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a b s t r a c t

Developing a heterostructure for alloying-based anode for sodium-ion batteries (SIBs) is an efficient solu-

tion to accommodate volume change upon sodiation/desodiation and boost sodium storage since it com-

bines the merits of each component. Herein, we report a metallic and microphone-like Sn-Zn0.9Mn0.1O

heterostructure via an in-situ Mn doping strategy. Based on theoretical calculations and experimental re-

sults, the introduction of Mn into ZnO (a small amount of Mn also diffuses into the Sn lattice) can not

only enhance intrinsic electronic conductivity but also reduce the Na+ diffusion barrier inside the Sn

phase. When evaluated as anode for SIBs, the obtained heterostructures show a high reversible capacity

of 395.1 mAh/g at 0.1 A/g, rate capability of 332 mAh/g at 5 A/g, and capacity retention of almost 100%

after 850 cycles at 5 A/g, indicating its great potential for high-power application of SIBs.

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

Medica, Chinese Academy of Medical Sciences.

Sodium-ion batteries (SIBs) have received widespread attention

owing to earth-abundant sodium resources, potential cost com-

petitiveness, and eco-friendliness, showing great potential for en-

ergy storage systems [1-5]. To date, developing suitable anode ma-

terials for SIBs is always a challenge for well-matching various

cathode materials including layered transition oxides, polyanionic

compounds, and Prussian blue/white cathodes. Hard carbon has

been considered one of the most promising anode materials for

the commercial application of SIBs. However, hard carbon anode

still suffers from the relatively lower reversible capacity of ∼300

mAh/g or below, low working voltage (discharge plateau: 0.01–

0.1V), and high manufacturing cost owing to high annealing tem-

perature (>1000 °C), which is not beneficial for fast charging capa-

bility and low-cost applications of SIBs.

Tin (Sn) anode has received widespread interests for SIBs due to

its high theoretical capacity of 847 mAh/g and relatively high op-

erating voltage (0.1–0.4V), ensuring safety upon fast charging [6].

However, large volume change (260%−420%) caused by Sn-based

anode during sodium alloying/dealloying processes results in struc-

tural destruction and capacity degradation, seriously limiting its

practical applications. Researchers have proposed various strategies

to address the above issues, such as nanostructures [7-9], porous

structures [10-12], and hollow structures [12-15]. Nonetheless, cer-
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tain hollow structure designs may sacrifice volumetric specific ca-

pacity [16]. While reducing nanostructure size can minimize vol-

ume expansion, the high specific surface energy of nanostructures

can promote self-agglomeration, significantly decreasing the active

material utilization over cycling [17].

Constructing heterojunctions is an efficient strategy to boost

electron and ion transportation kinetics and structural stability for

SIBs [18]. For instance, Guo et al. [19] created a MoS2-ZnIn2S4 het-

erojunction to enhance the electrochemical properties of MoS2.

Owing to the synergistic effect between MoS2 and ZnIn2S4, the

resulting heterojunction establishes a built-in electric field that

drives electron transfer, facilitating the electrochemical reaction

process. In the case of the alloy anode, Qian et al. [20] pro-

posed Sn/FeSn2 heterojunction to mitigate volume expansion in

the Sn anode and enhance electron conduction through the FeSn2

layer, significantly improving cycle stability and rate performance.

However, both Sn and FeSn2 in this heterojunction are electro-

chemically active and suffer from significant volume strains dur-

ing sodium alloying and dealloying reactions, which is probably

hard to ensure good interconnection. In this regard, developing a

Sn-based heterostructure with an inactive phase would be prefer-

able for offering higher structural integrity. In this work, we choose

ZnO as the inactive phase and Sn as the active phase for construct-

ing the Sn-ZnO heterostructure. Owing to the semiconductive na-

ture of ZnO, the charge transportation would be inevitably limited

between Sn and ZnO. Thus, regulating electronic structure of ZnO
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Fig. 1. DOS values of (a) ZnO, (b) Sn-ZnO, (d) Zn0.9Mn0.1O, and (e) Sn-Zn0.9Mn0.1O. Electrostatic potentials of (c) Sn and (f) Sn···Mn. (g) Na+ diffusion energy barrier of Sn

and Sn···Mn. (h) Diffusion path of Na+ in Sn···Mn.

would be highly desirable for facilitating electron and ion transfer

at the interface of the Sn-ZnO heterostructure.

Herein, we report a facile co-precipitation and subsequent an-

nealing strategy to construct microphone-like and metallic Sn-

Zn1-xMnxO/carbon nanotubes (CNT) heterostructure. In this con-

tribution, the introduction of Mn into ZnO can efficiently regu-

late the electronic structure of ZnO, realizing metallic character-

istics [21], and leading to alterations in electron distribution and

Na+ diffusion pathways across the heterojunction. This adjustment

reduces the energy barrier for Na+ diffusion, ultimately enhanc-

ing sodium storage capability of Sn. Furthermore, Mn doping re-

duces the occurrence of stacking faults in the Sn-ZnO heterojunc-

tion, decreases interface surface area, and mitigates charge trans-

port resistance at the heterojunction interface. The as-prepared

Sn-Zn0.9Mn0.1O/CNT heterostructure material demonstrates a re-

versible capacity of 371.2 mAh/g at a current density of 1 A/g and

maintains a high reversible capacity of 328.6 mAh/g even at a high

current density of 5 A/g. When a sodium-ion full cell was assem-

bled with Sn-Zn0.9Mn0.1O/CNT negative electrode and Na3V2(PO4)3
(NVP) positive electrode, the device exhibited a reversible capacity

of 152.2 mAh/g at 2 A/g.

Density functional theory (DFT) calculations were performed

to investigate the electronic properties and structure of Sn-

Zn0.1Mn0.9O and understand the effect of Mn doping on its elec-

trochemical properties. The lattice parameters of Sn and ZnO differ

significantly, resulting in the formation of a heterojunction inter-

face. Mn-doped ZnO also alters the electronic structure and prop-

erties of the heterojunction between Sn and Zn0.9Mn0.1O. The to-

tal density of states (Total DOS) and partial density of states (DOS)

were compared with ZnO (Fig. 1a), Sn-ZnO heterojunction (Fig. 1b),

Zn0.9Mn0.1O (Fig. 1d), and Sn-Zn0.9Mn0.1O heterojunction (Fig. 1e).

The band gap of ZnO is 1.05 eV, indicating its semiconductor prop-

erty. Mn doping leads to the formation of metallic Zn0.9Mn0.1O,

demonstrating the significant enhancement of electronic conduc-

tivity. Moreover, both Sn-ZnO and Sn-Zn0.9Mn0.1O heterojunctions

exhibit strong metallic properties due to the presence of Sn. Mn

doping further increases the electronic conductivity of Sn-ZnO het-

erojunctions, which is favorable for high-rate charge and discharge

processes. According to the calculated work functions, as shown

in Figs. 1c and f, the value of Sn in Sn-ZnO (1.98 eV) is lower

than the value of Sn in Sn-Zn0.9Mn0.1O (4.01 eV). This indicates

that during the charge and discharge process, it is more difficult

for electrons to escape from the Sn···Mn (Sn···Mn represents Sn

in Sn-Zn0.9Mn0.1O/CNT, indicating that a very small amount of Mn

has entered into Sn) surface. It suggests that the stability of Sn in

Sn-Zn0.9Mn0.1O is enhanced after Mn was doped ZnO. The work

functions of ZnO and Zn0.9Mn0.1O are shown in Figs. S2a and b

(Supporting information), respectively, with values of 9.04 eV and

6.12 eV. This reveals that it becomes easier for electrons to escape

from the ZnO surface after Mn doping, which is well matched with

the results of DOS calculations. Such findings show that Mn dop-

ing can improve electronic conductivity of ZnO. It is important to

note that although it is more difficult for electrons to escape from

the Sn surface after Mn doping, the value of the work function

of Sn-Zn0.9Mn0.1O (4.01 eV, Fig. S1b in Supporting information) is

smaller than Sn-ZnO (6.84 eV, Fig. S1a in Supporting information)

when considering the entire heterojunction as the electrode mate-

rial. This means that electrons are easier to escape from the Sn-

Zn0.9Mn0.1O electrode, which will significantly improve its rate ca-

pability. In Fig. 1g, the diffusion energy barriers of Na+ in Sn and

Sn···Mn are calculated, respectively. The results demonstrate that

Na+ on the Sn···Mn surface exhibits the anticipated minimum dif-

fusion energy barrier of 0.71 eV, which is lower than the diffusion

energy barrier of Na+ on the Sn surface of 0.99 eV. These findings

imply that Mn doping in such Sn-ZnO heterostructure decreases

the diffusion energy barrier of Na+, facilitating efficient Na+ diffu-

sion. When Na+ diffuses inside the Sn crystal, the migration site is

from Sn to Sn, as illustrated in Fig. 1h.

The overall synthesis schematic diagram of Sn-Zn0.9Mn0.1O/CNT

is illustrated in Fig. 2a. In this study, a bi-metal Zn0.9Mn0.1Sn(OH)6
nanocubes were used as a template. Initially, Zn0.9Mn0.1Sn(OH)6
was uniformly mixed with -OH CNTs to create a cross-linked

carbon network structure. After annealing, Zn0.9Mn0.1Sn(OH)6
nanocubes were converted into microphone-like Sn-Zn0.9Mn0.1O
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Fig. 2. (a) Schematic illustration of the construction of Sn-Zn0.9Mn0.1O/CNT. SEM

images of (b) Zn0.9Mn0.1Sn(OH)6/CNT and (c, d) Sn-Zn0.9Mn0.1O/CNT. (e) HRTEM im-

ages of Sn-Zn0.9Mn0.1O/CNT and (f) the TEM morphologies of Sn/Zn0.9Mn0.1O inter-

facial zone. (g) Fast Fourier transform (FFT) from the marked zone of (f).

heterostructures with CNTs. For comparison, microphone-like Sn-

ZnO heterostructures with CNTs were also prepared by the same

synthesis strategy.

As shown in Figs. 2b-f, the microstructure and morphol-

ogy of Zn0.9Mn0.1Sn(OH)6/CNT were characterized by SEM and

TEM. The as-prepared Zn0.9Mn0.1Sn(OH)6 nanocubes are about

200nm. These nanocubes are cross-linked and entangled with

CNTs, as shown in Fig. 2b. Zn0.9Mn0.1Sn(OH)6/CNT is converted to

Sn-Zn0.9Mn0.1O/CNT heterostructures assembled from rod-shaped

Zn0.9Mn0.1O and spheric Sn. Owing to the low melting point of

Sn (232 °C), it would escape from Zn0.9Mn0.1Sn(OH)6 nanocubes

to generate Sn microspheres at a high-temperature annealing (650

°C). Meanwhile, the rod-like ZnO are also produced due to the

pyrolysis of Zn0.9Mn0.1Sn(OH)6 nanocubes. Owing to the synergis-

tical effect of spheric Sn and rod-like ZnO, microphone-like Sn-

Zn0.9Mn0.1O/CNT heterostructures were formed (Figs. 2c-e). The in-

terface between spherical Sn and rod-like Zn0.9Mn0.1O is identified

as the heterojunction interface of Sn-Zn0.9Mn0.1O (highlighted in

the red circle area in Fig. 2e).

Compared with Zn0.9Mn0.1Sn(OH)6/CNT and Sn-

Zn0.9Mn0.1O/CNT, ZnSn(OH)6/CNT and Sn-ZnO/CNT have similar

morphology structures, as shown in Figs. S3a-h (Supporting infor-

mation). To further identify atomic-scale interfacial configuration

in the interfacial zones, HRTEM images of Sn/Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT interfaces are further presented in Fig. 2f and Fig.

S3i (Supporting information). Fig. S3i shows the HRTEM image of

the Sn-ZnO/CNT interface, in which the selected zones marked

by a box have been further analyzed by fast Fourier transform

(FFT), and the corresponding results are displayed in Fig. S3j

(Supporting information). It can be identified from FFT that the Sn

is a tetragonal structure with unit cell parameters a=0.583nm,

c=0.318nm (ICDD PDF #04–0673 and the ZnO is a hexagonal

structure with unit cell parameters a=0.325nm, c=0.521nm

(ICDD PDF #36–1451). In addition, it is noted that the hexagonal

ZnO plane grows along the (1̄02̄) plane on the Sn (22̄0) plane,

thereby forming the (1̄02̄)ZnO//(22̄0)Sn nearly coherent interface

that ensures the lattice fringes of Sn (011̄) planes almost contin-

uously pass through the lattice fringes of ZnO (010) planes. In a

Fig. 3. TEM images of (a) Sn-Zn0.9Mn0.1O/CNT and (b) overall element distribution.

(c-f) Elemental mapping of Sn-Zn0.9Mn0.1O/CNT (Zn, O, Sn, and Mn).

word, there is a high match of interplanar spacing between Sn

(011̄) and ZnO (010) planes. The stacking fault will cause interface

fracture, lattice distortion, and charge imbalance, which may

reduce the electrochemical sodium storage performance [22]. In

contrast, there are many stacking faults on the Sn/ZnO interface

for Sn-ZnO/CNT heterostructure, leading to large interface surface

area and increased charge transfer resistance [23]. As for the Sn-

Zn0.9Mn0.1O/CNT interface region in Fig. 2f, it is revealed from FFT

that the Sn can be identified as the tetragonal structure with (220)

planes parallel to Sn/Zn0.9Mn0.1O interface, while Zn0.9Mn0.1O

grows along (102) planes. It is noted from FFT in Fig. 2g that the

tilted growth leads to the lattice fringes of Sn (011̄) planes nearly

continuously passing through lattice fringes of Zn0.9Mn0.1O (010)

planes when interplanar spacing of 0.279nm for Sn (011̄) planes

almost same as large as 0.281nm for ZnO (010) planes. Thus, by

doping Mn into Sn-ZnO heterojunction, the number of stacking

faults is reduced, which is beneficial to charge transfer.

In addition, elemental mapping was conducted to investigate

the distribution of Sn, Zn, O, and Mn (Figs. 3a and b), further con-

firming microphone-like structure of Sn-Zn0.9Mn0.1O/CNT. The rod-

shaped part mainly consists of ZnO (Figs. 3c and d), while the

spherical part is primarily composed of Sn (Fig. 3e). As shown

in Fig. 4a, the thermogravimetric (TG) curves show higher struc-

ture stability of the obtained Sn-Zn0.9Mn0.1O/CNT than that of Sn-

ZnO/CNT. Mn is primarily doped in the Zn position (Fig. 3f), which

aligns with the XRD results (Figs. 4b-d). It is worth noting that de-

spite most Mn elements being doped in ZnO, the formation of the

Sn-Zn0.9Mn0.1O heterojunction leads to a slight diffusion of phases,

resulting in a small amount of Mn entering the Sn regions and al-

tering the crystal structure of Sn. This phenomenon is supported

by XRD refinement results (Table S1 in Supporting information)

and TG data (Fig. 4e).

The carbon contents of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT

were analyzed using TG analysis (Fig. 4a). The results show that

Sn-Zn0.9Mn0.1O/CNT has a carbon content of 7.64%, while Sn-

ZnO/CNT has a carbon content of 8.85%. The detailed calcula-

tion process can be found in Eq. S1 (Supporting information). The

phase composition of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT sam-

ples was analyzed by using XRD. Both samples consist of Sn and

ZnO phases (Fig. 4b). The synthesized Sn-Zn0.9Mn0.1O/CNT and Sn-

ZnO/CNT samples match well with Sn (PDF#03–065–2631) and

ZnO (PDF#01–070–2551), respectively. From Figs. 4c and d, it can

be observed that the position of the Sn phase remains unchanged,

while the X-ray diffraction peaks shift to a lower angle by approx-

imately 0.06° after Mn doping in ZnO, indicating an increase in in-
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Fig. 4. (a) TGA curves of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT from 30 °C to 900 °C (air atmosphere). (b) XRD of patterns of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. Comparison

of XRD diffraction angles of (c) Sn phases and (d) ZnO phases in Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. (e) ICP results of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. (f) XPS survey

spectrums of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. High-resolution (g) Sn 3d and (h) Mn K-edge XANES and reference samples (Mn foil, Mn3O4, MnO, and Mn2O3). (i) Zn

K-edge XANES (inset: a zoomed-in view) of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT.

terplanar spacing. The introduction of Mn2+ into the ZnO lattice,

with a larger radius of 0.83 Å compared to Zn2+ (0.74 Å), results in

the expansion of the ZnO lattice and an increase in unit cell vol-

ume (Table S1).

Figs. S5a and b (Supporting information) depict the refined XRD

patterns of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT, respectively. By

analyzing the refined unit cell parameters, it is evident that the

unit cell volume of ZnO increases (from 48.060 Å3 to 48.081 Å3),

while the unit cell volume of Sn decreases (from 109.09 Å3 to

108.933 Å3, Table S1). These findings indicate that Mn is not only

doped into Zn sites but also partially diffuses into the Sn lattice. In

addition, the Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT samples were

analyzed using ICP elemental analysis (Fig. 4e). The molar ratio of

Zn: Mn: Sn in the Sn-Zn0.9Mn0.1O/CNT sample was approximately

9:1:10, while the ratio of Zn:Sn in the Sn-ZnO/CNT sample was ap-

proximately 1:1. These ratios are well consistent with the designed

Zn/Mn ratio in the experiment. As depicted in Fig. 4f, the full sur-

vey of XPS spectrums further confirms the presence of Zn, Sn, O,

and C in both Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. It was found

that the incorporation of Mn did not have an impact on the chem-

ical state of Sn (Fig. 4g, 3d3/2 and 3d5/2 values were both 495.80

and 487.27 eV, with a difference of less than 0.05 eV). The fine elec-

tronic structure around Mn (Fig. 4h) and Zn (Fig. 4i) in the resul-

tant samples was probed by X-ray absorption spectroscopy (XAS).

In the Mn K-edge X-ray absorption near-edge structure (XANES)

spectra, the near-edge absorption of the Sn-Zn0.9Mn0.1O/CNT lies

lower than Mn2O3 but higher than MnO, implying that the average

valence state of Mn is between +2 and +3. As illustrated in Fig. 4i,

the Zn K-edge XANES spectra shift slightly towards lower energy

levels after Mn doping, suggesting a reduction in the valence state

of Zn compared to the typical +2 state in ZnO. To further inves-

tigate the valence change of Zn, we conducted an analysis of the

valence of Zn in both Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT, reveal-

ing that the chemical state of Zn (Fig. S6a in Supporting informa-

tion) did change when Mn was added, as indicated by a decrease

in energy from 1022.62 eV to 1022.53 eV, which indicates that the

valence state of Zn decreases. The XPS analysis of Mn (Fig. S6b in

Supporting information) shows that the average valence state is

between +2 and +3, which is consistent with the results of Mn

K-edge XANES spectra [24].

To evaluate the effects of Sn-Zn0.9Mn0.1O/CNT and Sn-

ZnO/CNT on the redox potential and charge/discharge

plateaus, we conducted cyclic voltammetry (CV) and gal-

vanostatic charge and discharge (GCD) tests at a scanning

rate of 0.1mV/s. In Figs. 5a and d, the CV curve shows

two main redox peaks. These peaks can be attributed to

the two-step alloying (C1: NaSn+9Na+ +9e− →Na9Sn4; C2:

Na9Sn4 +6Na+ +6e− →Na15Sn4) and the subsequent dealloy-

ing process of Sn (A2: Na15Sn4 →Na9Sn4 +6Na+ +6e−; A1:

Na9Sn4 →NaSn+9Na+ +9e−) [25]. Although Mn doping did not

alter the electrochemical reaction mechanism of Sn anode, we

conducted CV test with 0.5mV/s (Figs. S9a and b in Supporting

information) to better elucidate the influence of Mn doping on

the electrochemical reaction kinetics. The results revealed that

Sn-Zn0.9Mn0.1O/CNT exhibited reduced polarization and enhanced

response current (Fig. S9c in Supporting information), indicating

that the incorporation of Mn can enhance sodium storage reaction

kinetics of Sn anode. The GCD curves of Sn-Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT at 1 A/g for the 5th, 10th, 30th, 50th, and 100th cycles

are displayed in Figs. 5b and e. The decrease in apparent discharge

capacity observed in the first cycle is attributed to the formation

of the solid electrolyte interphase (SEI) film. The charge-discharge

specific capacity of Sn-Zn0.9Mn0.1O/CNT (charge: 373.1 mAh/g, dis-

charge: 373.9 mAh/g) is higher than that of Sn-ZnO/CNT (charge:

288.2 mAh/g, discharge: 287.9 mAh/g) at the 100th cycle. The

higher capacity values correspond to the phase transformation
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Fig. 5. CV curves of the (a) Sn-Zn0.9Mn0.1O/CNT and (d) Sn-ZnO/CNT at a scan rate of 0.1mV/s. Charge/discharge profiles of (b) Sn-Zn0.9Mn0.1O/CNT and (e) Sn-ZnO/CNT elec-

trode at 1 A/g. Charge/discharge profiles of (c) Sn-Zn0.9Mn0.1O/CNT and (f) Sn-ZnO/CNT electrodes at different current rates (0.1, 0.5, 1, 2, 3, and 5 A/g). (g) Rate performance

of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT. Cycle performance of Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT electrodes at (h) 2, (i) 1, and (j) 5 A/g.

processes of Na9Sn4 →NaSn and Na9Sn4 →Na15Sn4, respectively.

This indicates that Mn doping into Sn-ZnO/CNT enhances the

reversibility of the alloying/dealloying reaction. To further ex-

amine the effect of Mn doping in the obtained heterostructure,

rate capabilities were also evaluated for Sn-Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT. The evolution of the GCD curves is similar to Fig. 5b,

as shown in Figs. 5c and f. Fig. 5g shows that Sn-Zn0.9Mn0.1O/CNT

provided specific capacity of 378.1, 378.5, 369.2, 364.8, 357.9, and

325.1 mAh/g at 0.1, 0.5, 1, 2, 3, and 5 A/g, much higher than

those of Sn-ZnO/CNT (314.6, 305.7, 306.1, 301.4, 294.1, 284.3, and

198.7 mAh/g at 0.1, 0.5, 1, 2, 3, and 5 A/g). Even when the current

density returns to 1 A/g, the specific capacity can well return to

371.2 mAh/g. After 1000 cycles at 2.0 A/g, the specific capacity

of 357.8 mAh/g can still be maintained, much higher than that

of Sn-ZnO/CNT (297.9 mAh/g) (Fig. 5h). Such findings indicate

that Sn-Zn0.9Mn0.1O/CNT has better rate stability. Furthermore,

we compared the specific capacities of Sn-Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT after 300 cycles at 1 A/g (Fig. 5i) and 850 cycles

at 5 A/g (Fig. 5j), the specific capacities were found to be 381.4

and 341.9 mAh/g, respectively, for Sn-Zn0.9Mn0.1O/CNT, and 290.8

and 215.3 mAh/g for Sn-ZnO/CNT. These results further demon-

strate high reversible specific capacity and cycle stability of

Sn-Zn0.9Mn0.1O/CNT at high rates. To investigate the impact of

different Mn doping amounts on the electrochemical properties of

Sn-Zn1-xMnxO/CNT heterojunction electrodes, Sn-Zn1-xMnxO/CNT

samples were prepared with Mn doping amounts of 0.05, 0.1, 0.2,

and 0.3. In Fig. S7a (Supporting information), it can be observed

that Mn doping with various contents does not result in the

formation of new phases besides Sn and ZnO. Similar to the case

of Sn-Zn0.9Mn0.1O/CNT, Mn is predominantly doped at the Zn sites.

As shown in Fig. S7c (Supporting information), an increase in

Mn doping amount leads to a noticeable shift of XRD diffraction

peaks of ZnO towards a lower angle, while XRD diffraction peaks

of Sn phase remain relatively unchanged (Fig. S7b in Supporting

information). These samples were then tested at 2 A/g (Fig. S10a in

Supporting information) and 5 A/g (Fig. S10b in Supporting infor-

mation) to evaluate their cycle performance. The results showed

that the Sn-Zn1-xMnxO/CNT heterojunction electrode exhibited

the highest reversible capacity when the Mn doping amount was

0.1. Both too high and too low Mn doping amounts were found

to be detrimental to sodium storage capability of Sn anode. This

suggests that excessively low Mn content has minimal impact on

the electrochemical behavior of Sn, while excessively high Mn

content may impede the diffusion of Na+ in Sn-Zn1-xMnxO/CNT.

To investigate the sodium storage behavior of Sn-ZnO/CNT

and Sn-Zn0.9Mn0.1O/CNT composites, CV measurements were con-

ducted at various scanning rates (0.1–1mV/s) within a voltage

range of 0.01–0.62V (Figs. 6a and d). As scanning rate increased,

the anodic peaks A1 and A2 shifted to higher potential ranges,

while the cathodic peaks C1 and C2 shifted to lower potential

5
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Fig. 6. CV curves of the (a) Sn-ZnO/CNT and (d) Sn-Zn0.9Mn0.1O/CNT electrode at various scanning rates from 0.1mV/s to 1.0mV/s. Peak current versus scan rate for (b) Sn-

ZnO/CNT and (e) Sn-Zn0.9Mn0.1O/CNT electrodes (logarithmic format). Normalized contribution ratio of capacitive- and diffusion-controlled capacities of (c) Sn-ZnO/CNT and

(f) Sn-Zn0.9Mn0.1O/CNT at different scanning rates from 0.1mV/s to 1.0mV/s. (g) GITT curves and Na+ diffusion coefficients of Sn-ZnO/CNT and Sn-Zn0.9Mn0.1O/CNT during

(h) discharging and (i) charging process.

ranges, indicating the presence of surface-induced capacitance be-

havior. By applying the power law equation that describes the re-

lationship between the current response (i) and the scanning rate

(v), we obtained the following transformed equation:

i= avb (1)

log(i)= blog(v)+ log(a) (2)

where a is an adjustable parameter, i is the peak current, and v

is the corresponding scanning rate. The value of b is determined

by the slope factor of the linear fit of log(i) to log(v). A b value

close to 0.5 indicates a diffusion-controlled process, while a value

approaching 1.0 suggests a surface-induced capacitance process.

The calculated b values for the anodic and cathodic peaks of Sn-

ZnO/CNT and Sn-Zn0.9Mn0.1O/CNT (Figs. 6b and e) are 0.91, 0.62,

1.01, and 0.67, and 0.78, 0.53, 0.95, and 0.59 respectively. This

indicates that the Na+ storage behavior of Sn-ZnO/CNT and Sn-

Zn0.9Mn0.1O/CNT is a combination of diffusion control. Therefore,

the contribution of surface-induced capacitance behavior can be

further quantitatively distinguished using the following equation:

i(V)= k1v
1/2 + k2v (3)

i(V)/v1/2 = k1 + k2v
1/2 (4)

The contributions of the diffusion control process and the

surface-induced capacitance process are represented by k1v
1/2 and

k2v respectively. Fig. 6c illustrates the contribution of the capac-

itive process at the Sn-ZnO/CNT scanning rates of 0.1, 0.2, 0.5,

0.8, and 1mV/s (77.83%, 79.41%, 83.91%, 92.99%, and 97.12%, re-

spectively). The contribution is slightly higher than that of Sn-

Zn0.9Mn0.1O/CNT (Fig. 6f, 60.69%, 61.74%, 74.29%, 86.54%, and 93.1%,

respectively). This could be attributed to the enhancement of Sn-

Zn0.9Mn0.1O/CNT’s Faradaic reaction activity due to Mn doping,

which reduces the activity of non-electrochemical reactions occur-

ring on the surface. From another perspective, this indicates that

Mn doping increases the specific capacity of Sn-Zn0.9Mn0.1O/CNT

compared to Sn-ZnO/CNT, not by increasing the contribution of

surface pseudocapacitance, but by altering the intrinsic structure

of the entire composite material. The introduction of Mn into

Sn-ZnO/CNT improves electrochemical reaction kinetics, facilitating

smooth insertion and extraction process of Na+ ions. Additionally,

it reduces the occurrence of surface non-electrochemical reactions

and pseudocapacitance.

The Na+ diffusion coefficient (DNa+ ) of Sn-Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT was determined using the galvanostatic intermittent

titration technique (GITT). DNa+ can be calculated using Eq. 5 (de-

tails are in the experimental section in Supporting information).

D = 4

πτ

(
mBVM
MBS

)2(
�Es

�Eτ

)2 (

τ � L2

D

)

(5)

In the given equation, τ represents the constant current pulse

time (s), mB denotes the mass (g), VM indicates the molar volume

(cm3/mol), MB represents the molar mass (g/mol), and S refers

to the gap between the electrode and the electrolyte, which is

the contact area (cm2). �Es represents the steady-state potential

change (V) that occurs after passing the current pulse. In contrast,

�Eτ represents the potential change (V) that occurs after apply-

ing a pulse current for a certain pulse time (s) to eliminate the

6
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IR voltage drop (V). As depicted in Fig. 6g, the GITT curves of

Sn-Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT exhibit similar shapes. How-

ever, the Sn-Zn0.9Mn0.1O/CNT curve shows a longer charge and dis-

charge plateau. During the alloying process (Fig. 6h), DNa+ of both

electrodes initially remained stable (0.6–0.15V). The Na+ diffusion

coefficients of Sn-ZnO/CNT and Sn-Zn0.9Mn0.1O gradually decrease

during the deep alloying reaction (0.15–0.01V). Firstly, the voltage

window of 0.15–0.01V corresponds to the phase transition process

of Na9Sn4 +6Na+ +6e− →Na15Sn4, leading to the expansion of the

Sn lattice and increasing obstacles to Na+ diffusion [26]. Secondly,

as alloying deepens, the concentration of Na+ in the material rises,

causing mutual repulsion between ions and further limiting diffu-

sion [27]. Lastly, increased alloying results in greater stress and de-

fects in the Sn lattice, potentially trapping or scattering Na+ [28].

During the dealloying process (Fig. 6i), the obstacles on the diffu-

sion channel are gradually cleared, resulting in a gradual reduction

in the diffusion distance of Na+. Consequently, DNa+ at the charg-

ing platform exhibits the opposite pattern to that of the discharge

platform. Based on calculations, DNa+ of Sn-Zn0.9Mn0.1O/CNT and

Sn-ZnO/CNT are between 10−13 cm2/s and 10−17 cm2/s, respec-

tively. The former is higher than the latter, particularly in the deep

alloying stage (0.15–0.01V). This enhancement can be attributed to

Mn doping, which optimizes the crystal structure of the hetero-

junction interface and improves Na+ diffusion.

To further investigate the charge transfer kinetics, Nyquist

plots were obtained for the fresh and cycled states of Sn-

Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT electrodes. The frequency range

of the plots was set from 100kHz to 0.01Hz, and the results are

presented in Figs. S11a-c (Supporting information). The Nyquist

plot consists of a concave semicircle in the high-frequency re-

gion, which represents the charge transfer resistance (Rct), and

an oblique line in the low-frequency region, which corresponds

to the diffusion process of Na+. The equivalent circuit and elec-

trochemical impedance spectroscopy (EIS) fitting data for Sn-

Zn0.9Mn0.1O/CNT and Sn-ZnO/CNT electrodes can be found in Fig.

S12 and Table S2 (Supporting information), respectively. In a fresh

cell, the ohmic resistance (Rs) and charge transfer resistance (Rct)

of the Sn-Zn0.9Mn0.1O electrode (Fig. S11a) were approximately

3.68 and 0.52 �, respectively. After the activation process (1st cy-

cle), the Rs and Rct values for the Sn-Zn0.9Mn0.1O electrode de-

creased to 2.76 and 1.3 �, respectively, indicating the formation

of a stable SEI layer on the electrode material surface. This can be

attributed to the good compatibility between Sn-Zn0.9Mn0.1O/CNT

and 1mol/L NaPF6 DME electrolyte. Interestingly, the values of Rs
and Rct for the Sn-Zn0.9Mn0.1O/CNT electrode remained relatively

unchanged after the 1st and 100th cycles (Figs. S11b and c in Sup-

porting information). Comparatively, both the Sn-ZnO/CNT elec-

trode and Sn-Zn0.9Mn0.1O/CNT electrode exhibit a similar structure.

They consistently demonstrate lower Rs and Rct values in fresh bat-

teries and after 1 and 100 cycles, albeit slightly higher than the

Sn-Zn0.9Mn0.1O/CNT electrode. In conclusion, the properties of the

electrolyte/electrode interface have minimal impact on the electro-

chemical performance of Sn-Zn0.9Mn0.1O/CNT.

To investigate effect of Mn doping on the electrochemical Na+

storage mechanism of the Sn-Zn1-xMnxO/CNT electrode, we per-

formed an ex-situ XRD tests on the Sn-Zn0.9Mn0.1O/CNT anode. The

potential selection is depicted in Fig. 7a. Figs. 7b and c demon-

strate that Zn0.9Mn0.1O remains present throughout the charge and

discharge process, while other phases related to ZnO are difficult

to detect. This indicates that Zn0.9Mn0.1O is not an active mate-

rial and the NaxSny intermediate phase consistently exists. Thus, it

can be concluded that metal Sn serves as the primary active mate-

rial for electrochemical sodium storage in the Sn-Zn0.9Mn0.1O/CNT

electrode. Figs. 7d and e provide enlarged XRD images of Sn-

Zn0.9Mn0.1O/CNT during the discharging and charging processes,

respectively. These images reveal that as the degree of alloying

Fig. 7. (a) GCD curve of Sn-Zn0.9Mn0.1O/CNT. (b, c) Half-in-situ XRD patterns of Sn-

Zn0.9Mn0.1O/CNT during (b) discharging (0.21, 0.03, and 0.01V) and (c) charging pro-

cesses (0.22, 0.54, and 0.62V) respectively. Partial magnification of XRD patterns of

Sn-Zn0.9Mn0.1O/CNT during the (d) discharging and (e) charging processes.

deepens, Sn undergoes a transformation from Na4Sn9 to Na4Sn15,

and then transitions from Na4Sn15 to Na4Sn9 and eventually to

NaSn as the degree of dealloying increases. In summary, Mn doping

at Zn sites does not influence the electrochemical reaction mecha-

nism of metal Sn.

The performance of the full cell was further evaluated

by using Sn-Zn0.9Mn0.1O/CNT as anode and Na3V2(PO4)3 (NVP)

as cathode (Fig. 8a) [29,30]. Fig. 8b shows that the Sn-

Zn0.9Mn0.1O/CNT//NVP full cell exhibits two discharge voltage plat-

forms at 3.03 and 2.78V, which can be attributed to NVP cath-

ode (3.27V with Na+/Na) and the voltage difference between the

Sn-Zn0.9Mn0.1O/CNT anode (0.14 and 0.35V vs. Na+/Na). The CV

curve (Fig. 8c) also reveals the presence of two redox couples

in the Sn-Zn0.9Mn0.1O/CNT//NVP full cell at 2.78/3.03V (cathode

peak) and 3.3/3.44V (anode peak). The Sn-Zn0.9Mn0.1O/CNT//NVP

full cell demonstrates a high discharge specific capacity of 298.4

mAh/g at 0.1 A/g (calculated based on the mass loading of Sn-

Zn0.9Mn0.1O/CNT). The repeated charge/discharge curve (Fig. 8d)

indicates the good cycle performance of the full cell. Even af-

ter 60 cycles at 0.5 A/g, it still provides a high capacity of 171

mAh/g, showing good cycle stability (Fig. 8e). Moreover, the Sn-

Zn0.9Mn0.1O/CNT//NVP full cell exhibits great rate performance, de-

livering a specific capacity of 152.2 mAh/g even at a high current

density of 2 A/g (Fig. 8f). Compared with Sn-ZnO/CNT, Mn doping

significantly improves the electrochemical performance of the full

cell, as shown in Figs. S13a-c (Supporting information) for details.

The electrochemical performance of commercial NVP//Na half cells

was also tested, as shown in Figs. S13d–f (Supporting information).

Such results show that Sn-Zn0.9Mn0.1O/CNT holds promise as a po-

tential anode material for practical applications.

In summary, we have developed Sn-Zn0.9Mn0.1O/CNT het-

erostructure as anode material for SIBs. The synthesis of this mate-
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Fig. 8. Electrochemical performance of Sn-Zn0.9Mn0.1O/CNT//NVP full cell. (a) Working principle diagram of the full cell. (b) Charge and discharge curves of NVP//Na, Sn-

Zn0.9Mn0.1O/CNT//Na, and NVP//Sn-Zn0.9Mn0.1O/CNT full cells. (c) CV curve of NVP//Zn0.9Mn0.1O/CNT full cell at a scan rate of 0.1mV/s. (d) Charge and discharge curve, (e)

cycle performance, and (f) rate performance of NVP//Zn0.9Mn0.1O/CNT full cell.

rial involved co-precipitation and high-temperature reduction tech-

niques. The unique interlaced structure of carbon nanotubes and

microphone-shaped Sn-Zn0.9Mn0.1O facilitates the transmission of

electrons and ions. Theoretical calculations revealed that the Mn-

doped heterostructure (Sn-Zn0.9Mn0.1O/CNT) exhibited a favorable

difference in work function and Fermi level, enhancing electron

transfer and improving its performance at high rates. The Sn lattice

of Sn-Zn0.9Mn0.1O/CNT demonstrated the lowest migration energy

barrier for Na+ ions, indicating an optimal ion transfer path. Ad-

ditionally, the introduction of Mn reduced the number of stacking

faults in the Sn-Zn0.9Mn0.1O heterojunction, leading to a decrease

in the interface surface area and promoting charge transport. It is

noteworthy that the high-temperature reduction process resulted

in trace amounts of Mn diffusing into Sn, which enhanced the ther-

mal stability and conductivity of Sn. When employed as anode for

SIB, the obtained Sn-Zn0.9Mn0.1O exhibited excellent rate perfor-

mance (357.8 mAh/g at 2 A/g and 328.6 mAh/g at 5 A/g) and cycle

performance (351.9 mAh/g after 850 cycles at 5 A/g). Compared to

undoped Sn-ZnO/CNT, the rate performance of the composite im-

proved by 20.1% (at 2 A/g) and 35.1% (at 5 A/g). The proposed strat-

egy in this work could be extended to the design and synthesis

of other alloying anode/metal oxide heterostructures toward high-

power battery applications.
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