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Abstract
High-nickel material is a high energy density cathode. However, its practical application is hindered by the structure and 
surface instability that cause severe capacity fading during cycling. In this study, a one-step approach of AlPO4 modification 
to create Li3PO4-LiAlO2 coating layer on LiNi0.8Co0.1Mn0.1O2 cathode materials is reported. The Li3PO4-LiAlO2 protective 
coating can not only mitigate the structure degradation near the surface, but also protect from the attacking of HF and H2O 
to the bulk surface. The AlPO4-modified materials exhibit excellent electrochemical properties, where its initial discharge 
capacity is up to 190.2 mAh g−1 at 1C over 3.0–4.4 V, and the corresponding retention after 100 cycles also increases to 
96.42%. Overall, this work offers some meaningful insights on addressing the structure and surface instability, and enhancing 
the properties of high-nickel materials, which can be of great importance for the further development and commercialization 
of high-nickel materials.
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Introduction

Driven by the issues of energy and environment, electric 
vehicles (EVs) are attracting much attention from the world 
[1, 2]. Lithium ion batteries (LIBs), with the advantages 
of long-life and high-energy density, are considered as one 
of the most promising power batteries [3, 4]. At present, 
ternary cathode materials (LiNixCoyMzO2, M = Al, Mn, 
x + y + z = 1) have been widely applied in EVs, due to their 
higher energy density, and lower cost compared with lithium 
cobalt oxides (LCO), especially the series of NCM622 and 
NCM523 [5]. Despite the cost having been declined to some 
extent, the expensive cost of lithium and cobalt and the large 
demand of high-energy density EVs, still push the cathode to 

gradually develop to the ternary materials with much higher 
nickel content (x > 0.6) [6]. However, the wider application 
of high-nickel ternary materials in EVs, is hindered by its 
severe capacity fading and potential safety issues during 
cycles, due to its intrinsic structure and surface instability 
[7, 8]. The materials in the charge/discharge process suffer 
sequential phase transformation, structure instability easy 
to make the phase transformation irreversible, while sur-
face instability meaning that the material surface is easy 
to react with the electrolyte causing severe phase degrada-
tion on surface [9, 10]. Meanwhile, the phase degradation 
or the reaction between the material surface and electrolyte 
is also possibly accompanied with gas release (O2, H2O and 
CO2), making the batteries swollen and even explode [11]. 
Therefore, it is why structure and surface instability are sup-
posed to take most reasons for the capacity fading and safety 
issues.

Great efforts have been done for these troubles. Lin 
et al. developed nickel concentration-gradient materials 
to enhance the cathode cycling stability [12]. They found 
that the structure and surface stability could be effec-
tively improved by introducing Ni-valence gradient from 
the surface to center of the secondary particle of high-
nickel-content material, and thus the materials performed 
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better electrochemical properties. Zheng et al. achieved the 
enhancement of interface stability of LiNi0.8Co0.1Mn0.1O2 
materials by In2O3&LiInO2 co-coating. The coating layer 
can alleviate the sensitivity of high-nickel materials to H2O 
and CO2 in air and prevent from the attacking of HF during 
cycling, and thus enables a better electrochemical property 
[13]. Liu et. al. studied the dual-modified effects of Ta2O5 
on LiNi0.8Co0.15Al0.05O2 cathode, and found that the created 
Ta2O5 coating layer could effectively protect the materials 
surface and improve the stability, while the doped Ta5+ in 
the bulk could mitigate the cation mixing and stabilize the 
bulk structure, so the electrochemical properties exhibit a 
remarkable improvement [14].

Overall, the goal of this study is expected to explore more 
possibility on improving the surface and structure stabil-
ity of LiNi0.8Co0.1Mn0.1O2 cathode materials. In this study, 
AlPO4 modification is achieved in one step of solid-state 
method, obtaining Li3PO4-LiAlO2 coated high-nickel mate-
rials. With a full and deep investigation, it is found that the 
modification strategy is available to enhance the structure 
and surface stability, and enables a better electrochemical 
property of high-nickel materials. Therefore, it is believed 
that this modification strategy could have attached enough 
attention to the further development of LIBs.

Experimental

Materials synthesis

The precursor Ni0.8Co0.1Mn0.1(OH)2 (Ningbo Jinhe 
New Material Co., LTD), LiOH.H2O and AlPO4 were 
evenly mixed in a mixing apparatus, with a molar ratio 
Ni0.8Co0.1Mn0.1(OH)2/LiOH.H2O of 1:1.07, and a mass 

ratio AlPO4/Ni0.8Co0.1Mn0.1(OH)2 of 0, 2500, 3500, and 
4500 ppm, respectively. This calcining process and the cor-
responding chemical reaction are shown in Fig. 1 [15, 16], in 
order to better understand this process. Then, the mixed pow-
der was calcined at 550 ℃ for 4 h followed by 800 ℃ for 12 h 
under oxygen atmosphere, to obtain Li3PO4-LiAlO2-coated 
high-nickel materials. The obtained materials were marked 
as Pristine, AP-2500, AP-3500, and AP-4500 according to 
the dosage of AlPO4.

Material characterization

The composition, structure and morphology of the samples 
were conducted by the following characterizations: X-ray 
photoelectron spectrometer (XPS, Thermo ESCALAB 
250XI), X-Ray Diffraction (XRD, PANalytical/Empyrean 
2), scanning electron microscope (SEM, Japan Electronics 
/JSM-7900F) coupled with Energy Disperse Spectroscopy 
(EDS, USA/EDAX), transmission electron microscope 
(TEM, FEI Tecnai G2 F20).

Electrochemical measurement

The active materials (80 wt.%), the polyvinylidene fluo-
ride (PVDF, 10 wt.%) and the acetylene black (10 wt.%) 
were evenly mixed in N-methyl-2-pyrrolidone (NMP). 
Then, the mixed slurry was uniformly coated on an alu-
minum foil and then dried in vacuum drying oven at 90 
℃ for 6 h. The CR2016 coin half-cells were assembled 
in a glovebox filled with argon. The electrolyte was the 
mixture of LiPF6 (1 M), ethylene carbonate (EC)/dimethyl 
carbonate (DMC) and ethyl methyl carbonate (EMC) (vol-
ume ratio 1:1:1). The electrochemical test was tested by 
Land Battery Test System and Princeton Electrochemical 

Fig. 1   Diagram of synthesis 
mechanism of AlPO4-modified 
materials

4240 Ionics (2022) 28:4239–4249



1 3

Work Station. The charge–discharge test was conducted at 
the thermotank of 25 ℃, with 0.1 C (1 C = 180 mAh g−1) 
for one cycle, 0.5 C for one cycle and then 1 C for cycles, 
and the voltage range was from 3.0 to 4.4 V. In the rate 
tests, the cells were firstly charged to 4.4 V with the rate 
of 0.1 C, 0.5 C, 1 C distinctively, and then discharged to 
3.0 V with the rate of 0.1 C, 0.5 C, 1 C, 2 C, 4 C, 8 C and 
0.5 C, respectively. The cyclic voltammetry cycles (CV) 
were performed under 0.1 mV s−1 and over 3.0–4.4 V. 
The electrochemical impedance spectroscopy (EIS) was 
carried out with frequency from 0.01 to 100 kHz, and 
the battery state of charge is 4.4 V. The cycled batteries 
were disassembled in a glovebox, and the electrodes were 
washed with diethyl carbonate (DEC).

Results and discussion

The material morphologies are displayed in Fig. 2 (a–d). All 
the samples have a spherical morphology that is composed 
of many smaller particles called primary particle, and the 
diameter of the second particles are about 15–20 �m . There 
is slight difference of morphology among these samples, 
so it is believed that the AlPO4 modification almost does 
not influence the sample morphologies during the calcin-
ing process. Besides, the displayed EDS figures of AP-3500 
correspond to Fig. 2 (b), to have an understanding on the 
distribution of the main elements on the materials surface. 
As can be seen, all the elements are uniformly distributed 
on the materials surface. Despite the elements Al and P are 
a more tenuous distribution, the co-existence of Al and P on 
the materials surface can still be preliminarily confirmed. 
Figure 3 (a–b) exhibits TEM images of AP-3500, and here 

Fig. 2   SEM images of (a) Pristine, (b) AP-2500, (c) AP-3500, and (d) AP-4500; EDS elemental mapping for AP-3500
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a coating layer with a thickness of 2–3 nm can be obviously 
seen. Therefore, it can be confirmed that the coating materi-
als can be obtained with Al modification via this method, 
and the coating performs evenly distributing.

To clear the composition of the coating layer, XPS tests 
were carried out and the corresponding results are exhibited 
in Fig. 4 (a–f). At Fig. 4 (a), the peak at 73.2 eV is linked 
to Al elements. It is reported that the peak related to AlPO4 
should be located at a higher binding energy site than that 
of LiAlO2 [17]. Generally, the binding energy of the AlPO4 
peak in Al 2p is about 74.5 eV, while that for LiAlO2 is close 
to 73.4 eV, and thus it is confirmed that the peak in Fig. 4 
(a) is assigned to LiAlO2 [18]. Besides, the binding energy 
of the AlPO4 peak in P 2p is near 134.4 eV, also higher than 
that for Li3PO4 of 133.2 eV. It can be seen that the peak in 
Fig. 4 (b) is about 133.6 eV, and thereby it is no doubt this 
peak should be assigned to Li3PO4 [17–19]. Therefore, we 
can confirm that the existence state of Al and P elements on 
the surface is supposed to be LiAlO2 and Li3PO4, and the 
coating layer is composed of them.

Additionally, the state of C, O, and Ni is also carefully 
studied, in order to clear the composition changes on the sur-
face before and after the AlPO4 modification. In Fig. 4 (c), 
the peaks at about 290.2 eV can be assigned to C = O bond, 
corresponding to Li2CO3 [20]. By calculating and compar-
ing the peak area of C = O and C–C, the relative proportion 
of C = O peak area is 23.3% for AP-3500 and 40.4% for 
Pristine. The result indicates that the amount of Li2CO3 has 
an obvious decline after AlPO4 modification. As we have 
all known, the residual lithium salt (Li2CO3, LiOH) is one 
of the origins deteriorating the electrochemical properties. 
Its emergence is attributed to the surface instability of the 
high-nickel materials, which leads to the reduction of the 
surface Ni3+ to Ni2+ separating out the Li2O, and the Li2O 
further reacts with H2O or CO2 in air to generate LiOH or 
Li2CO3 [21, 22]. Therefore, it can be concluded that the 

created coating layer of Li3PO4-LiAlO2 by AlPO4 modifica-
tion has a positive effect on protecting the material surface 
and inhibiting the structure degradation when it exposes to 
the ambient air. Additionally, the O 1 s spectra also implies 
the same results. At Fig. 4 (d), AP-3500 exhibits a higher 
amount of metal oxide bond compared with Pristine, which 
indicates the lesser residual lithium salts on AP-3500 surface 
[23]. Furthermore, the valence change of Ni at the material 
surface is compared by differentiating and imitating the peak 
of Ni 2p. As shown in Fig. 4 (e) and (f), it can be discovered 
that the amount of Ni3+ at the surface for AP-3500 is obvi-
ously higher than that of Pristine, which further explains 
that the created coating layer is beneficial to stabilizing the 
surface structure.

and (f) Ni 2p of Ap-3500.
Besides, the crystal structure of the samples is deter-

mined by XRD, as shown in Fig. 5 (a–b). The diffraction 
peaks of all samples are well matched with the α-NaFeO2 
structure and the R3m space group. The clear splitting of 
(006)/(102) and (008)/(110) indicates that all samples have 
a well-ordered layer structure [24]. There is no impurity 
peak in the entire scan range, and there is hardly any shift of 
(003) peaks among all the samples, which implies that the 
AlPO4 modification just has a slight influence on the main 
structure of materials. The cell parameters are calculated by 
Jade software, and the results are listed in Table 1. The cell 
parameters also do not show obvious changes before and 
after AlPO4 modification, confirming the slight influence of 
the AlPO4 modification on the materials structure. Addition-
ally, all the values of c/a are bigger than 4.9, explaining their 
well-ordered layer structure again.

The electrochemical properties of the samples are 
exhibited in Fig. 6 (a–d), and parts of the corresponding 
data are summarized in Table 2. Figure 6 (a) displays the 
initial charge/discharge curves, where all samples have 
stable charge and discharge platforms. The initial Column 

Fig. 3   TEM images of AP-3500 
at different multiples
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Efficiency of Pristine, AP-2500, AP-3500, and AP-4500 is 
78.2%, 80.3%, 77.4% and 75.0%, respectively [25]. As we 
can see, the Column Efficiency declines with an increase 
of the content of AlPO4, which can be because the coat-
ing thickness increases as the amount of AlPO4 becomes 
higher and higher, and the thicker coating layer is possibly 

adverse to the initial de-intercalation process of lithium. The 
cycling curves under the voltage range from 3.0 to 4.4 V 
and the rate of 1 C is displayed in Fig. 6 (b). The first dis-
charging specific capacity of Pristine, AP-2500, AP-3500, 
and AP-4500 is 185.8, 185.2, 190.2, and 179.1 mAh g−1, 
respectively. It can be discovered that the specific capacity 

Fig. 4   XPS spectra of (a) Al 2p, (b) P 2p, (c) C 1 s, (d) O 1 s, (e) Ni 2p of Pristine
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of AP-3500 has an obvious increase compared with that of 
Pristine, which can be ascribed to the created coating layer 
of Li3PO4-LiAlO2 that effectively protects and stabilizes 
the surface structure. The enhanced surface stability boosts 
the improvement of the electrochemical properties of the 
samples. While the decreased capacity of AP-4500 could be 
attributed to its thicker coating layer, which implies a higher 
loss of lithium in the previous charge/discharge activation 
process and thus leads to the decline of capacity. Besides, 
discharging specific capacity after the 100 cycles of Pristine, 
AP-2500, AP-3500 and AP-4500 is 156.7, 180.3, 183.4 and 
174.8 mAh g−1, respectively, and the corresponding reten-
tion is 84.33%, 97.35%, 96.42%, and 97.60%. It is found that 
the electrochemical property of AP-3500 has a remarkable 
improvement for the discharge capacity and the retention, 
and both the retention of AP-2500 and AP-4500 have an 
increase as well. Furthermore, the rate curves of the samples 
are shown in Fig. 6 (c). The discharge capacity of AP-2500, 
AP-3500, and AP-4500 at the last cycle of 8 C still delivers 
165.7, 167.3, and 164.8 mAh g−1, respectively, while that 
of Pristine is only 154.7 mAh g−1, indicating a significant 
improvement of the rate property after AlPO4 modification. 
Overall, these results are no doubt to explain the superiority 
of the AlPO4 modification on mitigating the capacity fad-
ing and enhancing the electrochemical properties, and the 
material with the additive of 3500 ppm AlPO4 performs the 

best improvement. The enhancing mechanism of the elec-
trochemical properties can be attributed to the protection 
effect of the Li3PO4-LiAlO2 coating layer during cycling, 
which isolates the materials from electrolyte and protects the 
materials against the attacking of the HF and H2O [26, 27], 
and thus improves the material stability during the cycles, 
as depicted in Fig. 6 (d).

To explore the electrochemical mechanism of the sam-
ples in more details, Fig. 7 (a–f) exhibits the CV curves 
with a voltage range from 3.0 to 4.4 V and a scan speed at 
0.1 mV s−1, and the differential curves at different cycles. 
The CV curves all exhibit three pairs of redox peaks that is 
expected for high-nickel cathode materials [28]. They repre-
sent different phase transformation, from hexagonal to mon-
oclinic (H1 → M), and then to hexagonal phase (M → H2) 
and finally to hexagonal phase (H2 → H3) [29], as shown 
in Fig. 7 (a). The ΔE is the difference value of the pair of 
the redox peak, which reflects the reversibility of the bat-
teries to some extent. At the initial three cycles, it can be 
found that AP-3500 performs a much lower ΔE in the first 
cycles and a smaller shift of voltage among the three cycles, 
which indicates the better reversibility and stability for the 
AlPO4-modified materials. Besides, AP-3500 also shows a 
higher current peak than that of Pristine after 100 cycles. 
The reversibility and stability of the materials are strongly 
linked to the phase transformation during cycling. In order 
to better explore the reversibility of phase transformation, 
Fig. 7 (e–f) shows the differential curves at different cycles. 
It is reported that reversibility of the H2-H3 phase transfor-
mation is crucial to maintain the stability of material struc-
ture. This phase transformation leads to the sudden contrac-
tion of the c-axis in the materials, and thus its irreversibility 
will severely damage the materials structure stability and 
even cause the appearance of microcracks in the materials 

Fig. 5   XPD patterns of all 
samples

Table 1   Lattice parameters of 
all samples

Samples a (Å) c (Å) c/a

Pristine 2.87 14.20 4.94
AP-2500 2.87 14.21 4.95
AP-3500 2.87 14.21 4.95
AP-4500 2.87 14.21 4.95
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[30, 31]. It is obvious that AP-3500 enjoys a much smaller 
decrease of peak intensity as well as the shift of the peaks 
compared with that of Pristine, as the cycles are continuing. 
Besides, after the 100 cycles, the peak of H2-H3 is still clear 
for AP-3500 while that of Pristine is hardly to find. It can be 
confirmed again that AlPO4 modification enables a better 
reversibility and stability for the materials structure on the 
basis of these results.

EIS tests were carried out to further illustrate the elec-
trochemical process, as shown in Fig. 8 (a–b). The tested 
plots consist of two semicircles and a slope line, where the 
semicircles at high frequency are related to the interface 

resistance (Rf), while the semicircles at low frequency are 
linked to the charge-transfer resistance (Rct), and the lin-
ear part represents the solid-phase activity of Li+ [32, 33]. 
The listed impedance results in Table 3 are based on the 
equivalent circuit diagram that is shown in Fig. 8 (a), and 
are calculated by using Zview 2.0 software. As we can see, 
the Rf and Rct values of AP-3500 both are lower than that of 
Pristine, which could be ascribed to the inhibited structure 
degradation near the surface and the decreased by-product 
on the surface after the AlPO4 modification. In addition, it 
is discovered that the Rf in the first cycle of the samples is 
higher than that of the 50th cycles, especially for AP-3500, 
which can be attributed to the formation process of cath-
ode electrolyte interphase (CEI) that makes the diffusion of 
lithium more difficult, and it could just appear at the first few 
cycles, and thus cause the high value of Rf [25, 34]. Besides, 
the created Li3PO4-LiAlO2 coating layer probably means 
that the stable process of the CEI will be more complex 
than Pristine, so the value Rf is higher than that of Pristine 
in the first cycle.

In order to get a profound understanding of the mate-
rials structure and morphology after the cycles, the char-
acterization of XRD and SEM is implemented, and the 

Fig. 6   (a) Initial charge/discharge curves (0.1 C, 3.0–4.4 V), (b) cycling curves (1 C, 3.0–4.4 V), (c) rate curves of the samples and (d) protection 
mechanism of the coating layer

Table 2   Electrochemical data of the samples

Samples Column effi-
ciency (1 st, 
0.1 C) (%)

1 st (1 C, 
mAh g-1)

100 th
(1 C, mAh g-1)

Retention (%)

Pristine 78.2 185.8 156.7 84.33
AP-2500 80.3 185.2 180.3 97.35
AP-3500 77.4 190.2 183.4 96.42
AP-4500 75.0 179.1 174.8 97.60
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corresponding results are displayed in Fig. 9 (a–d). As can 
be seen in Fig. 9 (a–b), the cycled materials still maintain 
the layer structure to certain extent, and there is no other 
impurity peak observed. Additionally, it is found that the 

shift of angles after 100 cycles in AP-3500 is smaller than 
that of Pristine, explaining that the structure reversibility of 
AP-3500 is superior to that of the Pristine, which confirms 
again that the AlPO4 modification is beneficial to enhance 

Fig. 7   CV curves of the initial three cycles of (a) Pristine, (b) AP-3500, (c) CV curves after 100 cycles; Differential curves at different cycles of 
(d) Pristine, (e) AP-3500 and (f) the comparation of differential curve between Pristine and AP-3500 at 100 cycles

4246 Ionics (2022) 28:4239–4249
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Fig. 8   EIS plots at different 
cycles of (a) AP-3500, (b) 
Pristine

Table 3   Fitting impedance 
results based on Fig. 8

Samples Rf (Ω) Rct (Ω)

1st 50th 100th 1st 50th 100th

Pristine 38.61 8.05 18.16 14.10 219.30 336.50
AP-3500 63.4 12.09 18.70 63.16 107.90 226.50

Fig. 9   XRD patterns of Pristine 
and AP-3500 before and after 
100 cycles (a, b); SEM images 
of (c) AP-3500 and (d) Pristine 
after 100 cycles
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the structure stability of materials [35, 36]. Additionally, it 
is also observed in Fig. 9 (c–d) that the particle breakage in 
AP-3500 is effectively mitigated, thanks to the protection 
effect of the Li3PO4-LiAlO2 coating layer that effectively 
inhibits the side reaction between the materials and elec-
trolyte. In summary, the AlPO4 modification can effectively 
improve the structure and surface stability, and thus enables 
the superior cyclability.

Conclusion

Overall, the electrochemical properties of the high-nickel 
materials are effectively improved by the AlPO4 modifica-
tion. The initial discharge capacity at 1 C over 3.0–4.4 V 
of the modified materials AP-3500 can reach 190.2 mAh 
g−1, and the corresponding retention after 100 cycles also 
increase to 96.42%, both of which are higher than that of the 
pristine materials (185.8 mAh g−1, 84.33%). Besides, the 
AlPO4 modification also enables a better rate property. The 
discharge capacity at 8 C of AP-3500 is up to 167.3 mAh 
g−1, while that of the pristine materials is only 154.5 mAh 
g−1. Then, we carried out a careful investigation regarding 
the enhancing mechanism on electrochemical properties 
of the AlPO4 modification. It is found that the improve-
ment of the electrochemical properties benefits from the 
Li3PO4-LiAlO2 coating layer, which can inhibit the surface 
structure degradation and protect the materials against the 
attacking of HF and H2O, and thus enables a more stable 
structure and interface for the materials.
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