
 

 

 Trans. Nonferrous Met. Soc. China 35(2025) 4217−4229 

 
Enhancing long-term cycling stability of 

spinel LiNi0.5Mn1.5O4 cathode via ultrathin ZrO2 coating layer 
 

Jie MEI1,2, Qi-xiang XU1,2, Yuan-zhi CHEN1,2, Gui-yang GAO1,2, 
Wan-jie XU1,2, Qing-shui XIE1,2, Lai-seng WANG1,2, Dong-liang PENG1,2 

 
1. State Key Laboratory of Physical Chemistry of Solid Surface, 

College of Materials, Xiamen University, Xiamen 361005, China; 
2. Fujian Key Laboratory of Surface and Interface Engineering for High Performance Materials, 

Xiamen University, Xiamen 361005, China 
 

Received 15 March 2024; accepted 11 December 2024 
                                                                                                  

 
Abstract: Spinel LiNi0.5Mn1.5O4 (LNMO) cathode draws significant attention in the field of energy storage due to its 
unique voltage plateau. To further enhance the long-term electrochemical stability of LNMO, the LNMO cathode 
covered with an ultrathin ZrO2 layer was prepared through atomic layer deposition (ALD). It is found that the LNMO 
cathode deposited with 20 layers of ZrO2 (LNMOZ20) exhibits the best electrochemical performance, achieving a high 
discharge capacity of 117.1 mA·h/g, with a capacity retention of 87.4% after 600 cycles at a current density of 1C. 
Furthermore, even at higher current densities of 5C and 10C, the LNMOZ20 electrode still demonstrates excellent 
stability with discharge capacities reaching 111.7 and 103.6 mA·h/g, and capacity retentions maintaining at 81.0% and 
101.4% after 2000 cycles, respectively. This study highlights that the incorporation of an ultrathin ZrO2 layer by ALD is 
an effective strategy for enhancing the long-term cycling stability of LNMO cathodes. 
Key words: spinel LiNi0.5Mn1.5O4; ZrO2 coating; high-voltage cathode; atomic layer deposition; cathode electrolyte 
interphase film 
                                                                                                             
 
 
1 Introduction 
 

Transition metal (TM) oxides present a 
promising choice for next-generation electrode 
materials of lithium-ion batteries (LIBs) due to their 
high specific capacity and cost-effectiveness. The 
typical TM oxides cathode materials include 
LiCoO2, LiNixCoyAl1−x−yO2 (NCA) and LiNixMny- 
Co1−x−yO2 (NMC) [1−3]. However, the rising   
cost of cobalt poses economic challenges [4−6]. 
Considering cost implications, cobalt (Co)-free 
cathodes have emerged as promising candidates. 
Among the Co-free cathodes, the spinel 
LiNi0.5Mn1.5O4 (LNMO) distinguishes itself by a 

high voltage plateau (≈4.7 V (vs Li+/Li)) and a   
3D lithium-ion diffusion channel [7]. The high 
operating voltage of LNMO arising from the 
Ni2+/Ni4+ redox couple and its specific capacity of 
147 mA·h/g confer a high theoretical energy 
density of 650 W·h/kg which is comparable to that 
of NMC [8]. The absence of cobalt in LNMO, as 
compared to NMC, further enhances the advantage 
of LNMO as a cathode. Despite its promising 
attributes, LNMO cathode encounters challenges 
that include irreversible surface phase transition, 
transition metal dissolution, Jahn−Teller distortion 
of Mn3+ and electrolyte oxidation [9−12]. 

Researchers have employed various strategies 
to address these issues, such as formulating new 
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electrolyte compositions, implementing surface 
modifications on the electrode through organic  
and inorganic coatings, customizing the binders, 
altering synthetic conditions to adjust cation    
(Mn and Ni) ordering, doping cations, and adjusting 
particle size and morphology. Among these 
strategies, inorganic surface coatings, such as  
Al2O3 [13], Fe2O3 [14], RuO2 [15], Li3PO4 [16], and 
Li2ZrO3 [17], have been coated on the LNMO 
surface to establish a stable electrode−electrolyte 
interface and minimize the direct contact area 
between electrolyte and electrode. 

Atomic layer deposition (ALD), an advanced 
vapor deposition technique capable of creating 
ultrathin and uniform layers with precise control 
over thickness [18,19], has recently been applied  
to the synthesis of LIB materials to form a 
homogeneous coating layer and ameliorating 
interfacial problems. ALD ensures that only one 
layer of atoms is deposited in each reaction cycle, 
contributing to the precise and controlled growth of 
thin films with atomic-scale accuracy [20−23]. The 
ultrathin coating layer deposited by ALD does not 
block the original electrical path, but facilitates Li+ 
diffusion instead. Recently, ALD technology has 
been applied to cathodes, anodes, electrolytes   
and separators for improving the electrochemical 
performance of LIBs [24]. Deposition materials 
such as MgO [25], TiO2 [26], and ZrO2 [18,19,27] 
are usually employed. Among the coating materials, 
ZrO2 is especially attractive due to its high 
dielectric constant and enhanced electrochemical 
property. As an available HF scavenger, ZrO2 
coating layers can suppress the Mn dissolution  
and reduce the contact area between cathode and 
electrolyte [28−30]. Moreover, appropriate ZrO2 
with high chemical stability can enhance the thermal 
stability of cathode material, thereby reducing the 
volume expansion and structural damage during 
charge and discharge. ZrO2 protective layer    
was shown to play a crucial role in mitigating 
degradation and promoting overall stability and 
longevity in the performance of LIBs [31−34]. 

Herein, ALD technology was employed to 
deposit an ultrathin ZrO2 coating layer on the 
surfaces of LNMO particles synthesized by a 
hydrothermal method, aiming to reduce side 
reaction between LNMO cathode and electrolyte, 
and enhance the long-term cycling stability of 

LNMO. It was found that the ultrathin ZrO2 coating 
layer with appropriate thickness may serve to 
protect the LNMO surface structure during charge 
and discharge, improve the structure stability, 
alleviate the interface reaction between the 
electrolyte and the cathode material, thereby 
achieving long-term cycling stability. 
 
2 Experimental 
 
2.1 Synthesis of LNMO 

The primary LNMO was synthesized through 
a hydrothermal method using chemically pure 
reagents without further refinement. The synthetic 
process was detailed as follows: 3 mmol 
Mn(CH3COO)2∙4H2O, 1 mmol Ni(CH3COO)2∙4H2O 
and 1 g polyvinylpyrrolidine (PVP) were dissolved 
in 50 mL glycol and stirred to obtain a green 
transparent solution labeled as Solution A. 
Simultaneously, 20 mmol NH4HCO3 was dissolved 
in 10 mL deionized water and 16 mL polyethylene 
glycol (PEG 600) to obtain Solution B. Solution B 
was added to Solution A drop by drop with 
continuous stirring. After forming a uniform 
solution, the mixtures were transferred into a 
Teflon-lined hydrothermal reactor and reacted at 
180 °C for 10 h, followed by natural cooling to 
room temperature. The resulting hydroxide was 
collected after washing with deionized water    
and ethanol, and subsequently dried at 80 °C. The 
hydroxide was subjected to presintering at 500 °C 
for 5 h and allowed to naturally cool to room 
temperature, obtaining the oxide precursor. 
Subsequently, the oxide precursor was milled with a 
stoichiometric amount of LiOH∙H2O and calcined at 
800 °C for 12 h to obtain the final LNMO product. 
 
2.2 Synthesis of LNMO with ultrathin ZrO2 

coating  
The deposition of ZrO2 on LNMO powders 

was performed in a Yunmao GM10 Powder ALD 
system using tetrakis(ethylmethylamino)zirconium 
(TEMAZ) and H2O as raw materials. During one 
single deposition cycle, TEMAZ and H2O were 
introduced alternatively into the process chamber. 
Argon was used as purging and carrier gas. The 
thickness of ZrO2 layer was adjusted by varying the 
number of deposition cycles, and each of the sample 
was denoted as LNMOZn (n=10, 20 and 40). 
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2.3 Material characterization 
The crystal structure of the cathode materials 

was determined using a Bruker-axs X-ray 
diffractometer (XRD) with a Cu Kα radiation. The 
morphology was observed by scanning electron 
microscopy (SEM) using a Hitachi SU−70 
instrument. Transmission electron microscopy 
(TEM) images were acquired with a Talos F200s 
transmission electron microscope. The X-ray 
photoelectron spectroscopy (XPS) was employed to 
ascertain the chemical valence states by utilizing   
a Thermo Scientific ESCALAB Xi+ spectrometer. 
Infrared spectroscopy analyses were performed 
using a Nicolet iS10 FTIR spectrometer manufactured 
by Thermo Fisher Scientific. 
 
2.4 Electrochemical performance measurements 

The electrodes were fabricated by blending 
80 wt.% of active materials, 10 wt.% acetylene 
black, and 10 wt.% polyvinylidene fluoride (PVDF), 
which were homogenously mixed in N-methyl-2- 
pyrrolidone (NMP). The prepared slurry was coated 
onto carbon-coated aluminum foil and subsequently 
dried at 80 °C in a vacuum oven. The CR2025-type 
coin half-cells were assembled within an argon- 
filled glove box, while the separator was Celgard 
2325 membrane, the counter electrode was Li metal 
foil, and the electrolyte was a mixture of fluoro- 
ethylene carbonate (FEC), 1, 1, 2, 2-tetrafluoroethy-  
2′, 2′, 2′-trifluoroethyl ether (HFE), and 3, 3, 3- 
fluoroethylmethyl carbonate (FEMC) in a volume 
ratio of 2꞉2꞉6, and contained 1 mol/L LiPF6     
and 0.02 mol/L lithium difluoro(oxalato) borate 
(LiDFOB). 

The galvanostatic charge−discharge tests at 
various current densities (1C=147 mA/g) were 
carried out via LAND testing system (Wuhan 

LAND Electronics Ltd.) and Neware testing system 
(Neware Technology Limited). The cyclic 
voltammetry (CV) curves at 3.5−4.95 V with 2 mV/s 
were evaluated through CHI660C electrochemical 
workstation. The electrochemical impedance 
spectroscopy (EIS) spectrum at frequency ranging 
from 100 kHz to 0.01 Hz was obtained by a Parstat 
3000−DX electrochemical workstation. 
 
3 Results and discussion 
 
3.1 Chemical reaction during ALD process 

Figure 1 shows the schematic diagram of 
depositing an ultrathin ZrO2 layer on the LNMO 
surface via the ALD technique. The surface of 
LNMO is hydroxylated by prepulsed water vapor to 
begin the reaction before the metal source precursor 
TEMAZ enters into the reaction chamber. The 
hydroxyl groups then react with TEMAZ to form 
Zr[N(C2H5)(CH)3]2 monolayers connecting with 
LNMO through oxygen atoms derived from 
dehydrogenated hydroxyl groups [35]. Additional 
physically adsorbed layers and byproducts resulting 
from the reaction of one alkylamine molecule are 
removed by argon flow before introducing the 
second reactant. In the second half-reaction, water 
serves as the oxygen source and reacts with the 
Zr[N(C2H5)(CH)3]2 layer on the surface of LNMO, 
yielding the desired ZrO2 and generating new 
reactive sites on the substrate. Redundants and 
byproducts are subsequently purged from the 
reactor via a pure argon flow. The sequence of 
alternating half-reactions is repeated iteratively, 
facilitating the formation of ultrathin ZrO2 coating 
on surface of LNMO. This controlled layering 
process enables precise and uniform deposition of 
the ZrO2 coating on the surface of LNMO. 

 

 
Fig. 1 Schematic diagram of production of LNMO with ultrathin ZrO2 coating by ALD technology 
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3.2 Structure, composition and morphology 
The XRD patterns in Fig. 2(a) present a 

comprehensive view of both LNMO and ZrO2 
modified LNMO samples. All diffraction peaks are 
in consistent with the standard card (PDF#80-2162) 
which corresponds to LNMO with 3Fd m  space 
group [36]. The XRD Rietveld refinements of 
LNMO, LNMOZ10, LNMOZ20 and LNMOZ40  
are shown in Figs. S1(a−d) in Supplementary 
Information (SI), respectively, and the 
corresponding data are listed in Table S1 in SI. A 
noteworthy observation is the consistent decrease in 
the lattice parameter of the samples with an 
increasing amount of ZrO2. This reduction is 
ascribed to the augmented microstrain during the 
incorporation of ZrO2. 

The structural disordering of the spinel LNMO 
can be distinguished by FTIR patterns shown in 
Fig. 2(b). A discernible reduction in the intensity  
Ni—O bond at 587 cm−1 in comparison to that of 
the Mn—O bond at 626 cm−1 is observed as the 
degree of disordering decreases [37]. The FTIR 
patterns consistently display similar intensities    
at 587 cm−1 for all four materials, signifying 

analogous disordering structures. Notably, the 
absence of characteristic peaks at 646, 464 and 
430 cm−1 in the FTIR patterns Fig. S2 in SI) 
belonging to P4332 phase implies that the      
four LNMO materials can be attributed to the 

3Fd m  space group with disordered cations.   
This comprehensive analysis further enriches the 
understanding of the intricate interplay between 
ZrO2 modification and the structure of LNMO 
materials. 

XPS was applied to analyzing the chemical 
composition and state of the samples’ surface. The 
XPS peaks ascribing to Mn 2p3/2 and Mn 2p1/2 can 
be clearly observed in the Mn 2p spectra (Fig. S1(e) 
in SI). These peaks can be further divided to discern 
the presence of Mn3+ and Mn4+. The peaks at about 
641.7 and 653.3 eV are ascribed to Mn3+, while the 
peaks at about 642.9 and 654.2 eV are ascribed to 
Mn4+ [38,39]. The shift of Mn 2p characteristic 
peak towards lower binding energy indicates the 
decrease of Mn valence state. The Mn oxidation 
state can be distinguished using the Mn 3s peak, 
which displays two multiplet split components 
resulting from the coupling of non-ionized 3s electrons 

 

 
Fig. 2 XRD patterns (a), FTIR patterns (b), Mn 3s XPS spectra (c) and Zr 3d XPS spectra (d) of different samples 
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with 3d valence-band electrons, as shown in 
Fig. 2(c). The fact that the energy difference (ΔE) 
between the two splitting peaks is larger than 
4.7 eV indicates that the valence state of Mn is less 
than +4. The increase of ΔE indicates a decrease in 
Mn valence with increasing the content of ZrO2. 
The Mn valence (vMn) can be calculated via the 
following equation [40]:  
 
vMn=9.67−1.27∆E3s/eV                     (1) 
 

The calculated Mn valences of the LNMO, 
LNMOZ10, LNMOZ20, and LNMOZ40 samples 
are +3.96, +3.93, +3.89 and +3.85, respectively. 
The decrease of Mn valences can be attributed to 
the existence of the ZrO2 layer that changes the 
chemical environment of the surface of LNMO 
particles [26]. This is related to the reducibility 
resulted from Lewis acidity of TEMAZ during   
the deposition. Increased deposited layers and 
treatment time with TEMAZ lead to the decrease of 
valence state. 

The Zr 3d XPS spectra are shown in Fig. 2(d). 
It is obvious that Zr element is absent in the pristine 
LNMO material, while there are apparent Zr  
peaks in LNMOZ10, LNMOZ20 and LNMOZ40. 
LNMOZ40 exhibits a stronger characteristic peak 
due to the higher content of ZrO2 in surface layer. 
The characteristic peaks at approximately 182.2 and 
184.6 eV are ascribed to Zr 3d5/2 and Zr 3d3/2, 
respectively [41−43]. The Zr 3d XPS spectra with a 
difference value of 2.4 eV between the two split 
peaks indicate that the valence of Zr is almost     
+4 [44]. Additionally, the Ni 2p spectra in Fig. S1(f)  
in SI display no obvious binding energy shift, 
indicating no alteration in the valence of Ni. 

The morphological details of the four samples 
were characterized by SEM. As shown in Figs. 3(a−d), 
the ZrO2 modified LNMO particles have an average 
size of approximately 500 nm. There is no 
significant change in the morphology of LNMO 
after ZrO2 modification, which indicates that the 
surface coating does not alter the morphology    
of the LNMO material. To gain a more detailed 
understanding of the sample’s structure, TEM 
analyses were performed on LNMO (Figs. S3(a, b) 
in SI) and LNMOZ20 (Figs. 3(e−g)) samples. Both 
materials exhibit near-spherical particles with a 
diameter of around 500 nm, which is consistent 
with the observation results of SEM. The HRTEM 
images of LNMO (Figs. S3(a, b) in SI) reveal a 

well-crystallized structure with lattice fringes 
viewed in the [110] zone axis of a 3Fd m  cubic 
structure, which is very similar to the LNMO 
particles prepared by blow-spinning technique [45]. 
For LNMOZ20 sample, the deposition of ZrO2 does 
not obviously change the crystalline structure of 
LNMO. As shown in Fig. 3(g), lattice fringes 
viewed in the [111] zone axis of a 3Fd m  cubic 
structure are clearly seen. In addition, an 
amorphous layer at the particle edge is also 
observed (Fig. 3(f)). EDS analyses (Figs. S3(c, d) in 
SI) in the edge layer confirm the presence of Zr and 
O, suggesting the covering of ZrO2 layer. Along 
with the XPS results on the valence (+4) of Zr, the 
above characterizations strongly indicate that an 
ultrathin ZrO2 layer has been deposited on the 
surface of LNMO particles, which bring significant 
impact to the electrochemical performances of 
LNMO cathodes. 

 
3.3 Electrochemical performance 

The electrochemical performance of LNMO 
and ZrO2 modified LNMO was evaluated through 
CR2025 coin cell. CV measurements were applied 
to investigating the oxidation/reduction behavior of 
all samples, and the results are presented in 
Fig. 4(a). It is obvious that all samples exhibit a pair 
of split peaks at approximately 4.7 V, which can be 
ascribed to Ni2+/Ni3+ and Ni3+/Ni4+ redox couples. 
Additionally, a small peak at approximately 4.0 V 
corresponds to Mn3+/Mn4+ redox couple [46]. The 
presence of the Mn3+/Mn4+ redox couple suggests 
that all samples possess 3Fd m  structure with 
disordering cations, which agrees well with the 
findings from FTIR analysis. The observation that 
all four samples exhibit the same potential suggests 
a uniform and smooth penetration of Li-ions 
through the ZrO2 coating layers. This uniformity in 
potential implies that the ZrO2 modification does 
not hinder the effective transport of Li-ions during 
the charge−discharge cycles. 

To explore the interfacial characteristics of the 
electrodes during cycling, the EIS measurements 
before and after cycling for 10 and 100 at 1C were 
carried out. Figure 4(b) illustrates the Nyquist plots 
obtained for all samples before cycling. The 
similarity observed in the EIS spectra among these 
four electrodes indicates a comparable reaction 
kinetic mechanism. Typically, EIS spectra consist  
of a semicircle in the high frequency range and an 
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Fig. 3 SEM images of LNMO (a), LNMOZ10 (b), LNMOZ20 (c) and LNMOZ40 (d); TEM (e, f) and HRTEM (g) 
images of LNMOZ20 
 
oblique line in the low frequency range. The 
intercept of these spectra represents ohmic 
resistance (Rs), and the semicircle in high frequency 
reflects to charge transfer impedance (Rct) [47,48]. 
The detailed fitting EIS results before cycling are 
listed in Table S2 in SI. Notably, the Rct values   
of four electrodes with LNMO, LNMOZ10, 
LNMOZ20 and LNMOZ40 are 490.7, 487.6, 268.2 
and 203.5 Ω, respectively. It is obvious that the Rct 
decreases with increasing ZrO2 content since the 
deposited ZrO2 layer facilitates ion transport [49]. 
The EIS spectra after cycling are shown in 
Figs. 4(c, d). The EIS spectra after cycling usually 
appear a second semicircle in the middle frequency 
region, indicating a resistance value of the cathode 
electrolyte interphase (CEI) generated during the 

cycling [48]. After 10 cycles, the ZrO2 modified 
electrodes have smaller resistance of the CEI 
comparing to pristine LNMO, which indicates that 
the ultrathin ZrO2 coating layer can effectively 
restrain the growth of CEI [49]. Meanwhile, after 
100 cycles, it is obvious that the radius of the 
second semicircle of LNMOZ20 is the minimum, 
indicating the lowest resistance of Li+ diffusion. 
Apparently, the results ascribe that the ultrathin 
ZrO2 layer may effectively suppress the dissolution 
of the transition metal and reduce the contact area 
with electrolyte. A similar result was obtained for 
ZrO2 coated LiNi0.4Co0.2Mn0.4O2 cathode, in which 
the ultrathin ZrO2 coating layer is shown to 
effectively inhibit the charge transfer impedance 
and significantly promote the deintercalation of Li  
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Fig. 4 CV curves (a) and Nyquist plots before cycling (b) and after 10 cycles (c) and 100 cycles (d) of different samples 
at 1C 
 
ions and electron conduction [50]. 

The initial charge−discharge curves are shown 
in Fig. 5(a). All curves exhibit an obvious long 
voltage plateau at approximately 4.7 V which is 
ascribed to the Ni2+/Ni4+ redox processes, while a 
short voltage plateau at approximately 4.0 V    
also appears, attributing to the Mn3+/Mn4+ redox 
process [38]. The characteristics of charge− 
discharge curves are consistent with the CV curves, 
indicating the typical electrochemical behavior of 
LNMO cathode material. In addition, the discharge 
specific capacities at a current density of 0.1C are 
133.8, 130.6, 131.3 and 114.9 mA·h/g, respectively, 
for LNMO, LNMOZ10, LNMOZ20 and LNMOZ40. 
The discharge specific capacity decreases with 
increasing the ZrO2 content, indicating no capacity 
contribution of ZrO2 to the electrochemical behavior. 
Figure 5(b) illustrates the rate performance of all 
samples at various current densities ranging from 
0.1C to 10C. The enhanced rate performance 
clearly shows the advantages of the ultrathin ZrO2 
coating layer. It is evident that the discharge 
specific capacity of the modified electrode is less 

than that of pristine sample when the ZrO2 content 
is the maximum (LNMOZ40). This is because ZrO2 
is not a battery material and lacks the ability to 
delocalize the embedded Li ions. Consequently, the 
specific capacity of the electrode decreases when 
the ZrO2 content increases. For LNMOZ40, the 
capacity at 0.1C is lower than that at 0.3C, which 
may be attributed to the incomplete activation, and 
the increase of ZrO2 thickness may lead to an 
increase of activation cycle number [46]. During 
cycling, the formation of CEI is inevitable. The 
ultrathin ZrO2 coating layer can effectively restrain 
the continuous growth of CEI. The ultrathin CEI 
film can not only facilitate Li-ion transport and 
electron conduction, but also inhibit electrolyte 
corrosion. Meanwhile, the ultrathin ZrO2 layer also 
reduces the polarization on the electrode surface 
with reduced over-potential [18]. It is obvious that 
the LNMOZ20 shows the best electrochemical 
performance, which indicates a suitable deposition 
thickness. 

To assess the long-term stability of the LNMO 
materials, extended cycle tests were conducted. 
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Fig. 5 (a) Initial charge−discharge curves at 0.1C of different samples; (b) Rate performances of different samples;    
(c, d, e) Long cycling performances of different samples at 1C, 5C and 10C, respectively 
 
Figure 5(c) shows the electrochemical performance 
of all electrodes at 1C. The initial discharge specific 
capacities are 123.0, 122.3, 117.1 and 99.7 mA·h/g, 
respectively, for LNMO, LNMOZ10, LNMOZ20 
and LNMOZ40. The discharge specific capacity  
of pristine LNMO fades to 91.9 mA·h/g after   
600 cycles, while that of LNMOZ20 still keeps a 
value of 102.3 mA·h/g. The capacity retentions of 
all electrodes are 74.5%, 71.7%, 87.4% and 79.8%, 
respectively, for LNMO, LNMOZ10, LNMOZ20 
and LNMOZ40. The LNMOZ20 exhibits the best 

electrochemical performance. It can be found that 
when ZrO2 is deposited, a capacity increase stage 
appears in a certain degree, which is a result of the 
activation phenomenon caused by the ultrathin ZrO2 
layer. 

LNMO and LNMOZ20 were selected for 
further tests at high current densities. The 
galvanostatic charge−discharge tests of LNMO and 
LNMOZ20 at 5C and 10C were conducted. As 
shown in Figs. 5(d, e), the initial discharge specific 
capacities of LNMO are 117.2 and 106.8 mA·h/g at 
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5C and 10C, respectively, while those of 
LNMOZ20 are 111.7 and 103.6 mA·h/g at 5C and 
10C, respectively. LNMO remains 65.1% and 80.5% 
of its initial discharge specific capacity after 2000 
cycles at 5C and 10C, respectively. Meanwhile, the 
LNMOZ20 has 81.0% of its discharge specific 
capacity left at 5C and 101.4% at 10C in 
comparison to the initial discharge capacity. A 
comparison to other published literatures on surface 
coated-LNMO is listed in Table S3 is SI. 

The discharge capacities of LNMOZ20 at 5C 
and 10C also increase at the initial stage of cycling 
(Figs. 5(d, e)), which should be due to the 
activation phenomenon caused by the ultrathin ZrO2 
layer, and the activation cycle number increases 
with the increase of ZrO2 layer thickness. The 
ultrathin ZrO2 layer ensures the chemical stability 
of LNMO cathode, resulting in an excellent cycling 
stability for LNMO. Particularly, the LNMOZ20 
delivers the highest capacity retention at 1C, 5C  
and 10C after a long-term cycling. These results 
obtained demonstrate a noteworthy enhancement in 

capacity and extended cycle life for LNMO when 
modified with ultrathin ZrO2 coating layer produced 
by ALD using 20 deposition layers. 
 
3.4 Characteristics after cycling 

To further evaluate the contribution of the 
ultrathin ZrO2 coating layer to improving the 
electrochemical performance of LNMO, the LNMO 
and LNMOZ20 electrodes after 600 cycles were 
analyzed via TEM and XPS. As shown in Fig. 6, the 
particles of pristine LNMO form cracks after   
600 cycles, and an amorphous CEI film appears on 
the surface. In addition, there are many defects in 
the lattices, which may be caused by the transition 
metal rearrangement, indicating a structural 
collapse of LNMO [51]. In contrast, LNMOZ20 
particles are relatively complete with much less 
lattice defects, indicating that the structural integrity 
of LNMOZ20 is well maintained. 

XPS was used to analyze the difference of  
CEI components on the surface of LNMO and 
LNMOZ20 after 600 cycles. As shown in Fig. 7, the 

 

 
Fig. 6 Low-magnification (a, c) and high-magnification (b, d) TEM images of LNMO (a, b) and LNMOZ20 (c, d) after 
600 cycles 
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Fig. 7 C 1s (a), O 1s (b), and F 1s (c) spectra of LNMO and LNMOZ20 after 600 cycles 
 
C 1s spectra (Fig. 7(a)) reveal C—C, C—O, C=O 
and C—F peaks attributing to the organics and 
carbonate groups in the CEI layer [13]. The C=O 
peak at around 288 eV is attributed to LiCO3,   
which is a side product related to the oxidative 
decomposition of electrolyte. The C=O peak 
intensity in LNMOZ20 is weaker than that in 
LNMO, indicating that the CEI film formed in 
LNMOZ20 after cycling is thinner than that in 
LNMO. The O 1s spectra in Fig. 7(b) exhibit 
characteristic peaks of C—O, C=O, TM—O and  
P—O [40,52]. The peak intensity of TM—O in 
LNMOZ20 is stronger than that in LNMO, and 
peak intensity of P—O in LNMOZ20 is lower than 
that in LNMO, indicating less dissolution of TM in 
the LNMOZ20 after cycling. For F 1s spectra 
(Fig. 7(c)), there exist characteristic peaks of C—F 
and Li—F. The C—F peak with strong intensity is 
ascribed to the PVDF. The weaker peak at around 
684 eV in LNMO indicates that less LiF is 
generated in LNMO than that in LNMOZ20. This 
means that more HF is generated in LNMO during 
the cycling, which increases the corrosion to the 
electrode material [51]. The above results of TEM 
and XPS indicate that the ultrathin ZrO2 layer can 
effectively inhibit the corrosion of electrolyte and 
the dissolution of transition metal. 
 
4 Conclusions 
 

(1) Spinel LNMO cathode materials were 
synthesized and coated with ultrathin ZrO2 surface 
layers by using the ALD technique. The thickness 
of the ZrO2 coating layer can be conveniently 
adjusted by varying the number of deposition  
cycles. The electrochemical performance of LNMO 
is significantly affected by the ultrathin ZrO2 

surface layer. 
(2) The LNMOZ20 cathode material exhibits a 

surprising capacity retention of 87.4% with a high 
capacity of 117.1 mA·h/g after 600 cycles at 1C, 
81.0% capacity retention after 2000 cycles at 5C, 
and 101.4% capacity retention after 2000 cycles at 
10C. 

(3) The TEM and XPS characterization results 
after cycling show that the LNMOZ20 sample 
generates more uniform and stable CEI films which 
are conducive to the improvement of long-term 
cycle stability. 

(4) The ultrathin ZrO2 surface layer with 
appropriate thickness may effectively reduce the 
contact area between LNMO and the electrolyte, 
minimize the side reactions, promote the diffusion 
of Li ions, thereby enhancing the long-term cycling 
stability of LNMO cathode. 
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摘  要：尖晶石 LiNi0.5Mn1.5O4 (LNMO)正极材料由于其独特的电压平台，在储能领域受到了极大的关注。为

了进一步提高 LNMO 的长循环稳定性，通过原子层沉积(ALD)技术制备了超薄 ZrO2 层包覆的 LNMO 正极材

料。结果表明，沉积 20 层 ZrO2 包覆层的 LNMO (LNMOZ20)正极材料表现出最佳的电化学性能。在 1C 的电流密

度下，LNMOZ20 的放电容量高达 117.1 mA·h/g，循环 600 周后的容量保持率为 87.4%。此外，即使在 5C 和 10C

的更高电流密度下，LNMOZ20 电极也表现出优异的稳定性，其放电容量分别为 111.7 和 103.6 mA·h/g，循环 2000

周后的容量保持率分别为 81.0%和 101.4%。本研究表明，在 LNMO 正极材料表面通过 ALD 沉积超薄 ZrO2 包覆

层是一种提高其长循环稳定性的有效策略。 

关键词：尖晶石 LiNi0.5Mn1.5O4；ZrO2 涂层；高压正极；原子层沉积；正极电解质界面膜 
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