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Abstract

Li-rich layered oxides are the most promising cathode candidate for lithium ion batteries with high specific energy. In this work,
Li; 13Mng 47Nij ,Cog ,O,-coated Li [Lip ,Mng 5,Nig 13C0¢.13 Vo.02]O, cathode materials were synthesized via a sol-gel method,
and their electrochemical performance was evaluated. Structural and morphological characterizations of the materials demon-
strate that Li[Liy>Mng s55Nig.13C00.13V0.02]0> particles are covered by Li; ;3Mng 47Nip,Co( 0, particles. Moreover, the
Li; 13Mng 47Nij ,Cop O, coating has no obvious effect on the crystal structure of Li-rich materials. The specific capacity, cycle
performance, and rate capability of Li-rich materials are significantly improved with the coating of Li; 13Mng 47Nig»,Co0g»05.
Materials coated with 1 wt% to 3 wt% Li; 13Mng 47Nig,Cog 0, exhibit the highest capacity retention of 93% after 100 cycles at
1 C, which is 10% higher than that of the uncoated one. The specific capacity of 3 wt% Li; 13Mng 47Niy »,Co¢ ,O,-coated material
is 115.9 mAh g " at 5 C, and that of the blank sample is 89.8 mAh g' under the same condition. The cyclic voltammetry and
electrochemical impedance spectra reveal that the enhanced cycle performance and rate capability of the surface-modified Li-rich
materials are due to the presence of the Li; ;3Mny 47Nip,Co,0, coating layer, which restrains structural transformation with
cycling and decreases the charge-transfer resistance of the materials.
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Introduction due to their higher discharge capacity (>250 mAh g ")

[12—15] compared with that of conventional cathode materials

Lithium-ion batteries (LIBs) are extensively used in many
fields due to their high energy density and operating voltage
[1-5]. However, the available energy density of LIBs remains
problematic for market requirements, especially for hybrid
electric vehicles (HEVs) and electric vehicles (EVs).
Numerous materials have been extensively investigated to in-
crease the energy density of LIBs for new applications [6—11].
Li-rich layered oxides, which are denoted as xLi,MnO5-(1 —
x)LiMO, (M =Ni, Co, Mn, or combinations) or Li[Li,M;
—JO, (as a layer type), have attracted considerable attention
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(100-160 mAh g_l). Li-rich layered oxides (such as
Lil'ZMHO.54Ni0V13COOV1302) have been proven to be one of
the most promising cathode materials for next-generation
LIBs due to their high discharge capacity, high operating po-
tential (4.6 V to 4.8 V vs. Li*/Li), low cost, and hypotoxicity.
However, with further research, some drawbacks have been
detected [16-18]. Li-rich layered oxides suffer from an irre-
versible capacity due to elimination of Li,O from the
Li,MnO; component when charged to 4.5 V (vs. Li*/Li) in
the first cycle, leading to a low initial coulombic efficiency.
This process is accompanied with the removal of oxygen-ion
vacancies, thereby reducing the number of Li* ion insertion
sites in subsequent cycles. The average voltage of Li-rich
cathodes gradually decreases when they are cycled above
4.5 V by layered-to-spinel phase transformation, resulting in
significant reduction in the energy density of LIBs.
Meanwhile, the low electronic conductivity and poor lithium
ion diffusion coefficient of the Li,MnO; component leads to
poor rate capability.
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Intensive research has been conducted to improve the elec-
trochemical properties of Li-rich layered oxides by using sur-
face coating [19-21], mild acidic treatment [22, 23], and ionic
substitution [23-27]. Surface coating is a feasible approach
used to improve the cycling stability and rate capability of
Li-rich layered oxides. The coating layer protects the active
materials against the attack of hydrofluoric acid by separating
them from the electrolyte to suppress the structural transfor-
mation of cathode materials at high operating voltages. The
coating layer leaves oxygen vacancies during the initial charge
for subsequent Li* intercalation. Various compounds, such as
carbon, metallic phosphates, oxides, and fluorides, have been
explored as coating layers. However, most of these materials
are non-electrochemically active and lead to decreased cath-
ode gravimetric energy density.

Scholars have proposed a newly designed route [28], wherein
coating materials can react with Li* and deliver an additional
capacity during the charge—discharge process. Li [29] successful-
ly coated layered Li[Lig,Mng s5,Nig 13C00.13V0.02]O> with FeFs
through precipitation and performed electrochemical tests; the
results showed that the FeFjs-coated
Li[Liolen0,52Ni0413C00.13V0.02]02 cathode shows hlgher Cou-
lombic efficiency, rate capability, and thermal stability as well
as longer cycle life than the bare cathode. Hence, the coating
material should contain active materials with good cycle perfor-
mance. The layered Li-rich cathode material
Li; 13[Nig»Cop,Mng 47]O, has a high capacity retention of
95.9% at 0.5 C after 50 cycles and a reversible capacity of
2182 mAh g ' at 0.1 C. The material has a lithium ion diffusion
coefficient of 2.09 x 107" cm? s ! and, importantly, a very low
charge-transfer resistance Ret. Thus, Li; 13[Nig,Coy,Mng 47]0,
could be an effective coating material for layered Li-rich
cathodes.

In this work, Li-rich layered oxide
Li[LiO.zMn0'52Nio'13C00'13V0V02]02 materials coated with
Li; 13[Nig2Cog>Mng 47]O, were fabricated via sol-gel meth-
od. The influences of coating layer on the microstructure,
morphology, and electrochemical performance of the mate-
rials were investigated. Li; 13[Nig,Cog,Mng 47]O,-coated
Li[LiO.zMnoijio_13C00413V0.02]02 materials exhibit hlgher
specific capacity and better cycle performance than the bare
material.

Experimental

Synthesis of cathode materials

The cathode material Li[Liy>Mng s,Nig 13C0¢.13V(.02]O0» Was
synthesized by sol-gel method using glycolic acid as a che-
lating agent. Stoichiometric amounts of Mn(CH;COO),:

4H20, NI(CH3COO)24H20, CO(CH3COO)24H20
LiCH5COO-2H,0, and NH4VO; were dissolved in distilled
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water with 5% LiCH;COO-2H,0. The solution was added
slowly with 2.0 mol L' glycolic acid solution under contin-
uous stirring. The mole ratio of glycolic acid to all metal ions
was 1:1. The pH of the mixture was adjusted to 7.5 by adding
ammonium hydroxide. The solution was evaporated under
continuous stirring at 95 °C until a viscid purple aquogel
was formed. After drying at 120 °C for 12 h in the vacuum
oven, the xerogel was crushed and heated at 450 °C for 5 h.
The resulting powder was labeled as A.

Stoichiometric amounts (Li/Mn/Ni/Co = 1.13:0.47:0.2:0.2)
of LiCH;COO0-2H,0, Mn(CH;C0O0),-4H,0, Ni(CH;COO),
4H,0, and Co(CH;COO),4H,0 were dissolved in distilled
water with 5% LiCH3COO-2H,0. The solution was slowly
added with 2.0 mol L™ glycolic acid solution under continu-
ous stirring. The mole ratio of glycolic acid to all metal ions
was 1:1. The pH of the mixture was adjusted to 7.5 by adding
ammonium hydroxide. The resulting solution was labeled as
B. The resulting powder A was added into the resulting solu-
tion B. After drying at 120 °C for 12 h in the vacuum oven, the
mixture was crushed and sintered in the furnace at 900 °C for
12 h to obtain Lll _13Mn0,47Ni0.2C00,202—c0ated
Li[Lig»Mng 5,Nig 13C0¢.13V.02]O. The materials coated with
0 wt%, 1 wt%, 3 wt%, 5 wt%, and 7 wt%
Li1_13Mn0,47Ni0,2C00_202 were named MO, Ml, M3, MS,
and M7, respectively.

Characterization of the prepared materials

The crystal structure of the synthesized materials was exam-
ined by powder X-ray diffractometer (XRD, Rigaku
RINT2000 with Cu-Ko radiation) within the 26 range of 10°
to 80° with a scan rate of 6° min'. Particle surface morphol-
ogy and size of the materials were evaluated using scanning
electron microscope (SEM, Hitachi SU8000) at 10.0 kV.

Electrochemical measurements

Electrochemical properties of the synthesized materials were
evaluated using coin-type half-cells (CR2032). The coin-type
half-cell consists of a positive and a Li metal negative, which
were separated by a porous polypropylene film
(Celgard2400). LiPFs (1 mol L ') was used as electrolyte.
For the positive electrode, the synthesized powder was mixed
with acetylene black and a PVDF binder in 8:1:1 ratio and
dissolved in N-methyl-2-pyrrolidone (NMP). The slurry was
spread onto a smooth aluminum foil and dried at 100 °C for
12 h in the vacuum oven. The obtained electrode film was
squeezed and cut into a circular disk (¢ = 12 mm). The typical
active material loading level was 6.0 + 0.1 mg cm 2. The coin-
type cells were packaged in an argon-filled glove box.
Charge—discharge tests were carried out within the voltage
range of 2.0-4.8 V (vs. Li*/Li) by using Neware instrument.
Various current densities, which correspond to 0.1 C to 5.0 C
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(1 C=250 mAh g "), were applied to evaluate rate capability.
Cyclic voltammogram (CV) was obtained using CHI430 elec-
trochemical workstation from 2.0 to 4.8 V with a scanning rate
0f0.1 mV s~ ", Electrochemical impedance spectroscopy (EIS)
was performed using a M2273 electrochemical workstation
within the frequency range of 100 KHz to 10 mHz with an
amplitude of 10 mV.

Results and discussion

XRD and SEM characterization

Figure 1 presents the X-ray diffraction patterns of the synthe-
sized powder materials. All diffraction peaks of the prepared
samples indicate that Li-rich layered oxides are present in the
hexagonal o-NaFeO, structure and belong to a space group of
R-3m. The characteristic peaks of the samples are consistent
with the standard peak of the layered structure phase of
Li[Liy »,Mng 54Nig 13C0¢.13]O0,. No impurities were detected
on the samples, confirming that the coated layer had no sig-
nificant influence on the structure of
Li[LiO.zMno_szNiO.l3C00_13V0_02]02. No diffraction peaks for
Li; 13Mng 47Nig»Co0y,0, were also detected, which may be
due to poor crystallinity or low quantity [30]. Additional dif-
fraction peaks between 20° and 25° correspond to the LiMng
cation arrangement in the transition metal layer of monoclinic
Li,MnO; with the C2/m space group. The separations be-
tween the adjacent peaks of (006)/(102) and (018)/(110) were
clearly observed, implying the formation of the samples with a
typical layered structure [31].

Table 1 demonstrates the lattice parameters of
Li]_13M1’10'47Ni0_2C00'202—C03ted
Li[Lio'zMno'szNiO'l3C00'13V0'02]02. The value of c/a corre-
sponds to the stability of the layered structure, and the
1(003)/1(104) intensity ratio is an important symbol used to
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Fig. 1 XRD patterns of samples
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Table 1  Lattice parameters of Li; ;3Mng 47Nig.2Co0g,0,-coated
samples
Samples c/a ratio 1(003)/ 1(006) + I(OIZ))/
Taosy Taon
MO 4.950 1.826 0.246
Ml 4981 1.922 0.219
M3 5.039 1.940 0.211
M5 4967 1.889 0.269
M7 4.956 1.859 0.282

characterize the extent of cation mixing between Ni** and
Li* due to their similar ionic radii. All samples show high
values of c/a (higher than 4.90) and 1(003)/1(104) peak ratio
(larger than 1.2), indicating that the prepared materials formed
a stable layer structure and low cation mixing degree. The low
cation mixing improves the cycling stability in
Lil.13Mn0_47Ni0,2C00_202—coated
Li[Li042Mn0.52Ni0.l3C00A13V0.02]02 materials [32]

Powder morphologies were observed by SEM (Fig. 2). The
samples are composed of microparticles with sizes of 0.5—
2 um. The crystalline grain size of the coated samples did
not change significantly due to the low content of
Lij 13Mng 47Nig2C00 20,. Small Li; 13Mng 47Nip2C0020;
particles were found on the surface layer (Fig. 2f). Upon
Li; 13Mng 47Nig»,Co,0; coating, the secondary particles ex-
hibit inhomogeneous morphology and obvious agglomeration
as a result of the partial fusion of primary particles.

Electrochemical characterization

Electrochemical properties of the samples were evaluated
using a coin-type cell. Figure 3 a demonstrates the voltage
profiles of the initial charge—discharge of lithium cells with
the synthesized materials with a rate of 0.1 C between 2.0 and
4.8 V vs. Li*/Li. The shape of the first charge—discharge
curves of the coated sample is consistent with general Li-
rich layered structure materials. During the first charge pro-
cess, the cell voltages gradually increased up to 4.5-4.6 V and
showed a long voltage plateau upon Li ion extraction. The
plateau at 4.5 V is typical for the first charge process of Li-
rich layered oxides. The irreversible lithium ion extracts and
oxygen released from the monoclinic Li,MnOs-like domains
correspond to the activation of the layered Li,MnOj-like re-
gion and the large irreversible capacity loss [33], resulting in
the formation of the electrochemically active MnO, compo-
nent [34].

The discharge-specific capacity of the samples increased
upon coating with 3 wt% Li; ;3Mng 47Nip,C0y,0,. A lower
irreversible capacity (77 mAh g ') resulted in higher initial
coulombic efficiency. The first cycle efficiency slightly
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Fig. 2 SEM images of the as
prepared samples. a M0. b M1. ¢
M3.d MS. e, t M7

increased from 74.4% (sample MO) to 76.8% (sample M3).
Li-rich layered oxides exhibited huge irreversibility owing to
the permanent structural change during the first charge pro-
cess. The oxygen release significantly decreased the efficiency
of the material because the Li ions cannot be reintercalated
into the host because of the lack of possible Li ion sites.

The coated samples showed significant reduction in the
discharge-specific capacity with increasing coating quantity
(>3 wt%) in the first cycle. This result corresponds to the
SEM results because larger particle sizes cause smaller revers-
ible capacity due to increased Li ion diffusion length. As
shown in Fig. 3a, the discharge profiles of 3 wt% coated
sample are higher than those of the other samples. Hence,
the appropriate content of Li; 13Mng 47Nig>Cog,0, can ele-
vate the discharge potential plateau. The higher discharge po-
tential plateau indicates the lower polarization of 3 wt% coat-
ed sample than the other materials.

The high initial charge—discharge performance of the coat-
ed sample could be mainly attributed to the presence of
Li; 13Mng 47Nig»Co0g 0. During the charge—discharge pro-
cess for Li[Liosznov52Ni0.13C00.13V0V02]02,
Li; 13Mng 47Nig»Cog 0, participated in the electrochemical
reaction and contributed to high charge—discharge specific

@ Springer

capacity. The electronic conductivity and lithium ion diffusion
of the coated materials were improved by the surface coating
layers.

The reaction mechanism of the materials in charging and
discharging was analyzed using the dQ/dV curves. Figures 3 b
and c show the dQ/dV curves obtained using the discharge
profiles in Fig. 3a. Two distinct oxidation peaks were ob-
served in the first charging process. The oxidation peak at
3.9 to 4.0 V corresponds to the oxidation of Ni** into Ni**
and Co>* into Co** in the material. The oxidation peak at
445 V to 4.55 V corresponds to the loss of 0> and Li" in
Li,MnOs. In the first discharge process, two distinct reduction
peaks exist from 3.7 Vt0 3.8 V and from 3.4 V t0 3.5 V. These
peaks originate from the Li intercalation to delithiated
LiMeO, and Li,MnO;3; components. The addition of
Li; 13Mng 47Niy»,Cog »,0, significantly increased the intensity
of the peaks. These results indicate that the lower irreversibil-
ity of the coated materials could be due to the enhanced effi-
ciency of Li re-insertion into the delithiated Li,MnO3 compo-
nent. A small discharge peak was observed at 2.5t0 2.6 V. A
small amount of spinel-like phase likely existed in the mate-
rials. Hence, the Li; ;3Mng 47Nig»Cog,O, coating layer could
not only effectively restrain the reaction between the
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Li[Lio_zMn().SzNi()‘]3CO().13V0_02]02 particles and the electro-
lyte but also promote the formation of SEI film with improved
structure on the cathode surface.

Cycle performance of the lithium cells with the synthesized
materials used as cathodes was recorded at rates of 1 Cand 5 C
within the voltage range of 2.0 to 4.8 V (Fig. 4). The coated
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Fig. 4 Cycle performance of samples ata 1 C and b 5 C rate

samples exhibited sufficient advantages in cycles. Compared
with the cyclic performance of these cathode materials, 1 to
3 wt% coated materials demonstrated the best cycling perfor-
mance at 1 C. All coated materials exhibited better cycle per-
formance than the uncoated sample at 5 C. After 100 cycles at
1 C, the normalized specific capacity retentions for the sam-
ples M0, M1, M3, M5, and M7 are 83.4%, 87.3%, 93.2%,
87.4%, and 82.2%, respectively. The specific capacity reten-
tion of 3 wt% coated material is 11.8% higher than that of the
uncoated one. All the Li; ;3Mng 47Nig »,Cog ,O,-coated mate-
rials delivered higher discharge capacity and capacity reten-
tion compared with the blank sample at 5 C after 100 cycles.
All the coated materials delivered a capacity of 120-—
130 mAh g ' in the 100th cycle, which is larger than that of
the blank sample (107 mAh g ). This finding implies that
Li; 13Mng 47Niy»Cog ,0,-coating is an effective method for
improving the discharge capacity and cycling performance
of Li[Lio_zMnolszNiol13C00_13V0_02]02 materials at hlgh dis-
charge rates. The Li; ;3Mng 47Nig,Cog,0, coating layer can
hinder materials from directly contacting the electrolyte to
protect them against erosion in the electrolyte, thereby stabi-
lizing their structure. Therefore, the cycling stability of the

@ Springer
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materials was significantly improved. The protection of the
Li; 13Mng 47Nip»Co -0, coating layer becomes more obvi-
ous with increasing discharge rate.

As one of the most important performance parameters, the
rate capability of the coated materials is better than that of the
uncoated Li-rich material at various discharge rates within the
voltage range of 2.04.8 V (Fig. 5). The discharge capacity for
all materials gradually decreased with increasing discharge
rate due to the increased polarization at high current density.
All the samples showed stable discharge-specific capacity at
each rate for five times. The materials coated with
Li; 13Mng 47Nij ,Co(,O, delivered higher discharge capacity
at different discharge rates than that of the uncoated one.
These results indicate that the rate performance of Li-rich
materials was improved by Li; 13Mng 47Nip,Co¢,0O, coating
at various discharge rates. When the coating amount is 3 wt%,
the material delivered the highest discharge-specific capacity
at various rates. The specific capacity of sample M3 is
115.9 mAh gf1 at 5 C, and that of sample MO is
89.8 mAh g ! under the same condition. This finding implies
that surface modification with Li; ;3Mng 47Niy»Co0g -0, can
greatly improve the rate performance of the material.
Therefore, the outstanding rate capacity for the coated
Li[Lio.zMHO.SzNio_ 13C00V13V0_02]02 proves that
Li; 13Mng 47Nij ,Co(,O, coating layer could not only effec-
tively restrain the reaction between the
Li[Lig ,Mng 5,Nig 13C00.13V0.02]O> particles and electrolyte
but also promote Li" transport. The
Li; 13Mng 47Nig,C00,0, coating layer can accelerate Li*
transport and improve ion exchange during the charge—
discharge process.

Electrochemical impedance spectroscopy measurements
were performed for blank sample and
Li; 13Mng 47Nig ,Coq ,O,-coated materials to evaluate the en-
hanced electrochemical properties and investigate the electro-
chemical kinetics of materials (Fig. 6). In general, the Nyquist
plot of Li-rich materials consists of the following parts: the
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Fig. 5 Rate capability of samples between 2.0 and 4.8 V
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high-frequency semicircle is connected to the lithium ion mi-
gration through the solid electrolyte interface (SEI) membrane
and coated layer; the medium-frequency semicircle reflects
the charge-transfer process (Rct) at the electrode/electrolyte
interface; and the low-frequency slope corresponds to the
Warburg impedance that is correlated with lithium ion diffu-
sion. All the samples exhibited small internal resistance of the
cell, indicating their negligible ohmic polarization. The Rct
decreased first and then increased with increasing coating
quantity. Hence, applying a suitable coating layer can reduce
the charge-transfer resistance of materials.

Cyclic voltammograms of samples were recorded to further
evaluate the redox reaction and phase transformation during
the charge—discharge process (Fig. 7). All the samples exhib-
ited two anodic peaks at 4.1 V and 4.6 V in the first cycle,
which are related to the two voltage plateaus in the initial
charge curves. The anodic peak at 4.1 V corresponds to the
lithium extraction from the LiMO, (M = Ni, Co, or Mn) phase
and to the oxidation of Ni** to Ni** and Co’* to Co™**.
Meanwhile, the anodic peak at 4.6 V is due to Li,O elimina-
tion from Li;MnO5 to form MnO,. For all the samples, the
two cathodic peaks at 3.7 V and 4.4 V are attributed to the
reduction of transition metal ions (Ni** to Ni** and Co*" to
Co’*, respectively). In the second and third cycles, the cathod-
ic peak at 3.3 V is due the reduction of Mn** into Mn>*, which
indicates the transformation from the layered structure to the
spinel structure [35]. Compared with the uncoated material,
Li[Lig.o,Mng 55Nig.13C09.13V0.02]O, coated with
Li; 13Mng 47Nip,Co¢ 0, shows a lower peak at 3.3 V.
Hence, the coating layer can restrain the structural transforma-
tion for Li-rich layered oxides during cycling.

Conclusions

Lil.13Mn0.47Ni0.2C00_202—c0ated
Li[Lip»Mng 5,Nig 13C0¢.13V0.02]O, materials were fabricated
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Fig. 6 Nyquist plots of samples
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Fig. 7 Cycle voltammograms of
samples a M0, b M1, ¢ M3, d M5,
and e M7 between 2.0 and 4.8 V
at a scan rate of 0.1 mV s !
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via a sol-gel method. Li; 13Mng 47Nig>Coq ,0, particles were
coated on Li[LiQ_ZMno_SzNio_13C00_13V0_02]02 particles, and
the Li; 13Mng 47Nig,Co00 0, coating had no obvious effect
on the crystal structure of Li-rich materials. The cycle perfor-
mance and rate capability of the Li-rich materials coated with
Li; 13Mng 47Nig»,Co 0O, were significantly improved. The 1
to 3 wt% coated materials exhibited the best cycling perfor-
mance at 1 C, and all coated materials exhibited better cycling
performance than the uncoated one at 5 C. The
Li; 13Mng 47Nij ,Co( ,O,-coated materials delivered a capac-
ity of 120 to 130 mAh g ™" in the 100th cycle at 5 C, which is
larger than that of the blank sample (107 mAh g '). When the
coating amount was 3 wt%, the material delivered the highest
discharge-specific capacity at various rates. The specific ca-
pacity of 3 wt% Li; 13Mng 47Nig ,Cog ,0,-coated material was
115.9 mAh g ' at 5 C, and that of the blank sample was
89.8 mAh g ! under the same condition. The improved elec-
trochemical performance of the Li; ;3Mng 47Nip,Co¢»0,-
coated material can be ascribed to the
Li; 13Mng 47Nij ,Cog ,O; layer that reduced the side reactions
between the cathodes and electrolyte, restrained the structural
transformation with cycling, and reduced the charge-transfer

2.0 2.5 3.0 35 4.0 45 5.0
Potential vs. Li' /Li (V)

l 1 1 I 1 1 1
20 25 3.0 35 40 45 5.0
Potential vs. Li' /Li v)

resistance. Therefore, Li; 13Mny 47Niy,Co(,0, coating could
effectively enhance the electrochemical properties of Li-rich
layered oxides.
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