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Ultra-high nickel material is considered to be a promising cathode material. However, with the increase
of nickel content, the interfacial side reactions between the cathode and electrolyte become increas-
ingly serious. Herein, an atomically controllable ionic conductor Li3PO4 (LPO) coating is deposited on
the LiNigg9C000sMng 040, (NCM9064) based electrode by the atomic layer deposition method. The results
shows that the LPO coating is uniformly and densely covered on the surface of secondary particles of
NCM9064, helping to prevent the direct contact between the electrolyte and cathode during the charging-
discharging process. In addition, the coating layer is electrochemically stable. As a result, the interfacial
side reactions during the long cycle are effectively suppressed, and the solid electrolyte interphase layer
at the interface is stabilized. The electrode with 20 layers of LPO deposition (ALD-LPO-20) exhibits an
excellent capacity retention of 81% after 200 cycles in 2.8-4.3 V at 25 °C, which is 18% higher than the
unmodified material (ALD-LPO-0). Besides, the moderate LPO coating improves the rate capability and
high temperature cycling performance of NCM9064. This study provides a method for the modification

of ultra-high nickel cathode materials and corresponding electrodes.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of electric vehicle has been largely promoted
by lithium-ion batteries (LIBs) [1]. Cathode materials have attracted
extensive attention as a key part of LIBs. Among the numerous
cathode materials, nickel-rich layered cathode material has been
widely studied because it possesses high energy density, high
working potential and low price [2-4]. However, with the increas-
ing of nickel content, nickel-rich cathode materials exhibit more
terrible cycling stability and worse rate capability [5,6]. Generally,
the poor electrochemical performance for nickel-rich cathode ma-
terials can be summarized as the following reasons: (1) Phase tran-
sition occurring inside the material during charging and discharg-
ing, and (2) interfacial side reactions between the cathode material
and the electrolyte [7].

In order to address above mentioned issues, strategies including
surface modification [8-10], element doping [11-13] and new elec-
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trolytes [14-16] have been widely investigated. Generally speak-
ing, as for Ni-rich cathode materials, surface modification has a
greater impact on the cathode materials than internal structure
stabilization [17]. Coating can prevent the electrolyte from di-
rectly contacting with cathode materials, suppressing the elec-
trolyte decomposition and interface deterioration [18,19]. How-
ever, it is difficult to obtain a uniform but controllable coating
layer on whole particle surface simultaneously by traditional wet
or dry coating process [20]. Recently, the atomic layer deposi-
tion (ALD) has been used in surface coating of layered cathode
materials including LiNij;3Coq3Mny;302 [21], LiNips5Cog,Mng30;
[22], LiNio_GCOO.ZMHO.ZOZ [23], LiNio_SCOo_ano_loz [24,25] and
LiNiggCog1Algos0, [26]. The types of coatings include oxides
[27,28], ionic conductors [29], fluorides [30], etc.

However, the above-mentioned coating on powder material,
and often results in the lower speed of electron transport among
particles [19]. On the contrary, the electron transport path of par-
ticle is not destroyed if the coating is immediately applied to
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Fig. 1. (a) Reaction mechanism for ALD of LPO. (b) Schematic illustration for the progress of ALD of LPO on the surface of NCM9064 electrode. Magnified SEM images
showing the surface change of samples (c) before and (d) after LPO coating. (e-g) EDS mappings of LPO-coated NCM9064 electrode.

the electrode. In the current study, methods for electrode coat-
ing mainly includes magnetron sputtering (MS) and ALD. Electrode
coating by ALD is similar to particle coating. Ahn et al. [31] and
Liu et al. [32] separately prepared an ultra-thin ZrO, coating on
the surface of LiNig5Cog,Mng30, and LiNiggCog,Mng,0, elec-
trodes by ALD, producing a stable surface and improving the cy-
cle and rate properties. Liang et al. [33] coated the surface of
the LiNiggCogiMng;0, (NCM811) electrode with a high-voltage-
stabilized solid electrolyte layer lithium niobium oxide (LNO) by
ALD to stabilize the cathode-PEO solid polymer interface. With
LNO coating, the chemical mechanical degradation and oxygen re-
lease can be inhibited, and the decomposition of PEO can be miti-
gated. Although the oxide coating materials can alleviate some side
reactions, they always limit the migration of lithium ions and lead
to the increase of polarization. To overcome this problem, some
fast ionic conductors have been studied due to their good ionic
conductivity, such as the LiNbO3; coating mentioned above [33].
In addition, Deng et al. [34] reported the LizPO,4 coating deposited
on the surface of NCM811 powders by atomic layer deposition, to
solve the problem of incompatible interface between cathode ma-
terials and sulfide-based solid electrolytes. Although ALD has been
studied on nickel-rich material as well as cathodes, LizPO4(LPO)
deposition on LiNigggCog gsMng 940, (NCM9064) electrode has not
been reported. Compared with NCM811, NCM9064 can provide
higher capacity and meet the requirements of high energy density.
Therefore, the study of NCM9064 electrode is of great significance
for realizing longer endurance of electric vehicles.

In this work, for achieving a uniform and controllable coating
layer on the NCM9064 cathode, the ionic conductor LPO coating
is fabricated on NCM9064 cathode by ALD. Through repeating the
coating cycle, the coating thickness can be regulated accurately. As
a chemical inert layer, the introduced LPO with strong P-O chem-
ical bond is electrochemically stable at high voltage, and will not
react with the HF decomposed by the electrolyte. As such, it acts
as a physical barrier to prevent direct contact between the cath-
ode and electrolyte, beneficial to suppressing the side reaction at
the interface. It is expected that the cycling and rate performance
of NCM9064 cathode can be improved and the microcracks in the
cathode particles can be reduced.

As demonstrated in Fig. 1a, the ALD reaction is designed be-
tween LiOtBu and TMPO at 300 °C, in which process LPO are ho-
mogenously deposited while the by-product C(CH3)30CH3 evapo-
rates above 56 °C. In gas phase reaction, the product LPO are able
to homogeneously precipitate on the surface of NCM9064 electrode
by controlling the depositing layer (Fig. 1b). The crystal structure

would not change during ALD process (Fig. S1 and Table S1 in Sup-
porting information). The shape of NCM9064 secondary spheres of
before and after modification does not change (Fig. S2 in Support-
ing information), which are primary particles with different sizes.
However, under a larger magnification (Figs. 1c and d), difference
can be found on the surface of primary particles. Particularly, the
primary particles are smooth before ALD coating while rough sur-
face closely attached with nanoparticles can be seen after modifi-
cation. The ultra-small particle layer is proposed to be deposited
LPO, which is verified by the EDS mapping of P (Figs. 1e-g and Fig.
S3 in Supporting information) and XPS curve of P 2p (Fig. S4 in
Supporting information).

To evaluate the effect of LPO coating on the electrochemical
performance of NCM9064 cathode, charge and discharge measure-
ments were enforced in half-cells under 25 and 45 °C. As shown in
Fig. 2a and Table S2 (Supporting information), the initial discharge
capacities at 0.1 C (1 C=200 mAh/g) are 220.2, 213.9, 208.4 and
202.3 mAh/g with the initial coulombic efficiencies (ICEs) of 78.9%,
87.0%, 84.1% and 83.7% for ALD-LPO-0, ALD-LPO-20, ALD-LPO-80
and ALD-LPO-140, respectively. After LPO coating, the electrode
shows much improved ICE. In addition, too many LPO layer would
lead to a slight decline in initial discharge capacities due to elec-
trochemically inert property of LPO. Fig. 2b shows the cycle per-
formance of as-prepared sample at 25 °C. The initial capacities of
ALD-LPO-0, ALD-LPO-20, ALD-LPO-80 and ALD-LPO-140 at 1 C are
202.1, 201.6, 192.8 and 184.2 mAh/g, respectively. Their discharge
specific capacities after 200 cycles are separately 127.9, 161.4, 158.5
and 145.3 mAh/g, corresponding to the capacity retentions of 63%,
81%, 82% and 79%. Particularly, compared with the uncoated ma-
terial, the discharge specific capacity of the ALD-LPO-20 material
after 200 cycles is increased by 33 mAh/g, and the cycle retention
is improved by 18%. It is noted that when the ALD-LPO-140 shows
much enlarged polarization, which may be because of the residual
organic by-products on the surface of electrode. When performed
at elevated temperature (45 °C), the samples all show much im-
proved reversible capacities at both 0.1 and 1 C rates (Figs. 2c and
d, Table S3 in Supporting information) while decay faster as com-
pared to those at room temperature (25 °C). Particularly, ALD-LPO-
0, ALD-LPO-20, ALD-LPO-80 and ALD-LPO-140 exhibit 212.8, 218.5,
218.5 and 209.2 mAh/g at 1 C rate and maintain capacity reten-
tion of 67%, 72%, 79% and 70%, respectively after 100 cycles. Note
that, with the increase of deposition layers, the capacity retention
shows a trend of firstly increasing and then decreasing. Therefore,
the coating layer can neither be too thin nor too thick. Coating
layers is too thin to protect the material well. If the number of
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Fig. 2. (a, c) Initial charge-discharge curves at 0.1 C and (b, d) cycle performance at 1 C of as-prepared samples under different temperatures: (a, b) 25 °C and (c, d) 45 °C.
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Fig. 3. Schematic diagram for explaining the roles of LPO coating layer on improving the cycling performance of NCM9064 cathode: (a) without LPO layer, (b) with LPO
layer; SEM images of (c, d) ALD-LPO-0 and (e, f) ALD-LPO-20 electrodes (c, e) before cycling and (d, f) after 200 cycles.
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coating layers is too thick, the specific discharge capacity will be cathode and electrolyte. As compared in Figs. 3a and b, on one
sacrificed. Therefore, it is necessary to find a balance between the hand, the LPO acts as a physical barrier layer to build a mechan-
discharge capacity and the capacity retention, and to optimize the ically robust network (as mentioned in Fig. 1), helping to reduce
number of coating layers. It can be concluded that the ALD-LPO-80 the stress expansion of whole cathode and prevent HF penetration
shows the best comprehensive cycling performance. When cycling into particles. On the other hand, it performs as a chemical inert
at high temperature, more intense side reactions occur at the in- and electrochemically stable layer with strong P-O chemical bond
terface between the cathodes and the electrolyte [35]. Moreover, and fast lithium ion conducting property, benefiting to construct-
Ni4t at high de-lithiation state results in oxygen release, causing ing a stable solid electrolyte interphase (SEI) film free of HF corro-
poor thermal stability of the material [36]. Therefore, compared sion. To verify the above hypothesis, the morphologies of the sam-
with room temperature, thicker coating layer is needed to slow ples before cycling and after 200 cycles are presented in Figs. 3c-f.
down the side reactions at the interface. Rate performance of sam- It can be seen that the particles in ALD-LPO-0 have obvious cracks
ples (Fig. S5 in Supporting information) indicates that all samples while ALD-LPO-20 presents fine particles with almost no obvious
show decay trend as the current density increases. However, the microcracks. The results reveal that microcracks of the secondary
attenuation trend of ALD-LPO-80 and ALD-LPO-140 is larger while particles are relieved after coating from the microscopic point of
that of ALD-LPO-20 is smaller compared with that of ALD-LPO-0. view.

Particularly, ALD-LPO-20 can still deliver a higher capacity of 174.6

mAh/g at 5 C, which is 7.0 mAh/g larger than that of ALD-LPO-  LiPFs — LiF 4 PFs (M
0. This is because the appropriate coating layer not only does not

hinder the migration of lithium ions in the charging and discharg-

ing process under high current density, but also well protect the PFs5 +H,0 — POF; + 2HF (2)
cathode/electrolyte interface and reduce the occurrence of side re-
actions ; ; ;
: 2POF; + 3Li,0 — 6LiF + P,05 (or LiyPOF 3
It can be concluded that no matter at 25 °C or 45 °C, the LPO ’ S 205 ( «POEy) 3)
coated electrodes show improved cycle stability than the bare one. In order to study the special chemical composition of SEI film

It is because that LPO layer plays crucial roles at the interface of o the surface of electrodes, taking ALD-LPO-0 and ALD-LPO-20 as
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Fig. 4. High-resolution XPS spectra of (a, b) C 1s, (c, d) P 2p, and (e, f) F 1s of (a, ¢, e) the ALD-LPO-0 and (b, d, f) ALD-LPO-20 electrodes.

examples for comparison, the cycled NCM9064 electrodes without
and with LPO layer were characterized by XPS (Figs. 4a-f). In C
1s XPS (Figs. 4a and b), the peak of C-C (284.85 eV) is attributed
to C-C from the super pll [37,38]. The peaks at 286.50-286.80 eV
(C-0-C) and 288.56-289.21 eV (0O-C=0) are appointed primarily
to the decomposition of carbonate solvent, the byproducts of or-
ganic solvent decomposition include organic alkyl lithium carbon-
ate (ROCO,Li) and lithium carbonate (Li,CO3) [39], while C-F peaks
at 290.96-291.25 eV makes up PVDF binder [40]. In Fig. 4c, the P 2p
XPS curve of ALD-LPO-0 shows that the detected chemical bonds
O-P-F (LixPOyF;) [41] and P-F(LixPF,) [42] separately at 134.52 eV
and 137.73 eV are derived from the decomposition of LiPFg. How-
ever, these chemical bonds are not detected at the cathode surface
of ALD-LPO-20, and only the P-O of Li3PO, is collected (Fig. 4d).
It is because that the P-O bond has a stronger peak than O-P-F
(LixPOyF;) and P-F (LixPFy), indicating a stable artificial SEI film can
be constructed by introducing a LPO layer. In the F 1s XPS curves
(Figs. 4e and f), the C-F peak at 688.16-688.26 eV is derived from
PVDF [43], which is consistent with C 1s curves. In addition, Li-F
bond at 685.37-685.22 eV is detected in both electrodes due to the
decomposition of LiPFg [44], but more Li-F can be detected in ALD-
LPO-0 cathode. As can be seen from the chemical Eqgs. 1-3, there
are two main sources of Li-F. The first source is mainly LiF gener-
ated by direct decomposition of electrolyte. The other part origi-
nates from the by-product PFs of electrolyte decomposition, which
further reacts with water to produce POF3, and then reacts with
Li,O to produce LiF or LixPOFy. It can be known that the reduction
of Li-F content infers the decreased decomposition of electrolyte.
As a result, the SEI at the interface between electrolyte and cath-
ode no longer becomes thicker. As such, the accumulation of unde-
sirable products at the interface between electrolyte and cathode is
reduced, helping to provide a better intercalation and deintercala-
tion path for lithium ion.

To sum up, dense ionic conductor LPO coating layers were uni-
formly deposited on NCM9064 cathodes by applying ALD tech-
nique. Long cycling performance the LPO covered NCM9064 elec-
trode at room and high temperature were significantly improved.
Moreover, rate performance of modified NCM9064 cathode materi-
als were also greatly promoted when the thickness of LPO coat-
ing layer was optimized. The roles of the LPO coating could be
concluded as: (1) A physical barrier layer to build a mechanically
robust network, helping to reduce the stress expansion of whole

cathode and direct contact between the cathode material and the
electrolyte; (2) A chemical inert and electrochemically stable layer
with strong P-O chemical bond and fast lithium ion conducting
property, benefiting to constructing a stable SEI film free of HF
corrosion. To sum up, the ALD introduction of a uniform and thin
polyanionic ionic conductor layer (such as LPO) will be a promising
covering strategy for improve the performance of Ni-rich material-
based electrodes.
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