging cutoff voltage was 4.3 V. The
chemical states of Co and the structural evaluation were inves-
tigated using XPS and ex situ XRD. The influence of LisCoO,4 on
the electrochemical performance of the NCM electrode was also
examined. The results show that the capacity retention of the
NCM + L6C electrode exceeds that of the NCM electrode, which
is mainly due to the high conductivity of the reaction products
and thus the low ohmic polarization of the electrode during the
cycle. The Li-compensation effect of the LisCoO, material was
further confirmed using full pouch batteries (3-Ah). The dis-
charge capacity of the (NCM + L6C)—GR full battery was
186.6mAhg™!, which was 6.7mAhg™ higher than that of the
pristine battery. After 493 cycles at 1 C, the capacity retention of
the (NCM + L6C)—GR battery was 85.7%, which was sub-
stantially higher than that of the NCM—GR battery (75.3%).
Besides, the rate capabilities of the (NCM + L6C)—GR battery
were enhanced, which confirms the low ohmic polarization of
the electrode with LigCoQO,4. Furthermore, the HC and Si/C
anodes were used to verify the Li-compensation effect of the
LigCoO, material, and similar results were obtained. Hence, this
study provides an effective strategy for improving the discharge
capacity of lithium-ion batteries and their electrochemical per-
formance via the Li-compensating strategy.
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