Hindawi
International Journal of Photoenergy
Volume 2019, Article ID 2730849, 13 pages
https://doi.org/10.1155/2019/2730849

Review Article
Review of Modified Nickel-Cobalt Lithium Aluminate Cathode
Materials for Lithium-Ion Batteries
Ding Wang,1 Weihong Liu,1 Xuhong Zhang,2 Yue Huang,1 Mingbiao Xu ,1,2
and Wei Xiao 3
1

School of Petroleum Engineering, Yangtze University, Wuhan 430100, China
Jingzhou Jiahua Technology Co. Ltd., Jingzhou 434000, China
3
School of Chemistry and Environmental Engineering, Yangtze University, Jingzhou 434000, China
2

Correspondence should be addressed to Mingbiao Xu; xumingbiao2019@126.com and Wei Xiao; xwylyq2006@126.com
Received 4 November 2019; Accepted 4 December 2019; Published 29 December 2019
Guest Editor: Zhangxing He
Copyright © 2019 Ding Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Ternary nickel-cobalt lithium aluminate LiNix Coy Al1‐x‐y O2 (NCA, x ≥ 0:8) is an essential cathode material with many vital
advantages, such as lower cost and higher speciﬁc capacity compared with lithium cobaltate and lithium iron phosphate
materials. However, the noticeably irreversible capacity and reduced cycle performance of NCA cathode materials have
restricted their further development. To solve these problems and further improve the electrochemical performance, numerous
research studies on material modiﬁcation have been conducted, achieving promising results in recent years. In this work, the
progress of NCA cathode materials is examined from the aspects of surface coating and bulk doping. Furthermore, future
research directions for NCA cathode materials are proposed.

1. Introduction
Lithium-ion batteries (LIBs), an energy storage device that
combines high-energy density and ﬂexible operation, have
been widely used in mobile and wireless electronic devices,
power tools, hybrids, and electric vehicles [1–3]. It is known
that the performance of LIBs mainly depends on the cathode
materials for the battery capacity, and it involves the electrochemical reactions of intercalation and deintercalation of
lithium ions. Moreover, the cathode materials play a vital role
in their electrochemical performance and account for more
than 30% of the cost of the entire battery system. Therefore,
it is very important to research and develop cathode materials with high performance and low cost [4, 5].
Layered structural LiCoO2 materials with a theoretical
speciﬁc capacity of 274 m Ah g-1 are the leading cathode in
commercial LIBs, such as the ﬁrst commercial LIBs prepared
by Sony in 1991 [6], which can deliver approximately
137 m Ah g-1 of discharge speciﬁc capacity with up to 100%
coulombic eﬃciency. However, the depletion and high cost

of cobalt resources severely restrict practical applications of
LiCoO2 materials [7]. At present, all companies try to avoid
using LiCoO2 and develop new materials with a high potential. LiNiO2 has the similar structure to LiCoO2, and it possesses a higher theoretical speciﬁc capacity (275 m Ah g-1) at
lower cost [8, 9]. However, it is still impossible to synthesize
a stoichiometric ratio of LiNiO2 by a simple process because
Ni2+ is diﬃcult to completely oxidize to Ni3+, and its electronic structure, magnetic structure, and local structure are
still highly controversial, severely limiting this positive electrode from practical applications. It is feasible that a layered
nickel-rich oxide replacing Ni with other heteroatoms, such
as Co [10, 11], Fe [12, 13], Mn [14, 15], Ti [16], Zr [17],
Mg [18], and Al [19], can deliver a sizeable reversible capacity, and it is one of the most attractive strategies in the ﬁeld of
cathode materials. These substitutions mainly aﬀect the layered crystal structure, the electrochemical stability, and the
capacity with the intercalation and deintercalation of lithium
ions, especially for the thermal stability in the case of extreme
charge-discharge processes.
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The incorporation of Co signiﬁcantly enhances the structural order of the nickel-based positive electrode materials
[20], which could achieve a high voltage platform. When
the molar ratio of Ni and Co components is 8 : 2, the asprepared LiNi0.8Co0.2O2 material may possess the best performance and the degree of cation mixing is less than 2%
[21]. However, its performance is greatly aﬀected by high
temperature. The capacity and potential of the nickel-richlayered oxide rapidly deteriorate during long-term cycles,
which inevitably aﬀect the stable output of energy. The addition of a small amount of Al stabilizes the material structure
and improves the thermal stability of the material. The LiNix
CoyAl1‐x‐y O2 (NCA) material obtained by doping Co and Al
elements exhibits exceptional electrochemical properties
[22, 23]. Among the series of materials with diﬀerent ratios
of Ni, Co, and Al elements, LiNi0.8Co0.15Al0.05O2 is the most
widely researched material and has attracted full attention
and commercialization due to its low cost, nontoxicity,
and high-energy density [24]. Tesla is the ﬁrst company
to employ NCA cathode materials to power cars, and it
has achieved remarkable success in the electric vehicle
industry [25].
NCA is a promising cathode material due to its excellent
structural stability and high capacity. However, the cycle and
rate performance of NCA materials still limit its large-scale
application. The layered rock salt cathode material aﬀects
the electrochemical performance due to structural defects.
The common structural defects in nickel-based compounds
are excess nickel, Li-Ni interlayer mixing, and oxygen
vacancy defects [26–28]. The NCA material also has some
shortcomings. On the one hand, the poor thermal stability
of Ni3+ causes the reduction of Ni3+ to Ni2+. With the release
of Li+, some Ni2+ ions could easily occupy the vacancy of Li+
ions during the charging process because the Ni2+ radius
(0.69 Å) is similar to the Li+ radius (0.76 Å) [29], which
may cause lithium nickel-mixing eﬀects and generate irreversible phases to result in material capacity loss [30, 31].
On the other hand, Ni3+ and Ni4+ in the high oxidation state
are extremely unstable under high-temperature conditions,
and they easily react with the HF released by the electrolyte
to cause the material structure to change or even collapse,
thus aﬀecting the speciﬁc capacity and cycle performance of
the NCA material [32, 33]. Given these shortcomings, it is
necessary to modify the NCA material, and the main modiﬁcation methods can be summarized and described as surface
coating and bulk phase doping.

2. Surface Coating of NCA
To overcome the aforementioned shortcomings of NCA
materials, surface coating is a feasible target to lower the electron transport paths, change the transmission mechanism,
and improve the electrode material interface reactions.
Generally, the coating material needs to present excellent
Li+ and electronic transmission performance, as well as not
react with the electrolyte [34, 35]. The surface-coating mechanism of NCA materials can be described in Figure 1, in
which the surface coating acts like a shield that protects the
structure of the NCA from rogue side reactions. Therefore,
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Figure 1: Possible function mechanism of NCA material surface
coated by carbon.

the cladding layer prevents the crystal structure from collapsing due to corrosion of the positive electrode material and
remarkably improves the stability of the battery during
the cycle. The surface coating is used to attach the coating
material, such as carbon and its derivatives, oxides, phosphates, and active material, to the surface of the cathode
material, and it is a straightforward and eﬀective modiﬁcation method.
2.1. Carbon Coating. Carbon coating is a feasible measure
to improve the ionic conductivity and cycle performance
of NCA materials under diﬀerent rates by increasing the
electrical conductivity and changing the transmission
mechanism [36].
NCA-graphene composite cathode materials are prepared by Yoon et al. [37] using high-energy mechanical milling from the mixture of NCA and graphene at 200 r/min
under argon for 30 min. These results can be signiﬁcantly
improved compared with the NCA materials without coating, in which the NCA shows surface resistance of 11.8 Ω
which is higher than that of the NCA-graphene composite
(7.7 Ω). The characterization results show that the assembled
battery can present excellent physicochemical and battery
performance. Between 4.3 and 3 V at a constant current
of 55.6 mA/g at 25°C, the NCA delivers a capacity of
172 mAh g-1 with a capacity retention of 91%, while the
NCA-graphene composite shows a capacity of 180 mAh g-1
with a capacity retention of 97% after 80 cycles. The reasons
can be mainly attributed to the graphene coating on the
surface of NCA materials. On the one hand, the coating
graphene can improve the surface conductivity of materials
[38, 39]. On the other hand, the graphene layer provides a
certain protection to the material and improves the cycle performance. These phenomena can be also detected and elaborated in the references. For example, Chung et al. [40] have
adopted sodium dodecyl sulfate as the carbon source, as well
as the NCA materials evenly mixed with sodium dodecyl sulfate in the air at 600°C for 5 h to get carbon-coated NCA/C
materials. The capacity retention rate of NCA/C is 93% after
40 cycles at 0.1 C, which is higher than that of the uncoated
material (86%). Liu et al. [41] reported the coated NCA composite material using 1.0 wt % sucrose and glucose as carbon
sources after being calcined at 600°C for 4 h in an argon
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Figure 2: Types of electrode material surface coating (a). TEM images of NCA coated with diﬀerent carbon sources: (b) bare; (c) glucose 1%
NCA/C; (d) sucrose 1% NCA/C [41].

atmosphere. The battery performance indicates that the
capacity retention of the composite cathodes coated by
sucrose and glucose is about 88.3% and 70.4% after 200 cycles
at 1.0 C, respectively, which are clearly higher than the
uncoated one. Moreover, the battery performance can be tailored by the thickness of the carbon layer, which can be significantly observed by TEM technique. Figure 2 displays the
TEM images of NCA materials coated by diﬀerent carbon
sources.
The amorphous carbon coating may cause more unfavorable Ni2+ content and exacerbate the Li+/Ni2+ intermixing
degree, resulting in the degradation of battery performance
of NCA cathode material [42, 43]. The reason can be attributed to the reduction of Ni3+ to Ni2+ by the in situ carbonization of the carbon source. He et al. [44] developed an
alternative method for carbon material coating without in
situ carbonization and used separately synthesized graphene
nanodots (GND) for the non-in situ coating process of
NCA cathode materials. The study results show that the
uniform distribution of 5 nm GND on the surface of
LiNi0.8Co0.15Al0.05O2 particles can signiﬁcantly improve the
electron conductivity and exhibit a high discharge speciﬁc
capacity of 150 m Ah g-1 at 5.0 C. The carbon coating
improves the electron transport path on the surface of the
NCA, transforms point-to-point conduction into face-toface conduction, and signiﬁcantly improves the conductivity,
and the cycle performance of the material is also improved
under high rate conditions. Moreover, it is worth noting that
the carbon layer doped with N and P elements could improve
the electrical conductivity of the materials by increasing the
local electron density of the carbon material. Gao et al. [45]
prepared high performance LiNi0.8Co0.15Al0.05O2 materials
by coating the nitrous and phosphorus codoped nanocarbon

coating (N/PC) on the surface, and the aniline was used as carbon source and nitrogen source and phytic acid as carbon
source and phosphorus source. When the N/PC coating
amount was up to 1.0 wt %, the materials can deliver the best
electrochemical performance in which the capacity retention
can retain at 90.7% after 200 cycles at 1.0 C that was signiﬁcantly over 70.1% of the uncoated one.
2.2. Oxide Coating. As far as we know, oxides, such as Al2O3,
MgO, TiO2 [46], ZnO, ZrO2 [47], SiO2, CeO2, and RuO2
[48], can be widely used to modify the surface of NCA
materials due to excellent electronic conductivity and good
compatibility with electrolytes, which can signiﬁcantly
improve the cycle performance and rate performance of
NCA materials by enhancing the electron transport and
structural stability.
Xie et al. [49] proposed to prepare the SnO2-coated
Li-excess NCA material by synchronous bifunctional
modiﬁcation via the oxalate coprecipitation route. This
bifunctionally modiﬁed NCA material can not only exhibit
improved electrochemical performance but also exhibit
improved storage stability. After 400 cycles at 1.0 C, the
capacity decreases from 123.7 to 86.7 mAh g-1 with a capacity
retention of 70.1%, in which excessive Li is believed to reduce
the cationic mixing and SnO2 modiﬁcation is deemed to
restrict the undesirable side reaction between active materials
and electrolytes [50]. Liu et al. [51] have synthesized a multifunctional TiO2 composite layer by the solid-state reaction to
modify LiNi0.8Co0.15Al0.05O2 materials to enhance the surface
and structural stability conﬁrmed by electron microscopy and
XPS measurements, in which the substitution of Ti in the
crystal structure realizes the synergistic eﬀect of the composite
layer and titanium doping by enhancing surface and
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structural stability via heterogeneous layer coating and bulk
doping [52], and the electrochemical battery exhibits the
highest initial capacities of 162.9 and 182.4 m Ah g-1 at 1.0 C
and 0.1 C, and the discharge capacity retentions can reach
85.0% after 200 cycles at 1.0 C. Moreover, metal oxides doped
with diﬀerent metal elements can provide higher electronic
conductivity. He et al. [53] adopted electronically conductive
antimony-doped tin oxide (ATO) to coat the NCA cathode
material by a wet chemical process. After being coated, the
as-prepared ATO-coated NCA (ATO-NCA) material had a
high discharge speciﬁc capacity of 145 mAh g-1 at a rate of
5.0 C, which is higher than that of the original NCA material
(135.2 mAh g-1). In addition, at 60°C and 1.0 C, the
ATO-NCA material delivered the capacity retention of
91.7% after 200 cycles, which is much higher than that of
the original NCA (70.9%). The signiﬁcant improvements in
cyclic and rate performance are mainly attributed to the
ATO coating, which not only enhances electron transport
but also eﬀectively inhibits the adverse reactions between
NCA materials and electrolytes. At the same time, the
Li+/Ni2+ mixing of the NCA material and the growth of the
solid electrolyte interface (SEI) ﬁlm can be eﬀectively suppressed, and the cycle stability is signiﬁcantly improved,
especially at higher temperatures.
The oxide can also be coated directly with the cathode
materials for sintering a precursor and colithium. An
advantage of this new coating method is that it makes
the coating uniform. Another is that the simultaneous production of the cathode material and the formation of the
coating at the same heat treatment temperature result in
a strong bond between the coating layer and the substrate.
Therefore, the modiﬁed cathode material possesses a stable
structure and exhibits excellent electrochemical performance
during repeated charge and discharge. Zheng et al. [54] used
the tetraethyl silicate (TEOS) as a silicon source to transform
into a SiO2 layer on the NCA(OH)2 precursor surface. Then,
the SiO2-coated NCA(OH)2 was mixed with Li salt and
sintered to obtain a NCA composite directly. The rate and
cycling performance of NCA are found to be successfully
enhanced, especially in the sample with 3 mol % coating. In
addition, due to the high-temperature treatment, Al was
doped to SiO2 as a fast ionic conductor. The result was an
eﬀective increase in the diﬀusion of lithium ions between
the electrode and the electrolyte interface while protecting
the body from direct contact with the electrolyte. Finally,
the stability of the material was increased.
2.3. Phosphate Coating. Surface modiﬁcation by phosphate
has received widespread attention in recent years. The
principle of phosphate-coated positive electrode material
is the same as that of oxide coating, in which the phosphate has better ion transportability and thermal stability
that can better improve the rate performance of the material.
The commonly used phosphates are AlPO4 [55], Li3PO4
[56, 57], Ni3(PO4)2 [58], Co3(PO4)2 [59], and so on.
Tang et al. [60] ﬁrst coated an appropriate amount of
NH4H2PO4 on the surface of Ni0.815Co0.15Al0.035 (OH)2 and
then sintered it with Li2CO3 to prepare the composite
(P-NCA), in which NH4H2PO4 can react with residual lith-
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ium on the surface of the material to form a uniform Li3PO4
coating. The removal of lithium ions and the formation of the
ion-conductive coating Li3PO4 promoted the transport of Li+
to some extent. However, due to the limitation of lithium ion
conductivity, the heavy Li3PO4 coating inevitably hindered
the migration of lithium ions. The cycle stability of the coated
Li Ni0.815Co0.15Al0.035O2 at room temperature and 55°C can
be improved when the coating content reaches 3 wt %, at
which point the DSC shows that the heat generation is considerably decreased from 757 J g-1 to 525 J g-1 for NCA and
P-NCA. Qi et al. [55] successfully improved the electrochemical performance of LiNi0.8Co0.15Al0.05O2 coated with AlPO4
composite by the wet coating process. The capacity retention
was 86.9% after 150 cycles at 0.5 C, which is signiﬁcantly
higher than the 66.8% of the uncoated sample. In addition,
the modiﬁed sample had better thermal stability and smaller
resistance and charge transfer resistance, and the values of R1
(0.569 Ω) and R2 (51.6 Ω) of the coated sample were clearly
smaller than those of the pristine sample (1.30 Ω and
83.7 Ω, respectively). This improved performance can be
mainly attributed to the stable protective layer which can
inhibit adverse reactions between NCA and electrolytes.
The phosphate coating can also improve the cycling performance of NCA in a wider cut-oﬀ voltage range. Liu et al.
[61] ﬁrst extended the charge and discharge cut-oﬀ voltage
range to 1.5-4.8 V (vs. Li/Li+) and prepared BiPO4-coated
NCA by a coprecipitation method, in which the assembled
battery can deliver an initial discharge capacity of
325.0 mAh g-1. It is very encouraging that the ﬁrst two cycle
discharge capacities surpassed the theoretical capacity of
NCA (274 mAh g-1) when the cut-oﬀ voltage was 1.5-4.8 V.
These exceptionally high capacities may be caused by the formation of lithium-rich compounds during the charge and
discharge process which is under further exploration. The
most signiﬁcant ﬁnding is that the charge and discharge platforms can be found at 2.3-2.5 V and 1.7 V, respectively, which
contributes to the high capacity properties of NCA. Additionally, the existence of the BiPO4 coating eﬀectively
protects NCA from electrolyte corrosion and improves the
cycle performance of NCA. After the ﬁrst 30 cycles, the
capacity retention of BiPO4-coated NCA materials increases
to 81.48, 77.98, 75.20, and 69.11% in the voltage range of
1.5-4.3 V, 1.5-4.5 V, 1.5-4.6 V, and 1.5-4.8 V, respectively,
while that of unmodiﬁed NCA materials was 77.99%,
72.08%, 63.35%, and 52.05% in the same voltage ranges.
With the expansion of LiFePO4-positive materials,
FePO4 can potentially be used as a precursor for the preparation of LiFePO4-positive materials, which has certain electrochemical activities. Therefore, surface modiﬁcation by FePO4
can eﬀectively improve the cycling and thermal stability of
NCA materials. Generally, there are two topics in terms of
FePO4 materials in LIBs, namely, uniformly distributed and
highly crystalline nano-FePO4 preparation and uniform surface moderation. Xia et al. [62] employed a general liquidphase technology to prepare uniformly distributed and highly
crystalline nano-FePO4 powders, which were then used to
coat the surface of LiNi0.8Co0.15Al0.05O2 (NCA) to adjust
the interface property between electrodes and electrolytes.
Among the samples with diﬀerent coated FePO4 contents,

International Journal of Photoenergy

NCA

5

Layer structure

Rock salt structure

Thick SEI

Cycle at high temperature and high voltage
LFP

Side reactions
Layer structure

Layer structure
Thin SEI

Figure 3: A scheme illustrating the eﬀects of a lithium iron phosphate coating on NCA cathodes [68].

the cells with the NCA coated with 2 wt % FePO4 presented
the best electrochemical performance with an initial discharge speciﬁc capacity of 181.4 mAh g-1 and a capacity
retention of 80.49% after 100 cycles at 1.0 C. Moreover, the
solid-liquid interface membrane impedance (Rf ) changed little during the cycles by the charge transfer resistance ﬁtted
from EIS patterns; however, the charge transfer resistance
(Rct ) of the pristine sample clearly increased from 85 Ω to
187 Ω while the Rct of the 2 wt % FePO4-coated samples
increased only slightly. These results reveal that the amorphous FePO4 coating plays a key role to suppress Rct from
increasing during charge-discharge cycles by reducing the
charge transfer resistance.
2.4. Active Material Coating. Diﬀerent from other coatings,
active materials, as conductor materials of Li+, can better
realize the insertion and extraction of Li+ and improve the
cycle performance and rate performance of NCA materials.
At the same time, some lithium compounds can be used as
electrode materials [63, 64], contributing capacity during
charging and discharging cycles, thus reducing the impact
of coating on the overall capacity loss of the material. Liu
et al. [65] coated 3.0 wt % LiCoO2 on the surface of NCA
material by a molten salt method. Between 2.75 and 4.3 V
and at 0.5 C, the initial discharge speciﬁc capacity of NCA/LiCoO2 material was 163.6 mAh g-1 and the capacity retention
rate was 95.8% after 50 cycles, whereas the undischarged
material had an initial discharge speciﬁc capacity of
154.3 mAh g-1 and a capacity retention rate of 87.9%. The
cycle and rate performance of the coated material were
improved. The electrochemical impedance test results
showed that the reduction of the NiO phase formed on the
surface of the cladding was the main reason for the improved
material properties.
NCA is a secondary particle aggregated by primary particles, and its structure has a signiﬁcant inﬂuence on electrochemical performance, such as rate performance and cycle
life. During the charge and discharge process, the internal
stress of the positive electrode material changes due to the
interaction between the lithium ions and the lattice structure,
and this stress may cause structural damage of the secondary

particles and accelerate the formation of cracks, yielding the
material and the electrolyte. The side reaction is intensiﬁed.
Yang et al. [66] introduced a ﬁlling and coating method using
LiNi0.333Co0.333Mn0.333O2 to ﬁll and coat the surface of the
positive electrode material LiNi0.815Co0.15Al0.035O2; the
thickness of the gap layer was approximately 10 nm, there
was no capacity loss, and the capacity retention was 88.5%
after 200 cycles. The cycle performance was greatly
improved, and the polarization was signiﬁcantly reduced
compared with the original NCA. Furthermore, the mechanism of secondary particle fragmentation was further
revealed by the in situ compression test. The secondary particle fracture is considered a fatigue process under long-term
electrochemical reaction. The coated sample has a good elastic recovery ability, and the NCA with a ﬁlled coating can
ensure a low residual lithium content and ensure a strong
bonding force between adjacent crystal grains, which also
improves the long-term cycle stability. Li-redox-active lithium iron phosphate (LFP) has excellent thermal and electrochemical stability as well as Li-redox activity at relatively high
voltages, and it can be uniformly coated on the NCA surface
by an industrially feasible melt mixing and calcination process. This reduces the side reaction between the NCA and
the electrolyte and the degree of disorder of the cations in
NCA [67]. Chen et al. [68] showed that the capacity of the
full cell prepared by this simple method of NCA-LFP material was greatly improved at high temperature and higher
charging voltage. After 100 charge and discharge cycles,
NCA-LFP exhibited an excellent capacity retention of 95%
at high charging voltage (4.5 V) and high temperature
(55°C), which is 15% higher than in the original NCA
cathode. This improvement in electrochemical performance
and thermal stability at high voltages is attributed to the
reduction in the degree of cation mixing in the NCA and
the reduction in SEI ﬁlm formation in the presence of the
LFP coating, as shown in Figure 3.
2.5. Fluoride Coating. Fluoride is also one of the most widely
used materials in the coating modiﬁcation of lithium-ion battery cathode materials. A key factor in the electrochemical
performance degradation of lithium-ion batteries is that
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electrolyte LiPF6 will decompose continuously during battery
operation to produce highly corrosive hydroﬂuoric acid
(HF), which causes the dissolution of transition metals in
NCA cathode materials. The decomposition of LiPF6 generates LiF and PF5. The LiF is deposited on the surface of the
active material, and it has a low Li+ and electron permeability. Meanwhile, the PF5 reacts with the trace amount of water
in the electrolyte to form HF, which causes corrosion to the
electrode material and further enhances the instability of
the interface between electrode and electrolyte. Therefore,
an important method to increase the capacity retention of
lithium-ion batteries is to slow the dissolution of transition
metals in the active materials. Fluoride-coated positive electrode materials are directly used in lithium-ion batteries.
On the one hand, the common electrolyte for lithium-ion
batteries is LiPF6, and F- can eﬀectively suppress the occurrence of interfacial reactions [69]. On the other hand, the
addition of F can lower the charge transfer resistance and
improve the conductivity, thereby improving the rate performance and cycle performance of the cathode material [70].
The ﬂuorides currently used for coating include AlF3,
MgF2, CaF2, YF3, LaF3, GaF3, and LiF [71–75]. Lee et al.
[76] mixed the homemade AlF3 with NCA and obtained
the NCA/AlF3 material after high-speed ball milling
(3400 r/min) for 5 min. The cycle performance rate performance and thermal stability of the coated material were
improved, especially at high temperatures. Tested at 55°C
and 1.0 C, the capacity retention of NCA/AlF3 material after
500 cycles was 55.9%, much higher than the 11.7% for the
raw materials. On the one hand, the coating inhibits the
erosion of the HF electrode material, reduces the dissolution of the transition metal in the electrolyte, and thus
reduces the growth of charge transfer resistance. On the
other hand, the coating reduces the volume change of
the material, thereby preventing the material from chalking
during the cycle. Fluoride has a high electronegativity and
forms a stable compound with 3D transition metal elements
[77]. Furthermore, the mixture has desirable thermal stability
at elevated temperatures for lithium-ion batteries. Liu et al.
[78] used a solventing-out crystallization process to coat a
10-20 nm thick FeF3 layer on NCA. The electrochemical
properties of the battery signiﬁcantly improved, where the

discharge capacity of bare NCA decreased sharply from
180.9 to 81.8 mAh g-1, with a retention of 45.2% after 100
cycles at 1.0 C and 55°C, while the discharge capacity of
FeF3-coated NCA decreased from 182.2 to 105.4 mAh g-1,
with a retention of 57.8%. When the cycle number increased
from 2 to 50, the charge transfer resistance value of bare NCA
increased from 64 Ω to 218 Ω, but that of coated NCA
increased only from 58 Ω to 166 Ω. This indicates that the
FeF3 coating reduced the side reactions between the cathode
and electrolyte, thus suppressing the impedance increase.
The reason can be mainly attributed to the FeF3 coating
eﬀectively improving the electrochemical properties of
NCA, including the rate capability, cycle performance, and
high-temperature property.
2.6. Polymer Coating. Some polymers have good electrical
conductivity and can be used for the surface coating of
NCA materials. In addition, the conductive polymer has a
certain blocking eﬀect of preventing intergranular cracking
of the NCA particles. Among the conducting polymers,
polyaniline (PANI) is popular due to its ease of coating,
simple preparation, environmental stability, and low cost.
NCA/PANI materials were prepared by Chung and Ryu
[79] using in situ self-stabilizing dispersion polymerization
to coat a layer of polyaniline on the surface of NCA material
as shown in Figure 4. The synthesized NCA/PANI has a
similar particle size to NCA and demonstrated good cycling
performance compared with pristine NCA to 40 cycles. PANI
(the emeraldine salt form) provides good contact between
polymer and oxide particles, resulting in the observed
increase in the electrical conductivity of the composite
compared with the pristine NCA. Moreover, this material
showed good reversibility for Li insertion in discharge
cycles when used as the electrode of lithium-ion batteries.
Poly(3-hexylthiophene-2,5-diyl) (P3HT), a conducting
polymer studied extensively for its optoelectronic devices,
oﬀers several advantageous properties when used as a cladding material for lithium-ion battery cathode materials. Lai
et al. [80] prepared P3HT for both surface protection and
as a conductive layer for NCA. The thickness was carefully
controlled to limit the ionic resistance while providing
suﬃcient electronic conduction. The improved conduction
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enables higher power densities to be attained compared with
the control NCA electrodes, which were made with the
standard binder polymer. The dense P3HT coating provides
limited spacing for ion transport of the bulky reactants
generated from the electrolyte breakdown. In this way, the
P3HT functions as an artiﬁcial SEI, protecting the NCA
from degradation. The integration of P3HT with NCA
enables the resulting material to perform as a high rate positive electrode for lithium-ion batteries. Moreover, the use of
the P3HT-CNT binder system led to improved cycling for
NCA at high power density with capacities of 80 mAh g-1
obtained after 1000 cycles at 16.0 C, a value that was 4 times
greater than that achieved in the control electrode.

3. Doping and Functionalization
Unlike the surface coating, the problem of NCA is solved
from the surface of the material, whereas the bulk phase is
focused on improving the performance from the internal
structure of the material. Primarily, the use of additional
atomic doping combines the properties of foreign atoms with
NCA to enhance the features of NCA or overcome the shortcomings of NCA. At present, there are two kinds of doping
modiﬁcations for NCA cathode materials: cationic doping
and anionic doping. Successful doping does not aﬀect the
structure of NCA-positive electrode materials, nor does it
form impurities. Doping can also inhibit Ni2+ from occupying Li+ vacancies, which reduces the phenomenon of cation
mixing and increases the unit cell parameter c, reduces the
irreversible capacity loss during charge and discharge, and
improves the electrochemical performance of the material.
The possible doping mechanism is shown in Figure 5.
3.1. Cationic Doping. Further research with alternative transition metal elements will help to optimize the structural
design of the NCA-based materials to balance the speciﬁc
capacity, cycle performance, and electrical conductivity of
the materials. Mn and Ti have atomic radii similar to Ni
and coordinate with oxygen to replace transition metal atoms

in octahedral interstitial sites. Wan et al. [82] prepared a
LiNi0.85Co0.1Al0.05O2 (NCA) cathode material by hydrothermal reaction and doping with the transition metals Mn and
Ti, respectively. In the voltage range of 3.0-4.3 V, the initial
discharge speciﬁc capacity of NCA-Ti and NCA-Mn was
179.6 mAh g-1 and 171.4 mAh g-1, respectively, which was
higher than that of undoped NCA (156.5 mAh g-1). The octahedral lattice space occupied by lithium ions introduced by
Mn4+ and Ti4+ increases the unit cell volume and enlarges
the lithium layer spacing, thereby improving the diﬀusion
of lithium ions and thus improving the electrochemical performance of the cathode material. Moreover, the SEI ﬁlm
resistance (R1 ) values of the LIBs with the fresh NCA,
NCA-Mn, and NCA-Ti electrodes were 31.1, 52.4, and
24.2 Ω, respectively. The smallest R1 of the NCA-Ti electrode
suggests that the NCA-Ti electrode has better electrochemical properties and abilities for rapid electron transport during
the electrochemical Li+ insertion/extraction reaction. Titanium ions with a large ionic radius can modify the oxygen
crystal lattice, improve the local coordination environment
of NCA, reduce the cation mixing, and make the material
have better kinetics and thermodynamic properties and
structural stability. Qiu et al. [83] demonstrated that the
appropriate amount of Ti substitution could enable the
NCA cathode to be operated with a high cut-oﬀ voltage.
The XRD and TEM results showed Ti doping can eﬀectively
inhibit the mixing of Li+/Ni2+ and the surface of the NiO
phase on the surface of NCA kinetics and thermodynamics.
At a high cut-oﬀ voltage of 4.7 V, 1% Ti-doped NCA
(NCAT-1) had the highest reversible capacity of 198 mAh g-1
at 0.1 C, and its capacity retention after 100 cycles was
86.9%. In addition, NCAT-1 has a lower Li+ diﬀusion coeﬃcient and rate performance with higher voltage polarizability
than NCA cathodes. The FeO6 octahedron formed in the
Fe-doped NCA material aﬀects the edge-shared NiO6
octahedron, which enhances electron localization, reduces
the tendency to generate active oxygen species at the interface,
inhibits oxidation of the electrolyte, and stabilizes the
interface [84]. LiNi0.8Co0.15-y Fey Al0.05O2 (NCFA, 0 ≤ y ≤
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Table 1: Crystallographic formula of the prepared samples before and after 10 cycles based on the ICP-AES results [92].

Samples
NCA
NNCA
KNCA

Crystallographic formula
Before cycling

After 10 cycles

Li1.004Ni0.803Co0.147Al0.046O2
Li1.002Na0.009Ni0.798Co0.146Al0.045O2
Li0.999K0.008Ni0.797Co0.147Al0.049O2

Li0.994Ni0.809Co0.149Al0.048O2
Li0.999Na0.003Ni0.802Co0.149Al0.047O2
Li0.997K0.008Ni0.798Co0.148Al0.049O2

0:15) cathode materials were systematically studied by Du
et al. [85] using ball milling from the mixture of Ni(OH)2,
Co3O4, Al2O3, Fe2O3, and Li2CO3 under alcohol media for
8 h and then calcinated under ﬂowing oxygen at 720°C for
8 h. The characterization results show that the assembled battery can present excellent physicochemical and battery performance when the Fe substitution is 0.075, the discharge
capacity of NCFA can reach 167.2 mAh g-1 (NCA is
183.9 mAh g-1), and the cycle performance is excellent. In
addition, the capacity retention rate was 88.4% after 350 cycles
(55.7% for NCA) due to the suppression of phase transitions
and stable electrode-electrolyte interface. As the iron content
increases, the (003) and (104) peaks move toward small
angles, and these diﬀraction peaks are particularly sensitive
to changes in the c-axis and the a-axis of the hexagonal unit
cell [86, 87]. The reﬁnement of the XRD pattern by the
Rietveld method using GSAS software conﬁrmed that the substitution of Fe might lead to an increase in c-axis and a-axis
values. The increase in the a value and c value is probably
because the ionic radius of Fe3+ (0.645 Å) is greater than
Co3+ (0.545 Å). However, the c/a ratios of the two samples
were similar, indicating that no disordered phase was formed
in the presence of an appropriate amount of iron [88], indicating that NCFA still has an excellent lamellar structure.
Excessive element doping is an eﬀective method to
improve the structural stability of layered cathode oxides
[89], and elements doped at the Li site have also proven to
be a viable method to prevent the collapse of layered structures. Na-doped samples have good oxidation resistance,
lower potential polarization, higher initial coulomb eﬃciency,
better rate performance, and so on. These characteristics can
also be detected and elaborated in the references. For example,
Wang et al. [88] doped 1% (by weight) NaCl into LiNi0.8Co0.15Al0.05O2; the obtained Na-doped sample had superior
cycle stability at 1.0 C, where the initial discharge speciﬁc
capacity of the original NCA and the doped NCA did not
diﬀer signiﬁcantly, 182.9 mAh g-1 and 183.9 mAh g-1, respectively. After 300 cycles, the capacity of the doped NCA sample
remained 81.6%, higher than in the original NCA (48.1%); by
the columnar eﬀect of the large radius of Na+, the Na-doped
NCA sample particles retained a complete spherical morphology even after many cycles. The incorporation of a large radius
of alkali ions can increase the lithium layer spacing and reduce
the degree of cation mixing by increasing the diﬀusivity of Li+
in the bulk structure. In addition, potassium has similar
chemistry to sodium and a larger ionic radius (1.38 Å) and
lower electronegativity [90, 91]. Zhao et al. [92] anchored
1% K+ to the Li+ site of LiNi0.8Co0.15Al0.05O2 as an excellent
structural stabilizer compared with the Na+-doping material

with a similarity to the original material and modiﬁcation
mechanism, and the K+-doped cathode material exhibited
higher initial coulombic eﬃciency and better rate performance; Li0.99K0.01Ni0.8Co0.15Al0.05O2 had a large initial discharge capacity of 216.8 mAh g-1 at 0.1 C and maintained
87.4% after 150 cycles of a stable cycle at 4.6 V high voltage
and 1.0 C. The ICP-AES results are shown in Table 1. Moreover, Na+ can migrate from the material to the electrolyte during the high-pressure cycle, and the migration of Na+ causes
the material to also undergo severe capacity decay. In contrast,
K+ with a larger ionic radius and lower migration ability can
stabilize and inhibit the irreversible phase transition between
H2 and H3 and the degradation of the host structure by occupying the lithium layer ﬁrmly. At the same time, K+ in the Li+
site prevents the formation of trivacancies in the highly
delithiated state by alleviating the cation migration and the
generation of the resistive spinel and rock salt phases during
the high-pressure cycle, as shown in Figure 6. Considering
the enhanced structural stability of the Ni-rich cathode
material by K+ anchoring under high-pressure cycling, it
provides an extraordinary hint for the rational design of
advanced cathode materials for the pursuit of high-energy
density lithium-ion batteries.
3.2. Anionic Doping. Another method to improve the cycling
stability of lithium-ion battery electrode materials is anion
doping. The negative ions currently used are F- [93, 94], Cl[95, 96], Br- [97, 98], S2- [99], PO43- [100], and so on. In
recent years, to improve the performance of NCA, F- has
been added to the list of anions deployed by cryogenic
methods. F- doping indicates that the process is a catalyst that
promotes the growth of primary particles. The valence state
of the surface nickel ions decreases, the spacing between the
plates increases, and the increase in the impedance during
the cycle is reduced, which is beneﬁcial to inhibiting the degradation of NCA material. Huang et al. [94] prepared diﬀerent amounts of NH4F and NCA dispersed in anhydrous
ethanol, and the mixture was continuously evaporated and
dried. It was homogeneous and calcined in air at 420°C for
4 h to obtain an F-doped NCA material (NCAF). As the concentration of ﬂuorine increased, some of the nickel ions were
reduced, resulting in a decrease in the initial discharge capacity. NCAF had the best electrochemical performance when
NH4F was added at 2 mol %, and the cycle performance of
NCAF was improved at room temperature, high temperature
(55°C), and high cut-oﬀ potential (4.5 V).
In contrast, NCA modiﬁed with Br will have a more stable structure than N modiﬁed with F, and the electron aﬃnity
of Br is greater than O and F (Br: 342.54 kJ mol-1, F:
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Figure 6: Schematic diagrams of the phase evolution routes for (a) potassium-free and (b) potassium-doped samples, which are built on an
O3-layered model with unrealistic radius ratios [92].

328.1 kJ mol-1, and O: 141.3 kJ mol-1), so M- (Ni, Co, Al) Br is
stronger than the M- (Ni, Co, Al) O or M- (Ni, Co, Al) F
bond. In addition, Br- doping is expected to produce an
NCA similar to the F--doping mechanism. Furthermore, the
ionic radius (0.196 nm) of Br- is larger than F- (0.133 nm) or
O2- (0.140 nm), and the NCA modiﬁed with Br- may increase
the Li+ mobility. He et al. [101] modiﬁed the electrochemical
properties of LiNi0.815Co0.15Al0.035O2 (NCA) cathode material by in situ Br- doping. The eﬀects of Br- modiﬁcation on
the structure, morphology, and electrochemical properties of
NCA cathode materials were systematically investigated.
The results of structural characterization show that part of
the Br- doped into the bulk particles of NCA replaces O2- at
position 6c, thus forming a strong bond between the metal
and Br- by stabilizing the main structure and improving the
stability of NCA against HF attack. At the same time, the
gap spacing of the NCA is increased, and the growth of the
primary particles is suppressed by the Br- modiﬁcation, providing a wider channel and a shorter path for Li+. In addition,
due to the incorporation of Br-, the Ni3+ portion of the surface
is reduced to Ni2+, which also contributes to improving the
structural stability of the NCA. The residual lithium acts as a
stable LiBr rather than an unstable Li2CO3, which can suppress the reductive decomposition reaction of the electrolyte.
Electrochemical tests show that 0.2 mol% Br--doped NCA
(NCABr-2) reduces potential polarization, decreasing the
Rsf + Rct value and increasing the Li+ diﬀusion coeﬃcient.
The capacity retention rate of NCABr-2 was 73.7% after circulating for 100 cycles at 0.5 C, which was higher than the 63.7%
of the original NCA material. Moreover, Br- doping can eﬀectively improve the cycle performance of the NCA cathode
material, and this performance is more obvious at high temperatures. The cycle retention of NCABr-2 at 55°C and 0.5 C
was 75.7%, which was much higher than the 41.5% of pure

NCA material. These results clearly show that Br- doping
contributes signiﬁcantly to the structural stability and cycle
performance of the NCA material.
Chen et al. [102] adopted a gradient boron-polyaniondoped nickel-rich LiNi0.8Co0.15Al0.05O2 cathode material.
When the doping amount was 1.5% (molar percentage), the
sample B0.015-NCA had the best cycle performance. It also
worked well at high voltage (4.5 V) and high temperature
(55°C). The SEM images analyzed the presence of cracks
and thicker SEI layers on the elementary particles after 100
cycles at high temperature while the doped particles were
intact and the SEI layer was thinner, which reduced the
capacity/potential decay during charge and discharge. Electrochemical impedance spectroscopy conﬁrmed that boronpolyanion doping could suppress the increase in impedance
during high-temperature cycling. The advantages of gradient
polyanion doping in a structure are mainly reﬂected in two
aspects. On the one hand, the outer layer of boron-rich polyanion decreases the average valence of nickel ions and reduces
the surface reaction of the material. The activity inhibits the
decomposition of the organic electrolyte and plays a role in
surface modiﬁcation. On the other hand, due to the reduction
of the Ni-O covalent bond and the introduction of the B-O
covalent bond with high bond energy, the change in the 2p
orbital of the O atom and the formation of cracks are eﬀectively alleviated in the charge and discharge process.

4. Conclusions
Given that the NCA material is expected to become the
future cathode material of the lithium-ion battery, it is necessary to pay attention to the practicability of materials. The
modiﬁcation methods of materials should also be designed
with practicability in mind. It is essential to consider the

10
compatibility of the coated or doped NCA material with the
electrolyte and the negative electrode material, compatibility
with the battery manufacturing process, and adaptability. For
the needs of large-scale production, the experimental conditions of the modiﬁcation process should be as simple as possible, avoiding the use of more energy-intensive methods and
saving costs. In addition, it is better to use modiﬁed materials
that are relatively easy to obtain with a wide range of sources,
which is conducive to the large-scale application of NCA
materials and to meeting the demand for battery materials
in various ﬁelds of society in the future. Moreover, the design
of the material itself is also one of the methods to solve the
current problem, and the coating and doping technology is
more important for the modiﬁcation of NCA materials with
higher Ni content in terms of capacity and price.
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