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Abstract: The electrochemical performance of layered O3-type NaCrO2 cathode material is significantly affected by 
the side reactions between NaCrO2 and electrolyte during sodium storage. A uniform Cr2O3 coating layer was in situ 
constructed on the surface of NaCrO2 by controlling the excess ratio of sodium source. The structure, morphology, valence 
and electrochemical performance of the Cr2O3-coated NaCrO2 were characterized. The results indicate that the Cr2O3 
coating layer does not alter the crystal structure and morphology of NaCrO2, but effectively suppresses the side 
reactions between NaCrO2 and electrolyte, and improves the surface/interfacial stability of NaCrO2 material. The 
Cr2O3-coated NaCrO2 exhibits improved electrochemical performance with a capacity retention of 66.4% after 500 
cycles at 10C. 
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1 Introduction 
 

The rapid development of renewable energy, 
such as solar and wind energy, urgently requires 
low-cost energy storage systems. Although 
lithium-ion batteries (LIBs) have been widely 
adopted in portable devices and electric vehicles, 
the limited availability of lithium resources restricts 
their application in large-scale energy storage 
systems [1−3]. Sodium-ion batteries (SIBs) are 
considered to be one of the most promising 
alternatives to LIBs in the energy storage field, 
owing to their abundant sodium resources, 
favorable electrochemical performance, and 
environmental friendliness [4,5]. 

The development of suitable cathode materials 
is crucial for the commercialization of SIBs [5−7]. 
Layered transition metal oxides (NaxMO2, M= 
transition metal element, 0<x≤1) have attracted 

extensive research as cathode materials for SIBs 
due to their high electrochemical activity, superior 
capacity, and ease of synthesis [8−11]. In particular, 
layered O3-type NaCrO2 stands out by virtue of 
certain remarkable advantages including a desirable 
flat charge/discharge voltages at around 3.0 V, high 
reversible capacity of 125 mA·h/g and excellent 
thermal stability [12−14]. However, NaCrO2 
experiences rapid capacity decay during cycling, 
primarily attributed to side reactions between the 
active material and the electrolyte, as well as 
structural instability caused by repeated Na+ 
insertion/extraction [15−17]. 

To optimize the electrochemical performance 
of NaCrO2, various modifications, such as carbon 
coating [18−20], heteroatom doping [21−25] and 
morphology control [26−28], have been reported. 
Carbon coating can enhance the electrical 
conductivity of the material to improve the electro- 
chemical performance. YU et al [29] modified 
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the surface of NaCrO2 with carbon using pitch as 
the carbon source, and the electronic conductivity 
of the material increases to 10−1 S/cm. The 
carbon-coated NaCrO2 exhibits an ultrafast rate 
capability up to 150C with a specific capacity of 
99 mA·h/g. However, oxide coating, a common 
approach for modifying other electrode materials 
[30−32], has rarely been reported for NaCrO2. 

Cr2O3 produced as a by-product during the 
synthesis of NaCrO2 is often regarded as an 
impurity phase because it reduces the specific 
capacity, although it has been used as a coating 
material in electrode materials for LIBs [33−35]. In 
recent years, the application of Cr2O3 in SIBs has 
also been reported, which can effectively increase 
the stability of the material’s crystal structure and 
extend the cycle life of cathode at high current 
density. WANG et al [36] prepared in situ Cr2O3- 
coated NaCrO2 with improved electrochemical 
performance by adding excess chromium. The 
capacity retention of Cr2O3-coated NaCrO2 reaches 
84.8% after 1000 cycles at 10C, and a specific 
capacity of 108 mA·h/g can still be obtained at a 
high rate of 60C. IKHE et al [37] reported 
Cr2O3-coated and Al-doped NaCrO2 which shows 
excellent cyclic stability with no capacity decay 
during 1000 cycles at 5C with a capacity of 
107 mA·h/g. 

In this study, a uniform Cr2O3 coating layer 
was constructed on the surface of NaCrO2 by 
controlling the excess ratio of sodium to chromium. 
The coating layer protects NaCrO2 from severe  
side reactions and enhances the surface/interface 
stability during charge−discharge processes, 
thereby resulting in improved electrochemical 
performance of NaCrO2 at high rates. 
 
2 Experimental 
 
2.1 Material synthesis 

A facile sol−gel method was used to synthesize 
NaCrO2 cathode material. In a typical process, 
NaNO3 and Cr(CH3COO)3 were dissolved into H2O 
to obtain a clear solution. Citric acid used as a 
chelating agent was added into the solution, and 
then NH3·H2O was added to adjust the pH value to 
7. Subsequently, the solution was stirred and 
reacted at 70 °C for 5 h and then dried at 150 °C to 
form dry gel. Finally, the gel was annealed at 
450 °C for 5 h in air and then calcined at 900 °C for 
10 h under an Ar/H2 atmosphere to obtain the 

sample. When the molar ratios of NaNO3 and 
Cr(CH3COO)3 were set to 1.10꞉1 and 1.05꞉1, the 
synthesized samples were denoted as NCO-1.10 
and NCO-1.05, respectively. In order to prevent the 
deterioration of material by the absorption of 
ambient moisture, the samples were stored in an 
Ar-filled glove box. 
 
2.2 Material characterization 

The crystallographic structures of samples 
were determined by X-ray power diffraction (XRD, 
Rigaku Mini Flex 600 with Cu Kα radiation, 
λ=1.5418 Å) over the 2θ range of 10°−80°. The 
XRD patterns were refined via Rietveld program 
general structure analysis system (GSAS) software. 
The morphology and microstructure were 
characterized by field emission scanning electron 
microscopy (FESEM, FEI Nova NanoSEM 230) 
and transmission electron microscopy (TEM, FEI 
Titan G2 60−300) equipped with an X-ray energy 
dispersive spectrometer (EDS). The chemical 
valance state of each element on the surface was 
measured by X-ray photoelectron spectroscopy 
(XPS, VG Escalab−250xi). 
 
2.3 Electrochemical evaluation 

The electrochemical performances of the 
samples were tested in CR2025 cion cells. The 
working electrode was composed of active material, 
acetylene black and PVDF with a mass ratio of 
8꞉1꞉1, and the loading of electrode was about 
1.1 mg/cm2. Sodium metal was used as the 
reference electrode and glass fiber (Whatman GF/D) 
was used as the separator. 1 mol/L NaClO4 in 
ethylene carbonate (EC) + propylene carbonate (PC) 
(volume ratio of 1꞉1) solution with 5 vol.% 
fluoroethylene carbonate (FEC) was used as     
the electrolyte. The galvanostatic charge/discharge 
measurements were performed on a Neware battery 
test system (CT−4008T−5V20mA−164). Cyclic 
voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS, in the range from 100 kHz to 
10 mHz) were conducted using an electrochemical 
workstation (CHI 660E). 
 
3 Results and discussion 
 
3.1 Physicochemical characteristics 

During the sol−gel synthesis of NaCrO2, Na+ 
and Cr3+ were mixed homogeneously in the gel,  
and in-situ Cr2O3-coated NaCrO2, rather than 



Mu-lan QIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1987−1995 

 

1989 

sodium-poor phase NaxCrO2 (x<1), was synthesized 
due to the volatilization of Na on the surface during 
calcination, although excess sodium was used. 
Figure 1 shows the XRD patterns of NCO-1.10 and 
NCO-1.05. As can be seen from Fig. 1(a), the main 
phase in the NCO-1.10 sample is the O3-type 
NaCrO2 (JCPDS No. 25-0819). In sample 
NCO-1.05, in addition to the diffraction peaks 
belonging to NaCrO2, new diffraction peaks located 
at 24.5°, 36.2°, 50.2° and 54.9° can be indexed to 
the Cr2O3 phase. The XRD patterns of NCO-1.10 
 

 
Fig. 1 XRD patterns of NCO-1.10 and NCO-1.05 (a); 
Rietveld refinements of XRD patterns of NCO-1.10 (b) 
and NCO-1.05 (c) 

and NCO-1.05 were further refined (Figs. 1(b, c)), 
and the lattice parameters are given in Table 1. The 
results show that when the excess content of 
sodium reaches 10%, the synthesized sample is 
NaCrO2 pure phase with no heterogeneous phase. 
When the excess content of sodium decreases to  
5%, a two-phase material consisting of 98.11 wt.% 
NaCrO2 and 1.73 wt.% Cr2O3 is synthesized, 
denoted as NaCrO2@Cr2O3. The structural 
parameters obtained by refinement are basically 
consistent with those reported in the literature 
[29,36]. There is almost no difference in the lattice 
parameters of the NaCrO2 phase in the two samples, 
indicating that the Cr2O3 coating does not affect the 
crystal structure of NaCrO2. 
 
Table 1 XRD refinement results of NCO-1.10 and 
NCO-1.05 

Sample a/Å c/Å V/Å3 

NCO-1.10 2.9714 15.9573 122.015 

NCO-1.05−98.11%NaCrO2 2.9737 15.9577 122.204 

NCO-1.05−1.73%Cr2O3 4.9581 13.5932 289.388 

 
The morphology and microstructure of 

NaCrO2 and NaCrO2@Cr2O3 were characterized  
by SEM and TEM. As can be seen from Fig. 2,  
the samples, NaCrO2 and NaCrO2@Cr2O3, are 
composed of polygonal-shaped particles with 
particle size of about 1 μm, which suggests     
that the Cr2O3 coating has no influence on the 
powder morphology. In the HRTEM image of 
NaCrO2@Cr2O3, a uniform coating layer with 
thickness of about 3 nm can be observed. The 
interplanar spacing of 0.373 nm observed on the 
particle edge (the inset in Fig. 2(d)) is in good 
agreement with the distance of neighboring (012) 
crystal planes of Cr2O3, which further confirms the 
presence of Cr2O3 coating layer. The EDS mapping 
images of NaCrO2@Cr2O3 (Fig. 2(e)) show the 
homogeneous distribution of Na, Cr and O elements. 
The uniform Cr2O3 coating layer can prevent the 
direct contact between the NaCrO2 and the 
electrolyte, and improve the surface/interfacial 
stability of NaCrO2 material. 

In order to explore the oxidation states of 
surface/interface elements in the NaCrO2@Cr2O3, 
XPS analysis was further conducted. The XPS full 
spectrum (Fig. 3(a)) demonstrates the coexistence 
of Na, Cr and O elements in the NaCrO2/Cr2O3.  
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The high-resolution Cr 2p spectrum and the 
corresponding fitted profiles are shown in Fig. 3(b). 
The Cr doublet in the Cr 2p spectrum is attributed 
to Cr 2p3/2 and Cr 2p1/2. The fitted peaks located at 
578.13 and 588.63 eV are assigned to Cr4+ 2p3/2 and 

Cr4+ 2p1/2, respectively. In addition, the fitted peaks 
located at 575.83 and 585.58 eV are assigned to 
Cr3+ 2p3/2 and Cr3+ 2p1/2, respectively [24,38], which 
further proves that the coating layer on the surface 
of NaCrO2 material is Cr2O3. 

 

 
Fig. 2 SEM images of NaCrO2 (a) and NaCrO2@Cr2O3 (b); TEM (c), HRTEM (d) and EDS mapping (e) images of 
NaCrO2@Cr2O3 

 

 
Fig. 3 XPS full spectrum (a) and high-resolution Cr 2p spectrum (b) of NaCrO2@Cr2O3 
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3.2 Electrochemical performance 
The redox processes of the NaCrO2 were first 

investigated by CV measurements. Figures 4(a) and 
4(b) show initial three CV curves of NaCrO2 and 
NaCrO2@Cr2O3 between 2.0 and 3.6 V at a sweep 
rate of 0.1 mV/s, respectively. There are two 
apparent anodic peaks centered at 3.09 and 3.33 V, 
which correspond to the cathodic peaks at 2.92 and 
3.28 V, respectively. These reversible peaks are 
assigned to the oxidation/reduction of Cr3+/Cr4+, 
suggesting the two major phase transitions (O3
O’3 P’3) in the charge−discharge processes 
[36,39]. In addition, the other small peaks 
correspond to the order/disorder phase 
transformation [27,40]. The potential difference 
between the anodic and the cathodic peaks of 
NaCrO2@Cr2O3 (0.17 V) is less than that of 
NaCrO2 (0.21 V) after 3 cycles, indicating that the 
NaCrO2@Cr2O3 sample has reduced polarization 
and improved electrochemical reversibility during 
cycling. 

Figures 5(a) and 5(b) show the typical charge/ 
discharge curves of NaCrO2 and NaCrO2@Cr2O3 at 
 

 
Fig. 4 Initial three CV curves of NaCrO2 (a) and 
NaCrO2@Cr2O3 (b) at 0.1 mV/s 

various C-rates (1C=125 mA·h/g) between 2.0 and 
3.6 V, respectively. Two charge voltage plateaus 
located at 3.0 and 3.3 V along with their discharge 
counterparts at 2.9 and 3.3 V can be clearly 
observed in the charge/discharge curves at 1C, 
which are consistent with the CV curves shown in 
Fig. 4. The voltage platform at 2.8 V is likely due to 
the mismatch between the ester-based electrolyte 
and the anode, resulting in a sudden increase in 
polarization voltage during the later stages of 
sodium ion extraction from anode [41], which is 
also observed in the previous reports [26,42]. The 
polarization of the materials increases gradually 
with the increase of C-rate, and the polarization of 
NaCrO2 is much greater than that of NaCrO2@Cr2O3. 
Figure 5(c) shows the rate performance of NaCrO2 
and NaCrO2@Cr2O3. The NaCrO2 exhibits the 
specific capacities of 109.1, 101.4, 95.7, 85.4, and 
58.4 mA·h/g at 1C, 2C, 3C, 5C and 10C, 
respectively. The decreased specific capacities of 
NaCrO2@Cr2O3 at low rates are attributed to the 
inactive Cr2O3 coating layer with no capacity 
contribution. However, the NaCrO2@Cr2O3 shows 
the specific capacities of 86.5 and 74.7 mA·h/g at 
5C and 10C, respectively. The enhanced rate 
performance can be attributed to the uniform  
Cr2O3 coating layer on the surface of the    
NaCrO2, which improves the surface/interfacial 
structure  and effectively reduces the polarization 
of NaCrO2, conducing to the rapid Na+ insertion/ 
extraction. 

The cycling stability of samples at high rate is 
also explored, as shown in Fig. 5(d). After 500 
cycles at 10C, the NaCrO2@Cr2O3 shows a specific 
discharge capacity of 60.5 mA·h/g with a capacity 
retention of 66.4%, and the coulombic efficiency  
is close to 100% during cycling. However, the 
NaCrO2 can only maintain 40.4 mA·h/g with a 
capacity retention of 40.3%. The enhanced cycling 
performance of NaCrO2@Cr2O3 can be attributed to 
the uniform Cr2O3 coating layer which prevents the 
direct contact between the active material and the 
electrolyte, suppressing electrolyte decompositions 
and other side reactions effectively, and 
guaranteeing the electrode stability [36]. Compared 
with the literature [36−38], no significant electro- 
chemical performance advantages of the synthesized 
material are observed. This may be attributed to 
several factors, including exposure to moist air 
during electrode preparation, mismatch between  
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the selected electrolyte and the electrode, and    
the thickness of the coating layer needed to      
be optimized. These factors require further 
investigation and verification. 

In order to understand the effects of Cr2O3 

coating on the cycling performance, dQ/dV analyses 
of the discharge curves at the 10th, 30th and 50th 
cycles in Fig. 5(d) were performed. As shown in 
Fig. 6, two obvious reduction peaks centered at 2.80 
and 3.13 V are observed in the dQ/dV curve of 
NaCrO2@Cr2O3 at the 10th cycle, corresponding  

to the reduction reaction of Cr3+/Cr4+. The higher 
reduction potential of NaCrO2@Cr2O3 indicates 
higher energy. As the cycle number increases, the 
reduction peaks shift to lower potentials owing   
to the increased polarization. After 50 cycles, the 
difference value between the reduction potentials of 
NaCrO2@Cr2O3 (0.05 V) is much less than that   
of NaCrO2 (0.15 V). The reduced polarization of 
NaCrO2@Cr2O3 can be attributed to the enhanced 
surface/interface stability, which is beneficial to 
improving the electrochemical performance. 

 

 
Fig. 5 Typical charge/discharge profiles of NaCrO2 (a) and NaCrO2@Cr2O3 (b) at various rates; Rate behaviors (c) and 
cycling performance at 10C (d) of NaCrO2 and NaCrO2@Cr2O3 

 

 

Fig. 6 dQ/dV curves of NaCrO2 (a) and NaCrO2@Cr2O3 (b) at 10C for different cycles 
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To further investigate the relationship between 
the improved electrochemical properties and the 
surface/interface stability, EIS tests were conducted 
on the electrodes. Figures 7(a) and 7(b) show the 
EIS curves of the NaCrO2 and NaCrO2@Cr2O3 
half-cells after 15, 100 and 250 cycles at 10C, 
respectively. All Nyquist plots consist of surface 
film resistance (Rf), charge transfer resistance (Rct) 
and Warburg impedance (ZW), respectively [26,38]. 
The intercept of the Nyquist plot with the Z'-axis 
represents the ohmic resistance (Rs) of Na+ 
migration in the electrolyte. The EIS curves were 
fitted by the Z-View software and the fitted data are 
summarized in Table 2. It can be seen that the Rct 
values of the NaCrO2@Cr2O3 after 15, 100 and 250 
cycles are 36.8, 68.4 and 72.9 Ω, respectively, and 
the Rf values of the NaCrO2@Cr2O3 are 20.5, 33.9 
and 48.7 Ω, which are both much less than those of 
the NaCrO2. This indicates that the Cr2O3 coating 
does not cause negative kinetic effects, but rather 
modifies the interfacial reaction of the material, 
which is favorable to the Na+ insertion/extraction at 
high rate. 
 

 
Fig. 7 Nyquist plots and corresponding equivalent circuit 
model diagrams of NaCrO2 (a) and NaCrO2@Cr2O3 (b) 
electrodes at 10C after different cycles 

Table 2 EIS parameters of equivalent circuits of NaCrO2 

and NaCrO2@Cr2O3 electrodes after different cycles 
Sample Cycle No. Rs/Ω Rf/Ω Rct/Ω 

NaCrO2 

15 7.8 76.2 43.8 

100 7.0 108.7 122.7 

250 6.9 126.7 266.1 

NaCrO2@Cr2O3 

15 6.7 20.5 36.8 

100 6.8 33.9 68.4 

250 6.6 48.7 72.9 
 
4 Conclusions 
 

(1) A uniform Cr2O3 coating layer is in situ 
constructed on the surface of NaCrO2 by controlling 
the excess ratio of sodium source. The content of 
Cr2O3 in the NaCrO2@Cr2O3 is 1.73 wt.%, and the 
coating thickness is about 3 nm. The Cr2O3-coated 
sample consists of polygonal-shaped particles with 
particle size of about 1 μm. 

(2) The uniform Cr2O3 coating on the surface 
improves the surface/interface stability and reduces 
the polarization of NaCrO2, which greatly improves 
the electrochemical performance of NaCrO2. 

(3) The Cr2O3 coating layer prevents the direct 
contact between the active material and the 
electrolyte, effectively suppressing the side 
reactions. The NaCrO2@Cr2O3 material exhibits 
enhanced cycling performance, with a capacity 
retention of 66.4% after 500 cycles at 10C. 
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摘  要：层状 O3 型 NaCrO2 正极材料在储钠过程中与电解液的副反应严重影响了其电化学性能。通过控制钠源过

量比，在 NaCrO2 正极材料表面原位构建一层均匀的 Cr2O3 包覆层，并对包覆材料的结构、形貌、价态和电化学

性能进行表征。结果表明，Cr2O3 包覆层不会改变 NaCrO2 的晶体结构和形貌，但能有效抑制 NaCrO2 与电解液之

间的副反应，提高 NaCrO2 材料的表/界面稳定性。Cr2O3 包覆 NaCrO2 正极材料显示出更好的电化学性能，以 10C

循环 500 次后容量保持率达到 66.4%。 
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