
Carbon Neutralization

RESEARCH ARTICLE

Electrocatalytic Selenium Hosts Toward High‐Voltage
Nonaqueous Zinc‐Selenium Batteries
Xiaoyun Wang1 | Jiguo Tu1,2 | Yan Li1 | Haiping Lei1 | Shuai Wang3 | Libo Chen1 | Meng Zhang1 | Shuqiang Jiao1,4

1State Key Laboratory of Advanced Metallurgy, University of Science and Technology Beijing, Beijing, China | 2Key Laboratory of Advanced Energy Materials

Chemistry (Ministry of Education), Nankai University, Tianjin, China | 3Nanotechnology Center, Research, Institute for Intelligent Wearable Systems, The

Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China | 4School of Materials Science and Engineering, Lanzhou University of

Technology, Lanzhou, China

Correspondence: Jiguo Tu (jtu15@ustb.edu.cn) | Shuqiang Jiao (sjiao@ustb.edu.cn)

Received: 8 July 2025 | Revised: 17 August 2025 | Accepted: 26 August 2025

Funding: This study was supported by the National Natural Science Foundation of China (92475106).

Keywords: Co‐N4 | electrocatalytic selenium hosts | ionic liquid | reaction kinetics | zinc‐selenium batteries

ABSTRACT
The narrow electrochemical stability window (ESW), gaseous by‐products, and interfacial issues in aqueous electrolytes have

long hindered the advancement of Zn‐ion batteries. Herein, we report the first application of a zinc trifluoromethylsulfonate/1‐
ethyl‐3‐methylimidazolium trifluoromethylsulfonate (Zn(TfO)2/[EMIm]TfO) ionic liquid electrolyte with wide ESW exceeding

3 V in nonaqueous zinc‐selenium (Zn‐Se) batteries. To further enhance the reaction kinetics, the Co single atoms anchored onto

N‐doped ordered mesoporous carbon (Co‐N/C) with Co‐N4 sites is designed as a Se host (Se@Co‐N/C). Significantly, the
Se@Co‐N/C composite demonstrates an improved electrochemical performance, delivering a high discharge voltage of 1.5 V

and a capacity of 410.6 mAh g−1. Comprehensive mechanistic studies reveal that the Co‐N4 structure in the Co‐N/C host acts as

dual‐function catalytic sites, lowering the energy barrier for both Zn(TfO)4
2− dissociation and Se(TfO)4 formation, thereby

accelerating the conversion kinetics. This finding provides novel insights into designing stable Zn‐Se batteries in nonaqueous

ionic liquid electrolytes.

1 | Introduction

Zinc‐ion batteries (ZIBs) have emerged as promising energy storage
systems due to their inherent high safety, low cost, and environ-
mental friendliness. Employing metallic Zn as the anode material,
ZIBs boast a high specific capacity of 820mAh g−1 and a low redox
potential of −0.763V versus SHE, demonstrating significant appli-
cation value and development potential in energy storage technol-
ogy [1–3]. Aqueous electrolytes are themost widely used in ZIBs, yet
traditional aqueous systems are plagued by critical issues: hydrogen
evolution reaction (HER), a narrow electrochemical stability win-
dow (ESW), and electrode dissolution [4–7]. In contrast, ionic li-
quids (ILs) fundamentally address these limitations by eliminating
HER, widening ESW, and effectively inhibiting Zn dendrite growth

[8–10]. As a nonaqueous electrolyte system, ILs can achieve
reversible and efficient deposition and stripping of Zn in different
systems, such as containing bis(trifluoromethylsulfonyl)imide
([TFSI]−), trifluoromethylsulfonate (TfO−) anions [11–14]. It has
been reported that a graphite cathode enabled a reversible insertion/
extraction process for TfO− anions in zinc trifluoromethylsulfonate/
1‐ethyl‐3‐methylimidazolium trifluoromethylsulfonate (Zn(TfO)2/
[EMIm]TfO) ionic liquid electrolyte [15]. However, the low capacity
of less than 30mAhg−1 underscores the urgent need to develop
alternative electrode materials with higher specific capacities.

Among emerging electrode materials, elemental selenium (Se) has
emerged as a promising candidate due to its remarkable properties,
including high electrical conductivity of 1 × 10−3 Sm−1, high
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theoretical specific capacity of 675mAhg−1, and ultrahigh volu-
metric energy density of 3268mAh cm−3 [16–18]. However, Se
cathodes still suffer from inherent reaction kinetics limitations,
leading to significant overpotential, reduced specific capacity, and
poor rate capability [19]. Meanwhile, the large volume change
during cycling induces structural degradation and disrupts electron
transfer pathways, further exacerbating these kinetic challenges
[20]. To address these issues, many strategies have been employed
to accelerate the reaction kinetics, including morphology modula-
tion, host architecture, and electrocatalytic design [19, 21–23]. For
instance, Zhi's group developed a Se confined in ordered meso-
porous carbon (Se/CMK‐3) composite, which achieved a high spe-
cific capacity of 511mAhg−1 [24]. Moreover, the Co single‐atom
(Co‐N4 active centers) electrocatalyst have been proven to accelerate
the conversion process of S cathode in metal‐based battery systems,
enabling the batteries with a lower overpotential and faster redox
kinetics [25–28]. However, developing an efficient synthetic strategy
to prepare Se host composite with fully exposed Co‐N4 catalytic sites
is essential but remains a considerable challenge in Zn‐Se batteries.

Based on these concepts, atomically dispersed Co was anchored
onto N‐doped ordered mesoporous carbon (Co‐N/C) to serve as
a Se host (Se@Co‐N/C). The as‐prepared Se@Co‐N/C compos-
ite was employed as the cathode for Zn‐Se batteries in the
Zn(TfO)2/[EMIm]TfO IL electrolyte. In the 0.4 M IL electrolyte,
the ESW reached up to 3.02 V, and no Zn dendrite growth was
observed after multiple cycles. The fabricated Zn‐Se battery
achieved an initial discharge capacity of 410.6 mAh g−1,
accompanied by a high discharge voltage plateau of 1.5 V.
Comprehensive mechanistic investigations revealed that the
Co‐N4 structure in the Se@Co‐N/C composite served as an
active dual‐function catalytic site, reducing the energy barrier

toward the dissociation of Zn(TfO)4
2− and the formation of

Se(TfO)4, and thereby accelerating the conversion kinetics.

2 | Results and Discussion

The IL electrolytes were prepared by mixing Zn(TfO)2 and
[EMIm]TfO at different molar concentrations, with 0.2, 0.4, and
1M. As the concentration increases, the resulting light‐yellow
IL electrolyte gradually darkens in color (Figure 1a). To exhibit
the advantages of Zn(TfO)2/[EMIm]TfO IL electrolytes, the
linear sweep voltammetry (LSV) measurements were carried
out in symmetrical cells. It can be found from Figure 1b that the
ESW rises first and then falls with the increase of molar con-
centration. This is because at an appropriate molar concentra-
tion, Zn2+ and TfO− will form a more stable solvation structure,
allowing the electrolyte to remain stable at higher voltages,
thereby expanding the ESW. Therein, the broadest ESW of
3.02 V can be observed in 0.4 M Zn(TfO)2/[EMIm]TfO. Addi-
tionally, the electrochemical impedance spectroscopy (EIS)
method was employed to determine the ionic conductivity of
various IL electrolytes, as shown in Figure 1c. Notably, as the
concentration increases, the conductivity decreases gradually,
and the conductivities of all samples remain above 1mS cm−1.

It is observed from Fourier transform infrared spectroscopy
(FTIR) spectra in Figure 1d that the characteristic peaks at
1027, 1166, and 1257 cm−1 correspond to symmetric stretching
of υ SO( )s 3 , and asymmetric stretching of υ CF( )as 3 and υ CF( )s 3 ,
respectively [29]. Further structural analysis was conducted by
Raman spectra (Figure 1e). The peaks at 749.2 and 1026 cm−1

are assigned to δ CF( )s 3 symmetric deformation and υ SO( )s 3

FIGURE 1 | Characterizations of Zn(TfO)2/[EMIm]TfO IL electrolytes with different molar concentrations: (a) Optical photos. (b) LSV curves.

(c) EIS spectra and calculated conductivity. (d) FTIR spectra. (e) Raman spectra. (f) Binding energy data of Zn2+ and TfO− anions under different

coordination numbers.
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symmetric stretching of TfO− anions, respectively [28]. The
peak at 1415 cm−1 is attributed to the C–N stretching vibration
of the imidazole aromatic ring. The peaks between 2800 and
3050 cm−1 correspond to the C–H stretching vibrations of the
methyl and ethyl groups of imidazole cations ([EMIm]+), while
the peaks between 3050 and 3200 cm−1 are assigned to the C–H
stretching vibrations of C(2)H, C(4)H, and C(5)H of imidazole
cations. According to the vibrational modes of the CF3 sym-
metric deformation in Raman spectra, the solvation behavior of
Zn2+ in the ILs can be probed by deconvoluting Raman data
between 740 and 770 cm−1. As presented in Figure S1, the
lower‐wavenumber fitting peak corresponds to free TfO− an-
ions, while the higher‐wavenumber fitting peak reflects Zn2+‐
coordinated TfO− anions [30, 31]. The average coordination
number (N) of each Zn2+ with TfO− is calculated according to
Equation (1) [31]:

N
A A A

n n
=

/( + )

/Zn

CO CO free

total TfO

(1)

where ACO and Afree are the peak areas of coordinated TfO− and
free TfO−, respectively, nZn is the molar concentration of Zn2+ in
the electrolyte, ntotal TfO is the total molar concentration of TfO−

anions. By deconvoluting and integrating the Raman peaks, the
calculated N value is approximately 4 in the 0.4M Zn(TfO)2/
[EMIm]TfO IL electrolyte, indicating that each Zn2+ is co-
ordinated with four TfO− anions to generate the Zn(TfO)4

2−

species.

The molecular structure of the complex TfO− anions and
[EMIm]+ cations in these electrolytes is illustrated in Figure S2.
Density functional theory (DFT) calculations were performed to
evaluate the binding energies between Zn2+ and TfO− anions at
varying coordination numbers (Figures 1f and S3). The results
demonstrate that the Zn2+−4TfO− configuration exhibits the
most stable interaction with a binding energy of −13.56 eV,
significantly lower than those of Zn2+‐TfO− (−6.47 eV) and
Zn2+−2TfO− (−10.80 eV) complexes. This thermodynamic
preference for tetra‐coordination aligns well with the Raman
fitting results discussed above, further supporting the formation
of Zn(TfO)4

2− species in this electrolyte.

The reversibility of Zn deposition/dissolution was evaluated using
cyclic voltammetry (CV) curves in the Zn‐Zn symmetric cells. As
displayed in Figure 2a, all three IL electrolytes demonstrate ex-
cellent electrochemical compatibility with the Zn electrode, as
evidenced by highly reversible deposition/dissolution behavior.
Specifically, the current density of the cathodic/anodic peak is the
highest in the 0.4M Zn(TfO)2/[EMIm]TfO electrolyte, indicating
the optimal plating/stripping behaviors. When the molar concen-
tration reaches 1M, the peak current will decrease instead, likely
associated with a decrease in the concentration of mobile
Zn(TfO)4

2− species. According to the above results, the Zn(TfO)2/
[EMIm]TfO electrolyte with a molar concentration of 0.4M is
chosen for subsequent electrochemical investigation.

The long‐term cycling stability and Coulombic efficiency of plat-
ing/stripping on Zn foil were validated in the Zn‐Zn symmetric
cells, measured at 0.2mA cm−2 for 1 h, as exhibited in Fig-
ure 2b,c. It is noted that the Coulombic efficiency is significantly
stable at 100% over 900 h, implying highly reversible Zn

deposition/dissolution progresses with minimal side reactions.
Scanning electron microscopy (SEM) images of Zn foil after
plating indicate that a large number of Zn particles are deposited
on the smooth Zn foil (Figure 2d,e). After stripping, the Zn
electrode retains good structural integrity with a residual Zn layer,
suggesting controlled dissolution behavior (Figure 2f). To more
intuitively observe the morphological evolution of the Zn elec-
trode during the cycling process, in situ optical microscopy
observation was carried out. The cross‐section in situ optical
microscopy images in Figure 2g confirm the superior cycling
stability without dendrite growth and maintain homogeneous
surface morphology during the repeated plating and stripping
cycles.

Se@Co‐N/C composite was prepared through a two‐step calci-
nation process, as illustrated in Figure 3a. The structural and
compositional properties of the as‐prepared Se@Co‐N/C com-
posite were analyzed by comprehensive characterization tech-
niques. For comparison, Se@/C and Se@N/C were also
measured. X‐ray diffraction (XRD) patterns in Figure S4 all
exhibit broad (002) and (100) crystal plane characteristics cor-
responding to the graphitic carbon structure from CMK‐3.
There are almost no diffraction peaks of Se, indicating the
amorphous Se incorporation. Figure 3b shows the Raman
spectra of three Se‐based composite materials. The vibrational
peak located near 243 cm−1 is attributed to chain‐structured Se
molecules [17]. Meanwhile, the D band at 1337 cm−1 and G
band at 1602 cm−1 correspond to the vibration modes caused by
disordered carbon and the stretching vibration of graphitic C–C
bonds, respectively [32]. X‐ray photoelectron spectroscopy
(XPS) results in Figure 3c show that N 1s spectra include
pyridinic‐N (398.5 eV), Co–N (399.3 eV), pyrrolic‐N (400.4 eV),
and graphitic‐N (401.3 eV) [27, 33]. Meanwhile, it is observed
from Co 2p spectra in Figure S5 that the peaks located at
779.8 eV and 782.0 eV are attributed to Co–N4 and Co–N,
respectively, indicating the presence of Co–N coordination en-
vironment in the carbon matrix. Thermogravimetric (TG)
analysis was conducted on the Se@Co‐N/C composite material
(Figure 3d), and the mass ratio of elemental Se is calculated to
be 65.56 wt%. A high Se loading is beneficial for improving the
energy density of the entire battery.

SEM images in Figure 3e–g confirm that all composites retain
CMK‐3's distinctive rod‐shaped morphology without surface Se
particle aggregation, indicating effective Se encapsulation
within the porous carbon matrix (Figures 3h, S6, and S7). The
elemental mapping images of the Se@Co‐N/C composite clearly
identify the presence of C, Se, Co, and N elements. Co and N are
evenly distributed on the CMK‐3 matrix, and Se exhibits a
uniform distribution in the pore structure of CMK‐3. These
results suggest that most of Se has been encapsulated inside the
mesoporous structure of CMK‐3, which is not only beneficial
for improving the conductivity of the composites but also for
suppressing electrode dissolution and alleviating volume ex-
pansion during cycling [34, 35].

To elucidate the energy storage mechanism of Zn‐Se batteries in
Zn(TfO)2/[EMIm]TfO IL electrolyte, various theoretical and
experimental investigations have been conducted. Figure 4a
shows the galvanostatic charge/discharge profiles of Zn‐Se
batteries during the charge and discharge process. XPS analysis
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of Se 3 d orbitals at different states provides critical insights into
the redox chemistry. The Se 3 d peaks of the original Se@Co‐
N/C composite are located at 56.2 eV (Se 3d3/2) and 55.4 eV (Se
3d5/2), indicating the presence of elemental Se (Figure 4b)
[36–38]. Upon charging to 2.0 V, an additional peak emerges at
about 59.6 eV (Figure 4c), corresponding to the transformation
of chain‐like Se into Se4+ species [17, 39, 40]. As the charging
continues, the peak becomes more prominent, indicating a
higher oxidation degree of Se4+ species. During discharging, the
peak of Se4+ species gradually decreases until it completely
disappears at 0.1 V (Figure 4d), indicating a reversible redox
process between Se and Se4+ species. Moreover, complementary
binding energy analysis reveals preferential interaction between
Se and TfO− anions over Zn(TfO)4

2− complexes (Figure S8).

To further clarify the composition distribution of the cathode at
the charged and discharged states, time of flight secondary ion
mass spectrometry (TOF‐SIMS) mapping (Figure 4e) and depth
profiles (Figure S9) were conducted. It can be seen that both Se
and CF3SO3 species at the charged state present a much stronger
intensity than that at the discharged state, implying the

generation of Se(TfO)4 during the charging process. Meanwhile,
the intensity distribution of the Se and CF3SO3 species on the
surface is significantly higher than that in the electrode bulk,
indicating that Se oxidation reaction is more complete near the
electrode surface. The normalized intensity data obtained during
TOF‐SIMS depth profiling exhibit a consistent trend (Figure S9).
Additionally, a uniform, dense interface film containing TfO−

anions is observed at the discharged state from TOF‐SIMS results
in Figure 4e, which minimizes electrolyte penetration and sup-
presses side reactions. Combined with the above results, it can be
inferred that the entire reaction processes of Zn‐Se batteries are
as follows: During the charging process, the Zn(TfO)4

2− anions
obtain two electrons to generate Zn and TfO− anions on the Zn
anode side, and the Se and TfO− anions combine to generate
Se(TfO)4 on the cathode side. Discharging process reverses these
reactions, with Se(TfO)4 reduction regenerating elemental Se and
TfO− anions. The involved reactions during charging/dischar-
ging are summarized below.

↔Cathode : Se + 4TfO − 4e Se(TfO)− −
4 (2)

FIGURE 2 | Zn‐Zn symmetric cells in 0.4M Zn(TfO)2/[EMIm]TfO IL electrolyte: (a) CV curves at 0.1 mV s−1. (b) Galvanostatic charge/discharge

profiles at 0.2 mA cm−2 with an areal capacity of 0.2 mAh cm−2. (c) Coulombic efficiency plot. (d–f) SEM images of pristine Zn foil, plated Zn foil, and

stripped Zn foil. (g) In‐situ optical microscopy images of the Zn electrode during the repeated Zn plating and stripping processes.
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↔Anode : Zn(TfO) + 2e Zn + 4TfO4
2− − − (3)

↔Overall reaction : Se + 2Zn(TfO) Se(TfO)

+ 2Zn + 4TfO

4
2−

4

−
(4)

The incorporation of Co‐N/C catalytic sites significantly en-
hances the electrochemical performance of Zn‐Se batteries, as
evidenced by comparative analysis of the initial charge–discharge
profiles of Se@C, Se@N/C, and Se@Co‐N/C composite materials

(Figure 5a). It is clear that the Se@Co‐N/C composite possesses a
larger discharge capacity, higher discharge voltage, and lower
voltage hysteresis. Among them, the Se@Co‐N/C composite de-
livers the highest discharge voltage of about 1.5 V, which is
superior to that of previous reported Se cathodes [19, 23, 24, 36,
39, 41]. Undoubtedly, the improved electrochemical performance
of Se@Co‐N/C demonstrates the critical role of Co‐N/C in
facilitating the electrochemical conversion reactions. To further
evaluate the catalytic effect of Co‐N/C on the electrochemical
conversion of Zn‐Se batteries, DFT calculations were conducted

FIGURE 3 | (a) Schematic illustration of the synthesis process for Se@Co‐N/C composite. (b) Raman spectra of Se‐based composite materials. (c)

N 1s XPS spectra of Se@Co‐N/C composite. (d) TG curve of the Se@Co‐N/C composite. (e‐g) SEM images of the Se@C, Se@N/C, and Se@Co‐N/C
composite materials. (h) TEM morphology of the Se@Co‐N/C composite. (i) Corresponding elemental mapping images of the Se@Co‐N/C composite.
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to investigate the possible reactions in the different host mate-
rials. Figures 5b and S10 show the energy and schematic dia-
grams of the dissociation pathways from Zn(TfO)4

2− to Zn2+ and
TfO− anions on C and Co‐N/C substrates. The stepwise dissoci-
ation pathway of Zn(TfO)4

2− proceeds through intermediate
states Zn(TfO)3

−, Zn(TfO)2, Zn(TfO)
+, and end product Zn2+. It

is clear that all reactions are unspontaneous, and the Gibbs free
energy on Co‐N/C is remarkably lower than that on C, indicating
that the dissociation pathways are thermodynamically most
favorable on Co‐N/C substrates. This means that the Co‐N4

active centers in the Co‐N/C host can significantly reduce the
activation energy barriers for each dissociation step, thereby
accelerating the reaction process. During the subsequent Se
oxidation process, Se can react with TfO− anions to generate
Se(TfO)4 (Figure S11). It is noted that the energy barrier for
Se(TfO)4 on Co‐N/C is significantly smaller than that on C
(Figure 5c), further confirming that the Co‐N4 structure in the
Co‐N/C host serves as catalytic sites to accelerate the conversion
process of Se to Se(TfO)4. In short, the Co‐N/C host achieves the
multi‐function modification of Se by encapsulation‐catalysis.

FIGURE 4 | (a) Charge/discharge curve of the Zn‐Se battery. (b) Pristine Se 3d XPS spectra of the Se@Co‐N/C composite. (c) Se 3d XPS spectra of

the Se@Co‐N/C composite at different charged states. (d) Se 3d XPS spectra of the Se@Co‐N/C composite at different discharged states. (e) 3D

reconstruction of the TOF‐SIMS depth profiles of the various species in the Se@Co‐N/C composite at the charged and discharged states.
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Moreover, the TOF‐SIMS analysis further confirms the presence
of two N‐containing species on the Se electrode at the charged
and discharged states, i.e., CN and C3N (Figure 4e), which
originate from the Co‐N‐C structure in the Co‐N/C host [28].
Additionally, CN and C3N species at the charged and dis-
charged states both present strong signals, illustrating that the
Co‐N‐C structure serves as a catalytic site to participate in the
redox process of Se. Based on comprehensive experimental and
computational results, the electrochemical reaction pathway of
Se is illustrated in Figure 5d. It involves two key processes: (i)
the catalytic dissociation of Zn(TfO)4

2− into Zn2+ and TfO−

anions, and (ii) the subsequent conversion from elemental Se to
Se(TfO)4 through interaction with TfO− anions. Accordingly,
the complete reaction mechanism of Zn‐Se batteries in the
Zn(TfO)2/[EMIm]TfO IL electrolyte is illustrated in Figure 6a,
highlighting the dual catalytic role of Co‐N‐C structure in both
Zn complex dissociation and Se oxidation.

The unique host structure and Co‐N4 catalytic sites of the Se@Co‐
N/C composite synergistically enhance the ions diffusion and
structural stability, making it an ideal cathode for Zn‐Se batteries.
Comparative electrochemical studies with Se@C, Se@N/C, and
Se@Co‐N/C composite as cathode for Zn‐Se batteries were con-
ducted, respectively. CV curves at 0.1mV s−1 in Figure 6b exhibit a
pair of redox peaks at 2.0 V/1.2V, which is assigned to the con-
version between Se and Se(TfO)4. It is also observed that the
Se@Co‐N/C composite delivers smaller polarization and larger peak
current, indicating faster ionic transport and diffusion processes.
The cycling stability of these Se‐based materials was presented in

Figure 6c. The initial discharge capacity of the Se@C, Se@N/C and
Se@Co‐N/C composite materials is 155.8, 220.8, and 410.6mAh g−1,
respectively. After cycling for 100 cycles, the Se@Co‐N/C composite
retains the highest capacity of 62.5mAh g−1. The initial Coulombic
efficiency is 72.8%, which approaches about 100% after prolonged
cycling. The initial five CV curves in Figure 6d deliver a decreasing
trend in current at a high voltage region, signifying the gradual Se
utilization loss and increased polarization. The galvanostatic
charge/discharge curves of Se@Co‐N/C composite displayed in
Figure 6e show a similar trend of voltage drop and capacity decay.
The capacity decay is likely attributed to the transformation of chain
Se into Se4+ species, accompanied by the significant volume ex-
pansion. This expansion arises from the presence of numerous
bulky TfO− groups in the product Se(TfO)4 molecules, which
substantially increases the molar volume. According to the theo-
retical calculation, the volume expansion change of Se is as high as
2198%, leading to a significant capacity decay. Moreover, optical
change of Se immersed in this electrolyte was carried out, as shown
in Figure S12. There is no color change under various soak times,
implying the structural stability of the active material. Despite facing
severe volume expansion, Se@Co‐N/C maintains good structural
integrity after carbon coating modification, without obvious crack-
ing or pulverization. As exhibited in Figures S13 and S14, the
structural integrity and elemental distribution of the Se@Co‐N/C
cathode surface exhibit a similar uniform state before and after
cycling. Furthermore, Se 3d XPS spectra of the Se@Co‐N/C cathode
after cycling exhibit the characteristic peaks similar to those of the
cycled one (Figure S15), indicating the effective fixation of carbon
coating on Se. On the other hand, the Zn anode surface of the

FIGURE 5 | (a) Initial charge/discharge profiles of different Se‐based composite materials at 100 mA g−1. (b) Energy profiles and corresponding

structural configurations for Zn(TfO)4
2− dissociation on C and Co‐N/C substrates. (c) Energy profiles and corresponding structural configurations for

Se oxidation on C and Co‐N/C substrates. (d) Schematic illustration of the catalytic reaction mechanism on Se@Co‐N/C composite.
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cycled Zn‐Se batteries displays a smooth morphology with a resid-
ual Zn layer, and no pitting corrosion is observed (Figure S16). The
results indicate that the Zn electrode can maintain good structural
integrity during cycling, further demonstrating great corrosion
resistance and cycling stability.

EIS measurements of Se@Co‐N/C electrode at different states were
further conducted to evaluate the ion transport kinetics. It can be
found from Nyquist plots in Figure 6f that the semicircle repre-
senting the charge transfer resistance (Rct) in the high‐medium
frequency region is absent and gradually appears after several
cycles. This is mainly because the charge transfer kinetics are slow,
with the impedance spectra dominated by the diffusion process of
ions inside the electrode. After cycling, the charge transfer kinetics
greatly improve, and the time constant corresponding to Rct

decreases, which is also confirmed by Figure 6g. The related dis-
tribution of relaxation times (DRT) results in Figure 6g indicate that
the cycled Se@Co‐N/C electrode exhibits reduced response time for

ion diffusion, thus resulting in a notable decrease of electrochemical
reaction resistance. Moreover, the high discharge voltage and large
capacity of Se@Co‐N/C are competitive compared with the previ-
ously reported Se‐based materials applied in Zn‐Se batteries
(Figure 6h). Overall, the enhanced electrochemical performance of
Se@Co‐N/C can stem from three synergistic features: (i) The or-
dered, well‐organized mesopores of CMK‐3 spatially confine Se
while buffering volume expansion. (ii) The continuous conductive
carbon network ensures efficient electronic transport. (iii) More
importantly, the Co‐N4 catalytic sites in the Co‐N/C host can
facilitate the kinetics of Zn complex dissociation and Se redox
reactions during cycling.

3 | Conclusion

In summary, we have developed a high‐performance Zn‐Se battery
system employing the Zn(TfO)2/[EMIm]TfO IL electrolyte with an

FIGURE 6 | (a) Schematic illustration of reaction mechanism of the Zn‐Se batteries in the Zn(TfO)2/[EMIm]TfO IL electrolyte. (b) CV curves of

Se‐based composites at 0.1 mV s−1. (c) Long‐term cycling stability of Se‐based composites at 100mA g−1. (d) Initial five CV curves of Se@Co‐N/C. (e)
Charge/discharge profiles of Se@Co‐N/C. (f) Nyquist plots of Se@Co‐N/C at different states. (g) Corresponding DRT curves of Se@Co‐N/C. (h)
Comparison between Se@Co‐N/C and previously reported Se‐based materials for Zn‐Se batteries.
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exceptional ESW of 3.02V, enabling the stable Zn plating/stripping
for 900 h. To tackle the inherent conversion kinetics limitations of
Se electrochemistry, the Co‐N/C host with Co‐N4 catalytic sites is
designed as the Se host to greatly accelerate the reaction kinetics.
Accordingly, the Se@Co‐N/C composite presents a high discharge
voltage of 1.5 V, with a large discharge capacity of 410.6mAhg−1.
Through comprehensive experimental characterizations and theo-
retical calculations, the complete reaction process is verified,
involving the conversion between Se and Se(TfO)4. Crucially, the
Co‐N/C host with the Co‐N4 catalytic sites serves as a dual‐function
catalyst, simultaneously lowering the energy barriers for both
Zn(TfO)4

2− dissociation and Se conversion reactions. This study
establishes a new paradigm for designing advanced Zn‐based bat-
tery systems through the synergistic combination of stable IL elec-
trolytes and catalytic host materials, offering valuable insights for
the development of next‐generation energy storage technologies.

4 | Experimental Section

4.1 | Preparation of Zn(TfO)2/[EMIm]TfO IL
Electrolytes

Zn(TfO)2/[EMIm]TfO IL electrolytes were prepared in a glove
box filled with argon gas, and the process was as follows:
Zn(TfO)2 was dissolved in [EMIm]TfO ionic liquid, which was
stirred at 80°C for 6 h. The resulting light yellow ILs were stored
at room temperature for later use. In this study, three concen-
trations of Zn(TfO)2/[EMIm]TfO electrolytes were obtained for
comparative analysis, with 0.2, 0.4, and 1M, respectively.

4.2 | Synthesis of Co‐N/C Catalyst

Under ultrasonic treatment, 0.1 g of CMK‐3 and 1 g of urea were
added to 100mL of deionized water, stirred thoroughly to form
a uniform dispersion. 20mg CoCl2·6H2O was added to the
above solution, followed by sonication and stirring for 12 h.
After drying, the mixture was transferred to a tube furnace
under a continuous argon flow, then heated to 900°C at a
heating rate of 5°C per min. After keeping for 2 h, the resulting
black powder was soaked in 0.1 M HCl to remove excess ele-
mental Co, then vacuum‐dried to obtain Co‐N/C material.

4.3 | Preparation of Se@Co‐N/C Composite

The as‐prepared Co‐N/C material and Se powder were mixed and
heated in a tube furnace at 300°C at a rate of 5°C per min. The
resulting composite material was denoted as Se@Co‐N/C. For
comparison, the composite material (Se@N/C) was obtained by
following the same steps without adding CoCl2·6H2O. Additionally,
0.2 g of Se powder and 0.1 g of CMK‐3 were ground in an agate
mortar for 0.5 h, then calcined at 300°C to obtain Se@C.

4.4 | Fabrication of Zn‐Se Batteries

The Se‐based electrode was made as follows: Se‐based active
material, acetylene black, and polyvinylidene fluoride (PVDF)

were dispersed in a ratio of 60wt%:30wt%:10wt% with
N‐methylpyrrolidone (NMP) solvent. The resulting homogeneous
slurry was coated onto a 10 μm thick Al foil, which was dried in a
vacuum drying oven at a constant temperature of 60°C for 12 h.
After drying, the coated Al foil was processed into a circular
electrode with a diameter of 12mm, and the mass loading of active
materials was 0.6–0.8mg cm−2. The Zn‐Se batteries were as-
sembled in CR2032 coin‐type cells in an argon‐protected glove
box, with Zn anode, Se‐based cathode, Whatman GF/A glass fiber
separator, and Zn(TfO)2/[EMIm]TfO IL electrolyte.

4.5 | Electrochemical Measurements

The symmetrical SS|Zn(TfO)2/[EMIm]TfO|SS cells were used to
systematically characterize the ESW and conductivity of the
Zn(TfO)2/[EMIm]TfO IL electrolytes. First, the ESW was tested
using LSV at a scan rate of 0.1 mV s−1 in an electrochemical
station (PARSTAT MC). Simultaneously, the resistance char-
acteristics and the conductivity were measured by electro-
chemical impedance spectroscopy (EIS). The plating/stripping
process of the Zn–Zn symmetrical cells and electrochemical
behaviors of Zn‐Se batteries were performed by cyclic voltam-
metry (CV). Galvanostatic charge‐discharge measurements
were performed by the Neware BTS‐53 tester, with the potential
range of 0.1–2.2 V vs. Zn2+/Zn.

4.6 | Material Characterizations

The structures, morphologies of IL electrolytes, Zn electrode, and
Se‐based materials were measured by XRD, FTIR, Raman spec-
troscopy, SEM, transmission electron microscopy (TEM). The real‐
time Zn plating/stripping behaviors were captured by in‐situ optical
microscopy. The Se content was quantified by using a thermo-
gravimetry (TG) analyzer. The valence states of various elements
were analyzed by XPS. The chemical compositions of the cathode
after charging and discharging were determined by time‐of‐flight
secondary ion mass spectrometry (TOF‐SIMS).

4.7 | Theoretical Calculations

All DFT calculations were performed using the Vienna Ab in-
itio Simulation Package (VASP) software. The electronic
structure calculations were carried out in the generalized gra-
dient approximation (GGA) with the Perdew–Burke–Ernzerhof
(PBE) function [42, 43]. The energy truncation of the plane‐
wave basis was set to 500 eV, and the Brillouin zone sampling
adopted a 2 × 2 × 1 k‐point grid by the Monkhorst–Pack scheme
with Г center. During structural optimization, the convergence
criterion was to reduce the electron energy of each atom to
10−6 eV and the force to 0.03 eV Å−1. The free energy difference
was calculated using the following equation:

G E E T SΔ = + Δ − Δa ZPE (5)

where GΔ , Ea, EΔ ZPE, and T SΔ represent free energy difference,
total energy, zero‐point energy difference, and entropy change,
respectively.
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