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Se-p Orbitals Induced “Strong d–d Orbitals Interaction”
Enable High Reversibility of Se-Rich ZnSe/MnSe@C
Electrode as Excellent Host for Sodium-Ion Storage

Sikandar Iqbal, Aadil Nabi Chishti, Muhammad Ali, Moazzam Ali, Youchan Hao,
Xingxing Wu, Huiqin Huang, Wang Lu, Peng Gao, Muhammad Yousaf,*
and Yinzhu Jiang*

The heterostructure of transition-metal chalcogenides is a promising
approach to boost alkali ion storage due to fast charge kinetics and reduction
of activation energy. However, cycling performance is a paramount challenge
that is suffering from poor reversibility. Herein, it is reported that Se-rich
particles can chemically interact with local hexagonal ZnSe/MnSe@C
heterostructure environment, leading to effective ions insertion/extraction,
enabling high reversibility. Enlightened by theoretical understanding, Se-rich
particles endow high intrinsic conductivities in term of low energy barriers
(1.32 eV) compared with those without Se-rich particles (1.50 eV) toward the
sodiation process. Moreover, p orbitals of Se-rich particles may actively
participate and further increase the electronegativity that pushes the Mn d
orbitals (dxy and dx2-y2) and donate their electrons to dxz and dyz orbitals,
manifesting strong d–d orbitals interaction between ZnSe and MnSe. Such
fundamental interaction will adopt a well-stable conducive electronic bridge,
eventually, charges are easily transferred from ZnSe to MnSe in the
heterostructure during sodiation/desodiation. Therefore, the optimized
Se-rich ZnSe/MnSe@C electrode delivered high capacity of 576 mAh g−1 at
0.1 A g−1 after 100 cycles and 384 mAh g−1 at 1 A g−1 after 2500 cycles,
respectively. In situ and ex situ measurements further indicate the integrity
and reversibility of the electrode materials upon charging/discharging.
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1. Introduction

Sodium-ion batteries (SIBs) have gained in-
creasing attention as a cost-effective alterna-
tive to lithium-ion batteries (LIBs) for large-
scale energy storage systems due to the ho-
mogenous and abundant supply of sodium
(Na) on Earth.[1] However, the larger size
and heavy mass of Na ions (1.06 Å and
23 g mol−1) compared with Li+ (0.76 Å
and 6.9 g mol−1), lead to sluggish kinet-
ics and a higher potential barrier for ions
insertion/extraction into active materials.[2]

As a result, most of the electrode materials
hardly maintain the resultant volume varia-
tions during discharging/charging process,
significantly limiting the stability of the
electrode materials.[3] Therefore, it is cru-
cial to identify active materials with favor-
able sites for Na+ ion diffusion and to un-
derstand the reaction mechanisms to over-
come these challenges for the development
of SIBs.

To date, various transitional metal se-
lenides have garnered significant attention
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as electrode materials for SIBs due to their unique prop-
erties, including excellent intercalation and deintercalation
capabilities.[4] Among them, ZnSe, CoSe2, MoSe2, WSe2, FeSe2,
and MnSe, all have shown promise in Na ion insertion/extraction
processes.[5] Furthermore, bimetallic selenide heterostructures
portray great synergistic significance in term of cyclability,
such as CoSe2/FeSe2,[6] MoS2/Bi2S3,[7] ZnSe/CoSe2,[8] and
FeSe2/Fe3Se4,[5d] have corroborated popular in the field of syn-
thetic materials due to their ability to facilitate redox reactions
during discharging and charging processes. However, these
heterostructures can decrease the electronic conductivity due
to the presence of different metals with different electronega-
tivity and may be difficult to tune the movement of electrons
across the material. As a result, the weak d–d coupling of metal
orbitals in the heterostructures can build a weak metallic bond
due to the mismatching of electronic band structures. This
can cause trapped electrons in the interface defect, resulting
in high polarization, decreasing the overall electrochemical
performances.[9]

To overcome these limitations, on one side the researchers
measure the systematic control of morphology, size, and coating
which are the propitious strategies.[5a,10] On the other hand, they
are also making sufficient efforts in terms of various dopants,
vacancies and rich concentrations of O2, N, P, S, and Se with het-
erostructures to boost the reaction kinetics.[11] However, there are
few studies available to well explain the intrinsic electronic crys-
tal structure responsible for high electronic conductivity during
the cycling process and remains elusive. In contrast, the elec-
tronic transportation of metal chalcogenides with ultra-narrow
bandgaps have intrinsic bandgaps close to zero and can exhibit
metal-like behavior when the bandgap is sufficiently narrow. As
is widely acknowledged the narrow bandgap means that the ma-
terial has high conductivity, which is more likely to exhibit high-
rate performance of the material.[12] Besides, the electronegativ-
ity of the partially filled d-orbitals also plays a crucial role dur-
ing the binary metal d–d orbitals coupling, which means that
stronger electronegativity will make a highly conducive path for
electrons transportation during ions insertion/de-insertion pro-
cess, bestowing high reversibility.[13] Following the Sabatier prin-
ciple, the Zn and Mn nodes present a completely filled and half-
empty d-orbitals, which results in establishing d–d coupling that
is either too weak or too strong. To the best of our observation,
the Se-rich ZnSe/MnSe@C heterostructures for SIBs remain a
big challenge. This related topic lacks the necessary in-depth in-
vestigation to facilitate modulating electronic structures of metal
nodes to profoundly improve battery performance.

Drawing inspiration from the aforementioned considerations,
we proposed a competitive coordination strategy to synthesize Se-
rich ZnSe/MnSe@C heterostructures. Our optimized 2D hexag-
onal nanocomposite is well decorated with Se-rich particles that
cannot only impart tensile strength to its hexagonal shape but
also enhance the overall electrode material conductivity during
cycling processes. These Se-rich particles directly attach to the
ZnSe crystal in the heterostructure, which has a higher elec-
tronegativity compared to the composite without Se-rich parti-
cles. The key role of these Se-rich particles is to establish a sta-
ble coordination bridge through the strong d–d interaction of Zn
and Mn orbitals. There are two critical concepts involved, first
the filled d-eg orbitals (dx2-y2 and dxy) of the Zn display diamag-

netic behavior when they come close to the conduction band, sec-
ond the unfilled d-t2g orbitals (dz2-xz and dyz) of the Mn exhibit
paramagnetic behavior when they are away from the conduction
band. In further context, the density functional theory (DFT) re-
vealed that the unfilled Mn d orbitals (dxy and dx2-y2) donate their
electrons to dxz and dyz, pushed by Se-rich p-orbitals, resulting in
a shift from paramagnetic (high spin) to ferromagnetic (low spin)
state. This generates strong interaction between d–d orbitals of
Zn and Mn, facilitating charge transfer from ZnSe to MnSe,
providing ample sites for highly Na ions insertion/de-insertion
and relieving volume expansion which in turn enhances the re-
versibility of the electrode materials during cycling. The in situ
XRD, ex situ EIS, HRTEM, and in-depth DFT investigations
verified the electrochemical conversion mechanism responsible
for performance enhancement. These critical Se-rich as well as
strong d–d coupling orbitals base electrode materials pave the
way for a better understanding of the high insertion/de-insertion
of Na ions which further enhances the cycling performance.

2. Results and Discussion

2.1. Theoretical Understanding

The band structure of Na-based transitional metal selenides het-
erostructures simply considers orbital overlaps between the tran-
sitional metal d orbitals and selenide p orbitals resulting in bond-
ing (M─Se) and antibonding (M─Se)* bands having strong lig-
and and metal characters, respectively. The energy difference be-
tween (M─Se) and (M─Se)* also called the charge transfer de-
pends on the electronegativity differences of M and Se.[14] In
addition, in the case of heterostructures, the charge is trans-
ferred through d–d interaction, the higher the electronegativ-
ity difference will stronger the d–d interaction, resultantly will
obtain a stronger metallic bond. These electrons move across
the lattice forming states on certain sites with doubly occu-
pied d orbitals and empty orbitals on other sites.[6] The Se-rich
environment further increases the electronegativity, suggesting
that the orbitals lie near the Fermi level and may surpass the
strong electronic overlapping. To determine the relationship of
the band structures with reversibility, we investigate the typical
Se-rich ZnSe/MnSe@C heterostructure which can enable high
performance during the Na ions insertion/de-insertion process
as shown in schematic model 1. In this work, we synthesized
five different kinds of heterostructures through different temper-
ature conditions, such Se-rich heterostructures were produced at
600, 700, and 800 °C, whereas without Se-rich heterostructures
were achieved at 400, 500 °C, and the as optimized 600 °C Se-rich
composite was further explored to find the correlation between
d–d interaction and highly conversion of Na2Se.

Typically, in the heterostructures, the charge will transfer
from ZnSe to MnSe due to the electronegativity difference. It
is worth noting, that the ZnSe of the Se-rich base heterostruc-
ture shows higher electronegativity compared with simple het-
erostructure, due to the Se-rich environment which will not only
accelerate the charge transformation from ZnSe to MnSe in
the heterostructure but will also establish strong d–d interac-
tion between metal orbitals as shown in Figure 1a. Indeed, we
also found that the distance between t2g and eg orbitals of Mn
is quite lower in Se-rich composite.[15] These types of excited
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Figure 1. a,b) PDOS of Zn and Mn 3d orbitals, c) schematic illustration of Zn and Mn orbitals hybridization with and without Se-rich ZnSe/MnSe
composites, d) MOT schematic d–d orbitals splitting of Zn and Mn, e) p–n heterojunction schematic illustration, f–i) optimized charge density models,
j) adsorption energies, k) energy barriers of ZnSe, MnSe, ZnSe/MnSe, and Se-rich ZnSe/MnSe, l,m) PDOS of both ZnSe/MnSe, and Se-rich ZnSe/MnSe,
respectively.

configurations correspond to the strong coupling and repulsion
of Zn and Mn orbitals, which are envisioned to form the physical
band edges for a high donation of electrons (Figure 1b,c). There-
fore, we present the overall band structure of the heterostructure
followed by using the molecular orbitals theory (MOT) diagram
(Figure 1d), on the left side all the Zn d orbitals are filled that
show diamagnetic behavior, high spin, and low magnetic mo-
ment while the right-side Mn d orbitals are partially filled shows
paramagnetic behavior, low spin, and high magnetic moment.
It is worth noting, that due to the Se-rich particles the Zn metal
in the heterostructure has obtained higher electronegativity com-

pared with that simple heterostructure and pushes the electrons
of Mn orbitals (from t2g to eg). We also carried out magnetic mo-
ment experimentally, and optimized Se-rich ZnSe/MnSe@C het-
erostructure exhibits higher magnetic moment (Figure S1, Sup-
porting Information). As a result, the Mn eg orbitals become
empty and may further shift from a paramagnetic to a ferromag-
netic state, implying low spin and high magnetic moment.[16]

This separation between low spin and high spin forms a very suc-
cessful exchange through the electronic bridge, suggesting that
the heterostructure will favorably transfer electrons from ZnSe
to MnSe. This simply means that the Na ions will be highly
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Scheme 1. Schematic illustration of Se-rich ZnSe/MnSe@C heterostructures obtained at different temperatures (400, 500, 600, 700, and 800 ˚C) during
the selenization process.

inserted/deinserted in the heterostructure during discharging
and charging process which will not only increase the reversibil-
ity in term of immense conversion of redox reaction but will
also improve the long cycling performance of the electrode
materials.[7] Furthermore, the PDOS deeply insight the band
structures of Zn and Mn orbitals, respectively, as shown in
Figure 1e,f and Figure S2 (Supporting Information), and the
PDOS after Na ions insertion is shown in Figure S3 (Support-
ing Information). Figure 1g represents the schematic diagram
that the charge will transfer from n-type ZnSe to p-type semi-
conductor (MnSe) in the p–n heterojunction during the Na ions
insertion/de-insertion process. Interestingly, the Zn (e.g., or-
bitals) of the Se-rich composite are near to Fermi level (conduc-
tion band) whereas Mn (e.g., orbitals) are away from the con-
duction band, representing the strong interaction between d–
d orbitals. To further verify the crucial role of Se-rich compos-
ite in terms of superior Na+ diffusion kinetics, we have opti-
mized the crystal structures of the ZnSe, MnSe, ZnSe/MnSe,
and Se-rich ZnSe/MnSe, before and after Na ions intercala-
tion/deintercalation process, respectively (Figures S4–S6, Sup-
porting Information). Figure 1f–i illustrates the optimized elec-
tronic structures along with charge density in which the charge
accumulation (cyan part) and charge depletion (yellow part) dis-
closed the charge transfer from Na+ to the samples. The charge
accumulation region of the Se-rich composite was not only ob-
served in between the Na atom and ZnSe/MnSe but also showed
less inter-layer distance between ZnSe and MnSe heterointer-
faces that is considered for stable heterostructure, suggesting the
strong binding energy of Na+ and Se-rich composite. As expected
the highest adsorption energy (Eads) of Na+ in the Se-rich compos-

ite were computed, −5.91 eV compared with ZnSe/MnSe, ZnSe
and MnSe of −3.51, −0.63, and −1.72 respectively (Figure 1j). It
is demonstrated here that the Se-rich particles can improve the
Na+ adsorption ability of ZnSe/MnSe for high ion storage capac-
ity. It is widely known that the electrochemical performance of
SIBs is highly correlated with the ion migration energy barrier.[17]

Figure 1k depicts the Na ion diffusion path and energy barriers
on these four systems using the climbing image nudged elastic
band method. The diffusion energy barrier of the Se-rich compos-
ite (1.32 eV) was much lower than those of ZnSe/MnSe (1.50 eV),
ZnSe (1.69 eV), and MnSe (2.12 eV), indicating that the Na+

is energetically more favorable in Se-rich composite. The den-
sity of states (DOS) calculation was computed for ZnSe, MnSe,
ZnSe/MnSe, and Se-rich ZnSe/MnSe composites before and af-
ter Na ions to obtain the electrical properties. The Se-rich parti-
cles led to an increase in DOS for ZnSe/MnSe, as can be seen
from the density differences at the Fermi level in Figure 1l,m.
This suggests that compared to semiconducting ZnSe/MnSe,
conducting Se-rich ZnSe/MnSe composites can exhibit signifi-
cantly higher electrical conductivity. Overall, these calculation re-
sults suggest that the Se-rich particles can significantly increase
the electrical conductivity and ion transport/adsorption capacity
of the ZnSe/MnSe anode.

2.2. Physical Characterizations

The synthetic route of Se-rich ZnSe/MnSe@C heterostructure
is illustrated in Scheme 1. Initially, the ZMO@C was pre-
pared through a hydrothermal process and then followed by a
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solid-state reaction at different temperatures (400, 500, 600,
700, and 800 °C) in the presence of Se powder. Simple
ZnSe/MnSe@C heterostructures (i.e., without Se-rich particles)
were obtained at 400 and 500 °C, while Se-rich ZnSe/MnSe@C
heterostructures were produced at 600, 700, and 800 °C. The as
optimized Se-rich ZnSe/MnSe@C heterostructure was achieved
at 600 °C, which inevitably leads to the uniform decoration
of Se particles. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images unveil the mor-
phology transformation from the smooth surface of hexago-
nal shape ZMO@C to Se-rich decorated hexagonal compos-
ites (Figure 2a–f; Figures S7–S11, Supporting Information). It
is worth noting that the uniform decoration of Se-rich parti-
cles with equal size (about 18–20 nm) on the ZnSe/MnSe@C
hexagonal shape favorable governing the electrochemical perfor-
mances, including high insertion of Na ions during discharg-
ing/charging, high intrinsic conductivity and cyclability of the
electrode materials are due to its crystal structure advantages. In
contrast, at 700, and 800 °C has also obtained Se-rich base het-
erostructures in which Se-rich particles are unequal in size but
also forming clusters which may further deteriorate conductiv-
ity, and ultimately suppress the electrochemical performances.
Furthermore, the high-resolution TEM (HRTEM) image illus-
trates the uniformly decorated nano-size Se-rich particles which
are about 18–20 nm, and the crystal lattice fringes of all com-
ponents are separated via heterointerfaces (Figure 2g,h). The
Se-rich particles correspond to a crystal lattice plan of (100),
while (220) and (111) are associated with ZnSe and MnSe, re-
spectively (Figure 2i–l). The inverse FFT may orderly support
the crystal lattice plans. The homogenous distribution of Zn,
Mn, Se, and C over the entire heterostructure is confirmed by
energy-dispersive X-ray spectroscopy (Figure 2m). It is impor-
tant to note, that the elemental mapping of Se is quite brighter
than other elements representing the existence of Se-rich in the
architecture.

The X-ray diffraction patterns (XRD) of Se-rich
ZnSe/MnSe@C heterostructure are depicted in Figure S12a
(Supporting Information), all the diffraction peaks are well in-
dexed with both cubic phase of ZnSe (space group of F-43(216),
JCPDS# 37–1463) and the cubic phase of MnSe (F-43(216),
JCPDS# 27–0311), which further confirm the presence of ZnSe
and MnSe in the hybrid structure, implying that homogeneous
cubic phases of both metals are preferable than heterogeneous
phases in bimetallic heterostructures.[18] In addition, the Se-rich
particles in the as optimized heterostructure are recognized
with JCPDS# 51–1389. The XRD of different heterostructures
are illustrated in Figure S12b (Supporting Information), at
400 °C No peaks were observed for Se-rich particles, but weak
peaks were obtained for Se-rich at 500 °C, and they become
more prominent at 600 °C, suggesting the Se-rich particles
as a part of the heterostructure, although the peaks obtained
for 700 and 800 °C with high intensity, however, the size and
decoration may influence the electronic conductivity. There-
fore, the heterostructure obtained at 600 °C is ideal among
all heterostructures. Furthermore, it is critical to note that in
the conventional ZnSe/MnSe@C heterostructure, ZnSe has
significantly higher peak intensities than MnSe, implying that
electrons or ions can flow more easily from ZnSe to MnSe than
other heterostructures.[6] The Raman spectra show the peaks

at 180, 565 cm−1 and 663, 240 cm−1 indicating existence of
ZnSe and MnSe (Figure S13, Supporting Information), while
the D band and G band reside at 1325 and 1579 cm−1 show the
presence of carbon in the composites, respectively.[19,20] More-
over, the optimized composite also confirms a high insensitivity
ratio of the G and D-bands, having a considerable degree of
disorder and defects in nanocomposites, suggesting a significant
role in ion transportation. The detailed surface composition
and elemental states of ZnSe/MnSe@C heterostructures were
measured through X-ray photoelectron spectroscopy analysis
and explanation is provided in Supporting Information (Figures
S14,S15, Supporting Information).

The chemical changes and carbon content of Se-rich
ZnSe/MnSe@C heterostructure were observed through thermo-
gravimetric analysis (TGA) with the temperature ranging from
30 to 600 °C in air (Figure S12c, Supporting Information). The
0.5 wt.% weight loss ranging from 30–450 °C can be attributed
to the elimination of free water and physically absorbed water in
the air. Beyond that, the weight loss of 36.1% between 450 and
470 °C could be ascribed to the elimination of Se-rich particles
and carbon residues, while the weight loss onward from 470 to
550 °C is due to the oxidation of composite materials (ZnSe was
transformed to ZnO, Se, and MnSe was transformed into MnO
or MnO2).[21] The porous structure and surface area of the Se-
rich ZnSe/MnSe@C heterostructure were investigated through
N2 adsorption/desorption analysis (Figure S12d, Supporting
Information). The as optimized nanocomposite has a larger sur-
face area of 215 m2 g−1 with an average pore size distribution of
0.4–10 nm, indicating a micro-mesoporous structure. With such
a suitable structure and surface area, the electrode/electrolyte
can form a sustainable connection that not only relies on volume
expansion during cycling but also adequate pseudocapacitive
behavior, hence increasing Na ion storage.[19]

2.3. Electrochemical Performance

In general, the structural evolution will enhance the performance
of batteries in term of high reversibility. Three CV (cyclic voltam-
metry) cycles were employed within the potential range (V versus
Na/Na+) of 0.01–3.0 V to understand the Na ion insertion/de-
insertion mechanism in the optimized Se-rich ZnSe/MnSe@C
heterostructure (Figure 3a). Initially, two small cathodic peaks
were observed at 2.25 and 1.98 V, respectively which are attributed
to the insertion of Na+ into the Se-rich ZnSe/MnSe@C. Mean-
while, two broad peaks were obtained at 1.07 and 1.25 V for
an anodic sweep that corresponded to deinsertion of Na+ from
the Se-rich ZnSe/MnSe@C. During the following cycles, the
distinct peaks at ≈0.60/1.12 V coincided with conversion reac-
tions between MnSe and Mn/Na2Se, while a couple of peaks at
≈0.11/0.90 V may attribute to the conversion of ZnSe to Zn/
Na2Se. It is well known, that after the initial cycle, these CV pro-
files overlap well, demonstrating the remarkable reversibility and
cyclic stability during cycling process. It is worth noting, that the
separation of the peaks at a lower potential can make it easier for
the Na ions to insert into the electrode material and thus promote
a reversible reaction. This is because a lower potential means that
less energy is required to move the Na ions into and out of the
electrode material. Therefore, the as-obtained optimized Se-rich
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Figure 2. Structural and morphological analysis: a–c) FESEM images of the optimized Se-rich ZnSe/MnSe@C heterostructure. d–f) TEM, g,h) HRTEM
images, i–l) inverse FFT images and m) the elemental mapping for Zn, Mn, Se, and C of the optimized Se-rich ZnSe/MnSe@C heterostructure.

Small 2024, 2308262 © 2024 Wiley-VCH GmbH2308262 (6 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202308262 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. Electrochemical performances. a) Three CV curves at scan rate 0.1 mV S−1. b) Cycling performances, c) galvanostatic discharge and charge
profiles, d) long cycling performances, and e) rate the performance of the Se-rich ZnSe/MnSe@C. f) CV at different scan rates. g) Capacitive contribution
at 0.4 mV s−1 scan rate of Se-rich ZnSe/MnSe@C. h) pseudocapacitive contribution proportion at different scan rates of Se-rich ZnSe/MnSe@C het-
erostructure. GITT analysis, i) GDC curves in term of sodiation and desodiation, j) unite curve of the GITT curve of the Se-rich ZnSe/MnSe@C electrode,
and k) DNa+ value of the optimized process of Se-rich ZnSe/MnSe@C electrode and ZnSe/MnSe@C.

ZnSe/MnSe@C heterostructure has relatively smaller CV peak
separations (≈0.49 V) than those of previously reported Cu2Se,[22]

Mn-Fe-Se/CNT,[18b] and CoSe-CuSe,[23] indicating its higher in-
trinsic conductivity (As smaller peak separation values closely
related to low polarization of the electrode materials). As a re-
sult, it is assumed that Se-rich particles that are uniformly deco-
rated on the surface of Se-rich ZnSe/MnSe@C can significantly
contribute to the high conductivity of the entire electrode ma-

terials, signifying the important point for highly efficient elec-
trochemical conversion reactions. The related Na+ insertion/de-
insertion reactions may undergo multiple stages. The overall de-
tailed conversion and alloying/dealloying mechanism equations
are as follows:[8]

Conversion reaction:

Nax ZnSe + (2 − x) Na+ + (2 − x) e− ↔ Na2Se + Zn (1)

Small 2024, 2308262 © 2024 Wiley-VCH GmbH2308262 (7 of 12)
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xNa+ + ZnSe + xe− ↔ Nax ZnSe (2)

MnSe + x Na+ + xe− ↔ Nax MnSe (3)

Nax MnSe + (2 − x) Na+ + (2 − x) e− ↔ Na2Se + Mn (4)

Se + 2 Na+ + 2e− ↔ Na2Se (5)

Alloying/dealloying reaction:

13 Zn + Na+ + e− ↔ NaZn13 (6)

The significant cycling performances of various elec-
trodes (such as ZnSe@C, MnSe@C, ZnSe/MnSe@C-400 °C,
ZnSe/MnSe@C-500 °C, Se-rich ZnSe/MnSe@C-600 °C, Se-rich
ZnSe/MnSe@C-700 °C, and Se-rich ZnSe/MnSe@C-800 °C)
are compared in Figure 3b and Figures S16–S18 (Supporting In-
formation), and superior cycling performance was achieved with
Se-rich ZnSe/MnSe@C-600 °C composite. The battery using
Se-rich ZnSe/MnSe@C-600 °C achieves astonishing high first
discharge and charge capacity of 930/720 mAh g−1 at 0.05 A g−1

(Figure 18b, Supporting Information) and 780/619 mAh g−1

at 0.1 A g−1, (Figure 3b) with high initial coulombic efficiency
(ICE) of 77% and 79%, respectively. Initially, the electrode lost
the capacity in the very first cycles which could be attributed to
the decomposition of electrolyte as well as the formation of the
SEI layer, while the electrode exhibits stable coulombic efficiency
(CE) with cycles. Additionally, we also further optimized the
electrolyte using Se-rich ZnSe/MnSe@C-600 °C electrode. The
electrolyte NaClO4 dissolved in PC (polyethylene carbonate) and
DEC (diethylene carbonate) 2:1 revealed the highest ICE of 79%
compared with other electrolytes (Figure S19, Supporting Infor-
mation), indicating a thin and robust SEI layer. The as-expected
electrode will not only enhance the intrinsic conductivity and
fasten the electrochemical conversion reaction but will also
prevent it from severe volume expansion during the cycling
process. The typical galvanostatic discharge and charge curves
of Se-rich ZnSe/MnSe@C electrode for different cycles (1st,
50th, and 100th) at 1.0 A g−1 are shown in Figure 3c. As we can
see the GDC curves are very close and almost overlapped on
each other representing outstanding cyclability of the material.
Impressively, when the Se-rich ZnSe/MnSe@C electrode was
subjected to prolonged cycling at 1 A g−1, the specific capacity
was obtained of 384 mAh g−1 with ≈100% CE after 2500 cycles
(Figure 3d), and still capacity of ≈203 mAh g−1 after 700 cycles
was attained even at ultra-high current density of 10 A g−1,
indicating stable structure of electrode even after several cycles.
(Figure S18a, Supporting Information). In comparison, the
long cycling performance of the ZnSe/MnSe@C electrode is
inferior to Se-rich ZnSe/MnSe@C (Figure S20, Supporting
Information). Thus, it indicates that the richness of Se at 600 °C
is optimized to facilitate rapid electron/ion transfer, leading to
highest electrochemical activity and Na+ storage. Upon cycling,
Se-rich ZnSe/MnSe@C-600 °C delivers average capacities of
604, 496, 401, 389, 370, 364, 351, 343, and 291 mAh g−1 at
increasing rate of 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, and 3.0 A g−1,
respectively. Interestingly, when the current density reverted to
0.1 A g−1 the electrode still presented its original capacity, sug-
gesting rapid delivery of ions or electrons. In addition, our work

shows superior performance compared with most of reported
selenide based materials (Table S2, Supporting Information).

We have also carried out ex situ SEM after several cycles and
after cycling to observe the electrode integrity and volume ex-
pansion of the Se-rich ZnSe/MnSe@C and ZnSe/MnSe@C as
shown in (Figure S21, Supporting Information). The Se-rich elec-
trode maintains the structural integrity during the cycling pro-
cess, which may benefit the strong reversibility of the electrode
materials as shown in (Figure S21a–c, Supporting Information).
The volume expansion exhibited by the Se-rich ZnSe/MnSe@C
electrode (≈5.4 μm) illustrated in Figure S21d–f (Supporting In-
formation) is notably lower than that of the ZnSe/MnSe@C elec-
trode (≈11.5 μm, Figure S21g–i, Supporting Information). Fur-
thermore, we also carried out the SEM and TEM after prolonged
cycling which shows the high integrity of the electrode mate-
rials (Figure S21, Supporting Information). It is worth noting,
that the high integrity and lower volume expansion of the Se-
rich ZnSe/MnSe@C electrode manifest superb electrochemical
performance compared with those without Se-rich particle het-
erostructures. These robust and remarkable electrochemical per-
formances of the Se-rich ZnSe/MnSe@C-600°C electrodes may
frequently be attributed to the unique decoration of Se-rich par-
ticles on ZnSe/MnSe@C hexagonal shape which may provide
structural support to the electrode and prevent it from severe
volume expansion and pulverization, implying admirable cycling
performance.

To understand better performance of Se-rich composite than
that without Se-rich, CV curves at different scan rates are made
(Figure 3f; Figure S24a, Supporting Information). Both the ox-
idation and reduction curves are well preserved, but a minute
cathodic peak toward negative shift and a slightly anodic peak
toward positive shift corresponding to low polarization at higher
scan rate.[24] The key reasons for enhanced rate capability com-
pared to other electrodes are mainly associated with increased ca-
pacitive contribution and improved ion diffusion kinetics, which
means that the optimized electrode will present a faster Na+

diffusion rate. To identify the electrochemical reaction behav-
ior (diffusion-controlled or surface capacitive) the power law was
used to calculate the relationship between (i = avb) current re-
sponse (i) and scan rate (v), whereas the b value is typically indica-
tive of charge storage mechanism. The b value for the two redox
peaks is 0.74, 0.91, 0.89, and 0.78, respectively, which are >0.5,
indicating that the electrochemical kinetics of Na ion storage is
predominantly controlled by the surface capacitance (Figure S23,
Supporting Information). The Se-rich ZnSe/MnSe@C-600 °C
electrode demonstrates a capacitive contribution of ≈71% at
0.4 mV s−1 (Figure 3h), while Figure 3k displays the pseudo-
capacitive contribution proportion at different scan rates. The
quantitative analysis reveals that the capacitive contribution im-
proves with increasing scan rates, and thus obtained the high-
est pseudocapacitive contribution of ≈96% at a sweep rate of
1 mV s−1. In contrast, the pseudocapacitive contribution ratio
of ZnSe/MnSe@C is lower than that of Se-rich ZnSe/MnSe@C
(Figure S24, Supporting Information). Furthermore, the GITT
characterizations gain a more profound comprehension of the
ionic diffusion coefficients and the swift sodium ion storage
behavior of Se-rich ZnSe/MnSe@C and ZnSe/MnSe@C com-
posites. The galvanostatic discharge and charge patterns were
observed during the desodiation and sodiation processes, as

Small 2024, 2308262 © 2024 Wiley-VCH GmbH2308262 (8 of 12)
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depicted in (Figure 3i). The electrode initially activated for several
cycles at 150 mA g−1 within a voltage window of 0.01–3.0 V. After
activation, the battery underwent discharge and charge cycles at
120 mA g−1 for a duration of 20 min, followed by maintaining
the battery at a steady voltage to attain equilibrium. This behav-
ior was evident throughout the complete discharge (0.01 V) and
charge (3.0 V) cycles. The intricate details of this phenomenon
are illustrated by a representative GITT curve of the Se-rich
ZnSe/MnSe@C electrode, depicted in Figure 3j, elucidating the
underlying work mechanism during the GITT investigation. No-
tably, the minimal potential fluctuation during relaxation under-
scores the rapid migration of sodium ions. To quantify this phe-
nomenon, Figure 3k showcases the Na+ diffusion coefficients
(DNa+) derived from each pulse, with their values recorded during
both sodiation and desodiation, as calculated using the following
equation.

DGIIT = 4
𝜋𝜏

(
mBVm

MB S

)2 (ΔES

ΔE
𝜏

)2

(7)

This equation (Equation (7)) describes, that the surface area
and pulse time of the electrode at constant current are noting
with S (cm2) and 𝜏 (s) shows the parameters in terms of MB (gm
mol−1) is the molecular weight of electrode, Vm (cm3 mol−1) is
the molar volume, and mB (g) is the active mass of the electrodes,
respectively. The precise form of the above equation can be also
written as:

DGIIT = 4L2

𝜋𝜏

(
ΔES

ΔE
𝜏

)2

(8)

In the unite part of the GITT curve, ΔE
𝜏

represents the volt-
age variations during constant pulse time except for iR drop and
the two consecutive discharge pulse denoted as ΔEs (V), which
represents the steady state variation. The DNa+ value of the op-
timized Se-rich ZnSe/MnSe@C electrode is higher than those
of the ZnSe/MnSe@C electrode, respectively, which ultimately
creates an abundance of active sites for electrolytes and is ca-
pable of high Na ions storage.[25] The Se-rich ZnSe/MnSe@C
electrode shows lower electron transfer resistance than those of
ZnSe/MnSe@C.

2.4. Reaction Mechanism

To acquire the structural evolution during the Na ions inser-
tion/deinsertion process, in situ, XRD, ex situ HRTEM, and sim-
ulation study were employed to investigate the reaction mecha-
nism of the optimized Se-rich ZnSe/MnSe@C composite (Figure
4). The overall structural evolution of peak intensities of the XRD
patterns for two consecutive cycles is illustrated in a counter plot
in Figure 4a–e. Once the sodiation starts in the very first cycle, the
XRD peaks for pristine composite are identified at 25.0˚, 26.6˚,
and 45.6˚ corresponding to ZnSe (111), MnSe (111), and ZnSe
(220), respectively. After continuously discharging the pristine
peaks become weaker and weaker, gradually disappearing when
the electrode becomes totally discharged to 0.01 V, and merges
with new peaks at 22.1˚ and 36.8˚ which might be attributed
to Na2Se (111) and NaZn13 (422). These variations further ver-
ify that the Na ions are inserted in (NaxZnSe/MnSe). Upon the

charging process, these peaks are again peaks that could be ob-
served for oxidative reactants after when the electrode reaches
to the maximum voltage value of 3.0 V. Although the peaks for
ZnSe and MnSe are recycled with low crystallinity after the neg-
ligible charging process, but in the following cycle we can ob-
serve the peak variations of Na2Se (111) and NaZn13 (422), re-
spectively, manifesting the highly reversible behavior of Se-rich
ZnSe/MnSe@C electrode. Furthermore, ex situ HRTEM was
also conducted to intrinsically measure the as obtained structural
evolution of (Na2Se, NaZn13, and Mn) at a full discharge posi-
tion of 0.01 V and charge position of 3.0 V (Figure 4g,h). A very
clear d spacing during discharging process of 0.127, 0.198, and
0.233 nm are corresponding to Na2Se (111), NaZn13 (422), and
Mn (101), while the d spacing of 0.240, 0.249, and 0.148 nm are
attributed to ZnSe (111), ZnSe (220), and MnSe (111), respec-
tively. To investigate more clearly, the simulation study may fur-
ther signify the reversible redox process in term of low adsorp-
tion energies during insertion/deinsertion process (Figure 4f).
These results are also consistent with our DFT calculations which
are discussed in the above Figure 1. It is concluded here, that
the Se-rich particles would help to assist more Na ions inside
the ZnSe/MnSe@C composite and the electrode materials will
show less resistance toward Na ions insertion/deinsertion pro-
cess, implying high reversibility and low volume expansion. To
get deep insight, we compare the excellent kinetics reaction of
Se-rich ZnSe/MnSe@C with that of without Se-rich composites
through ex situ electrochemical impedance spectroscopy (EIS)
as shown in (Figures S25,S26, Supporting Information). The
charge transfer resistance between electrode and electrolyte in-
terface and Na+ diffusion resistance in the electrode was mea-
sured through Nyquist low frequency slopping and high fre-
quency semicircle line plots in a half cell. As illustrated in
(Figure S25, Supporting Information), the electrode has signif-
icant resistance in the initial cycle due to the formation of a
thick and irreversible SEI layer, but when continually discharged
to 0.01 V, it shows less resistance than other discharging po-
sitions. More importantly, when the electrode is fully charged
to 3.0 V, manifests lower charge resistance. These charge resis-
tances are lower than those without Se-rich composites during
the initial discharging and charging process, implying the for-
mation of a thin reversible SEI layer in which the Na ions will
be highly inserted/deinserted during the cycling process. In ad-
dition, we also further verify the thin SEI layer through EIS af-
ter prolonged cycling (Figure S27, Supporting Information). The
electrode exhibits higher resistance during fewer cycles, while
showing less resistance after prolonged cycling, manifesting thin
and stable SEI layer formation during cycling process. The opti-
mized electrolyte may also further help to obtain a stable and thin
SEI layer as displayed in the schematic (Figure S28, Supporting
Information).

2.5. Full Cell Performance

A full battery with Na vanadium phosphate (Na3V2(PO4)3,
NVP) cathode to verify the practical application of Se-rich
ZnSe/MnSe@C anode is demonstrated in (Figure 5). NVP is a
conventional cathode and has obtained excellent performance
especially when coupled with transitional metal selenides and

Small 2024, 2308262 © 2024 Wiley-VCH GmbH2308262 (9 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202308262 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. Electrochemical conversion reaction analysis: a–e) In situ XRD patterns of the optimized Se-rich ZnSe/MnSe@C for two consecutive cycles.
f) simulation study of the Se-rich ZnSe/MnSe@C electrode during cycling process. g,h) Ex situ HRTEM images discharge to 0.01 V and charge 3.0 V,
respectively.

sulfides base anodes,[26] and its characterizations and electro-
chemical performances are shown in (Figures S29,S30, Support-
ing Information). The compensation (pre-sodiation) process opti-
mized the electrochemical performance for both anode and cath-
ode in the half cell, simply implying that NVP will showcase the
great potency for SIBs. The schematic diagram of the full battery
(Se-rich ZnSe/MnSe@C║ NVP) is displayed in Figure 5a. As ex-
pected battery delivered a remarkable initial specific capacity of
248 mAh g−1 and maintained 118 mAh g−1 at 0.1 A g−1 after 60
cycles with a voltage potential of 1.5–4.0 V (Figure 5b). The cor-
responding GDC profiles of the half-battery anode, cathode, and
full battery are depicted in Figure 5c. The full battery also exhibits
wonderful rate performance likewise in the half cell of the anode
as above (Figure 5d), which shows 246, 143, 79, and 50 mAh g−1

at various current densities of 0.1, 0.2, 0.3, and 0.4 A g−1, and
the capacity is almost recycled when the current decreases again
to 0.1 A g−1. The GDC profiles of the scan rates are shown in
Figure 5e. The CV curves at different scan rates are demonstrated
in Figure 5f, which present noticeable peak intensities, indicat-
ing incredible electrochemical conversion reactions during the

cycling process. More precisely, the full battery demonstrates no-
table long-term cycling performance, delivering 31 mAh g−1 at
0.5 A g−1 after 400 cycles (Figure 5g). Furthermore, our three
full cells at a nominal voltage of 5.50 V brighten the commer-
cial LED with HIC base monogram for a practical approach
(Figure 5h).

3. Conclusion

In summary, we present a fundamental principle about tun-
ing the Se-rich particles on the surface of the hexagonal
ZnSe/MnSe@C heterostructure to synthesize a highly efficient
host for SIBs. DFT investigation demonstrated that the substi-
tuting of Se-rich particles in the heterostructure could trigger
Zn (e.g., orbitals) near to Fermi level (conduction band) and
Mn (e.g., orbitals) away from the conduction band, represent-
ing the strong interaction between d–d orbitals. The optimized
model structure of Se-rich ZnSe/MnSe@C heterostructure in-
dicated strong d–d interaction between metal orbitals induced
the ferromagnetic behavior of MnSe, leading to filling the charge

Small 2024, 2308262 © 2024 Wiley-VCH GmbH2308262 (10 of 12)
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Figure 5. Electrochemical performances of SIBs full cell, a) Schematic model of Se-rich ZnSe/MnSe@C ║NVP full cell. b) Cycling performance, c) GDC
curves of anode, cathode and full cell, d) rate performances, e) GDC curves, and e) CV cycles of the full cell. g) Long cycling performance of the full cell.
h) LED lightning by full cell.

transfer more smoothly from ZnSe to MnSe in the heterostruc-
ture, therefore, accelerated the Na+ insertion and de-insertion
and facilitated the redox kinetics during the cycling process. Con-
sequently, the optimized Se-rich ZnSe/MnSe@C heterostructure
illustrates superior rate capability and excellent long cycling per-
formance, which was even obtained 384 mAh g at 1 A g−1 after
2500 cycles. A validity in SIBs full cell tests was also put into
practice using optimized Se-rich ZnSe/MnSe@C heterostruc-
ture showing tremendous promise for adaptable energy storage
devices. The descent structural integrity and reversibility were
further measured through in situ XRD, ex situ EIS, and ex situ
SEM and HRTEM. We firmly believe that the highlighted signif-
icance and understanding of the structure-property interactions
of Se-rich ZnSe/MnSe@C heterostructure would encourage the
electrochemical conversion kinetics to unlock the Na ion storage
domains.
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Supporting Information is available from the Wiley Online Library or from
the author.
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