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A uniform nanocoating can substantially enhance the electrochemical prop-
erties of cathode materials. Herein, we report that a uniform AIPO, coating
can be produced on the surface of LiNig gCog 15Al5.0502 (NCA) particles by a
homogeneous precipitation method, which was confirmed by scanning electron
microscopy and energy dispersive x-ray spectroscopy. After being heated, the
AIPO, was converted to the LisPO, which was verified by x-ray diffraction.
The heated AIPO, coated NCA demonstrated a substantially enhanced elec-
trochemical performance. The capacity retention increased from 87.38% for
bare NCA to 94.28% for the heated 1 wt.% AIPO4 coated NCA sample.
Moreover, the reversible capacity at 5 C increased from 80 mAh/g for bare
NCA to 120 mAh/g for the heated 1 wt.% AlPO4-coated NCA. In addition,
improved thermal stability was also found. The start temperature of thermal
runaway increased from 175.12°C for bare NCA to 200.32°C for the heated

1 wt.% AlIPOy4-coated NCA.

Key words: Lithium batterles LlNlo 8C00 15A10 0502, AIPO4, L13PO4,
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INTRODUCTION

In the last decades, lithium-ion batteries (LIBs)
have been used in portable electrical equipment
since they were commercialized by Sony in 1991. In
recent years, LIBs have been widely used in electric
vehicles and hybrid electric vehicles.!™® To meet the
demand for increasing mileage in electric vehicles,
the energy density of LIBs must be substantially
1mproved So far, using a cathode material pos-
sessmg a high energy density is an effectlve way to
improve the energy density for LIBs.” Due to its
hlgh energy density, LiNiO'chO_15A].O'O502 (NCA)
has attracted extensive attention.® '° Nevertheless,
bare NCA usually demonstrates poor cycling stabil-
ity and thermal stability because a large number of
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Ni** ions with strong oxidizability on the surface of
NCA part1cles tend to react with the electrolyte.!~1*

To improve the cychng and thermal stability,
surface modification is widely used to decrease the
Ni** content on the surface of NCA particles.'® For
instance, carbon materials,'®'” oxides,'®' fluo-
rides,?° phosphateszl’22 and polymer coatings15
have been prepared and confirmed to be helpful in
improving the cycling and thermal stability of NCA.
Among these coatings, the AIPOy4 coating has been
widely investigated because 1t can be converted to
LisPO, after being heated.?® LisPO, acts as a
portion of the solid electrolyte interface (SEI) film
and facilitates the Li* transport across the SEI
film,2*?% which can promote the rate capability of
NCA. Moreover, LisgPOy4 can inhibit the corrosion of
the electrolyte on the surface of the NCA particles.
Based on this mechanism, the cycling stability of
the NCA can be increased. In addition, the LisPO,
coating reduces the Ni** content on the surface of
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NCA particles and increases their thermal stability
of NCA particles.?’

Recently, uniform nanocoating layers on cathode
materials have attracted attention because they
improved the electrochemical properties of cathode
materials.?® A uniform LizPO, coating layer on the
surface of LiCoOy was successfully fabricated by
heating a uniform AIPO,4 coating prepared using a
precipitation method by Yang et al.?’ These authors
used AI(NO3); as well as (NH,),HPO, as reactants
and urea as a source of OH™. The urea slowly
releases OH , leading to a slow release of PO~
from HPO,%~ The slow release of PO,3~ contributes
to the preparation of a uniform AIPO, coating. We
repeated their work and found a shortcoming.
Forming a uniform AIPO,4 coating on the surface of
the particle required a large amount of urea. This is
in accord with their work in which 0.5 g CO(NH,),
was used to prepare 2.5 g LiCoO,@AIPO,4. To our
knowledge, it is difficult to reduce the required urea.
To develop a more practical coating process, we
tried another strategy of slowing the release of Al3*.

In this article, based on the fact that NaAlOy can
slowly release AL and is inexpensive, we used
NaAlO, as the reactant to form a uniform AIPO,
coating on the surface of the NCA particles. After
being heated, the uniform AIPO, coating film was
converted to a uniform LisPO, coating. Further-
more, we investigated the influence of the LizPO,
content on the electrochemical properties of the
NCA.

EXPERIMENTAL

First, bare NCA powder was prepared by a high-
temperature solid method. Five grams of
Ni0’842000_158(OH)2, 0.1443 g A1203 and 2.3773 g
LiOH'H50 (excess of 5%) were used as raw materi-
als and were uniformly mixed based on the formula
of LiNi0_8C00_15A10.0502. Then, the mixture was
calcined at 500°C for 5 h and 780°C for 16 h in an
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oxygen atmosphere. The obtained LiNigg
Cog.15Al.0502 was designated as bare NCA.

The preparation process of 1 wt.% AlPO4-coated
NCA is illustrated in Fig. 1, where 0.0328 g
(NH,)HPO,4 was dissolved in 3 mL deionized water.
The pH value of the (NH,)>HPO, solution was
adjusted to 11 using NaOH. Then, 0.0204 g NaAlO,
was dissolved into the (NH4);HPO, solution. After-
wards, 3 g NCA was added to the NaAlO, and
(NH,-HPO, solution. Under intense stirring, a
0.1 mol/LL H,SO, solution was added dropwise into
the NaAlO, and (NH,),HPO, solution until the
solution pH decreased to 9. Then, the AIPO,-coated
NCA was washed with deionized water and dried.
The dried powder was mixed with 0.0417 g LiO-
H-H,0 based on the formula of LigPO4. The mixture
was calcined at 500°C for 5 h in an oxygen atmo-
sphere. Four samples were prepared based on
1 wt.%, 2wt.%, 3 wt.% and 20 wt.% AIPO, and
were designated as heated 1 wt.% AlPO,-coated
NCA, heated 2 wt.% AlPO4-coated NCA, heated
3 wt.% AlPO4-coated NCA and heated 20 wt.%
AIPOy-coated NCA. Among these samples, the
20 wt.% AlPO,4-coated NCA was used to detect the
crystalline structure of the coating material by x-
ray diffraction since the 1 wt.%, 2 wt.% and 3 wt.%
AlPOy4-coated NCAs did not show the presence of
AIPO, in their x-ray diffraction (XRD) patterns.

The crystalline structure of the as-prepared
materials was characterized with an x-ray diffrac-
tometer with Cu-Kuo radiation at 40 kV. The mor-
phology of the as-prepared materials was observed
on a Hitachi S-5200 scanning electron microscope
(SEM). The atomic ratio of Li/Ni/Co/Al in a sample
was confirmed by inductively coupled plasma spec-
trometry. The content of PO,*>~ was verified by ion
chromatography. The elemental distributions of Ni,
Co, Al and P were observed with an energy-disper-
sive x-ray (EDX) spectrometer. The specific crystal-
lographic planes of the samples were observed using
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Fig. 1. Schematic picture for preparing AIPO,-coated NCA.
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an FEI TecnaiG2 high-resolution transmission elec-
tron microscope (HR-TEM). The valence states of Li,
Ni, Co, Al, O and P were investigated using x-ray
photoelectron spectrometry (XPS). Thermal stabili-
ties of the bare and heated AIPO4-coated NCAs were
studied using differential scanning calorimetry
(DSO).

The electrochemical performance was tested
using coin cells. The details of constructing the cells
and assessing the electrochemical properties were
described in previous studies.?%?!

RESULTS AND DISCUSSION

Figure 2 shows XRD patterns and SEM images of
bare and AIPO4-coated NCAs. As shown in Fig. 2a,
the bare, 1 wt.%, 2 wt.% and 3 wt.% AlPO,-coated
NCAs had similar XRD patterns. All peaks were
indexed to a layered a-NaFeO, structure with a R 3
m space group. The 20 wt.% AlPOy4-coated NCA
sample had a slightly different XRD pattern from
the other samples. The main peaks were indexed to
a layered «-NaFeO, structure,'® and the weak peak
at 15.9° was indexed to a triclinic AIPO4 (JCPDS:
79-2246) structure. The weak peak indicated that
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AIPO,4-coated NCA.

the AIPO4 had a poor crystalline structure. As
shown in Fig. 2b, ¢, d, and e, the bare, 1 wt.%,
2wt.% and 3 wt.% AlPOy4-coated NCAs, respec-
tively, had similar morphologies in the low-resolu-
tion images. However, the bare NCA had a smooth
surface in the high-resolution images. The 1 wt.%,
2wt.% and 3 wt.% AlPOy-coated NCAs had a
relatively uniform coating on the surface of the
primary particles. The atomic ratio of Li/Ni/Co/Al
was obtained to confirm the chemical compositions
of the samples. As listed in supplementary Table S1,
the calculated atomic ratio of the bare NCA was
close to that of the chemical formula for LiNigg.
Coo‘%5A10.0502. Moreover, the weight percentage of
PO,°~ was examined. The calculated weight per-
centages of AIPO, for the three samples were close
to 1 wt.%, 2 wt.% and 3 wt.%. Based on the analysis
of the XRD pattern for the 20 wt.% AlIPO4-coated
NCA, the change in the Li/Ni/Co/Al atomic ratio and
the weight percentage of PO,®~, the uniform coating
observed in the SEM images on the 1 wt.%, 2 wt.%
and 3 wt.% AlPO4-coated NCAs should be AIPO,.
The mechanism to form a uniform AIPO4 coating
can be described as follows. When the pH value was
11, PO, and AlO, existed stably in the NaAlOy
and (NH4)>HPO, solution. When the pH value
decreased by slowly adding H,SO, solution, AlOg™
slowly released Al**. The AI°* reacted with the
PO,>". The specific chemical reaction is as follows.

AlO; +4H" +P0O? — AIPO, | +2H,0.

Due to the slow release of Al**, AIPO, uniformly
covered the surface of the cathode materials.

Figure 3 shows the EDX mapping, TEM and HR-
TEM images of the 1 wt.% AlPOy4-coated NCA. As
illustrated in Fig. 3a, Ni, Co, Al and P are uniformly
dispersed on the surface of the NCA spherical
particle, which is in accord with the SEM image.
As shown in Fig. 3b (a low-resolution TEM image),
an 18 nm thick coating layer marked by a red line is
clearly present at the edge of the primary particle.
As shown in Fig. 3c (a high-resolution TEM image),
clear lattice fringes can be observed in the middle of
the particle, while no clear lattice fringes can be
detected in the coating layer marked by the red line,
indicating that the AIPO, coating had poor crys-
tallinity. This result agrees with the analysis of the
XRD pattern of 20 wt.% AlIPO4-coated NCA.

Figure 4 exhibits XRD patterns along with SEM
images of the heated AIPOy-coated NCAs. As illus-
trated in Fig. 4a and Fig. 2a, the XRD patterns of
1 wt.%, 2wt.% and 3 wt.% AlPO4-coated NCAs
before and after heating were very similar, and no
impurity was detected. However, weak peaks at
22.3° and 23.1° were detected in the XRD pattern of
heated 20 wt.% AlPO4-coated NCA. These weak
peaks can be indexed to the orthorhombic LizPO,4
structure, indicating that AIPO4 is converted to
LisPO, after being heated. This result is in accord
with a previous report that LisPO,, rather than
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Fig. 4. XRD patterns (a) and SEM images (b, c, d) of heated AIPO,4-coated NCA.
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AIPO,4 or LiAlO,, was present on the surface of
LiCoO, particles and other cathode materials.?2-34
Additional evidence to support this conclusion is
illustrated by the analysis of XPS spectra.

As shown in Fig. 4b, ¢, and d, the clear AIPO,
coating shown in Fig. 2¢, d, and e disappears. Some
nanoplates are observed in the SEM image of
heated 3 wt.% AlPOy-coated NCA. The reason for
this morphology can be explained as follows. After
being heated, the AIPO4 coating layer was con-
verted to a LisPO, coating layer. The LisPOy4 coating
adhered tightly to the NCA particles when the
AIPO, content was 1 wt.% and 2 wt.%. Excess
LisPO,4 covered the surface of the LisPOy4 coating
in the form of nanoplates when the AIPO, content
was 3 wt.%.

To compare the change in surface properties
between bare NCA and heated AIPOy-coated
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samples, XPS spectra were collected to detect the
valence state of the elements. Figure 5 presents the
XPS spectra of bare and heated 1 wt.% AlIPO,-
coated NCA. As shown in Fig. 5a, the Li 1 s XPS
spectra for both samples were similar. The peak at
55.0 eV was attributed to Li*.?® In Fig. 5b, the Ni 2p
XPS spectra for both samples were similar. The Ni
2p3/5 peaks at 855.5 eV and 861.2 eV indicated the
existence of Ni?* and Ni®*, respectively.?®3" In
Fig. 5¢, the Co 2p XPS spectra for both samples
were also similar. The Co 2p3/5 peak at 780.2 eV and
Co 2pis peak at 795.0 eV indicated that Co>*
existed in both samples.?® In Fig. 5d, the Al 2p
XPS spectra for both samples were different. The
peak at 73.7 eV for the heated 1 wt.% AlPO4-coated
NCA was intense, while the peak for bare NCA was
weak. The reason for this difference is that the
LiAlO, phase was formed, and a portion of Al** was
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Fig. 5. XPS spectra of bare and heated 1 wt.% AIPO,-coated NCA: (a) Lits, (b) Ni 2p, (c) Co 2p, (d) Al 2p, (e) Ofs, (f) P 2p.
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introduced into the NCA matrix. Additionally, the
content of Al on the surface after coating was higher
than that in the original sample. The peak at
73.7 eV was attributed to AI** in LiAlO, or Al**
introduced into the NCA matrix.??3 The O 1 s XPS
spectra for both samples were also different. The
peak at 529.5 eV for heated 1 wt.% AIPO,-coated
NCA was weak, while the peak for bare NCA was
strong. The intensity difference of the peak at
529.5 eV for both samples was ascribed to the Al?*
introduced into the NCA matrix based on a previous
report that the peak at 529.5 eV for Al-substituted
LiCoOy was weak, while the peak for bare LiCoO,
was strong.’?73* This result agrees with the XRD
analysis that no LiAlO, was observed in the XRD
pattern of the heated 20 wt.% AlPO4-coated NCA.
As shown in Fig. 5f, the P 2p XPS peak at 133.2 eV
is attributed to the P* in LizPO, rather than AIPO,
since the P 2p XPS peak of AIPO, is 134.4 eV.32734
This result is also in accord with the XRD analysis
that no AIPO,4 was observed in the XRD pattern of
the heated 20 wt.% AlPOj-coated NCA. The com-
bined XRD and XPS results indicated that the
AlIPO4 on the surface of the heated 1 wt.% AIPO,-
coated NCA was converted to LisPO4 and that Al®*
was introduced into the NCA matrix.

Figure 6 shows EDX maps, TEM and HR-TEM
images of heated 1 wt.% AlIPO4-coated NCA. As
illustrated in Fig. 6a, Ni, Co, Al and P were still

Zhang, G. Liu, Li, Dong, H. Liu, and Mei

uniformly dispersed on the surface of the NCA
particle. As illustrated in Fig. 6b (a low-resolution
TEM image), a 10 nm thick coating layer marked
with a red line was present at the edge of the
primary particle. The EDX maps and low-resolution
TEM image indicate that the LisPO, coating
adhered tightly to the NCA particle when the AIPO,
content was 1 wt.%. As shown in Fig. 6¢ (a high-
resolution TEM image), clear lattice fringes can be
observed in the middle of the particle and in the
coating layer marked with a red line. The interpla-
nar spacing of the lattice fringes in the middle of the
particle was 0.47 nm, while that in the coating layer
was 0.21 nm. The 0.47 nm interplanar spacing
indicated that the lattice fringes belong to the
layered NCA.'? The 0.21 nm interplanar spacing
indicated that the [212] lattice fringes belong to the
orthorhombic LigPO, ®® The result is in accord with
the XRD patterns in Fig. 5a.

Figure 7a shows the initial charge and discharge
curves of bare and heated 1 wt.%, 2 wt.%, 3 wt.%
AlPOy4-coated NCAs at 0.1 C in a voltage range of
2.8-4.3 V. The profiles for bare and coated NCAs are
similar, which indicates that the heated AIPO,
coating did not change the charge and discharge
mechanism of NCA. Table S2 (see supplementary
Table S2) exhibits the specific data of charge
capacity, discharge capacity and coulombic effi-
ciency. When the percentage content of AIPO4 was

Fig. 6. EDX mapping (a), TEM (b) and HR-TEM (c) images of heated 1 wt.% AIPO,-coated NCA.
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Fig. 7. Electrochemical performances of bare and heated AIPO,-coated NCA: (a) initial charge—discharge curves at 0.1 C, (b) cycling stability at

0.2 C, (c) rate capability.

1%, the reversible capacity increased slightly, and
the coulombic efficiency remained almost
unchanged. When the percentage content of AIPO,4
increased to 3%, the reversible capacity and coulom-
bic efficiency decreased. The reason is that some
nano-plates on the surface of heated 3 wt.% AIPO,-
coated NCA cause a side reaction with the elec-
trolyte. Figure 7b shows the cycling performance of
bare and heated 1 wt.%, 2 wt.%, 3 wt.% AlPO,-
coated NCA at 0.2 C. Table S3 (see supplementary
Table S3) lists the specific data of the first and 100th
discharge capacities as well as capacity retentions.
As shown in supplementary Table S3, AIPO,4-coated
NCA exhibited an improved cycling stability.
Heated 1 wt.% AlPO4-coated NCA had the highest
capacity retention of 94.28% after 100 cycles, while
the bare NCA had the lowest capacity retention of
86.47%. As illustrated in previous studies, an
appropriate coating amount of AIPO4 or LizPO,
can substantially improve the cycling stability of the
cathode material. An excess coating amount usually
has a minor positive impact or a negative impact on
the cycling stability of the cathode material. The
reason for this behavior may be as follows. The
coating restrained the corrosion of the electrolyte,
leading to an improvement in the cycling stability.
An appropriate coating amount reduced the resis-
tance of the SEI film (Rggy) as well as the charge

transfer resistance (R.), which substantially
improved the cycling stability. An excess coating
amount increased the Rggr as well as the R, which
decreased the cycling stability. The resistance data
for the as-prepared samples are provided in the
following section. Figure 7c shows the rate capabil-
ity of bare and heated 1 wt.%, 2 wt.%, 3 wt.%
AlPO4-coated NCAs. Heated AlPO,-coated NCAs
had an improved rate capability. The heated 1 wt.%
AlPOg-coated NCA had the best rate capability of
the samples considered in this study. Overall, the
heated AIPO,4 coating helped to improve the elec-
trochemical properties of NCAs, which is in agree-
ment with the conclusions in previous
studies.?135:39-42

To probe the influence of the heated AIPO, layer
on the resistance of the NCA electrode, electro-
chemical impedance spectra (EIS) were collected on
the cells after the first and 100th cycles at 0.2 C.
Nyquist plots of the bare and heated AIPO4-coated
NCA and an equivalent circuit model are presented
in Fig. 8. Each Nyquist plot had two semicircles
that were fit using the equivalent circuit at the
bottom of Fig. 8. In the Nyquist plot, the point at the
highest frequency represents the ohmic resistance
(Re). The first semicircle in the high frequency
region denotes Rsgr. The second semicircle in the
middle frequency region denotes R..*>*® Table S4
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Fig. 9. DSC curves of bare and heated 1wt.% AlIPO,4-coated NCA.

(see supplementary Table S4) provides the fitted
impendence values. Table S4 shows that the total
resistance value of heated AlPO4-coated NCA
increased slowly after 100 cycles. However, the
total resistance value of the bare NCA increased
quickly. The heated AIPO, coating reduced the
resistance increase, which agrees with the improved
cycling performance.

To probe the influence of the heated AIPO, layer
on the thermal stability of the NCA, DSC curves of
bare NCA and heated 1 wt.% AlPO,-coated NCA
were obtained. As shown in Fig. 9, the exothermic
peak for heated 1 wt.% AlPO4-coated NCA occurred
at 253.12°C, while the exothermic peak for bare
NCA occurred at 223.72°C. After being coated with
the heated AIPO,, the NCA had a higher start
temperature for thermal runaway. Furthermore,

the heat release from the exothermic reaction for
the heated 1 wt.% AlPOy4-coated NCA was 1.29 J/g,
while the heat release for bare NCA was 11.65 J/g.
As reported in previous studies,?'*%39742 two factors
determine the start temperature of thermal run-
away. First, oxygen released from the lattice can
react with the organic solvent of the electrolyte,
leading to heat generation. Second, Ni** ions with a
strong oxidizability on the surface of NCA particles
can also react with the organic solvent of the
electrolyte, resulting in heat generation. The heated
AIPO, coating reduces the Ni** content on the
surface of NCA particles, restraining the exothermic
reaction of the cathode with the electrolyte. There-
fore, the heated AlPO4-coated NCA had a higher
start temperature for thermal runaway and a lower
heat release than those of the bare NCA.

CONCLUSION

In this study, a uniform AIPO,4 coating on the
surface of NCA particles was produced by a homo-
geneous precipitation method using NaAlO, as a
source of AI**. After being heated, the uniform
AIPO, coating layer was converted to a uniform
LisPO, coating layer. Al** in AIPO, was introduced
into the NCA matrix. The heated AIPO, coating
improved the -electrochemical performance and
thermal stability of the NCA. In addition, the

homogeneous precipitation method was
straightforward.
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ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (https:/doi.org/
10.1007/s11664-019-07223-5) contains supplemen-
tary material, which is available to authorized
users.
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