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ABSTRACT

Developing high-performance anodes from low-cost industrial byproducts is crucial for advancing sodium-ion batteries.
Herein, we report a zinc—aluminum layered double hydroxide (ZnAl-LDH) template-induced strategy for fabricating
ZnO/ZnSe heterojunctions embedded within hierarchical porous carbon derived from coal tar pitch. The LDH serves as a
dual functional structural template and pore-forming agent, enabling the in situ construction of intimately coupled
Zn0O/ZnSe-C interfaces. The designed ZnO/ZnSe heterostructure offers notable advantages: the heterojunction boosts
charge transfer via interfacial contact between the two active components, while the mixed O%/Se? anion environment,
combined with nanodispersed ZnO/ZnSe and the conductive carbon matrix, effectively enhances the reaction kinetics and
mitigates volume strain. Consequently, the composite anode delivers a high reversible capacity of 637.5 mAh g at
100 mA g and retains 259.7 mAh g after 1000 cycles at 5 A g'. Kinetic analysis indicates that the superior rate perfor-
mance is attributed to a dominant capacitive contribution (93.3% at 1.2 mV s™). A full cell configured with an Naz;V,(PO4),
cathode demonstrates practical viability, retaining 147.5 mAh g after 100 cycles. This work highlights the effectiveness of
LDH-templated synthesis in constructing advanced heterostructure anodes for efficient sodium storage.
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anode material, coal tar pitch, layered double hydroxide, heterostructure, ZnSe, sodium-ion battery

1 Introduction

Given the natural abundance and cost-effectiveness of
sodium, the pursuit of sustainable energy storage has posi-
tioned sodium-ion batteries (SIBs) as promising alterna-
tives to lithium-ion systems!!. To achieve practical SIBs,
developing high-performance anode materials is critical.
Amorphous carbon derived from industrial byproduct
pitch stands out as a compelling candidate because of its
low cost, good conductivity, and structural tunability?-.
However, pristine pitch-derived carbons often suffer from
limited interlayer spacing and underdeveloped pore struc-
tures, which inherently restrict the kinetics of Na* diffu-
sion and achievable capacity®.

In recent years, metal chalcogenides have attracted
extensive attention as promising anode materials for SIBs
owing to their abundant reserves, tunable electronic struc-
tures, and high theoretical specific capacities’”. Among

them, zinc oxide (ZnO) and zinc selenide (ZnSe) have
earned distinction owing to their ultrahigh theoretical
specific capacities (approximately 978 mAh g and
820 mAh g, respectively), which can effectively over-
come the low-capacity limitation of traditional carbon-
based anode materials”. Specifically, the intrinsic adsorp-
tion/desorption active sites on the surface of ZnO lead to a
more significant surface capacitive contribution®. In
contrast, the reaction of ZnSe is dominated by bulk diffu-
sion. However, because of the lower electronegativity of Se
compared to that of O, ZnSe exhibits superior electronic
conductivity, a property that can optimize the charge-
transfer efficiency”. The combination of ZnO and ZnSe
can simultaneously enable fast surface reactions and
provide sufficient bulk capacity because the mixed O*/Se*
anion environment formed by their integration and the
interfacial contact between the two components effec-
tively optimizes the charge-transfer efficiency of the
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composite!"-2. However, the practical application of these
materials is hindered by inherent challenges, including
severe volume expansion during cycling and poor intrin-
sic conductivity, which often lead to particle pulverization
and rapid capacity decay. To address these issues,
compositing with carbon matrices (e.g., graphene and
porous carbon) has emerged as a mainstream strategy.
This approach enhances electron transport by forming
conductive networks and buffers volume changes by
conferring structural flexibility. For example, a 3D-
ordered hierarchical porous ZnSe@N-doped carbon
composite was fabricated, which demonstrated outstand-
ing cycling stability, retaining 241.6 mAh g after 800
cycles at 10 A g owing to the synergy between the porous
structure and carbon support?. Further, a representative
synthesis route involves the in situ transformation of zinc-
based metal-organic frameworks (e.g., ZIF-8) into
ZnO/ZnSe heterojunctions embedded in nitrogen-doped
porous carbon skeletons. The morphology of such a struc-
ture is resistant to volume changes, while providing addi-
tional active sites through the porous carbon and hetero-
junction interfaces, thereby further enhancing the electro-
chemical performance!"’l.

The quest for such synergistic, carbon-integrated metal
chalcogenide anodes has spurred the exploration of versa-
tile precursor templates. Beyond the commonly used
metal-organic frameworks (MOFs), layered double
hydroxides (LDHs) have recently emerged as a superior
class of sacrificial templates and reactive precursors for the
design of advanced electrode materials, as evidenced by
their successful deployment in high-performance cath-
odes and anodes for various metal-ion batteries!'”. The
inherent merits of LDHs are multifaceted: their tunable
bimetallic composition within the host layers facilitates the
targeted synthesis of derived metal compounds (e.g.,
oxides), while the interlayer gallery can accommodate
diverse anions, enabling precise chemical modification.
More importantly, in composites, the layered structure
and the gases released (e.g., H,O) during the thermal
decomposition can effectively engineer the porosity and
architecture of the associated carbon matrices!”. This
unique combination—acting as a metal source, a structure-
directing agent, and an in situ pore-former—makes LDHs
an exceptionally powerful template for constructing tightly
coupled, heterostructured materials with optimized inter-
faces and conductive networks. Therefore, employing a
rationally selected LDH as a template presents a
compelling and potentially more versatile pathway than
conventional routes for fabricating carbon-metal compos-
ites with enhanced sodium-storage capabilities.

Guided by the template functionality of LDHs, we
propose a rational strategy for realizing the zinc-
aluminum layered double hydroxide (ZnAl-LDH)
template-induced formation of ZnO/ZnSe heterostruc-
tures on the surface of coal-tar-pitch-derived carbon. This
is achieved through the preoxidation of pitch to form a
composite precursor with ZnAl-LDH, followed by
controlled carbonization and selenization. The derived
material integrates multiple advantageous features: (i) the
in situ decomposition of LDH generates gases that create a
hierarchical porous carbon framework, enlarging the
specific surface area and facilitating Na* transport!"; (ii)
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the LDH-directed transformation yields uniformly
dispersed ZnO/ZnSe heterojunctions with a mixed O*/Se*
anion environment, and the interfacial contact between
the two nanodispersed active components promotes
charge transfer and accelerates the kinetics of ion diffu-
sion; and (iii) the conductive and mechanically resilient
carbon matrix not only buffers volume variation during
cycling but also establishes continuous electron
pathways'™. Such rational design enables complementary
contributions, wherein the ZnO/ZnSe active phases deliver
high reversible capacity through conversion reactions,
while the formed heterostructure effectively accelerates the
reaction Kkinetics and improves the efficiency of active
material utilization. Moreover, the porous carbon matrix
enhances the surface-driven capacitive storage and struc-
tural stability. Consequently, the optimized composite
exhibits outstanding sodium-storage performance, includ-
ing high reversible capacity, remarkable rate capability,
and long-term cycling durability in both half- and full-cell
configurations.

2 Experimental section

2.1 Synthesis of materials

As illustrated in Fig. S1 in the Electronic Supplementary
Material (ESM), the synthetic route consists of three main
steps: preparation of ZnAl-LDH, preoxidation of coal tar
pitch (to obtain comparison, the preoxidized pitch), and
final fabrication of the composite material.

First, ZnAl-LDH was synthesized as follows: 1.09 g of
zinc chloride (ZnCl,), 0.75 g of aluminum chloride (AICL),
and 3 g of urea (CO(NH,),) were weighed and dissolved in
100 mL of deionized water, followed by magnetic stirring
for 30 min until complete dissolution. The resulting clear
solution was transferred to a 150 mL Teflon-lined stain-
less steel autoclave and reacted at 120°C for 12 h. After the
reaction system cooled naturally to room temperature, the
white precipitate formed was collected, separated by
centrifugation, washed thoroughly with deionized water
and anhydrous ethanol several times, and finally dried in
an oven at 60°C overnight.

Subsequently, the coal tar pitch was preoxidized by first
grinding a lump of coal tar pitch into a fine powder,
followed by and washing with deionized water to remove
impurities. The pitch powder was then placed under an
atmosphere of pure flowing oxygen, heated to 295°C at a
rate of 2°C-min™!, and held at this temperature for 10 h to
complete the stabilization process, yielding preoxidized
pitch, denoted as CTP.

Finally, the ZnO/ZnSe-C composites were fabricated: as-
prepared ZnAl-LDH and CTP were physically mixed in
different mass ratios (1:2, 1:1, and 2:1), dispersed in 50 mL
of anhydrous ethanol, and sonicated for 1 h to form a
homogeneous dispersion. The mixture was transferred to a
vacuum-oven and dried at 80°C for 12 h to obtain the
composite precursor. The precursor was then mixed with
Se powder in a mass ratio of 1:2 and placed in a tube-
furnace for thermal treatment under Ar atmosphere. The
thermal treatment was programmed as follows: heat to
800°C at a rate of 5°C-min~, hold for 2 h to complete the
carbonization and selenization reactions, and then cool
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naturally to room temperature in the furnace. The result-
ing black product was washed with 100 mL of 0.1 mol-L™
NaOH solution to remove residual Se powder and soluble
Al-containing compounds, followed by drying at 80°C.
Based on the initial mass ratios of ZnAl-LDH to CTP, the
final samples were labeled as ZnO/ZnSe-C-1:2, ZnO/ZnSe-
C-1:1, and ZnO/ZnSe-C-2:1, respectively.

In addition, for comparison, CTP was directly
carbonized using the same process parameters (800°C,
Ar atmosphere, holding for 2 h) without the addition of
ZnAl-LDH and Se powder; the resulting product is desig-
nated as CTP-C.

2.2 Characterization of materials

The morphology and microstructure of the samples were
characterized using field-emission scanning electron
microscopy (FE-SEM; Tescan MIRA3 LMH) and trans-
mission electron microscopy (TEM; JEOL JEM-2100F).
Corresponding elemental mapping was performed using
an energy-dispersive X-ray (EDX) spectroscopy attach-
ment on the TEM. Crystal structures were analyzed by X-
ray diffraction (XRD, Rigaku SmartLab) with Cu Ka radia-
tion (A = 0.15406 nm) in the 20 range of 10°-80°. Raman
spectra were recorded on a Renishaw Invia spectrometer
using a 532 nm laser. The specific surface area and pore
structure were determined by N, adsorption-desorption
measurements at 77 K using a JW-BK-122W analyzer,
where the specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) method and the pore size
distribution was derived from the Barrett-Joyner-Halenda
model. The surface chemical composition and valence
states were investigated using X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific Escalab 250Xi) with a
monochromatic Al-Ka X-ray source (1486.6 eV). All bind-
ing energies were calibrated relative to the C 1s peak at
284.8 V.

2.3 Evaluation of electrochemical performance

The working electrodes were prepared by mixing the
active material, acetylene black, and polyvinylidene fluo-
ride binder in a mass ratio of 7:2:1 in N-methyl-2-pyrroli-
done to form a homogeneous slurry. The slurry was
uniformly coated onto a copper foil current collector and
dried at 120°C under vacuum for 12 h. The dried elec-
trodes were then punched into disks with a diameter of
15 mm. The average mass loading of the active material
was controlled at approximately 1.0-1.2 mg cm™

For the half-cell tests, CR2032 coin cells were assem-
bled in an argon-filled glove-box (H,0O < 0.1 ppm, O, <
0.1 ppm). Sodium metal foil was used as the counter/refer-
ence electrode, and a glass fiber membrane (Whatman
GF/C) was used as the separator. The electrolyte
comprised 1 mol/L NaClO, dissolved in a mixture of ethy-
lene carbonate, dimethyl carbonate, and ethyl methyl
carbonate (1:1:1 by volume), with 5 wt% fluoroethylene
carbonate additive.

For the full-cell tests, Na;V,(PO,); (NVP) was used as
the cathode. The NVP cathode was prepared by mixing
NVP, acetylene black, and polyvinylidene fluoride in a
mass ratio of 8:1:1. To balance the charge, the mass ratio of
the cathode (NVP) to the anode (ZnO/ZnSe-C composite)
was carefully controlled at approximately 1.05:1 based on
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the respective reversible capacities of each anode®’. Prior
to full-cell assembly, the ZnO/ZnSe-C anode was pre-
cycled in a half-cell for 5 cycles in the range of 0.01-3.0 V
to form a stable solid electrolyte interphase (SEI) and elim-
inate irreversible capacity.

Galvanostatic charge-discharge (GCD) tests were
performed on a LAND CT2001A battery test system
within the voltage windows of 0.01-3.0. V (half-cell) and
1.0-4.3 V (full cell) at various current densities. Cyclic
voltammetry (CV) analyses were conducted on a CHI760E
electrochemical workstation at scan rates from 0.2 to
1.2 mV s Electrochemical impedance spectroscopy (EIS)
measurements were performed on the same workstation
over the frequency range of 0.01-100 kHz, with an applied
amplitude of 5 mV. The galvanostatic intermittent titra-
tion technique (GITT) was employed to determine the Na*
diffusion coefficient. The cells were pulsed at a constant
current (0.05 A g') for 10 min, followed by open-circuit
relaxation for 40 min until the potential stabilized.

In situ characterization was performed using special-
ized electrochemical cells. In situ electrochemical
impedance spectroscopy was conducted during the
charge/discharge processes using a three-electrode cell
(Tianjin Aida Hengsheng Technology), whereas in situ
Raman spectra were collected using a two-electrode opti-
cal cell (Tianjin Gaoss Union Photoelectric Technology).

3 Results and discussion

3.1 Morphology and structure of the as-prepared
samples

The morphology and microstructure of Zn-LDH, CTP-C,
and their composites were systematically investigated
using SEM and TEM. As shown in Fig. 1a, pristine ZnAl-
LDH comprises sphere-like aggregates composed of
distinct lamellar sheets. In contrast, the directly carbonized
pitch (CTP-C, Fig. 1b) displays a stacked lamellar struc-
ture with a relatively uniform morphology. The SEM
images of the composite precursors with different LDH-to-
CTP mass ratios (1:2, 1:1, and 2:1) are presented in Fig. 1c,
Figs. S2a and S2b in the ESM. At a low LDH loading (ratio
1:2, Fig. S2a), the distribution of LDH on the surface of
CTP is uneven, leaving parts of the carbon matrix exposed
and resulting in a rough, bulky morphology. When the
ratio is balanced at 1:1 (Fig. lc), the composite forms
agglomerated particles and a continuous porous network.
Slight inhomogeneity is observed in the SEM image,
attributed to the simple physical blending process and
possible insufficient grinding or inadequate mixing time
during precursor preparation. Nevertheless, the obtained
hierarchical structure remains conducive to enhanced
electron transport and efficient ion diffusion. However, at
a high LDH ratio of 2:1 (Fig. S2b in the ESM), severe
agglomeration occurs, the particle dispersibility deterio-
rates, and the pore structure becomes blocked. Further
detailed microstructural analysis was performed using
TEM. Figure 1d clearly shows heteroatomic particles
dispersed within the carbon matrix. The corresponding
EDX elemental mappings in Fig. le confirm the uniform
distribution of C, O, Zn, and Se throughout the material,
indicating a well-integrated composite. The high resolu-
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Figure 1 SEM images of LDH (a), CTP-C (b), and ZnO/ZnSe-C-1:1 (c). (d) TEM image of ZnO/ZnSe-C-1:1. (e) EDX mapping of
ZnO/ZnSe-C-1:1. HR-TEM image (f) of ZnO/ZnSe-C-1:1 and correponding magnified region (g, h).

tion TEM (HR-TEM) image in Fig. 1f clearly shows two
distinct crystalline regions, confirming the formation of a
heterostructure. As displayed in the magnified lattice
images (Figs. 1g and 1h), the measured interplanar spac-
ings are 0.282 nm in Area 1 and 0.327 nm in Area 2, which
is further supported by the lattice spacing profiles
provided in Figs. S3a and S3b in the ESM. These values
correspond to the (100) plane of ZnO (PDF#74-0534) and
the (111) plane of ZnSe (PDF#37-1463), respectively.
Figure 2a presents the XRD patterns of the as-prepared
sample. The XRD spectrum of CTP-C exhibits broad,
diffuse peaks, a typical feature of amorphous carbon®!,
confirming its predominantly disordered structure with
low crystallinity. In contrast, the spectrum of pristine ZnAl-
LDH displays sharp, well-defined diffraction peaks, consis-
tent with its highly ordered, layered crystalline architec-
ture. All composite samples show clear diffraction peaks
corresponding to ZnO and ZnSe, indicating the transfor-
mation of LDH during high-temperature treatment and
subsequent selenization. Notably, no residual peaks of Al-
containing compounds or excess Se were observed after
alkaline washing, confirming the effective removal of
impurities. The Rietveld refinement profile (Fig. 2b) yields
satisfactory reliability factors (R, = 7.05% and R,, =
9.60%). The elevated background primarily arises from
diffuse scattering caused by long-range disordered
graphitic domains in the pitch-derived carbon matrix. The
refinement results indicate that ZnO constitutes approxi-

@ fF27me | Sci®pen

mately 15 wt% of the crystalline phase, demonstrating that
under high-temperature carbonization and Se vapor, Zn-
based species derived from LDH are efficiently and
predominantly converted to ZnSe. This confirms that the
introduced Se effectively promotes selenization, while sub-
sequent alkaline washing does not compromise the primary
ZnO/ZnSe heterostructure, thereby providing a controlled
phase composition that supports sodium storage.

Raman spectra of the samples are shown in Fig. 2c. The
D-band at 1336.4 cm™ is associated with structural defects
or sp*-hybridized carbon, whereas the G-band at
1582.6 cm™ corresponds to the in-plane vibration of sp*-
hybridized carbon®. The Ip/I; ratio of CTP-C is 0.65,
indicating only a small number of defects, which is consis-
tent with the typical structural characteristics of preoxi-
dized pitch-based carbon materials. With increasing LDH
content in the composites, the Ip/I; ratio gradually
increased from 0.65 for CTP-C to 0.87 for ZnO/ZnSe-C-
2:1. This trend can be ascribed to in situ pore formation
induced by the gas released from LDH decomposition
during carbonization, which destroys the partially graphi-
tized domains of the carbon matrix and generates abun-
dant pore edges and structural defects. In addition, the in
situ anchored ZnO/ZnSe nanoparticles interact strongly
with the carbon matrix, inhibiting graphitic ordering and
increasing the structural disorder.

The nitrogen adsorption-desorption isotherms and
pore-size distribution profiles are displayed in Fig. 2d®.
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Figure 2 (a) XRD patterns of the samples. (b) Rietveld refinement of XRD pattern of ZnO/ZnSe-C-1:1. Raman spectrum (c) and BET

curves (inset: pore size distribution) (d) of samples.

The isotherm of CTP-C is classified as Type IV, with
limited adsorption capacity and no distinct hysteresis loop,
indicating a poorly developed pore structure consisting
mainly of slit-like mesopores between particles. The
isotherm of the ZnO/ZnSe-C-1:1 composite is also Type
IV but with significantly enhanced adsorption across the
entire pressure range®®’. The steep uptake at low relative
pressure suggests the presence of abundant micropores/
mesopores, whereas the continuous adsorption at
medium-high pressures, combined with the broad
hysteresis loop, reflects a well-developed, mesoporous, slit-
pore structure derived from the LDH precursor. These
results confirm that the introduction of LDH substantially
increases the specific surface area and pore volume of the
composite.

XPS was used to characterize and analyze the distribu-
tion of heteroatomic functional groups in ZnO/ZnSe-C-
1:1. The XPS survey spectrum of ZnO/ZnSe-C-1:1 is
presented in Fig. S4 in the ESM. Figure 3a shows the
deconvoluted peaks (and their respective binding energies)
in the C 1s core-level spectrum. The C-C bond corre-
sponds to a binding energy of 284.8 eV, while C-O bond
gives rise to a signal at 285.6 eV; the C=0O bond has an
energy of 287.5 eV, and the 7-7* satellite peak appears at
289.2 eVl The two distinct deconvoluted peaks in the O
1s spectrum (Fig. 3b) correspond to C=0 (531.1 eV) and
C-0 (532.3 eV), respectively®!. The Zn 2p core-level spec-
trum (Fig. 3c) exhibits two characteristic peaks of Zn 2p;,
at 1022.1 eV and Zn 2p,,, at 1045.1 eV Deconvolution
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of the Se 3d core-level spectrum (Fig. 3d) yields two peaks:
Se 3d;;, at 54.7 eV and Se 3d;, at 56.5 eV, These analy-
ses confirm that all components of ZnO/ZnSe-C-1:1 exist
in their typical valence states, indicating that the compos-
ite possesses the expected chemical composition and
bonding structure. Notably, C-O is more abundant than
C=0 because the oxygen-containing functional groups
inherent in the preoxidized pitch are partially retained
during high-temperature carbonization, while interfacial
interactions between the LDH-derived metal oxides and
carbon matrix further promote the formation and stabi-
lization of C-O bonds.

3.2 Electrochemical performance in SIBs

The different materials and composites synthesized at vari-
ous temperatures were used as anodes for SIBs, and their
electrochemical performance was characterized and
analyzed. Figure 4a presents the first three CV curves of
ZnO/ZnSe-C-1:1 at a scan rate of 0.2 mV s'. The promi-
nent peak at 0.99 V corresponds to the formation of the
SEI film. The redox peaks at 0.94 and 0.65 V correspond to
the redox reaction of ZnS®. A pair of small impurity peaks
appear at 1.56 and 1.88 V, which may originate from the
redox reactions induced by the low-content Zano phase®”..
Figure 4b shows the characteristic plateau in the voltage
range of 0.5-1.0 V, which corresponds to the conversion
reactions of ZnO and ZnSe, whereas the plateau below
0.2 V is attributed to the intercalation of Na* into the pseu-
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dographitic layers of pitch-derived carbon. To further carbon, directly confirming the origin of the low-potential
verify this assignment, the CV curve of pure CTP-C is sodium intercalation signal in the spectrum of the
provided in Fig. S5 in the ESM. The results show a distinct composite electrode. Note that no obvious low-potential
reduction peak in the low-potential region below 0.2 V for plateau is present in the charge-discharge profile of pure
pure CTP-C, which corresponds to the intercalation of CTP-C, which is an inherent electrochemical character-
Na* into the pseudo-graphitic structure of pitch-derived istic of pitch-based soft carbon. The sodium-storage
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behavior is largely manifested as a sloping profile rather
than a distinct plateau, but this does not indicate the
absence of sodium intercalation in this potential region. In
contrast, the CV curves exhibit higher sensitivity toward
weak redox signals, enabling accurate detection of the low-
potential sodium intercalation behavior, thereby fully vali-
dating the rationality of assigning the low-potential
plateau of the composite electrode to sodium intercalation
into the carbon layers. The processes are described by Egs.
1_6[8,29]:
Discharge process:

6C+xNa" +xe” — Na,C, (1)
ZnO +2Na" +2e — Zn+ Na,O (2)
ZnSe +2Na' +2e~ — Zn+ Na,Se (3)

Charge process:

6C+xNa" +xe” — Na,C, (4)

Zn+Na,O — ZnO +2Na" +2¢e~ (5)

Zn+ Na,Se — ZnSe +2Na" 4 2e~ (6)

As shown in Fig. 4c, compared with CTP-C,

ZnO/ZnSe-C-1:1 not only achieves a significant capacity
increase but also exhibits a notable increase in its capaci-
tive contribution ratio. This stems from the dual sodium
storage enhancement introduced by the conversion reac-
tion: on one hand, the reversible conversion reaction
between ZnO/ZnSe and Na' provides a large number of
additional sodium storage active sites, directly boosting
the total sodium-storage capacity of the material; on the
other hand, the surface and near-surface charge-transfer
processes involved in the conversion reaction are kineti-
cally fast®. Coupled with the well-developed hierarchical
pore structure of the composite and the efficient ion—elec-
tron transport channels formed at the heterointerface, this
significantly enhances the capacitive sodium storage,
thereby leading to a marked increase in the capacitive
contribution ratio. As shown in Fig. 4d, Figs. S6 and S7 in
the ESM, the CTP-C, ZnO-C, and ZnAl-LDH-C anode
materials deliver reversible specific capacities of 112.3,
178.7, and 311.2 mAh-g™!, respectively, at a current density
of 100 mA-g. In contrast, the pitch-based carbon mate-
rial loaded with the heterostructures (ZnO/ZnSe-C-1:1)
achieves a specific capacity of 637.5 mAh-g' under identi-
cal test conditions, thus exhibiting superior electrochemi-
cal performance. As shown in Fig. 4e, ZnO/ZnSe-C-1:1
delivers capacities of 680.9, 511.1, 460.4, 393.3, 321.1, and
248.6 mAh g at current densities of 0.1, 0.3, 0.5, 1.0, 3.0,
and 5.0 A g, respectively, demonstrating excellent rate
capability. Notably, as shown in Fig. 4f, after 1000 cycles at
a high current density of 5.0 A g, ZnO/ZnSe-C-1:1 still
retains a reversible capacity of 259.7 mAh g, showing
outstanding cycle life. Comparative evaluation of the
heterostructure-loaded anodes in SIB half-cells demon-
strates that ZnO/ZnSe-C maintains excellent capacity
across a broad range of current densities (Table S1 in the
ESM)E. The significantly enhanced surface capacitive
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effect corresponds to rapid ion transfer and is the origin of
the outstanding rate performance of ZnO/ZnSe-C-1:1 at
high current densities.

To investigate the Na* storage behavior of ZnO/ZnSe-C-
1:1, CV curves were recorded at scan rates ranging from
0.2 to 1.2 mV s, as presented in Fig. 5a. As the scan rate
increases, the area of the corresponding CV curve gradu-
ally expands. The relationship between the peak current (i)
and scan rate (v) can be quantified using Eqgs. 7 and 87

i=a (7)

logi = blogv+loga (8)

The b-value is an indicator of the electrochemical
energy storage characteristics during redox processes. The
b-values cluster within the range of 0.5-1.0, indicating that
sodium storage involves the combined effects of surface
capacitive behavior and bulk ion diffusion®®. The b-values
of the anodic peaks are smaller than those of the cathodic
peaks, which means that the kinetics of the anodic reac-
tions tend to be dominated by bulk ion diffusion, possibly
owing to the higher diffusion barrier that Na* has to over-
come for deintercalation from the interior of the material.
Notably, the b-values corresponding to the redox peaks of
ZnO are more intense than those of ZnSe (Fig. 5b), indi-
cating that the active sites formed by ZnO on the surface of
the carbon matrix facilitate surface adsorption/desorption
processes. In contrast, during the reaction of ZnSe, Na*
needs to enter the interior of the lattice to participate in
the conversion reaction; thus, the bulk diffusion step has a
more pronounced influence on the reaction Kkinetics.
Consequently, the b-values associated with the redox peaks
of ZnSe are lower, indicating more prominent diffusion-
controlled characteristics. The surface capacitance can be
quantified using Eq. 9:

i=kv+kv”? 9

where k;, k,, and kv, and k,"? represent the ratio of the
surface capacitance and bulk ion diffusion, respectively®*.
As shown in Figs. 5¢ and 5d, the capacitive contribution
ratio of ZnO/ZnSe-C-1:1 increases from 71.8% at
0.2 mV s7' to 93.3% at 1.2 mV s, while the corresponding
diffusion contribution decreases from 28.2% to 6.7%. The
above data clearly demonstrate that the proportion of the
surface capacitive contribution gradually increases with
increasing scan rate, while the proportion of the bulk
diffusion contribution decreases accordingly. At low scan
rates (0.6 mV s7'), the bulk diffusion contribution
(19.0%-28.2%) boosts the total capacity, which is consis-
tent with the sodium-storage mechanism involving the
conversion reaction of ZnO/ZnSe and Na* intercalation
into the carbon layers. At high scan rates (>1.0 mV s), the
surface capacitive contribution becomes dominant (>
88.5%), which is the key to the excellent rate performance
of the composite: the surface adsorption/desorption
process shows faster kinetics and is less limited by Na*
diffusion.

To investigate the surface diffusion of Na‘, GITT
measurements were performed on the SIBs, with a 10 min
pulse period and a 10 min relaxation period. The Na*
diffusion coefficient (Dy,*) can be calculated using Eq. 10:
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Figure 5 CV curves from 0.2 mV s to 1.2 mV s (a), b-values (b), ratio of capacitive contribution (c), capacitive contribution at
1.2mV s (d), and GITT profiles (e) of ZnO/ZnSe-C-1:1. In situ Raman spectrum (f) and corresponding I/I ratios (g) of ZnO/ZnSe-C-
1:1. In situ EIS curves during discharge (h) and charge (i). (j) Contour plot of distribution of relaxation times for ZnO/ZnSe-C-1:1.

DNa* =

4 (mV,\ [ AE\’ (10)
nr< SM, > <AE,>

Here, 7 denotes the relaxation time (s); my represents
the active mass (g); Vyindicates the molar volume
(cm?® mol™); S is the active surface area (cm?); My is the
molar mass (g mol™); AE; is the change in the steady-state
potential induced by the current pulse; and AE, is the
potential change during this pulse after subtracting the iR
drop*l. As shown in Fig. 5e, the variation in the diffusion
coefficient indicates that during discharge, as the potential
decreases, the charge-transfer resistance increases and bulk
diffusion slows down. In contrast, during charging, the
Na* diffusion rate is initially high and then declines signifi-
cantly. This behavior indicates that Na* diffusion is closely
related to the ion insertion/extraction pathways and
dynamic structural changes in the material. During
discharge, continuous Na* insertion can induce local
lattice distortion, narrowing the bulk diffusion channels
and increasing the charge-transfer resistance, while slow-
ing diffusion. In the early charging stage, Na* is mainly
deintercalated from surface and near-surface active sites,
where the diffusion rate is maximal owing to the shorter
diffusion paths and lower interfacial resistance. As charg-
ing proceeds, Na* must migrate from deeper bulk regions
to achieve complete deintercalation; moreover, lattice
relaxation owing to prior Na' insertion may remain
incomplete in some areas, further raising the energy
barrier for ion diffusion!. This phenomenon confirms
that the sodium-storage kinetics of the ZnO/ZnSe-C-1:1

{27 mm | Sci@pen

composite are synergistically regulated by ion migration
pathways and the structural response of the material,
providing a kinetic-level explanation of the performance
variations observed during the charge/discharge processes.

To further elucidate the Na* diffusion behavior in differ-
ent voltage regions and its correlation with battery perfor-
mance, the discharge process was divided into high-volt-
age (3.0-0.2 V) and low-voltage (0.2-0.01 V) regions for
detailed analysis based on the GITT data in Fig. 5e. In the
high-voltage region of 3.0-0.2 V, the Na* diffusion coeffi-
cient remains at a relatively high level, ranging from 1.8 x
10" to 12 x 10" cm? s7. This is attributed to the domi-
nant sodium-storage behavior in this stage, including
surface adsorption/desorption and the conversion reac-
tions of ZnO/ZnSe, characterized by fast kinetics and short
Na+ diffusion paths. In contrast, the Na* diffusion coeffi-
cient drops sharply in the low-voltage region of 0.2-0.01 V,
decreasing from 1.2 x 107" to 2.5 x 10" cm? s™. The main
reason is that sodium storage in this stage is dominated by
Na* intercalation into the carbon layers, where Na* must
diffuse into the interior of the carbon matrix; additionally,
continuous Na* intercalation induces local lattice distor-
tion of the carbon matrix, narrowing the diffusion chan-
nels and further reducing the diffusion coefficient. The
Na* diffusion behavior in different voltage regions exerts
distinct effects on the electrochemical performance of the
composite: the relatively high Na* diffusion coefficient in
the high-voltage region ensures excellent rate perfor-
mance of the composite at high current densities because
the surface-dominated reactions can rapidly respond to

9370093 (8 of 14)


https://doi.org/10.26599/EMD.2026.9370093

Energy Mater. Devices 2026, 4(2), 9370093

fast charge/discharge under high current densities. The
low Na* diffusion coefficient in the low-voltage region is
the main cause of the slight capacity attenuation at an
ultrahigh current density of 10 A g, while its influence is
limited because this region only contributes 18% of the
total discharge capacity.

In situ characterization is critical for resolving the
dynamic structural evolution of electrode materials during
electrochemical processes. In situ Raman spectroscopy
offers real-time insights into the microstructural changes
in the carbon matrix of the ZnO/ZnSe-C-1:1 electrode.
Figure 5f presents in situ Raman spectra acquired at differ-
ent potentials over one full charge-discharge cycle; the
corresponding evolution of the Ip/I; ratio is summarized
in Fig. 5g. After completing one cycle, the Iy/I; ratio
largely reverts to its precycle value, indicating that struc-
tural evolution of the carbon matrix during sodium stor-
age is dominated by reversible reconstruction. This
endows the matrix with excellent structural stability,
which provides crucial microstructural underpinning for
ensuring long-term cycling performance of the electrode.
During discharge, the Iy/I;; ratio gradually increases, peak-
ing for the fully discharged state. This finding reveals that
continuous Na* intercalation during discharge induces
localized structural reconstruction of the carbon matrix,
generating additional defect sites and disordered domains.
These newly formed disordered domains act as supple-
mentary Na* storage sites, directly contributing to enhanc-
ing the sodium-storage capacity. Conversely, during
charging, the Ip/I; ratio gradually decreases, indicating
that Na* deintercalation is accompanied by reversible
relaxation of the disordered structures of the carbon
matrix, with some defect sites reverting to their original
ordered states when Na* is desorbed, further confirming
the structural reversibility of sodium storage in the carbon
matrix.

Subsequently, in situ EIS measurements were performed
on ZnO/ZnSe-C-1:1, and the corresponding distribution
of relaxation times curves was derived via fitting. The
results are presented in Fig. 5j, Figs. S8a and S8b in the
ESM. Here, 11 (>10 s) corresponds to the bulk Na* diffu-
sion within the electrode, t2 (0.01-10 s) to the charge-
transfer process at the electrode/electrolyte interface, and
13 (<0.01 s) to Na* migration in the electrolyte”. During
cycling, as the potential decreases during discharge, the
peak position in the 11 region gradually decreases, whereas
that in the 12 region follows the opposite trend. This indi-
cates that continuous Na* insertion during discharge trig-
gers internal structural reconstruction of the electrode,
shortening the characteristic relaxation time of the bulk
diffusion process. Meanwhile, at the electrode/electrolyte
interface, Na* enrichment and local charge accumulation
prolong the relaxation time of the charge-transfer process;
thus, the kinetics of the bulk diffusion and interfacial
processes exhibit potential-dependent inverse regulation.
As the potential increases, the trends in these two regions
reverse relative to those during discharge, corresponding
to Na* extraction during charging. The diffusion pathways
within the electrode undergo reversible structural relax-
ation with Na* extraction, causing the characteristic relax-
ation time for bulk diffusion to recover. Simultaneously,
Na* desorption at the interface improves the charge-trans-
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fer environment, shortening the relaxation time. This
demonstrates the reversible kinetic response of the elec-
trode. During discharge, the peak position of t3 changes
relatively little, indicating that Na* migration in the elec-
trolyte is weakly affected by the discharge potential®. The
electrolyte system maintains stable ion-transport capabil-
ity during discharge, which serves as one of the key factors
underpinning the stable electrochemical performance of
the electrode.

The sodium-storage process in the ZnO/ZnSe-C-1:1
composite during discharge can be divided into three
consecutive stages based on the potential range. In the
high-potential region (3.0-0.5 V vs. Na*/Na), interfacial
capacitive adsorption and initial formation of the solid
electrolyte interphase film are dominant. Na* is preferen-
tially adsorbed on the surface of the ZnO/ZnSe
heterostructures and oxygen-containing functional groups
(C-0, C=0) of the carbon matrix to form a capacitive
electric double-layer, while the electrolyte undergoes slight
reduction to generate an initial SEI film containing
C-0-Na and C=O0 (corresponding to the irreversible peak
at 0.99 V in the CV curve, Fig. 4a). During this stage, the
lattice structure of ZnO/ZnSe remains intact (XRD refine-
ment confirms that ZnO accounts for 15 wt% of the crys-
talline phase, Fig. 2b). In the medium-potential region
(0.5-0.2 V vs. Na*/Na), reversible conversion reactions of
ZnO and ZnSe occur (Egs. 2 and 3). The (220) crystal
plane of ZnO (d = 0.282 nm) and (111) crystal plane of
ZnSe (d = 0.327 nm) gradually vanish, producing highly
dispersed elemental Zn nanograins, as well as amorphous
Na,O and Na,Se. These reactions correspond to the redox
peaks of ZnSe (0.94 V, 0.65 V) and ZnO (1.56 V, 1.88 V) in
the CV curve (Fig. 4a) and the distinct plateau in the
0.5-1.0 range. The voltage range of the GCD curve
contributes a capacity of 117.1 mAh g (accounting for
18% of the total capacity, Fig. 5b). The HR-TEM and XPS
results confirm consumption of the ZnO/ZnSe crystalline
phases (Figs.1f-1h, 3c and 3d). In the low-potential region
(0.2-0.01 V vs. Na*/Na), the synergistic effect of intercala-
tion into the carbon matrix and alloying with Zn prevail.
Nar is inserted into the pseudographitic interlayers of coal-
tar-pitch-derived carbon (Eq. 1), and elemental Zn reacts
with Na* to form a NaZn;, alloy. The slope segment below
0.2 V in the GCD curve contributes 520.4 mAh g
(accounting for 82% of the total capacity, Fig. 4b). GITT
tests indicate that the Na* diffusion coefficient in this
region is 107 to 10" cm? s (Fig. 5e), and in situ Raman
spectroscopy confirms that Na* intercalation leads to
increased defects in the carbon matrix (the Ip/I; ratio
increased to ~0.88, Figs. 5f and 5g).

The morphological changes of the material after cycling
at a high current density were observed using SEM (Fig. S9
in the ESM). Prior to cycling, the electrode maintained a
relatively intact morphology. After long-term cycling, the
active material particles were slightly pulverized without
obvious structural collapse, while the electrochemical
performance of the electrode remained relatively stable.
The core reason lies in the synergistic effect between
ZnO/ZnSe and pitch-derived carbon. The flexible porous
carbon framework buffers the volume expansion of
ZnO/ZnSe, inhibits particle fragmentation and agglomera-
tion, and forms a highly conductive network for efficient

(B HHL L

Y Tsinghua University Press




https://doi.org/10.26599/EMD.2026.9370093

charge transport at high current. In addition, it promotes
the formation of a stable SEI and reduces side reactions. As
a result, stable structure and performance are simultane-
ously achieved during high-rate cycling.

To gain deep insight into the mechanism underlying the
cycling stability of the ZnO/ZnSe-C-1:1 anode, the elec-
trode was subjected to Ar* etching XPS depth profiling
after 1000 long-term cycles, providing direct evidence of
the excellent stability and structural integrity of the SEI
layer without obvious degradation or destruction. This
technique provides depth-resolved chemical information
from the electrolyte-electrode interface (etching time =
0 s) to the bulk region of the active material (etching
time = 100 s, corresponding to about 1000 sputtering
cycles). At the initial surface (0 s), the survey spectrum

(Fig. 6a) is dominated by C 1s, O 1s, and Na 1s signals,
confirming that the active material is covered by an intact
SEI film composed mainly of C, O, Na, and Cl. As the
etching time increases, the atomic ratios of C
(~50%—38%) and O (~39%—34%) decrease while Na
content increases sharply from ~8% to ~21%, and Cl
species remain at a low level throughout the process.
(Fig. 6b). These variations demonstrate the gradual
removal of the organic-rich outer SEI layer upon continu-
ous ion etching, accompanied by progressive penetration
into the underlying electrode bulk of ZnO/ZnSe-C. This
rapid penetration indirectly demonstrates the extremely
low physical thickness of the SEI, which is critical for
supporting the material-dominant capacitive sodium-
storage behavior and high-rate performance.
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Figure 6 Characterization results for the ZnO/ZnSe-C-1:1 sample after 1000 cycles. (a) Survey XPS profiles as a function of etching
time. (b) Variation in atomic percentages of key elements (C, O, Na, and Cl) with etching time. Original high-resolution C 1s (c), O 1s
(d), Na 1s (e), and CI 2p (f) XPS profiles at different etching depths. Deconvoluted high-resolution C 1s (g), O 1s (h), and Na Is (i) XPS

profiles as a function of etching depth.
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Deconvolution of the high-resolution spectra enables
depth-resolved mapping of the chemical composition of
the SEI and verifies its typical “outer organic/inner inor-
ganic” layered architecture. In the organic outer layer (0 s),
the C 1s spectrum (Fig. 6¢) is dominated by organic
sodium salts (C-O-Na at 290.8 eV) and carbonate deriva-
tives (C=0 at 288.9 eV), verifying that this layer originates
from electrolyte reduction products. The rapid attenua-
tion of the O 1s peak intensity from the surface inward
(Fig. 6d) further confirms that the SEI outer layer is
primarily composed of oxygen-rich organic carbonates!.
The macroscopic elemental profile (Fig. 6e) provides clear
visualization of this bilayer structure. Notably, the atomic
percentage of Na remains highly uniform (~10 at%) across
all etching depths, providing direct evidence of the excel-
lent mechanical robustness of the SEI, which effectively
buffers the volume strain induced by the ZnSe conversion
reactions. Moreover, the Cl 2p spectrum (Fig. 6f) shows
that Na-Cl species are confined to the top surface and
disappear rapidly by 50 s, and no obvious NaClO, signal is
detected, indicating that the inner SEI layer effectively
isolates the electrolyte from the active material and
suppresses continuous side reactions'*.

The inorganic inner layer (50 and 100 s) in the SEI
undergoes a distinct chemical transition with increasing
etching depth. The characteristic peak positions and rela-
tive proportions of the main SEI components (C-C, C-0O,
C=0, C-0-Na) in the C 1s spectrum remain stable during
long-term cycling, with C-C (stable carbon matrix)
accounting for 59.0%-46.9% and C-O-Na (organic SEI
component) varying slightly from 13.4% to 16.5%, suggest-
ing no severe decomposition of the organic SEI. The
significant increase in the C=O proportion (Fig. 6g)
suggests dynamic decomposition and reconstruction of the
SEI during long-term cycling, with continuous accumula-
tion of carbonyl-containing organic components. In the
O 1s spectrum (Fig. 6h), the characteristic peaks and rela-
tive proportions of inorganic (Na-KLL, Na,O) and
organic (C=0, C-O) moieties remain intact, and the
proportion of inorganic Na-KLL increases from 6.6% to
17.2% with the etching depth. Correspondingly, the Na 1s
spectrum (Fig. 6i) shows a pronounced increase in the
Na-KLL Auger peak (1072.6 eV, inorganic species) from
441% to 61.3% at 100 s, accompanied by a moderate
decrease in the organic C-O-Nat. This inorganic-rich
inner layer, containing Na,O and Na,Se from conversion
reactions, provides rigid mechanical support and ensures
the long-term chemical stability of the SEI. Ultimately, this
ultrathin yet mechanically robust inorganic inner SEI lays
the fundamental chemical foundation for fast Na* trans-
port kinetics and contributes to the ultralong cycle life of
the electrode at 5 A g

The comprehensive electrochemical performance of
ZnO/ZnSe-C-1:1 as an anode was evaluated in a SIB full-
cell system, with NVP as the cathode, having a high-volt-
age plateau'. Following the capacity balance principle, the
mass ratio of active materials between the anode and cath-
ode was set to 1.05:1. Prior to full-cell assembly, three
complete cycles were performed at 30 mA g' to facilitate
the formation of a stable SEI film on the anode. Figure 7a
presents the GCD curves of the anode, cathode, and
assembled full-cell, respectively. Figure 7b shows that the
full-cell retains a reversible capacity of 147.5 mAh g after
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100 cycles at a current density of 100 mA g'. This demon-
strates that the full-cell exhibits excellent long-term cycling
stability. The stable SEI film formed during the pre-cycling
process effectively suppresses structural degradation of the
electrode materials and irreversible loss of the active
components, thereby maintaining stable capacity reten-
tion after prolonged cycling. Figure 7c illustrates the rate
capability of the ZnO/ZnSe-C-1:1//NVP full-cell, which
delivers specific capacities of 258.2, 223.8, 192.4, 160.5,
126.7, and 109.9 mAh g at current densities of 0.1, 0.3,
0.5, 1.0, 3.0, and 5.0 A g, respectively. This performance
reflects excellent rate adaptability. When the current
density is increased from 0.1 A g to 5.0 A g*', the capacity
retention rate still reaches 42.6%. This indicates that the
full-cell maintains satisfactory capacity retention even at
high current densities. Figure 7d intuitively illustrates the
layered structure and Na* transport mechanism in the
ZnO/ZnSe-C//NVP sodium-ion full cell. The full cell
comprises a copper foil current collector, ZnO/ZnSe-C
anode, porous separator, NVP cathode, and aluminum foil
current collector in a top-to-bottom sequence. During the
discharge process, Na* ijons are released from the
ZnO/ZnSe-C anode, migrate through the separator to the
NVP cathode, and are intercalated into the cathode lattice,
while electrons are transported synchronously through the
external circuit to complete the discharge reaction. The
charge process proceeds in the reverse manner: Na* ions
are deintercalated from the NVP cathode, flow back
through the separator to the ZnO/ZnSe-C anode, and
recombine with the anode material, enabling the reversible
storage of sodium ions. This typical “rocking-chair” Na*
transport behavior ensures efficient ion/electron transfer,
providing a fundamental guarantee of the excellent rate
capability and long-term cycling stability of the assembled
full cell.

Furthermore, as shown in Fig. 7e, the battery retains a
reversible specific capacity of 73.96 mAh g after 70 cycles
at a high current density of 3 A g'. This demonstrates that
the full-cell exhibits excellent high-rate, long-term cycling
stability. Figure 7f demonstrates the practical battery
application. The full-cell can successfully drive a green
light-emitting diode (LED) dot-matrix display to stably
show the characters “TYUT”, demonstrating the practical
power-supply capability and application potential of the as-
prepared ZnO/ZnSe-C anode material in sodium-ion full-
cell devices.

4 Conclusion

In summary, we successfully developed a high-perfor-
mance anode material for SIBs by loading layered double
hydroxides onto preoxidized coal tar pitch, followed by
vapor selenization. During the high-temperature process,
ZnO derived from LDH decomposition and ZnSe from
selenization form heterostructures that are anchored on
the surface of the coal-tar-pitch-derived carbon matrix.
This structure profoundly modulates the microstructure
and surface chemical environment of the material, thereby
enhancing its rate performance at high current densities.
The ZnO/ZnSe-C-1:1 composite exhibits excellent electro-
chemical properties, delivering a specific capacity of
637.5 mAh g at a current density of 100 mA g7, and
retaining a high capacity of 259.7 mAh g even at a high
current density of 5 A g. This remarkable performance
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Figure7 GCD curves (a), cycling performance (b), and rate performance (c) of ZnO/ZnSe-C-1:1//NVP. (d) Schematic of SIBs. (e)
Cycling performance of ZnO/ZnSe-C-1:1//NVP at a high current density of 3 A g-'. (f) Practical application of ZnO/ZnSe-C//NVP full

cell for driving LED display.

stems from the outstanding capacitive contribution, which
reaches 93.3% at a scan rate of 1.2 mV s The SIB full cell
assembled with this anode and the compatible NVP
cathode maintains a considerable reversible capacity of
147.5 mAh g after 100 cycles at 100 mA g, highlighting
its practical application potential. This study highlights the
application potential of preoxidized coal-tar-pitch-based
carbon materials in high-performance SIB anodes. It
provides a promising pathway for the high-efficiency
utilization of industrial byproducts and the development
of low-cost, high-performance energy storage systems. The
findings offer valuable insights for advancing the develop-
ment of SIB anode materials and optimizing the design of
energy-storage electrodes.
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