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a b s t r a c t

Mn-based P2-type oxides are considered as promising cathodes for Na-ion batteries; however, they face

significant challenges, including structural degradation when charged at high cutoff voltages and struc-

tural changes upon storing in a humid atmosphere. In response to these issues, we have designed an

oxide with co-doping of Cu and Al which can balance both cost and structural stability. The redox

reaction of Cu2+/3+ can provide certain charge compensation, and the introduction of Al can further

suppress the Jahn-Teller effect of Mn, thereby achieving superior long-term cycling performance. The

ex-situ XRD testing indicates that Cu/Al co-doping can effectively suppress the phase transition of P2-

O2 at high voltage, thereby explaining the improvement in electrochemical performance. DFT calcula-

tions reveal a high chemical tolerance to moisture, with lower adsorption energy for H2O compared to

pure Na0.67Cu0.25Mn0.75O2. A representative Na0.67Cu0.20Al0.05Mn0.75O2 cathode demonstrates impressive

reversible capacities of 148.7 mAh/g at 0.2 C, along with a remarkable capacity retention of 79.1% (2 C,

500 cycles).

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The escalating consumption of non-renewable resources like

coal and oil has intensified concerns about resource scarcity and

environmental pollution [1]. In response, there is a growing im-

perative to reduce reliance on fossil energy, leading to the ascen-

dancy of new energy vehicles equipped with lithium-ion batter-

ies (LIBs) as the prevailing mode of transportation [2,3]. However,

the overutilization of LIBs in grid-scale storage has been limited

by the relatively low abundance of Li resources in earth’s crust

and its uneven distribution [4,5]. As a globally abundant element

(the sixth abundant element on earth), sodium is a good substi-

tute for lithium. Meanwhile, the reaction mechanism of sodium-

ion batteries (SIBs) is similar to that of LIBs, and the standard

hydrogen potential of Na+ is −2.71V which is very close to that

of Li+ (−3.04V) [6]. This suggests that sodium-ion batteries hold

considerable potential to supplant lithium-ion batteries in the en-

ergy storage sector in the future [7,8]. Based on this, the reported

cathode material for sodium-ion batteries mainly include oxide,

polyanion, prussian blue analogues, among which, the layered ox-

ide cathode material is the main cathode material for sodium-

ion batteries due to the advantages of simple preparation method,

high specific capacity and voltage. Based on the coordination con-
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figuration of Na+ in MO6 polyhedral and the stacking pattern of

O2−, the layered oxides mainly divide into two structures, such as

P2 and O3 phase [9]. P2-phase layered materials have attracted

more attention because of their larger layer spacing and faster

sodium ion transport rates. Currently, the main cathode material

used for sodium-ion batteries cathode are P2-phase Ni/Mn based

material, i.e., Na0.67Ni0.33Mn0.67O2 can release a high capacity of

160 mAh/g in the voltage range of 2.0–4.5V [10]. However, there

are some problems associated with these P2 materials, including

transition metal (TMO2) slippage at high charge plateaus due to

the Na+/vacancy ordering [11]. In order to solve the phase transi-

tion problems, the incorporation of metallic element such as Co,

Mg, Zn, and Ti are common modification method [12–15]. How-

ever, these cathode materials are mainly based on Ni2+/3+/4+redox
couples to realize charge compensation. Nevertheless, highly reac-

tive Ni4+ ions may react with the electrolyte, which would criti-

cally affect the degradation of the cathode materials [16]. Further-

more, the widespread utilization of nickel (Ni) in lithium-ion ma-

terials has led to a significant surge in the global price of nickel re-

sources. Currently, sodium-ion batteries primarily target the realm

of large-scale energy storage, necessitating more stringent control

over the cost of source materials. Cu is one of the most abundant

resources on the earth, unlike in the lithium layered oxides, cop-

per is reported to have redox activity in NaxTMO2 [17]. Hu et al.

[18] developed P2-type Na0.67Cu0.33Mn0.67O2 composite, which can

deliver a specific capacity of 70 mAh/g between 2.5–4.2V which
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Fig. 1. X-ray diffraction pattern and Rietveld refinement of (a) NCM and (b) NCAM.

(c) Schematic illustration of effect of Al3+ doping on electrode structure.

mainly based on Cu2+/3+ redox reaction. Evidently, the capacity of

70 mAh/g falls short of meeting the energy storage requirements

for sodium-ion batteries. Beyond the electrochemical performance

challenges stemming from structural transitions, the moisture sen-

sitivity emerges as a crucial factor for practical applications. This

concern is particularly significant due to the expansive interlayer

spacing of P2-type cathode material, facilitating the easy insertion

of water molecules [19]. Therefore, exploring a P2 phase material

that can balance cost, electrochemical performance and moisture

sensitivity is of great significance.

Herein, we proposed a ternary P2 phase cathode material based

on Cu-Al-Mn elements for sodium-ion batteries via solvothermal

method combined with solid reaction process. The low-cost Cu el-

ements mainly provide charge compensation in high voltage re-

gions, the incorporation of Al can stabilize the structure of P2

phase materials to a certain extent when Mn ions participated

in redox reaction, leading to a better phase reversibility and long

cycle life. Consequently, the prepared Na0.67Cu0.20Al0.05Mn0.75O2

demonstrates improved electrochemical performance with a de-

cent capacity of 148.7 mAh/g at 0.2 C and capacity retention of

79.1% over 500 cycles. Notably, Density functional theory (DFT)

calculation results reveal that the adsorption energy of the H2O

molecule is less than the sample without Al-doping, meaning a

better moisture sensitivity. As observed in this study, the strategy

provides valuable guidelines for the rational control of SIB perfor-

mance and to achieve further application in the field of energy

storage.

To ascertain the crystal structures of the synthesized mate-

rials Na0.67Cu0.20Al0.05Mn0.75O2 (NCAM) and Na0.67Cu0.25Mn0.75O2

(NCM), X-ray diffraction (XRD) tests were conducted on both sam-

ples, and the corresponding Rietveld refinement patterns are de-

picted in Figs. 1a and b. The results reveal that all diffraction

peaks of the synthesized NCM and NCAM cathode materials ex-

hibit P2-type stacking sequence, indicative of P63/mmc symme-

try [20]. Notably, the incorporation of Al does not result in the

emergence of any new diffraction peaks, signifying effective in-

corporation of Al into the layered cathode material lattice. The

refined crystallographic parameters for NCAM and NCM can be

found in Tables S1 and S2 (Supporting information). Within the

P2-type layered cathode material, the transition metal occupies the

Fig. 2. XPS spectra comparison of (a) Cu 2p and (b) Mn 2p. (c) FESEM, (d, e) HRTEM

analysis, (f) SAED pattern and (g) EDS mapping results of NCAM.

center of the MO6 octahedron, while sodium assumes the trig-

onal position. In P2-type layered cathode materials, the transi-

tion metal assumes a central position within the MO6 octahedron,

while sodium occupies the trigonal position. This crystallographic

arrangement signifies a critical structural characteristic in the lay-

ered cathode material [21]. Upon scrutinizing the refined structural

parameters of non-doped cathode material (NCM), it becomes ev-

ident that aluminum (Al) ions strategically occupy the center of

the octahedron at the Wycoff 2a position. Simultaneously, oxygen

atoms are positioned at the Wycoff 4f position within the crys-

tal lattice [22]. Considering the ionic radius of Al3+ is (0.55 Å) is

very close to the ionic radius of Mn4+ (0.54 Å), it proximity sug-

gests a plausible scenario wherein Al effectively replaces a portion

of the Mn4+ ions during the doping process, contributing to the

structural modifications observed in the layered cathode material

[23,24]. The structures of NCAM and NCM are depicted in Fig. 1c,

the lengths of Mn-O bonds and spacings of c-axis are calculated

from the refinements results (Tables S1 and S2). Significantly, in

the un-doped oxide (NCM) sample, there is a more pronounced

variation in the bond length of Mn-O bond, ranging from a min-

imum of 1.9220 Å to a maximum of 1.9859 Å. In contrast, the Al-

doped counterpart (NCAM) exhibits a notably reduced distortion

in the P2-Na0.67Cu0.20Al0.05Mn0.75O2 phase. The Mn-O bond length

in NCAM show a smaller range, with the shortest distance mea-

suring 1.9206 Å and the longest being 1.9423 Å. In Mn-based cath-

ode material, the high-spin Mn3+ with the electron configuration

of (t2g)
3(eg)

1 in the 3d orbital usually produces a Jahn-teller distor-

tion. This geometric distortion with two longer and the other two

shorter Mn-O axial bonds (other than the equatorial Mn-bonds in

structure without distortion), usually reduces the symmetry and

energy of nonlinear molecular system, and leads to a structural

disorder and a strong strain in the structure [25]. Therefore, in this

work, it can be considered Al-doping would lead to the destructive

Jahn-Teller effect, thereby reducing the structural distortion of the

layered oxide and improving the cycle stability [26].

The composition and chemical state information of the NCAM

and NCM were investigated by XPS (Fig. S1 in Supporting infor-

mation). No extra peaks other than Na, Al, Cu, Mn, O can be de-

tected, suggesting the high purity of both samples. Specifically,

Fig. 2a shows the high-resolution Cu 2p core-level XPS spectra of

the two samples, from which the valence of Cu in NCAM and NCM
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Fig. 3. Galvanostatic charge/discharge curve of (a) NCM and (b) NCAM at a current rate of 0.2 C for the first cycle. dQ/dV plots of (c) NCM and (d) NCAM. (e) Voltage curves

of NCAM cycled at different C-rates between 2.0V and 4.2V. (f) Rate capability comparison two samples. (g) Galvanostatic charge/discharge curves of NCAM at 1 C for 50

cycles. (h) Long cycle stability comparison of NCM and NCAM.

can be indexed to divalent [27]. The high-resolution spectrum of

Al 2p (Fig. S2 in Supporting information) in NCAM which repre-

senting the effective doping of Al and the peak at 74.2 eV indicate

the tetravalent state of Al [28]. Fig. 2b shows that the Mn in both

samples are at a mixture of trivalent and tetravalent [29]. It can be

found that the content of trivalent manganese in the NCM is higher

than that of the NCAM electrode, so that more Mn3+/4+ redox re-

actions would involve in charge compensation capacity in the low-

voltage region which are detrimental to the stability of the layered

structure [26].

The morphological feature and particle size of NNCM were

also investigated by field emission scanning electron microscope

(FESEM) and high-resolution transmission electron microscope

(HRTEM). Fig. 2c (NCAM) and Fig. S3a (Supporting information,

NCM) reveals a hexagonal sheet-like morphology for both mate-

rials, with the NCAM cathode material exhibiting a more regular

hexagonal structure and a more uniform distribution of particles.

Notably, the introduction of Al3+ during the doping process results

in a reduction in particle size, a characteristic observed in Fig S3b

(Supporting information). This reduction is anticipated to enhance

the material’s sodium-ion migration kinetics, thereby contributing

to the overall performance enhancement of the NCAM cathode ma-

terial [30]. Fig. 2d further demonstrates that NCAM presents as a

hexagonal-like shape in the TEM image. HRTEM analysis suggests

clear lattice fringes with inter planar spacing of 2.3 Å for NCAM

(Fig. 2e), which can be ascribed to the (102) planes of the typical

P2-type layered structure. The corresponding selected area elec-

tron diffraction (SAED) pattern in Fig. 2f confirms that the sam-

ple Na0.67Cu0.20Al0.05Mn0.75O2 possesses a single crystal hexagonal

structure. Besides, the EDS mapping in Fig. 2g reveals uniform dis-

tribution of all elements on the interior of the samples.

The various electrochemical tests of NCAM and NCM elec-

trodes were tested in Na half-cell system at room temperature

(1 C=150mA/g). Figs. 3a and b display the first cycle charge-

discharge curves for NCAM and NCM, respectively. Two samples

can release specific capacities of 148.7 mAh/g (NCAM) and 149.5

mAh/g (NCM) at 0.2 C in the voltage range of 2.0–4.2V, respec-

tively, and there is only a tiny difference in capacity at small cur-

rent density. Accordingly, the capacity at high voltage (light green

region) comes from the redox reaction of Cu2+/3+, while the light

red region marked in Figs. 3a and b are assigned to the Mn3+/4+

redox reaction [18,31]. It can be assumed that the capacities of

both electrode materials are provided by the Mn3+/4+ and Cu2+/3+

redox reactions. It should be emphasized here that the incorpo-

rated Al in NCAM samples does not participate in charge compen-

sation and only serves to stabilize the crystal structure [32,33]. In

addition, a short plateau appears at the end of the charge curve

of the NCM electrode material when it is charged to high voltage,

indicating the phase transition from P2 to O2 [34]. The P2 phase

cathode materials always undergoes a P2-O2 phase transition in

the high-voltage state, which is accompanied by a large volume

contraction (∼23%). The large volume change reduces the elec-

tronic conductivity and structural stability of the electrode mate-

rial, leading to a serious degradation of the cycling performance of

the material [35]. In contrast, the charge/discharge curve of NCAM

electrode is relatively smooth, suggesting that the Al doping could

effectively suppress the P2-O2 phase transition, ensuring better

structural stability during charging and discharging [36,37]. The

difference between the charge/discharge curves of the two sam-

ples is more evident in the cyclic voltammetry (CV) curves (Figs.

3c and d). More specifically, the NCM electrode shows a pair of re-

dox peaks around about 4.1V, representing the occurrence of P2-

O2 phase transition, which is consistent with the charge-discharge

curve at high potential (Fig. 3c). Furthermore, some undesired tiny

peaks appears on the CV curves of the NCM electrode which can-

not be attributed to any redox reaction, it is generally believed

that these tiny peaks are related to the Na/vacancy ordering, which

would deteriorate the diffusion kinetics of Na+ [38,39]. However,

the CV curves of the NCAM electrode is much smoother compared

to the NCM, representing an effective restraining of the Na/vacancy

ordering. The redox peaks below 2.5V for both NCAM and NCM

electrode can be indexed to the redox reaction of Mn3+/4+ [40].

Moreover, the redox peaks at 3.65/3.53V for both samples can be

considered to be caused by the redox reaction of Cu2+/3+ [18].

More importantly, the overlapping of the CV curves (NCAM) is sig-

nificantly better than that of NCM, indicating its better reversibility

3
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Fig. 4. GITT curves and corresponding sodium-ion diffusion coefficients DNa+ of (a) NCAM and (b) NCM. (c) Nyquist plots comparison of the initial electrodes. Ex-situ XRD

pattern of (d) NCAM and (e) NCM.

of redox reaction [41]. To further reveal the merits of NCAM, the

rate performance tests were conducted. As shown in Fig. 3e, the

NCAM cathode material could yield a discharge capacity of 148.7,

135.3, 125.0, 113.3 and 97.0 mAh/g at 0.2, 0.5, 1, 2 and 5 C, re-

spectively. However, for sample NCM, it can only deliver a spe-

cific capacity of 65.7 mAh/g at 5 C (Fig. S4b in Supporting infor-

mation). The differences in electrochemical performance electro-

chemical can be more intuitively illustrated in the rate capability of

the samples (Fig. 3f). Furthermore, the comparison of galvanostatic

charge/discharge curves for NCAM and NCM at 1 C for the first

50 cycles are displayed in Fig. 3g and Fig. S5 (Supporting informa-

tion), from which it can be found that the NCAM electrode demon-

strates a better electrochemical reversibility and capacity retention

(Fig. 3g). Comparatively, the NCM electrode shows relatively infe-

rior rate performance than NCAM (Fig. S5). Above all, benefit from

the effective suppression of the phase transition and Na/vacancy

ordering, the NCAM electrodes exhibit superior long-cycle perfor-

mance with a high capacity retention of 79.1% at 2 C after 500

cycles which is obvious superior than that of NCM (52.3% at 2 C

after 300 cycles) (Fig. 3h).

To better understand the underlining reason for the enhanced

performance, the Na+ transport kinetics within the cathode ma-

terial was examined by testing the Na+ diffusion coefficients of

NCM and NCAM through galvanostatic intermittent titration tech-

nique (GITT) and electrochemical impedance spectroscopy (EIS)

techniques [42]. The specific definition of GITT can be found in

supporting information. As shown in Figs. 4a and b, generally, the

diffusion coefficient of Na+ for both samples are in the same order

of magnitude, i.e., 10−11–10−10. Nevertheless, the fluctuation of dif-

fusion coefficient of NCAM is smaller during the charge/discharge

process. Importantly, an obvious fluctuation in the diffusion coef-

ficient of Na+ corresponding to the Mn3+/4+ redox reaction can

be observed in NCM electrode, indicating the incorporation of Al

in the structure enables to suppress the Jahn-Teller distortion of

Mn3+ which may result in more smooth electrochemistry of the

NCAM than that of the NCM [43,44]. In addition, the Na+ diffu-

sion coefficient of NCM shows a more serious decline at the end of

charging process (above 3.8V) when compared with NCAM. Such

a decline could be attributed to a phase transition, which further

confirms that the incorporation can efficiently suppress the P2-O2

phase transition [45]. EIS was applied on the initial electrode and

the cell charged/discharged at 1 C after 100 cycles. Fig. 4c and Fig.

S6 (Supporting information) show the comparison of Nyquist plots

before and after cycling of the two electrodes, respectively. In Fig.

4c, the Nyquist plots reveal the presence of two semicircles cor-

responding to sodium ions’ extraction/insertion reactions into the

cathode material. The semicircle observed in the high-frequency

region signifies the resistance associated with the surface or solid

electrolyte interphase (SEI) layer. On the other hand, the semicircle

at low frequency is indicative of the charge transfer resistance (Rct)

linked to the extraction and insertion of sodium ions [46,47]. The

Rct values for the initial NCAM and NCM electrodes are 87 � and

115 �, respectively. It turns out that Al-doping can effectively re-

duce the charge transfer resistance of sodium ion intercalation/de-

intercalation, which also explains its better rate capability of NCAM

than NCM. Furthermore, the Rct values of NCAM and NCM both in-

crease after 100 cycles (Fig. S6). However, the increased resistance

of NCAM is much less than that of NCM, demonstrating that the

introduction of Al can improve the structural stability of the P2

phase after multiple charge and discharge cycles [48].

In order to gain more insight into the Na intercalation/

deintercalation mechanism and more specifically on the effect

of the Al substitution on the Na-driven crystal structure transi-

tion, ex-situ XRD measurement was conducted during the initial

charge/discharge process at 0.1 C in the voltage range of 2.0–4.2V

(Figs. 4d and e). For the NCM electrode, when it was charged to

4.2V, the typical (004), (100) and (102) characteristic peaks of the

P2 phase weaken significantly, while a new O2 type (002′) diffrac-
tion peak appears at 20°, indicating that the NCM electrode does

undergo a P2-O2 phase transition at high voltage, which is con-

sistent with the previous charge/discharge curves and CV analysis

[49]. In P2 type cathode material, the Na atoms occupy trigonal

prismatic sites between neighboring oxygen planes. When the Na

is removed, the central MO2 sheet glides in the a-b plane to avoid

close oxygen-oxygen contacts. However, there are two choices for

the slide direction that place the neighboring O atom planes in a

close-packed configuration. Stacking faults occur because these two

choices are selected at random, which would finally leading to the

phases transition [10]. It is generally considered the P2-O2 phase

transition is associated with the rapid capacity fade [50]. In con-

trast, for Al substituted sample, ex-situ XRD patterns taken after

charging to 4.2V (Fig. 4e) shows no sign of phase transition. All

the major diffraction peaks corresponding to the P2 phase were

clearly maintained for the NCAM sample with Al-doping. Accord-

ingly, the ex-situ XRD results strongly suggest that the incorpora-

tion of Al can effectively improves the P2-type structural stability,

thus leading to a better electrochemical performance.

In addition, the moisture sensitivity is a non-negligible fac-

tor for practical applications. As to practical application, most of

the Na-M-O cathode materials are hygroscopic, which would react
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Fig. 5. (a) The initial materials of NCAM and NCM. (b) NCM and NCAM material

soaked in water. (c) XRD comparison between NCM initial material and immersion

in water for 6h. (d) XRD comparison between NCAM initial material and immersion

in water for 6h.

with water in the air to form hydrated phase, thus increasing the

material storage cost [51,52]. To test the moisture stability of syn-

thetized cathode materials, the as-prepared cathode powders were

directly exposed to air for 6 h and then soaked in water for 6h,

followed by drying at 90 °C for 12h in vacuum oven (Figs. 5a and

b). The XRD results of the two electrode materials before and after

water immersion are compared (Figs. 5c and d). The NCM sam-

ple without Al doping showed an obvious diffraction peak at 12.5°
after soaking in water for 6h, which can be attributed to the hy-

drate phase (Fig. 5c) [53]. This means that water molecules can

easily enter into the NCM electrode material, indicating a worse

moisture stability. In contrast, the XRD diffraction peak of NCAM

electrode material after soaking in water are almost no different

from the structure of the initial powder, meaning the NCAM elec-

trode can keep a better structural stability in a humid environment

(Fig. 5d).

From the previous refinement results, it can be found that with

the incorporation of Al, the c-axis length of NCAM electrode be-

comes shorter, implying that the sodium layer spacing becomes

smaller [54]. Therefore, it is inferred that the smaller sodium layer

spacing hinders the entry of water molecules to a certain extent

[55,56]. Furthermore, the adsorption energy of the H2O molecule

(referred to as �Eads, the specific definition of �Eads can be seen

in Support Information) is also related to the moisture stability of

layered oxides [57,58]. In order to determine the moisture stability

of the two cathode materials, DFT calculations were carried out.

H2O molecules were set to located in the sodium layer to find the

model with the lowest total energy. As shown in Figs. 6a and b, the

calculated �Eads value of NCM (−2.98 eV) is smaller than that of

NCAM (−1.35 eV), indicating H2O molecules are more likely to en-

ter the sodium interlayer of the sample NCM. Therefore, the incor-

poration of Al can be effective in improving the moisture stability

of the NCAM, which is an advantage for the practical application.

The water-soaked materials after drying were further assembled

into half-cells and tested again for their electrochemical properties.

The charge/discharge profiles are displayed in Figs. 6c and d. The

NCAM cathode delivers discharge capacities of 137.2 mAh/g (0.2 C),

110.8 mAh/g (0.5 C), 98.9 mAh/g (1 C), 84.2 mAh/g (2 C), and 70.2

mAh/g (5 C), respectively (Fig. 6c). Even at 5 C, the water-soaked

cathode material can still maintain a decent capacity close to that

of the original material. In contrast, the water-soaked NCM cath-

ode only exhibits 45.1 mAh/g at 2 C (Fig. 6d), indicating soaking in

water has a significant negative effect on the structure of the ma-

terial. We also tested the long-term cycling performance of elec-

trode materials after soaking in water at 0.5 C, as shown in Fig. S7

(Supporting information). The NCAM electrode can still maintain

a capacity retention rate of 75.1% after 500 cycles which is supe-

rior than NCM. It should be mentioned that NCM electrodes often

crashed during the testing process which may be related to the

instability of the NCM structure after soaking in water. Moreover,

GITT was also conducted on the water-soaked electrode. As shown

in Fig. 6f, the diffusion coefficient of Na+ for NCM shows an obvi-

ous decline with the order of 10−12 which is obvious lower than

the initial NCM electrode (Fig. 4b). This demonstrates the great

impediment to sodium ion transport caused by the entry of wa-

ter molecules into the sodium layer. The sodium ion diffusion co-

efficient of NCAM was not significantly different from the initial

electrode (Fig. 6e), which can still be maintained to be close to

the order of 10−10. In addition, EIS tests were conducted on both

electrode materials after soaking in water (Fig. S8 in Supporting

information). It can be found that the Rct of NCM electrode sig-

nificantly increased. This is mainly because water molecules en-

ter the sodium layer, which will have an adverse effect on the

Fig. 6. DFT-calculated �Eads for moisture-exposed (a) NCAM and (b) NCM. Rate performance of (c) NCAM and (d) NCM between 2.0V and 4.2V after soaking in water. GITT

curves and corresponding sodium-ion diffusion coefficients DNa+ of (e) NCAM and (f) NCM after soaking in water.

5



X. Wang, P. Sun, S. Yuan et al. Chinese Chemical Letters 36 (2025) 110015

de-intercalation of sodium ions, leading to an increase in charge

transfer impedance. All these analyses show that Al doping is ben-

eficial in enhancing the moisture stability of P2 type material and

the good stability of NCAM in humid air which can facilitates its

storage as a large-scale energy storage material for sodium-ion bat-

teries.

In this work, a low-cost P2-phase cathode material for sodium-

ion batteries has been synthesized by solvothermal method. The

strategy eliminates the use of expensive Ni and Co resources in

conventional cathode materials. Al-doping can effectively suppress

the Jahn-Teller effect of Mn3+ and enhance the electrochemical

reversibility of Mn4+/3+. Moreover, the P2-O2 phase transition is

successfully suppressed by the incorporation of Al3+, thus main-

taining a capacity retention of 79.1% after 500 cycles at 2 C. Sur-

prisingly, The ternary (Cu-Al-Mn) P2 phase cathode materials de-

signed in this work exhibit excellent moisture stability, its crys-

tal structure remains unchanged and maintains good electrochem-

ical performance even after direct immersion in water for 6h.

DFT calculations reveal adsorption energy of the H2O molecule in-

creases from −2.98 eV to −1.35 eV after the incorporation of Al, in-

dicating water molecules are more difficult to enter the interlayer

of the P2 structure. The work provides a new idea for low-cost

and moisture stable cathode material for large-scale sodium-ion

batteries.
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