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A B S T R A C T

Bismuth oxide, with its large internal spaces and adjustable structures, is a promising electrode material for zinc- 
ion batteries (ZIBs). However, its application is limited by poor reversibility and rapid capacity fading in neutral 
zinc-ion electrolytes. Here, we introduce selenium into bismuth oxide using chemical vapor deposition, precisely 
controlling the Se content by adjusting the gas flow rate. The Se-doped materials, particularly CC/Bi2O2.5Se0.5 
and CC/Bi2O2Se, exhibit significant improvements in specific capacity and cycling stability. CC/Bi2O2Se achieves 
a maximum specific capacity of 312.5 mAh g− 1 at 0.1 A g− 1, with a retention rate of 74.6 % after 4000 cycles at 2 
A g− 1. The enhanced performance is attributed to the narrowed band gap and improved electrical conductivity 
resulting from Se doping, which facilitates electron and ion transport. More importantly, Se incorporation 
mitigates the formation of detrimental by-products, ensuring more reversible and efficient Zn-ion storage. It also 
stabilizes the Bi3+↔Bi◦ conversion pathway observed during cycling, providing a metal-centered rationale for 
the improved reversibility. This work highlights the importance of electronic structure regulation in optimizing 
the performance of metal oxide electrodes and provides valuable insights for the rational design of high- 
performance energy storage materials.

1. Introduction

Aqueous electrochemical energy storage devices based on zinc ion 
systems, such as zinc-ion batteries and zinc-ion capacitors, utilize zinc 
metal as the anode, thereby achieving high theoretical capacity, well- 
balanced kinetic properties, and excellent reaction reversibility. 
Consequently, these devices exhibit high specific capacity and energy 
density [1,2]. Especially for zinc-ion batteries utilizing neutral electro
lytes, compared to alkaline systems, the zinc anode encounters less se
vere corrosion and side reactions [3], which makes neutral ZnSO4-based 
media more relevant to practical Zn||oxide full cells. Due to the large 
ionic radius of hydrated zinc ions (5.5 Å) [4], the electrode needs to have 
an appropriate structure and sufficient internal space to ensure the 
migration of zinc ions. Bismuth oxide generally has large internal spaces 

and adjustable structures [5]. However, most studies on Bi2O3 electrode 
materials have been conducted in alkaline electrolytes (e.g., KOH), 
where high capacity and rate capability are typically reported [6–8]; yet 
such alkaline media are intrinsically incompatible with a Zn metal anode 
because of severe corrosion and parasitic reactions. As a result, there 
remain few investigations of Bi2O3 in neutral Zn-ion systems, despite 
their higher relevance to practical devices.

Previously, Bi2O3 indeed exhibited high specific capacity and rate 
performance in alkaline zinc-ion batteries [6–8]; however, when paired 
with neutral electrolytes such as Zn(CF3SO3)2 or ZnSO4, its capacity 
rapidly declines to below 50 mAh g− 1 within only a few cycles and the 
storage mechanism remains ambiguous [9]. Possible pathways include a 
conversion reaction (Bi2O3 ↔ Bi) or Zn2+/H+ inter
calation–deintercalation, analogous to those reported for bismuth 
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chalcogenides such as Bi2Se3 [10] and Bi2Te3 [11]. In neutral ZnSO4, the 
poor reversibility of Bi2O3 is associated with strong Zn2+–O2− electro
static interaction within the oxide lattice and with the lower ion
ic/electronic conductivity of the Bi2O3/neutral-electrolyte pair, which 
together promote ZHS by-products and sluggish charge/ion transport 
[12]. Therefore, it is essential to regulate the structure and electronic 
characteristics of Bi2O3 to achieve efficient and reversible Zn-ion storage 
in ZnSO4 electrolyte [13,14], in particular, by stabilizing the 
metal-centered Bi3+↔Bi◦ conversion under neutral conditions—a 
motivation that directly frames our subsequent Se-incorporation 
strategy.

For bismuth oxide electrode materials, selenium (Se) doping or 
introducing Se into the structure is an efficient storage strategy that can 
effectively regulate their electronic structure to achieve zinc ions. Se has 
a larger atomic radius (1.6 Å) and lower electronegativity than O and S 
[15]. The chemical bond between metal and selenium exhibits higher 
covalency compared to the metal-oxygen bond, which facilitates better 
electronic conductivity and enhances charge transport. In this context, 
tuning Bi–Se metal–anion covalency also facilitates a more reversible 
Bi3+↔Bi◦ conversion, linking electronic-structure regulation to the 
observed cycling stability. Therefore, introducing Se into metal oxide 
materials can enhance their intrinsic electrical conductivity by nar
rowing the band gap, thereby improving the electrochemical activity of 
the electrodes [16]. Furthermore, from the perspective of chemical 
bonds, introducing Se can effectively modulate the strength of the 
metal-oxygen (M − O) bond. This modulation significantly influences 
the reconstruction or transformation reactions of the material during the 
electrochemical process [17]. Additionally, it reduces the electrostatic 
interaction between O2− in the metal oxide structure and Zn2+ in the 
electrolyte, thereby preventing rapid capacity fading of the material. 
Especially for Bi2O3 materials, since their electrochemical energy stor
age mechanism mainly relies on the Faraday process, an overly strong 
interaction between the structure and Zn2+ ions would be detrimental to 
the mass transfer during the electrochemical reaction process. There
fore, the introduction of Se can optimize the structural regulation of 
Bi2O3 and enhance its energy storage performance [18,19]. Notably, our 
previous study showed that constructing a Bi− interlayer/NiCoP heter
ostructure (featuring a built-in electric field that synergistically accel
erates electron and ion transport) yielded a high specific capacitance of 
1200 F g− 1 and an energy density of 319.1 Wh kg− 1 in aqueous 
energy-storage devices [20]. This interfacial-engineering paradigm 
provides critical guidance for the present work, which further tunes the 
electronic structure of Bi2O3 by means of Se doping.

In the synthesis process of introducing Se into the bismuth oxide 
structure, selecting an appropriate doping or introduction method is 
crucial. Vapor deposition technology can precisely control the compo
sition of the doped material while preserving the original structure. 
Compared to traditional wet chemical methods, vapor deposition re
duces reliance on organic solvents, resulting in a simpler, more efficient, 
and environmentally friendly reaction process [21]. The final products 
obtained through chemical vapor deposition (CVD) for doping or ma
terial structure regulation are closely influenced by several key param
eters: (i) the type and quality of reactants and precursors, (ii) substrate 
engineering, (iii) reaction temperature, and (iv) gas flow rate [22,23]. 
Many previous studies have also employed CVD to sulfide or selenide 
transition metal-based materials [24–26]. However, these studies uni
formly controlled product formation by adjusting the mass of S powder 
or Se powder used in the reaction. Compared with regulating the mass of 
Se powder, adjusting the gas flow rate in the reaction chamber can 
enhance the uniformity of the precursor surface reactions and precisely 
control the Se supply. This approach effectively avoids side reactions 
and resource waste associated with excessive Se powder. Therefore, by 
adjusting the gas flow rate CVD to introduce Se into bismuth oxides, 
different products can be obtained. Analyzing the deposition process, 
product structure, and their electrochemical performance helps under
stand the correlation between reaction conditions, product structure, 

and electrochemical performance. This provides crucial theoretical and 
experimental insights for future precise or large-scale preparation of 
electrode materials.

In this study, a series of bismuth-based compound electrodes with 
varying degrees of Se doping were successfully synthesized using the 
CVD method. The precursors were characterized, and COMSOL simu
lations were employed to investigate the relationship between gas flow 
rate and the obtained products, thereby elucidating the Se incorporation 
process in bismuth oxide materials. Through systematic characterization 
and in-depth analysis of the electrochemical processes, we elucidated 
the energy storage mechanism of the conversion reaction of Bi2O3 in 
ZnSO4 electrolyte (Bi2O3 ↔ Bi). Additionally, we investigated the factors 
contributing to its low specific capacity and rapid capacity fade. This 
phenomenon stems from the strong interaction between the electronic 
structure of bismuth oxide and Zn2+, which leads to a large amount of 
basic zinc sulfate (Zn4(OH)6SO4⋅4H2O, ZHS) by-products adhering to 
the electrode surface, hindering the ion transport in the conversion re
action and preventing the reaction from proceeding reversibly and 
continuously [27]. By introducing selenium to modulate the electronic 
structure of bismuth oxide, the internal electron transport and zinc ion 
diffusion within the material were enhanced. This approach mitigated 
the adverse effects of ZHS on mass transfer during electrochemical re
actions, thereby achieving high specific capacity and prolonged cycling 
stability of the electrode in ZnSO4 electrolyte.

2. Experimental methods

2.1. Materials

Bismuth nitrate (Bi(NO3)3•5H2O), ammonium iodide (NH4I), nitric 
acid (HNO3), p-benzoquinone (C6H4O2), anhydrous ethanol (C2H5OH), 
sodium borohydride (NaBH4), sodium hydroxide (NaOH) and selenium 
powder (Se) were purchased from Aladdin Industrial Corporation. The 
chemicals were of analytical grade and used as received without further 
purification. The carbon cloth (CC) substrate (W0S1011) used in this 
study was procured from Ce Tech Co., Ltd.

2.2. Preparation of precursors

As shown in Scheme 1, we first electrodeposit BiOI on carbon cloth 
(CC), then convert it to the CC/Bi–BiOx precursor by treatment in NaBH4 
solution, followed by selenylation under Ar to obtain the final products. 
First, 2 mmol of Bi(NO3)3⋅5H2O and 10 mmol of NH4I were dissolved in 
50 mL of deionized water under continuous stirring. The solution was 
then acidified by slowly adding 0.5 M nitric acid until the pH reached 
1.7. Next, 20 mL of a 0.23 M p-benzoquinone ethanol solution was 
added to the mixture, followed by magnetic stirring for 30 min to ensure 
thorough mixing. During the electrodeposition process, a carbon cloth 
with an area of 1 cm2 served as the working electrode, a platinum sheet 
as the counter electrode, and an Ag/AgCl electrode as the reference 
electrode. The electrochemical cell was configured in a three-electrode 
system. Constant potential deposition was performed at − 0.1 V for 
200 s. Upon completion of the electro-deposition process, the samples 
were sequentially washed with water and ethanol, followed by vacuum 
drying to yield CC/BiOI. Subsequently, the CC/BiOI electrode was 
immersed in a 0.23 M NaBH4 solution for 20 min, after which it was 
thoroughly rinsed with deionized water and vacuum-dried to obtain the 
precursor.

2.3. Preparation of CC/Bi2O3 and Se-doped bismuth-based compound 
electrodes

The precursor was placed in a tube furnace and annealed at 300 ◦C 
for 2 h under an Ar atmosphere to obtain the CC/Bi2O3 electrode. Using 
the same annealing conditions, 60 mg of Se powder was positioned 10 
cm upstream from the precursor. By controlling the gas flow rate, 
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different products were synthesized. When the gas flow rate was 30 mL 
min− 1, the final sample obtained was a Se-doped Bi2O3 electrode, 
denoted as CC/Bi2O2.5Se0.5 based on the Se content. At a gas flow rate of 
60 mL min− 1, a bismuth selenide oxide electrode (CC/Bi2O2Se) was 
formed. When the gas flow rate increased to 90 mL min− 1, a mixed phase 
of Bi2O2Se and Bi2Se3 (CC/Bi2O2Se-Bi2Se3) was synthesized. For gas 
flow rates of 120 mL min− 1 or higher, a pure Bi2Se3 phase (CC/Bi2Se3) 
was obtained (see Fig. S3b). The mass of the active material loaded on 
each electrode was approximately 1 to 1.5 mg.

2.4. Materials characterization

The phase and crystal structure of the samples were analyzed by X- 
ray diffraction (XRD, D8-Advances, CuKα radiation, λ = 1.5406 Å). The 
composition of the material was further analyzed by Raman spectros
copy (HORIBA HR800). The morphology of the samples was charac
terized by scanning electron microscopy (SEM, Hitachi SU8010) and 
transmission electron microscopy (TEM, JEOL JEM-2200FS). The 
elemental distribution of the samples was analyzed by energy-dispersive 
spectroscopy (EDS). The surface chemical state of the material was 
detected by X-ray photoelectron spectroscopy (XPS, ESCALAB-250, AlKα 
radiation). The absorbance spectra were collected using a UV–vis diffuse 
reflectance spectrometer (Shimadzu, model UV-3600). The electrical 
conductivity of the electrode sheets was measured using a four-probe 
conductivity meter (Bolun Jingwei, model ST-2235).

2.5. Electrochemical measurement

The zinc-ion battery consists of a bismuth-based cathode and a zinc 
foil anode, using 1 M ZnSO4 solution as the electrolyte. Cyclic voltam
metry (CV), galvanostatic charge-discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) measurements were conducted using a 
CHI 760e workstation from Shanghai Chenhua Instrument Co., Ltd. 
Cyclic stability tests and galvanostatic intermittent titration technique 
(GITT) measurements were conducted using the Land battery testing 
system (CT2001A). All specific capacities were normalized to the mass 
of the as-formed active phase (Bi2O3, Bi2O2.5Se0.5, or Bi2O2Se) on carbon 
cloth, excluding the substrate. The active mass was determined by 
weighing the carbon cloth before and after growth/treatment on the 
same microbalance (dry state).

3. Results and discussion

3.1. Characterization of precursors and analysis of the vapor deposition 
process

The phase of the precursor was characterized by XRD (Fig. 1a). 
Diffraction peaks were observed at 27.16◦, 37.96◦, 39.62◦, and 48.70◦, 
corresponding to the hexagonal crystal structure of metal Bi (PDF card 
No 96–006–4703). No diffraction peaks attributable to BiOI or Bi2O3 
crystals were detected. This indicates that after reduction treatment with 
NaBH4 solution, a portion of BiOI has been successfully transformed into 
metal Bi. In the Fourier transform infrared (FTIR) spectrum (Fig. 1b), 
broad peaks observed at 747 and 897 cm− 1 are indicative of the presence 
of Bi− O bonds [28]. Through XPS analysis, we examined the surface 
chemical composition and oxidation states of the precursor. The full 
scan (Fig. S1a) indicate that the sample consists solely of Bi, O, and C, 
with no detectable I or other elements. The significant presence of ox
ygen suggests that a portion of bismuth may be present in the form of 
oxides. However, due to the low crystallinity, the corresponding 
diffraction peaks for these oxides are not observable in the XRD pattern. 
Based on the spectrum of the Bi 4f in Fig. 1c, characteristic peaks cor
responding to the Bi-Bi bond were observed at 156.9 and 162.3 eV. 
Additionally, peaks at 159.1 and 164.4 eV were identified, which can be 
attributed to the Bi-O bond [29,30]. These findings suggest that the 
NaBH4 solution treatment was not fully effective in reducing BiOI to 
metal bismuth. In the O1s XPS high-resolution spectrum (Fig. S1b), 
peaks corresponding to Bi− O bonds (529.8 eV), hydroxyl groups (530.8 
eV), and adsorbed water (532.6 eV) were observed [31]. Additionally, 
the peak at 532.6 eV may also be influenced by oxygen-containing 
functional groups (C–OH and C–O-C) present on the surface of the 
CC [7,32].

Based on the SEM images of the precursor (Fig. S2a and Fig. 1d), 
nanosheet arrays are uniformly distributed on the surface of CC. TEM 
image (Fig. S2b) further shows that the nanosheets in the arrays are 
composed of numerous small nanoparticles. HRTEM observations 
(Fig. 1e) reveal clear lattice fringes with a spacing of 0.328 nm, corre
sponding to the (012) crystal plane of metal Bi. Additionally, a signifi
cant amount of amorphous regions were observed, which can be 
attributed to the presence of amorphous bismuth oxide (BiOx). The in
tegrated results from HRTEM, XRD, and XPS confirm the coexistence of 
metal Bi and amorphous BiOx in the precursor, leading us to designate it 
as CC/Bi-BiOx. TGA (Fig. 1f) of the precursor provides valuable insights 
into the synthesis process of the final product. In both nitrogen and air 
atmospheres, the weight of the precursor remained relatively stable 
between 0 and 350 ◦C. This stability suggests a balance between the 

Scheme 1. Schematic illustration of the synthesis workflow.
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weight gain due to Bi’s oxidation and the weight loss from the pyrolysis 
of oxygen-containing functional groups on the CC [31]. In an air at
mosphere, when the temperature exceeds 400 ◦C, the carbon fibers in 

CC/Bi-BiOx begin to undergo pyrolysis and ultimately decompose 
completely. This suggests that the mass contribution of the CC accounts 
for approximately 90 % of the precursor. Under a nitrogen atmosphere, 

Fig. 1. a) XRD pattern. b) FTIR. c) high-resolution XPS spectrum of Bi 4f. d) SEM image. e) HRTEM image. f) TGA curves of the precursor.

Fig. 2. a) Schematic diagram of preparation of different bismuth-based composite oxide electrodes by gas flow rate control. b) Se powder distribution in the reaction 
chamber (quartz tube) at the same time. c) spatial fluid and particle velocity distribution similar to the Se powder distribution near the surface. d) Se powder particle 
distribution under stable adhesion effect. e) the adsorption amount of Se powder particles by the precursor. f) the formation rate of different products at gas flow rate 
of 30 mL min− 1, 60 mL min− 1, 90 mL min− 1.
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the CC/Bi-BiOx sample exhibits a weight loss near 600 ◦C. This phe
nomenon is attributed to the catalytic effect of carbon in the protective 
atmosphere [33], which facilitates the reduction of bismuth oxide to 
form metal bismuth.

Through the CVD process conducted in a tube furnace (as depicted in 
the schematic diagram of Fig. 2a), different Se content products can be 
achieved by precisely controlling the gas flow rate. The quartz tube 
within the tube furnace serves as the reaction zone for CVD. Se powder is 
positioned upstream, while the CC/Bi-BiOx precursor is placed down
stream. By utilizing the COMSOL simulation method, we can perform a 
visual analysis of the Se introduction process and enhance our under
standing of how different gas flow rates affect the doping level. Simu
lations (Fig. 2b–d) show that sublimated Se particles, transported by Ar 
gas, either adhere to the precursor surface due to single-particle adhe
sion effects, undergo chemical reactions, or are carried to the outlet by 
the gas flow.

Fig. 2b shows the distribution of Se powder particles over time under 
gas flow rates of 30, 60, and 90 mL min⁻¹. While transport behavior 
remains similar across different flow rates, shifting from wide-range 
transport to near-surface transport, higher flow rates (90 mL min⁻¹) 
accelerate near-surface adhesion and reaction onset. A stable vortex 
forms in the corner at lower speeds, but simulations indicate its limited 
influence on particle transport. Due to the small vortex radius (~0.25 
cm) and the light weight of Se particles, unadhered particles are carried 
to the outlet by fast-moving gas. Fig. 2c reveals that Se powder exhibits 
similar spatial distribution before adhesion under all flow rates, with 
difference in particle number and velocity near the surface. Fig. 2d 
shows the stable adhesion state at different flow rates, where collected 
Se particles (dark circles) undergo adsorption and conversion into Se- 
containing Bi-based compounds. Particle color variations represent ve
locity differences before adsorption. By coupling the statistical 

information of adsorbed particles with the chemical reaction module, 
we obtained the synthesis conditions under three different gas flow 
rates, as shown in Fig. 2e and f). These results demonstrate that the 
adsorption amount of Se particles increases gradually with increasing 
gas flow rate. Moreover, the yields of the products corresponding to 
different flow rates are consistent with the experimentally obtained CC/ 
Bi2O2.5Se0.5, CC/Bi2O2Se, and CC/Bi2O2Se-Bi2Se3 compounds. The 
consistency between COMSOL simulation results and experimental data 
elucidates the microscopic mechanisms governing material transport 
and surface adsorption during the Se doping process controlled by gas 
flow rate. This deepens our understanding of the CVD strategy and 
provides a theoretical foundation for applying this method to the 
modification of various electrode materials in the future.

3.2. Structure and morphology

The phase characterization of the synthesized samples was per
formed using XRD, as illustrated in Fig. 3a. Analysis revealed that CC/ 
Bi2O3 without Se source exhibited three prominent peaks at 27.9◦, 31.7◦, 
and 32.7◦, corresponding to the (201), (002), and (220) planes of 
tetragonal β-Bi2O3 (PDF card No 97–041–7638). In contrast, the CC/ 
Bi2O2.5Se0.5 sample also displayed diffraction peaks, albeit with slightly 
diminished intensity compared to CC/Bi2O3. This observation suggests 
that CC/Bi2O2.5Se0.5 retains the β-Bi2O3 phase structure. Based on the 
analysis of the local magnification diagram (Fig. S3a), the main 
diffraction peaks exhibit a slight shift towards lower angles. This shift is 
attributed to the increased lattice constant resulting from the incorpo
ration of larger Se atoms. When the flow rate was 90 mL min− 1, the 
electrode exhibited distinct diffraction peaks at 24.0◦, 29.2◦, 31.8◦, and 
32.5◦, indicating that with increasing Se content, the product no longer 
retained the β-Bi2O3 structure but instead formed tetragonal Bi2O2Se 

Fig. 3. a) XRD patterns. b) Raman spectra of CC/Bi2O3, CC/Bi2O2.5Se0.5 and CC/Bi2O2Se. Low-magnification /high-magnification SEM images of c) CC/Bi2O3, d) CC/ 
Bi2O2.5Se0.5. e) CC/Bi2O2Se. TEM images of f) CC/Bi2O3. g) CC/Bi2O2.5Se0.5 and (h) CC/Bi2O2Se. HRTEM images of i) CC/Bi2O3. j) CC/Bi2O2.5Se0.5 and k) 
CC/Bi2O2Se.
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(PDF card No 97–000–2930). Upon further increasing the flow rate, XRD 
results (Fig. S3b) revealed the formation of both Bi2O2Se-Bi2Se3 mixed 
phases and pure Bi2Se3 phase. The XRD analysis confirmed the effec
tiveness of the designed synthesis method in producing a series of 
samples with varying Se contents. Furthermore, subsequent electro
chemical tests revealed that the CC/Bi2O2Se-Bi2Se3 and CC/Bi2Se3 
samples exhibited relatively low electrochemical energy storage per
formance, which led to their exclusion from the primary focus of this 
study.

In the Raman spectroscopy results (Fig. 3b), peaks at approximately 
125 cm− 1 and 315 cm− 1 were observed in both the CC/Bi2O3 and CC/ 
Bi2O2.5Se0.5 samples, corresponding to the stretching vibrations of Bi− O 
bonds in the β-Bi2O3 crystal structure [34,35]. Additionally, a broad 
peak was observed near 600 cm− 1, which is a distinctive feature unique 
to the β-phase Bi2O3 [36]. The CC/Bi2O2Se sample exhibits character
istic Raman peaks at approximately 133 cm− 1 and 158 cm− 1, which can 
be attributed to the A1g vibration mode of Bi2O2Se [37]. The Raman and 
XRD results indicate that the CC/Bi2O3 sample prepared without a Se 
source exhibits the β phase of Bi2O3. After introducing a Se source, as the 

gas flow rate increases and the Se content in the product changes, the 
crystal structure evolves from Se-doped β-Bi2O3 (CC/Bi2O2.5Se0.5) to the 
tetragonal Bi2O2Se structure (CC/Bi2O2Se).

The morphological characteristics of the prepared electrodes were 
examined using scanning electron microscopy (SEM). On the CC sub
strates, CC/Bi2O3, CC/Bi2O2.5Se0.5, and CC/Bi2O2Se exhibited nearly 
identical vertical nanosheet array structures similar to those of their 
precursors. Notably, the thickness of the nanosheets progressively 
increased from CC/Bi2O3 to CC/Bi2O2Se, as illustrated in Fig. 3c–e. This 
nanosheet array structure significantly enhances the electrolyte contact 
area, thereby accelerating the kinetics of electrochemical reactions 
during energy storage [38,39]. In contrast, the edge thickness of the 
nanosheets in the CC/Bi2O2Se-Bi2Se3 and CC/Bi2Se3 samples increased 
significantly, while the pore structure within the nanosheets was nearly 
eliminated (see Fig. S4). The EDX analysis of all prepared electrode 
samples (Fig. S5) reveals that the Se element content on the surface of 
different samples exhibits a positive correlation with the gas flow rate 
during the preparation process. Through TEM images (Fig. 3f–h), it is 
confirmed that the nanosheets in the CC/Bi2O3, CC/Bi2O2.5Se0.5, and 

Fig. 4. a) XPS full spectrum. b) Bi 4f high resolution spectrum. c) O 1 s high resolution spectrum of CC/Bi2O3, CC/Bi2O2.5Se0.5 and CC/Bi2O2Se. d) UV–vis spectra. e) 
Tauc diagrams. f) conductivity test results of CC/Bi2O3, CC/Bi2O2.5Se0.5 and CC/Bi2O2Se. The total and projected density of states (DOS) curves of g) CC/Bi2O3, h) 
CC/Bi2O2.5Se0.5 and i) CC/Bi2O2Se.
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CC/Bi2O2Se samples are composed of numerous nanoparticles. In the 
HRTEM image of CC/Bi2O3 (Fig. 3i), lattice fringes with a spacing of 
0.273 nm, corresponding to the (220) plane of β-Bi2O3, are clearly 
visible. Similarly, in the high-resolution transmission electron micro
scopy (HRTEM) image of the CC/Bi2O2.5Se0.5 sample (Fig. 3j), lattice 
fringes corresponding to the (220) plane of β-Bi2O3 are also observed. 
However, the interplanar spacing increased slightly to 0.275 nm, indi
cating that Se doping into β-Bi2O3 results in larger unit cell parameters in 
Bi2O2.5Se0.5 compared to the original β-Bi2O3 due to the larger atomic 
radius of Se. This observation is consistent with the previous XRD re
sults. In the HRTEM image of CC/Bi2O2Se (Fig. 3k), lattice fringes with a 
spacing of 0.281 nm can be observed, corresponding to the (103) plane 
of tetragonal Bi2O2Se.

The chemical states and binding energies of CC/Bi2O3, CC/ 
Bi2O2.5Se0.5, and CC/Bi2O2Se were analyzed using XPS. According to the 
full-spectrum XPS scans (Fig. 4a), the CC/Bi2O3 sample exhibited 
characteristic peaks for Bi, C, and O elements, whereas the CC/ 
Bi2O2.5Se0.5 and CC/Bi2O2Se samples showed additional characteristic 
peaks corresponding to Se, in addition to Bi, C, and O. In the high- 
resolution Bi 4f spectrum (Fig. 4b), two peaks are observed at binding 
energies of 159.3 eV and 164.6 eV, corresponding to the 4f7/2 and 4f5/2 
orbitals of Bi3+ in the Bi− O bond [40]. Compared to CC/Bi2O3, the Bi 
4f7/2 and 4f5/2 orbitals of CC/Bi2O2.5Se0.5 and CC/Bi2O2Se exhibit a 
negative shift, which can be attributed to the presence of Bi− Se bonds, 
as the binding energy of Bi− Se is lower than that of Bi− O [41]. Due to 
the lower electronegativity of Se, its introduction results in altered bond 
lengths and changes in the metal coordination environment within 
metal oxides, leading to the observed shifts in binding energy in XPS [15,
42,43]. In the high-resolution XPS spectra of O1s, peaks at 530.1, 531.7, 
and 533.5 eV are observed, corresponding to lattice oxygen (Bi− O), 
adsorbed oxygen, and oxygen in H2O [44], respectively (Fig. 4c). In the 
series of samples from CC/Bi2O3 to CC/Bi2O2Se, the intensity of the 
Bi− O peak gradually decreases, which is consistent with the progressive 
reduction in oxygen content within their crystal structures. In the XPS 
spectra of CC/Bi2O2.5Se0.5 and CC/Bi2O2Se, the peaks at 53.5 and 54.6 
eV (Fig. S6) are attributed to the Se2− 3d5/2 and Se2− 3d3/2 signals, 
respectively [45]. The peak near 56 eV is assigned to the oxidized state’s 
SeOx [46].

Based on the UV–vis results (Fig. 4d), the Tauc method can be 
employed to estimate the band gaps (Eg) of CC/Bi2O3, CC/Bi2O2.5Se0.5, 
and CC/Bi2O2Se. The Eg of CC/Bi2O3, CC/Bi2O2.5Se0.5, and CC/Bi2O2Se 
are 2.23 eV, 1.65 eV, and 1.54 eV (Fig. 4e), respectively. The observed 
narrowing of the band gap upon Se incorporation suggests that intro
ducing Se into bismuth-based oxides facilitates electron excitation from 
the valence band to the conduction band, thereby enhancing the mate
rial’s electrical conductivity. The results of the four-probe method test 
(Fig. 4f) indicate that the electrical conductivity of CC/Bi2O2.5Se0.5 and 
CC/Bi2O2Se is significantly higher than that of CC/Bi2O3, consistent 
with the trend observed in the band gap measurements. This suggests 
that introducing Se into the bismuth oxide system effectively enhances 
electron migration within the material structure. Through density of 
states (DOS) calculations for bulk materials, we determined that the 
band gaps of Bi2O3, Bi2O2.5Se0.5, and Bi2O2Se are 1.43 eV, 0.76 eV, and 
0.51 eV, respectively (Fig. 4g–i). The top of the valence band is primarily 
composed of contributions from the O element. Upon doping Se into the 
ideal tetragonal phase of Bi2O3, the density of states (DOS) associated 
with Se becomes more pronounced near the Fermi level and within the 
conduction band region. This indicates that Se doping introduces new 
energy levels and potentially enhances the probability of electron 
transitions, thereby reducing the material’s band gap. In comparison 
with the layered structure of Bi2O2Se, as the Se content increases, the top 
of the valence band is increasingly dominated by Se contributions, 
leading to a further reduction in the band gap. This facilitates enhanced 
electron transfer and conductivity.

3.3. Electrochemical performance

The electrochemical performance of the prepared electrodes was 
evaluated in 1 M ZnSO₄ electrolyte. CV curves at a scan rate of 3 mV s⁻¹ 
revealed distinct redox peaks for all samples, with CC/Bi2O2.5Se0.5 and 
CC/Bi2O2Se showing significantly enhanced peak currents, indicating 
superior electrochemical activity (Fig. 5a). Notably, the resolved 
anodic/cathodic peaks do not strictly appear as one-to-one pairs. This 
arises from partly irreversible conversion in CC/Bi2O3 (suppressing the 
return peak), multi-step conversion with overlapping features in CC/ 
Bi2O2.5Se0.5, and pronounced pseudocapacitive H+-intercalation in CC/ 
Bi2O2Se that broadens or masks discrete couples at the chosen scan rate 
(see Fig. 6a–c), which is consistent with operando/ex-situ observations 
of dual intercalation–conversion mechanisms and strong capacitive 
contributions in Bi2O2Se, and with H+/Zn2+ co-insertion leading to 
activation-dependent merging/splitting of peaks in BiOSe [47,48]. GCD 
profiles at 0.5 A g− 1 demonstrated longer discharge times and higher 
specific capacities for CC/Bi2O2.5Se0.5 and CC/Bi2O2Se compared to 
other samples, with CC/Bi2O2Se achieving a maximum specific capacity 
of 312.5 mAh g− 1 at 0.1 A g− 1 (Fig. 5b). This performance is comparable 
to the upper-limit conversion capacity of Bi2O2Se (304.0 mAh g− 1; n = 6, 
Qth = nF/3.6 M) and is significantly higher than that of pristine Bi2O3 
(see Supplementary Table S1). The slight apparent excess (~2.8 %) 
likely arises from minor pseudocapacitive/double-layer contributions 
and uncertainty in active-mass determination by differential weighing, 
rather than conversion beyond the theoretical limit. Furthermore, the 
CC/Bi2O2.5Se0.5 and CC/Bi2O2Se samples demonstrate significantly 
longer discharge times and higher specific capacities compared to other 
samples. By examining the specific capacity values of each electrode at 
various current densities (see Fig. 5c), it is evident that the capacity of 
CC/Bi2O3 is 101.6 mAh g− 1 at a current density of 0.1 A g− 1, but sharply 
decreases to 4 mAh g− 1 at 2 A g− 1. At various current densities, the 
capacity of CC/Bi2O3 rapidly decreased from 101.6 mAh g− 1 at 0.1 A g− 1 

to 4 mAh g− 1 at 2 A g− 1, while CC/ Bi2O2.5Se0.5 and CC/Bi2O2Se 
maintained much higher capacities (Fig. 5c). Compared with other 
bismuth-based electrode materials used for zinc-ion energy storage [12,
49–52], CC/Bi2O2.5Se0.5 and CC/Bi2O2Se exhibited significant specific 
capacity advantages (Fig. 5d). Notably, CC/Bi2O2Se achieves a 
maximum specific capacity of 312.5 mAh g− 1 at a current density of 0.1 
A g− 1, approaching the theoretical specific capacity of bismuth oxides. 
To exclude any contribution from the substrate, we prepared annealed 
carbon cloth and Se-annealed carbon cloth under identical thermal 
conditions but without the Bi precursor; both controls exhibit only CC 
peaks in XRD, negligible mass change, and capacities below 10 mAh g− 1 

(Figs. S7–S8).
The power density and energy density of the CC/Bi2O2Se||Zn cell 

(Fig. 5e) exhibit notable advantages compared to other zinc-ion batte
ries [11,12,52–58]. In continuous rate charge-discharge tests, 
CC/Bi2O3’s capacity decayed rapidly within a few cycles at 0.2 A g− 1, 
while CC/Bi2O2.5Se0.5 and CC/Bi2O2Se stabilized after high-current cy
cles and switching to low-current conditions (Fig. 5f). Long-term cycling 
stability tests at 2 A g− 1 showed that CC/Bi2O3’s capacity decayed 
quickly within the initial cycles, whereas CC/Bi2O2.5Se0.5 and 
CC/Bi2O2Se maintained retention rates above 60 % after 4000 cycles, 
with CC/Bi2O2Se achieving a superior retention rate of 74.6 % (Fig. 5g). 
This indicates that selenium incorporation significantly enhances the 
capacity retention of the electrode material. The mechanism underlying 
the rapid capacity fade of Bi2O3 in ZnSO4 electrolyte and the effective 
mitigation by Se will be discussed in detail in the next section.

To evaluate the adaptability of introducing Se into bismuth oxides 
across different electrochemical systems, we investigated the electro
chemical energy storage performance of CC/Bi2O2Se and CC/Bi2O3 
electrodes in alkaline electrolytes (Fig. S9). The maximum specific 
capacitance of CC/Bi2O2Se reached 644 F g− 1 at 1 A g− 1, approximately 
twice that of CC/Bi2O3. The alkaline aqueous battery device assembled 
with CC/Bi2O2Se as the anode and nickel hydroxide fluoride as the 
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cathode achieved a maximum energy density of 83.3 Wh kg− 1 and a 
maximum power density of 30,000 W kg− 1. This result further confirms 
the effectiveness of introducing Se to modulate the electronic structure 
of bismuth oxide.

3.4. Mechanism of electrochemical reactions

By analyzing the voltage differences of the charge/discharge plat
forms for CC/Bi2O3, CC/Bi2O2.5Se0.5, and CC/Bi2O2Se at various current 
densities (Fig. S10), it was observed that the voltage difference of CC/ 
Bi2O3 increased more significantly with increasing current density 
compared to CC/Bi2O2.5Se0.5 and CC/Bi2O2Se. This suggests that CC/ 
Bi2O3 exhibits a higher degree of polarization, characterized by slower 
redox reaction kinetics and poorer reversibility [59].

Based on the cyclic voltammetry curves at various scan rates 
(Fig. S11), the b values for the oxidation and reduction processes of the 
three electrodes were calculated (Fig. 6a–c). CC/Bi2O3 exhibited 

significant differences in b values between its oxidation and reduction 
processes, likely due to its irreversible reaction characteristics. In 
contrast, CC/Bi2O2.5Se0.5 had a b value of 0.61 for the reduction process, 
while CC/Bi2O2Se had a higher b value of 0.83, indicating that the 
reduction process of CC/Bi2O2.5Se0.5 is more diffusion-limited. This 
suggests distinct electrochemical energy storage mechanisms between 
CC/Bi2O2.5Se0.5 and CC/Bi2O2Se. Additionally, using the Dunn method 
k1 value (Fig. S12), the capacitance contribution of CC/Bi2O2Se was 
found to be consistently higher across all scan rates compared to CC/ 
Bi2O3 and Bi2O2.5Se0.5, indicating less diffusion limitation and greater 
involvement of pseudocapacitive processes, such as surface redox re
actions or intercalation pseudocapacitance.

In-situ electrochemical impedance spectroscopy measurements were 
performed on the discharge and charge processes of the three electrodes 
to construct three-dimensional Bode plots, illustrating the phase angle 
(φ) - frequency (ƒ) relationship at various potentials (Fig. 6d-i). These 
plots enable real-time monitoring of electrode reaction kinetics during 

Fig. 5. a) CV curves at 3 mV s− 1. b) GCD profiles at 0.5 A g− 1. c) specific capacity values at different current densities of CC/Bi2O3, CC/Bi2O2.5Se0.5, CC/Bi2O2Se, CC/ 
Bi2O2Se-Bi2Se3 and CC/Bi2Se3. d) Comparison of the maximum capacity of CC/Bi2O2.5Se0.5 and CC/Bi2O2Se with other Bi-based electrode materials. e) Ragone plots 
of CC/Bi2O2Se||Zn. f) Continuous charge and discharge tests of CC/Bi2O3, CC/Bi2O2.5Se0.5 and CC/Bi2O2Se at different rates. g) Cycle stability tests of CC/Bi2O3, CC/ 
Bi2O2.5Se0.5 and CC/Bi2O2Se.
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electrochemical processes [60]. The region where the phase angle φ is 
closer to 90◦ indicates a behavior more akin to capacitance, while the 
area where φ is closer to 0◦ suggests that the behavior at that potential is 
more diffusion-controlled, with a phase change (ion inter
calation/deintercalation or conversion reaction) occurring at the elec
trode [61]. In the three-dimensional Bode plots of the CC/Bi2O3, 
CC/Bi2O2.5Se0.5, and CC/Bi2O2Se electrodes shown in Fig. 6d–i, regions 
with very low phase angles φ (depicted as dark blue and purple) are 
observed. These regions generally correspond to the plateaus during the 
charge and discharge processes, indicating that phase transitions occur 
during their electrochemical reactions. The significant differences 
observed in the low phase angle regions during the discharge (Fig. 6d) 
and charge (Fig. 6g) processes of the CC/Bi2O3 electrode are attributed 
to its poor electrochemical reversibility. The smaller low-phase-angle 
regions observed in the CC/Bi2O2Se electrode (Fig. 6f–i) suggest faster 
electrochemical reaction kinetics, which may be attributed to the pre
viously reported H+ intercalation/deintercalation-dominated mecha
nism of Bi2O2Se. The smaller ionic radius of H+ facilitates rapid diffusion 
[50]. These kinetic features rationalize the asymmetric number of ano
dic/cathodic peaks in CV: CC/Bi2O3 shows mismatched b-values 
consistent with partial irreversibility, CC/Bi2O2.5Se0.5 exhibits 
diffusion-limited multi-step conversion that merges into composite 

peaks, and CC/Bi2O2Se displays higher capacitive contributions (k1 
fraction) and smaller low-phase-angle regions in the 3D Bode plots, 
which broaden or obscure discrete redox couples (Fig. 6a-i).

To investigate the significant differences in specific capacity and 
cycling stability between the CC/Bi2O3, CC/Bi2O2.5Se0.5 and CC/ 
Bi2O2Se samples, we focus on the emergence and reversibility of 
metallic Bi and analyzed the variations in electrochemical reactions 
during charging and discharging by comparing their XRD patterns at 
different potentials (Fig. 7a–c). In the XRD patterns of the CC/Bi2O3 
sample at different potentials (Fig. 7a), it is clearly observed that Bi2O3 
undergoes transformation into metallic Bi and cannot revert to its initial 
crystalline β-Bi2O3 state. A minor diffraction peak at approximately 
33.2◦ is observed, which can be attributed to the formation of basic zinc 
sulfate hexahydrate (Zn4(OH)6SO4⋅4H2O, ZHS, JCPDS card No 
44–0673), likely resulting from a side reaction. This indicates that the 
electrochemical reaction involves the irreversible conversion of Bi2O3 to 
metallic Bi, leading to poor cycling stability. In contrast, during the 
charge and discharge process of CC/Bi2O2.5Se0.5, its phase corresponds 
to metallic Bi in the discharged state (as shown in V. in Fig. 7b), and to 
Bi2O2.7 in the charged state (as shown in III. in Fig. 7b), indicating that a 
reversible transformation reaction occurs during its electrochemical 
process, involving the conversion between Bi0 and Bi3+. The phase of 

Fig. 6. Power law exponentials (b values) of a) CC/Bi2O3, b) CC/Bi2O2.5Se0.5 and c) CC/Bi2O2Se. 3D Bode-phase plots during discharge of d) CC/Bi2O3, e) CC/ 
Bi2O2.5Se0.5 and f) CC/Bi2O2Se. 3D Bode-phase plots during charge of g) CC/Bi2O3, h) CC/Bi2O2.5Se0.5 and i) CC/Bi2O2Se.
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CC/Bi2O2Se with a layered structure remains Bi2O2Se at different charge 
and discharge potentials (Fig. 7c), and no obvious positional shift is 
observed whether in the fully charged or fully discharged state. This can 
be attributed to the small radius of H+ ions, which causes insignificant 
structural strain during the insertion and extraction process in the 
Bi2O2Se material [50]. Compared with CC/Bi2O3 which undergoes a 

lowly reversible conversion reaction, CC/Bi2O2.5Se0.5 exhibits a more 
highly reversible conversion reaction mechanism, while CC/Bi2O2Se 
features a H+ intercalation-deintercalation reaction mechanism that 
causes less structural damage. Therefore, the cycling stability of these 
two materials is significantly better than that of CC/Bi2O3.

Compared with CC/Bi2O2.5Se0.5 and CC/Bi2O2Se, the binding energy 

Fig. 7. XRD patterns of a) CC/Bi2O3, b) CC/Bi2O2.5Se0.5 and c) CC/Bi2O2Se at different potentials during charge and discharge. Bi 4f high-resolution XPS spectra of d) 
CC/Bi2O3, e) CC/Bi2O2.5Se0.5 and f) CC/Bi2O2Se at three states of original/fully discharged/fully charged. Zn 2p high-resolution XPS spectra of g) CC/Bi2O3, h) CC/ 
Bi2O2.5Se0.5 and i) CC/Bi2O2Se at three states of original/fully discharged/fully charged. j) Adsorption energy of Bi2O3, Bi2O2.5Se0.5 and Bi2O2Se. k) GITT curve of 
CC/Bi2O2Se and diffusion coefficient of CC/Bi2O3, CC/Bi2O2.5Se0.5, CC/Bi2O2Se.
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shift in the high-resolution Bi 4f XPS spectra of CC/Bi2O3 (Fig. 7d) is 
minimal in both fully discharged and charged states, indicating a limited 
number of active Bi species available for electrochemical reactions. This 
observation is further supported by the Zn 2p spectra of CC/Bi2O3 
(Fig. 7g), which reveal the presence of significant amounts of Zn species 
on the Bi2O3 surface in both states, consistent with the formation of ZHS. 
The SEM and EDX analysis of the surface (Fig. S13) also corroborates 
this finding. In contrast, the ZHS in the CC/Bi2O2.5Se0.5 and CC/Bi2O2Se 
samples exhibits reversible deposition and dissolution during the 
charge-discharge process (Fig. 7h–i).

The results of the adsorption energy calculations (Fig. 7j and 
Fig. S14) reveal that Bi2O3 exhibits an extremely strong adsorption 
capacity for Zn2+ (− 4.39 eV), enabling stable adsorption of Zn2+ on its 
surface and leading to excessive enrichment. In contrast, Bi2O2.5Se0.5 
and Bi2O2Se show relatively weak adsorption capacities for Zn2+, pre
venting stable adsorption and thereby avoiding irreversible deposition 
of ZHS byproducts upon Zn2+ reduction, which is crucial for maintain
ing the electrode’s good reversibility. The differences in H+ adsorption 
energies between Bi2O2Se and Bi2O2.5Se0.5 may also contribute to the 
distinct reaction mechanisms observed in their XRD patterns during 
charge-discharge processes. Additionally, the diffusion coefficients of 
the three electrodes, measured using galvanostatic intermittent titration 
technique (GITT) (Fig. 7k), followed the order: CC/Bi2O2Se > CC/ 
Bi2O2.5Se0.5 > CC/Bi2O3. The highest diffusion coefficient for CC/ 
Bi2O2Se is attributed to its layered structure and efficient H+

intercalation-deintercalation mechanism, facilitated by the small size of 
H+. Conversely, CC/Bi2O3 exhibited the lowest diffusion coefficient due 
to its strong interaction with Zn2+, which causes irreversible ZHS 
deposition and hinders ion migration and diffusion. During charge- 
discharge cycles, the electrolyte near the CC/Bi2O2.5Se0.5 electrode 
shows a more pronounced change in conductivity compared to that near 
the CC/Bi2O3 electrode (Fig. S15), indicating a higher concentration of 
active bismuth species participating in electrochemical reactions and 
greater consumption of ionic charge carriers in the electrolyte.

To further investigate the role of ZHS formation in the electro
chemical performance, we tested the electrodes in a 1 M ZnSO4-EG 
electrolyte. The results showed that CC/Bi2O3 exhibited improved 
reversibility in EG-based electrolyte compared to aqueous solutions, 
likely due to the suppression of ZHS formation (Fig. S16) [13,56]. This 
observation underscores the importance of by-product formation in the 
capacity fade of Bi2O3 and suggests that designing suitable electrolytes 
could be a promising strategy for enhancing Zn2+ storage efficiency in 
bismuth oxides. To further quantify the relative roles of Zn2+ and H+, we 
performed a semi-quantitative partition using the ZnSO4–EG control. 
Based on capacities at 0.1 A g− 1 in aqueous ZnSO4 and ZnSO4–EG (Fig. 5
and Fig. S16), the estimated Zn2+/H+ fractions are ~75/25 for CC/ 
CC/Bi2O3, ~45/55 for CC/Bi2O2.5Se0.5, and ~29/71 for CC/ Bi2O2Se 
(details in Table S2).

4. Conclusions

In this study, we successfully demonstrated that selenium incorpo
ration into bismuth oxide significantly enhances the electrochemical 
performance for zinc-ion storage. By controlling the gas flow rate during 
chemical vapor deposition, we synthesized a series of bismuth-based 
compounds with varying Se contents. Notably, CC/Bi2O2.5Se0.5 and 
CC/Bi2O2Se exhibited substantial improvements in specific capacity and 
cycling stability compared to pristine Bi2O3. CC/Bi2O2Se achieved a 
maximum specific capacity of 312.5 mAh g− 1 at 0.1 A g− 1, with a 
retention rate of 74.6 % after 4000 cycles at 2 A g− 1. These enhance
ments are attributed to the narrowed band gap and improved electrical 
conductivity from Se doping, which facilitates electron and ion trans
port. Additionally, Se incorporation stabilizes the Bi3+↔Bi◦ conversion 
and mitigates the formation of detrimental by-products, ensuring more 
reversible and efficient Zn-ion storage. Our findings highlight the 
importance of electronic structure regulation in optimizing metal oxide 

electrodes and provide valuable insights for designing high-performance 
energy storage materials. Future work will explore other dopants and 
optimize synthesis conditions to further enhance electrochemical 
properties for practical applications.
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