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a b s t r a c t

Due to its high operational voltage and energy density, P2-type Na0.67Ni0.3Mn0.7O2 has become a leading

cathode material for sodium-ion batteries (SIBs), which is an ideal option for large-scale energy storage.

However, the practical application of P2-type Na0.67Ni0.3Mn0.7O2 is limited by the capacity constraints

and unwanted phase transitions, presenting significant challenges to the widespread application of SIBs.

To address these challenges and optimize the electrochemical properties of the P2 phase cathode ma-

terial, this study proposes a Cu and Zn co-doped strategy to improve the electrochemical performance.

The incorporation of Cu/Zn can stabilize the P2-phase structure against P2-O2 phase transitions, thus en-

hancing its electrochemical properties. The as-obtained P2-type Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 cathode

material shows an impressive cycling stability, maintaining 80% capacity retention after 1000 cycles at 2

C. The cyclic voltammetry (CV) tests show that the Cu2+/Cu3+ redox reaction is also involved in charge

compensation during the charge/discharge process.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) are expected to applying electrical

energy storage systems (EESs) for the exploitation of renewable

energy resources [1,2]. However, due to the scarcity, uneven dis-

tribution, and high price of lithium resources, the application of

LIBs in large-scale EESs has been limited. As a promising alterna-

tive, sodium-ion batteries (SIBs) have recently gained considerable

interests owing to the abundant sodium resource and the simi-

lar electrochemistry mechanism with LIBs [3,4]. Layered transition-

metal oxides NaxMO2 (M stands for transition metal element, such

as Ni, Mn, Cu, Fe, Al) are considered the most promising SIBs cath-

odes due to their low cost and high theoretical capacities [5,6].

Among these layered oxides, P2-type Na0.67Ni0.3Mn0.7O2 material

demonstrates potential for practical applications owing to the high

specific capacity and energy density derived from electron trans-

fer reaction of Ni2+/Ni4+ redox pairs [7,8]. Nevertheless, P2-type

cathode material suffers from severely irreversible P2-O2 phase

transition due to the gliding of transition metal layers, result-

ing in inferior cycling performance [9,10]. Ion doping is the most
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typical modification method. Liu et al. [11] synthesized Cu-doped

Na0.67Ni0.33-xCuxMn0.67O2 cathode, the P2-O2 phase transition was

suppressed by replacing part of Ni2+ with Cu2+ in transition metal

layer, the capacity retention is improved by Cu-doping, and the cy-

cling performance maintains 78% after 200 cycles. Some pioneer

study has introduced Zn into P2-type manganese-based as cathode

materials. Wu et al. [12] studied that Zn substitute can significantly

relieve the discharge voltage decay of the Na0.67Ni0.33Mn0.67O2

when charged to higher voltages. Zhang et al. [13] proposed a

layered Zn-doped compound Na0.7Zn0.15Mn0.75O2, which can de-

liver an initial discharge capacity of 158 mAh/g between 2V and

4.4V. Nevertheless, the cyclic stability and rate performance are

relatively unsatisfying. Therefore, the simultaneous improvement

of structural stability and rate capacity has become a priority in

the study of P2 phase layered materials. Traditional inhibiting ap-

proaches in irreversible P2-O2 phase transition have encountered

bottlenecks, and the trade-off between the capacity and cyclic sta-

bility, remain challenging obstacles that hindered the practical ap-

plications of P2-type cathode material.

Inspired by above studies, we synthesized a Cu and Zn co-

doped Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 via a solvothermal syn-

thesis method. The as-obtained cathode material demonstrates a

high reversible capacity (93 mAh/g@ 0.2 C), rate capability (64

https://doi.org/10.1016/j.cclet.2023.108605
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Fig. 1. Powder XRD profiles and Rietveld refinement patterns of (a) NNM, (b) NN-

MCZ. (c) Crystal structures of doping Cu and Zn of NNMCZ sample.

mAh/g@ 20 C), and a remarkable cycle stability (capacity reten-

tion of 80% even after 1000 cycles at 2 C). The superior elec-

trochemical performance can be attributed to the phase stability

provided by Cu/Zn co-doped. Specifically, ex-situ X-ray diffraction

(ex-situ XRD) test prove that the synthesized material maintains

the P2 phase structure well throughout the charge/discharge pro-

cess. Electrochemical impedance spectrum (EIS) and galvanostatic

intermittent titration technique (GITT) analysis indicate that Cu/Zn

co-doped Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 can effectively improve

the Na+ diffusion kinetics. These findings collectively point to

the better electrochemical performance of the Cu/Zn co-doped

Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 cathode material.

The atomic ratios of Na, Ni, Mn, Cu and Zn in

Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 (NNMCZ) were determined

to be 0.67:0.297:0.583:0.086:0.034 by inductively coupled plasma

atomic emission spectroscopy (ICP-AES). These values are closed

to the originally designed stoichiometric ratio. As a reference,

undoped P2-type Na0.67Ni0.3Mn0.7O2 (NNM) was synthesized

and the atomic ratio of Na, Ni and Mn were 0.67:0.307:0.693

determined through ICP-AES. To determine the crystal structure

of the synthetic materials, X-ray diffraction (XRD) patterns were

tested for NNM, NNMCZ, NNCM (doped with Cu) and NNZM

(doped with Zn) as reference samples, simultaneously. The XRD

patterns are presented in Figs. 1a and b. The Rietveld refinement

crystallographic information is shown in Tables S2-S5 (Supporting

information). The diffraction peaks for NNMCZ were indexed to

a typical P2-type structure with the P63/mmc space group (PDF

card #54–0894), indicating that the crystal structure of the initial

NNM material did not change with Cu/Zn co-doping [14]. The

structural diagram of cathode material NNMCZ is shown in Fig. 1c.

The transition metal occupies the center of the MO6 octahedron,

while sodium occupies the triangular prism position [15]. From

the parameters after structural refinement, it can be found that

the unit volume of NNMCZ (81.00 Å3) is larger than that of NNM

(80.42 Å3), NNCM (80.37 Å3), and NNZM (80.70 Å3), which is ben-

efit to enhancing Na+ intercalation/deintercalation [16]. Notably,

the c-axis length in NNMCZ materials increases from 11.150 Å

to 11.169 Å with Cu/Zn co-doping, indicating an enhancement in

electrostatic cohesion between adjacent transition metal layers,

Fig. 2. Morphological and crystal structure characterizations. (a-d) FESEM and

HRTEM analysis of NNMCZ. (e) SAED pattern of NNMCZ. (f, g) EDS mapping results

of NNMCZ.

hindering TMO2 sliding along the a-b plane and ensure structural

stability [17].

The morphological features and particle sizes of NNM and

NNMCZ materials were investigated by field emission scanning

electron microscope (FESEM) and high-resolution transmission

electron microscope (HRTEM) (Fig. 2). The NNMCZ material ex-

hibit regular hexagonal layered structures with a uniform size of

200nm. Unlike NNMCZ, NNM cathode material exhibit hexagonal

morphologies with uneven surface. (Fig. S2a in Supporting infor-

mation). The HRTEM images reveal the NNMCZ material is com-

prised of regular hexagon structures featuring the lattice fringe dis-

tance of 0.558nm corresponding to the (002) crystal planes (Fig.

2a). In addition, the selected area electron diffraction (SAED) pat-

terns were applied to further observe the P2-type crystalline struc-

ture viewed from the (001) direction (Fig. 2e), which is consistent

with the HRTEM imaging results (Fig. 2d). The energy-dispersive

X-ray spectroscopy mapping image confirmed the uniform distri-

bution of Na, Ni, Mn, Cu, Zn and O elements over the matrix in

NNMCZ (Figs. 2f and g).

X-ray photoelectron spectroscopy (XPS) analysis was conducted

on NNM and NNMCZ to explore the impact of co-doping with Cu

and Zn on the valence states of elements. Fig. S3 (Supporting in-

formation) exhibit the XPS survey of NNM and NNMCZ, it shows

the full XPS spectrum in the range of 0–1400 eV, in which Ni, Mn,

Cu, and Zn signals were clearly detected. Figs. S4a and b (Support-

ing information) depict the XPS spectrums comparison of Cu and

Zn for NNMCZ and NNM, respectively. The signal peaks of 933.2 eV

(Cu 2p3/2) and 953.3 eV (Cu 2p1/2) in Cu region of NNMCZ is clearly

visible in Fig. S4a, indicating the existence of Cu2+ in NNMCZ [18].

Zn 2p3/2 (1021.0 eV) and Zn 2p1/2 (1044.0 eV) peaks coexist in the

Zn 2p XPS spectrum of NNMCZ (Fig S4b), indicating the bivalent

state of Zn [19]. Combined with the previous XRD analysis, it can

be considered that Cu and Zn elements were successfully doped

into the lattice and both Cu and Zn in NNMCZ appear bivalent.

As displayed in Fig. S4c (Supporting information), determined by

the peaks at 854.5 eV and 872.1 eV which correspond to Ni 2p3/2

and 2p1/2, the Ni in NNM is basically distributed as a bivalent state

[20]. After doping, Ni in NNMCZ exists as a mixed valence states of

Ni2+/Ni3+ [21]. It can be proved by the fitting peak of Ni3+ at 855.6

and 873.3 eV [22]. The XPS data of the Mn element is presented

in Fig. S4d (Supporting information). The analysis shows that Mn

exists in mixed valence states of Mn3+/Mn4+, which are predom-

inantly represented by the peak energies of 642.1 eV and 653.9 eV

2
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Fig. 3. Electrochemical properties of half battery. Galvanostatic charge/discharge curves of (a) NNMCZ and (b) NNM at 0.2 C for the first two cycles at potential range

between 2.0V and 4.1V. Cyclic voltammetry plots of (c) NNMCZ and (d) NNM. (e) Rate performance of NNMCZ and NNM. (f) Different current densities comparison between

NNMCZ and NNM. (g) Galvanostatic charge/discharge curves in the range of 2.0–4.1V at 2 C showing 300 cycles for NMMCZ. (h) Long cycle stability comparison of NNMCZ

and NNM at the current density of 2 C with half-batteries.

[23]. Notably, the ratio of Mn3+/Mn4+ changed after doping, with

the Mn4+ content increasing. This increase in Mn4+ content can

suppress the Jahn-Teller effect of Mn. The Jahn-Teller ion (high spin

Mn3+) is believed to contribute to increased electronic localization

due to strong Na+/e− binding, consequently reducing the diffusion

coefficient [24,25].

The electrochemical performances of NNM and NNMCZ elec-

trodes in half-cell system were evaluated at room temperature (1

C=170 mAh/g). Figs. 3a and b present the typical charge/discharge

curves of NNMCZ and NNM, respectively, at 0.2 C during the first

two cycles. The NNMCZ demonstrate a higher capacity of 93 mAh/g

at 0.2 C compared to NNM, which only exhibit a capacity of 86

mAh/g. Fig. S6 (Supporting information) reveal that NNCM and

NNZM can release capacities of 84 mAh/g and 88 mAh/g, respec-

tively. The cyclic voltammetry (CV) plots (Figs. 3c and d) illustrate

the variation in charge/discharge curves between the two electrode

materials for NNMCZ and NNM. These plots show distinct peaks

for the different reactions occurring during the process. The peaks

at approximately 3.25 and 3.6V indicate the Ni2+/Ni3+ reactions,

while those at 3.4 and 3.9V are attributed to the Cu2+/Cu3+ re-

actions. These results are indicative of the diverse electrochem-

ical behavior exhibited by the two electrode materials [26,27].

The redox peaks below 3.0V for both NNM and NNMCZ electrode

can be indexed to the redox reaction of Mn3+/Mn4+ [28]. Com-

bined with the typical charge/discharge curves, the reversible re-

dox peaks upon 3.7V in the CV plots can be attributed to the

redox of Cu2+/Cu3+. Therefore, the NNMCZ cathode material dis-

plays a higher specific capacity contribution of 77 mAh/g in the

range of 3.0–4.1V, which primarily arised from the Ni2+/Ni3+ and

Cu2+/Cu3+ redox reactions. Furthermore, the Mn3+/Mn4+ redox re-

action provides almost 16 mAh/g capacity below 3.0V. However,

the NNM cathode material in the range of 3.0–4.1V is mostly come

from the Ni2+/Ni3+ redox action and it can provide 62 mAh/g

capacity. The capacity below the 3.0V is also contributed from

Mn3+/Mn4+ redox action and it exhibits 24 mAh/g capacity. From

the charge/discharge curve and the CV plots, it can be found that

the capacity of Mn3+/Mn4+ redox reaction in NNM is the highest,

therefore the content of Mn3+ in NNM material is also the highest

during the cycle. It is generally believed that Mn3+ and the Jahn-

Teller effect are closely related [29]. The Jahn-Teller effect of Mn3+

will distort the lattice and increase internal stress, potentially caus-

ing particle breakage and leading to capacity decay. This degrada-

tion will worsen the stability of the NNM cycle [30].

Moreover, the rate performance for NNMCZ and NNM elec-

trodes are presented in Figs. 3e and f and Fig. S7 (Supporting

information). The result reveals that the NNMCZ electrode exhibits

higher capacities compared to the NNM electrode. Notably, the

NNMCZ electrode displays highly reversible specific capacities of

64 mAh/g at 20 C in Fig. 3f. This finding suggests that the Na+

reaction kinetics of the NNMCZ electrode are faster than those

of the NNM electrode, which only achieves a specific capacity

of 54 mAh/g at 20 C. The NNMCZ electrode also demonstrates

the highest discharge capacity and capacity retention at a high

discharge rate, indicating the significant influence of the Cu/Zn

co-doping on the electrochemical performance. Comparing the

300th cycle galvanostatic charge/discharge curves of NNM and

NNMCZ, it is evident that NNMCZ demonstrates superior long

cycle stability and lower voltage decay (Fig. 3g and Fig. S8 in

Supporting information). Fig. 3h shows the cycle performances of

NNMCZ and NNM materials under a discharge current of 2 C. The

initial capacity of the NNMCZ material is 87 mAh/g, while the

remaining capacity after 200, 500 and 1000 cycles are 83, 79 and

70 mAh/g, respectively. Correspondingly, the capacity retention

rates for NNMCZ are 95%, 90% and 80%. These results indicate

the excellent stability of the NNMCZ material. This is significantly

superior to the control sample NNM, which is only 27 mAh/g after

1000 cycles at 2 C (36% capacity retention).

The execellent cycling retention of NNMCZ can be attributed

to its large inter slab distance and strong binding force between

transition metal elements. This confirms the enhanced efficiency of

3
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Na+ insertion/extraction in the crystal lattice [31,32]. Meanwhile,

the inactive Zn doping may improve the cycling performance. It

has been proposed that Zn doping has both surface and bulk stabi-

lization effects on Na0.67Ni0.3Mn0.7O2 cathode materials, which can

mitigate the capacity fading and voltage decay [33,34]. The corre-

sponding long-cycle performance of NNCM and NNZM are depicted

in Fig. S9 (Supporting information) and the remaining capacity re-

taition after 1000 cycles of NNCM and NNZM are 67% and 60%,

respectively. It can be inferring that Cu/Zn co-doping NNMCZ elec-

trode demonstrates the best long cycle stability.

Fig. S10 (Supporting information) displays the charge/discharge

curves of NNM, NNMCZ, NNCM, and NNZM for the first three cy-

cles, at 0.2 C within the potential range of 2.0–4.2V. The poor elec-

trochemical performance of the NNM, NNCM and NNZM can be at-

tributed to the significant structural shrinkage and shortened inter-

layer spacing caused by the phase structure transformation. During

this transformation, there is an obvious voltage plateau that corre-

sponds to the P2-O2 phase transition and the sliding of transition

metal layers (TM) [35]. The resulting structural changes have neg-

ative effects on the electrochemical performance of the material.

The NNM and NNCM materials display a long voltage plateau, pro-

viding a capacity of over 20 mAh/g, which exceeds a higher specific

capacity of 100 mAh/g. Despite higher capacity, the electrochemi-

cal performance of NNM and NNCM is unsustainable. On the other

hand, the NNZM material demonstrates a short plateau and con-

tributes to a lower capacity of 5 mAh/g, possibly due to the inhi-

bition of P2-O2 phase transition by Zn doping [36]. It is notable

that the NNMCZ material shows no phase transition throughout

the charge/discharge process, indicating that the Cu/Zn co-doped

NNMCZ exhibit stable phase structure. Therefore, it is evident that

among the four samples, only NNMCZ exhibits a stable electro-

chemical performance.

In order to better understand the improved electrochemical

performance of NNMCZ, it is important to investigate the charge

storage kinetics during charge/discharge processes. This involves

examining the transport kinetics of Na+ within the cathode mate-

rial. To achieve this, the cyclic voltammetry (CV) was used to test

the Na+ diffusion coefficients for both NNM and NNMCZ at var-

ious scan rates (Figs. 4a and b). Through these tests, we gained

insight into the Na+ transport kinetics within the cathode mate-

rials and were able to further understand the factors contribut-

ing to the exceptional electrochemical performance of NNMCZ.

The CV curves of the NNMCZ show three pairs of reversible ca-

thodic/anodic peaks in Fig. 4a, which are located at 3.48/3.27V,

3.71/3.51V and 3.98/3.81V. Peaks below 3.0V correspond to the

Mn3+/Mn4+ redox reaction, while those above 3.0V may result

from the redox reactions of Ni2+/Ni3+ and Cu2+/Cu3+ as well as

the simultaneous ordering of Na+/vacancy [37,38]. It can be found

with the increase of scan rate, the main shape of the CV curves is

well maintained, indicating a fast Na+ insertion/extraction kinetics

in NNMCZ. The detailed fitting curves of oxidation and reduction

peak current (i) versus square root of scan rates (v1/2) are shown

in Fig. 4c (NNMCZ) and Fig. S11a (Supporting information). The

CV profiles at different scan rates are used to reveal the pseudo-

capacitance contribution to the charge storage process, according

to the formula of i= avb (log(i)= b× log(v)+ log(a)) [39]. The log(i)

versus log(v) plots of NNMCZ is depicted in Fig. 4d, in which the

b values for O1, O2, O3, R1, R2 and R3 peaks are 0.654, 0.649,

0.819, 0.633, 0.606 and 0.642 respectively, demonstrating the ca-

pacitive behavior and Faradaic intercalation process are coexist in

the whole sodium-ions storage process, which indicates the fast ki-

netic in NNMCZ electrode [40]. On contrast, the log(i) versus log(v)

plots of NNM is depicted in Fig. S11b (Supporting information). The

contribution rate of capacitance and diffusion capacity is shown

in Fig. S12 (Supporting information). The enhanced rate perfor-

mance is mainly ascribed to the improved Na+ diffusion kinetics

Fig. 4. Electrode process kinetics. (a) NNMCZ (b) NNM CV curves at different scan

rates from 0.2mV/s to 1mV/s. (c) corresponding fitting curves between peak cur-

rents (i) and the square root of scan rates (v1/2) for NNMCZ. (d) log(i) versus log(v)

plots of NNMCZ. GITT curves and corresponding sodium-ion diffusion coefficients

DNa
+ of (e) NNMCZ and (f) NNM.

because of the expanded interlayer spacing enabled by the appro-

priate Cu/Zn co-doping.

The maximum specific capacity of the cathode material could

be deduced using the galvanostatic intermittent titration technique

(GITT) measured at equilibrium state, which is a reliable electro-

chemical technique to evaluate the transport kinetics [41]. In the

measurement, the battery was charged and discharged at 0.15 C

(25mA/g) for 30min and then relaxed for 120min to bring the

voltage to equilibrium. Figs. 4e and f show the GITT tests of the

two cathode materials. The corresponding Na+ diffusion coefficient

(DNa+ ) is calculated according to the following equation:

D = 4

πτ

(
mBVM
MRA

)2(
�Es

�Eτ

)2

(1)

where τ is the time of applying constant current. MB and mB are

the molecular weight and mass of the active material, respectively.

VM is the molar volume, A is the surface area of the electrode,

�Es and �Eτ are the total change of the cell voltage E during

the steady-state (equilibrium) voltage and current pulse, respec-

tively [42]. As shown in Fig. 4e, the distribution range of DNa+
(NNMCZ) value is 10−9 cm2/s, which is higher than that of NNM

(10−10 cm2/s), which agrees well with the superiority of NNMCZ

in rate capability (Figs. 4e and f) and supports the positive effect

of Cu/Zn co-doping on the kinetics of sodium storage.

Electrochemical impedance spectrum (EIS) measurements were

conducted to investigate the interfacial charge transfer kinetics in

NNMCZ/NNM electrodes and solid-electrolyte interphase (SEI) layer

evolution during cycling [43]. Selected Nyquist plots for NNMCZ

and NNM electrodes were presented in Fig. S13 (Supporting infor-

mation), in which two semi-circles and a straight line are identi-

fied in all these spectra, indicating the similar electrochemical pro-

cesses in NNMCZ and NNM electrodes [44,45]. As shown in Fig.

S13, it could be found that the EIS of NNMCZ electrode greatly

lower than NNM, verifying that the Cu/Zn co-doping could enhance

4
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Fig. 5. Ex-situ XRD patterns. (a) NNMCZ, (b) NNM at various charge/discharge states

during the first cycle and corresponding (002) peak shift. Ex-situ XRD of (c) NNMCZ

and (d) NNM.

the interfacial charge transfer kinetics and contribute to the satis-

factory rate performance for NNMCZ.

To explore the structural evolution of NNMCZ and NNNM dur-

ing Na+ extraction/insertion, ex-situ XRD measurement was con-

ducted during the initial charge/discharge process at 0.1 C in the

potential range of 2.0–4.2V [46]. It is generally accepted that P2-

O2 phase transformation tends to occur in layered P2-type transi-

tion metal oxides aroused by the gliding of the oxygen layer upon

large amount Na+ extraction [47,48]. To verify the stability effect of

Cu/Zn co-doping on this structural evolution, the ex-situ XRD anal-

yses of NNMCZ are carried out at different charge/discharge states.

The ex-situ XRD patterns in the range of 10°−70° during a com-

plete electrochemical cycle are presented in Fig. 5. It is observed

that all the main diffraction peaks in charge/discharge states. The

ex-situ XRD patterns in the range of 10°−70° during a complete

electrochemical cycle are presented in Fig. 5. It is observed that all

the main diffraction peaks in NNMCZ cathode material are basi-

cally maintained corresponding to the P2 phase at various charge

and discharge states, without phase transition occurs around 4.2V

and there are no evident shifts in the (002) peak. The typical (002)

peak of NNM slightly shifts to a lower 2θ upon charging, suggest-

ing that the interlayer space gradually increases with sodium re-

moval [49]. Upon Na+ extraction, the (002) diffraction peak ex-

periences a continuous shift towards lower angles, indicating that

the interlayer distance is expanding due to the increased repulsion

force of neighboring oxygen layers. This expansion subsequently

triggers the expansion of electrostatic repulsions between adja-

cent oxygen atoms, lead to irreversible phase transition and reduce

electrochemical performance [50]. As shown in Figs. S14a and b

(Supporting information), NNMCZ have a stable phase structure at

10–15° while NNM have a peak at charge to 4.2V and discharge at

3.9V. Meanwhile, as shown in Figs. S14c and d (Supporting infor-

mation), the NNMCZ have a stable peak without shift in 66–68°,
while NNM diffraction peak disappear. It is reported that the peak

at 10°−15° and 66°−68° are relevant to the P2-O2 phase transition,

which indicate the NNMCZ have a stable phase at the during the

charge/discharge reaction [51]. The diffraction peak remain original

state during the discharge process, indicating that the addition of

Cu and Zn enhances the stability of the NNMCZ cathode material,

resulting in improved cycling life [52].

The practical application of NNMCZ was evaluated using a full-

cell assembled according to the configuration (Fig. 6a), the pre-

sodiated hard carbon (HC) was served as anode and NNMCZ ma-

terial was served as cathode, being tested in a voltage range of

Fig. 6. Electrochemical Characterizations of the NNMCZ||HC full cells. (a) Schematic

of the NNMCZ cathode//hard carbon Na-ion full battery. (b) Galvanostatic

charge/discharge profiles of the full battery for the first three cycles at 0.2 C. (c)

Rate performance of NNMCZ full-cell. (d) Cycling performance at 1 C of the full

battery within the voltage window of 1.9–4.1V.

1.9–4.1V. Before assembling the full battery, the HC anode was

first pre-sodiated by electrochemical process to facilitate the for-

mation of the SEI. The Galvanostatic charge/discharge profiles of

the HC are exhibited in Fig. S15a (Supporting information) for the

first three cycles. The matching mass ratio between the cathode

and anode is carefully determined based on the specific capacities

of NNMCZ and HC in the half-cell (Fig. S15b in Supporting infor-

mation). To set the voltage window of the full battery, CV tests

of both half batteries are conducted and the results are shown in

Fig. S15c (Supporting information). Specifically, the voltage window

for the full battery is set to 1.9–4.1V, in line with the outcome

of the CV tests. The NNMCZ||HC full-cell exhibits a capacity of 79

mAh/g based on the active mass of cathode material (Fig. 6b). The

full-cell as constructed has a high energy-density of 150Wh/kg,

determined by the combined active mass on both electrodes. Fig.

6c and Fig. S15d (Supporting information) display the rate perfor-

mance and corresponding galvanostatic charge/discharge curves for

NNMCZ||HC full-cell. At the rates of 0.2, 0.5, 1, 2 and 5 C, the re-

versible capacities are 77, 65, 59, 53 and 46 mAh/g. Moreover, af-

ter 200 cycles at 1 C, the full-cell can still maintain a decent ca-

pacity retention of 75% (Fig. 6d), revealing excellent cycling sta-

bility (based on the mass of NNCZM, 1 C=170 mAh/g). The full-

cell improved sodium storage properties demonstrate that Cu/Zn

co-doping is an effective way to enhance the electrochemical per-

formance of SIBs.

In conclusion, we aimed to enhance the cycling stabil-

ity and rate performance of Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2

layered cathode materials for sodium ion batteries by co-

doping Cu and Zn. The results show that the Cu/Zn co-doped

Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 cathode material can not only

improve the diffusion kinetics of Na+ but also stabilize the lay-

ered structure upon continuous electrochemical cycling. This cath-

ode material demonstrates an excellent performance, delivering an

initial discharge capacity of 93 mAh/g at an average voltage of

3.3V. Moreover, a superior rate capability was observed, with a

discharge capacity of 64 mAh/g at 20 C, indicative of its high po-

tential for use in high-power applications. In addition, the ex-situ

XRD analysis demonstrates that Cu/Zn elements work together to

relieve the structural collapse and enhances the stability. The addi-

tion of Cu/Zn improves the long-term cycling performance, making

Na0.67[Ni0.3Mn0.58Cu0.09Zn0.03]O2 a promising cathode material for

SIBs.
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