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The pursuit of high-performance cathode materials is paramount for the deployment of aqueous zinc-ion
batteries (ZIBs) in large-scale energy storage. Despite their high theoretical capacity and cost-effectiveness,
bismuth (Bi)-based electrodes are often hampered by inferior cycling stability and sluggish redox kinetics.
Herein, we report a composite cathode structure consisting of bismuth nanoparticles encapsulated within
an N, P co-doped carbon framework (Bi@NPC), complemented by an iodide-based redox electrolyte
additive to synergistically boost electrochemical performance. The integration of |~ ions activates
a highly reversible 1°/1~ redox couple, which provides additional capacity and accelerates charge transfer.
Density functional theory (DFT) calculations elucidate that the N, P co-doped carbon matrix offers
enriched electrophilic active sites, which not only catalyze the transformation of iodine species but also
effectively mitigate the “shuttle effect” of polyiodide intermediates. Consequently, the BiaNPC electrode
delivers a superior specific capacity of 399.3 mAh g™t at 1.0 A g~! and demonstrates exceptional long-
term durability, maintaining 95.4% capacity retention after 10 000 cycles at 5.0 A g~X. As a proof of
concept, a flexible 3D interdigital Zn//Bi@NPC battery was assembled to power a Bi@NPC-based
photodetector, highlighting its practical viability. This study provides a robust strategy for engineering
high-capacity and ultra-stable bismuth-based energy storage systems.
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Introduction

Energy storage systems (ESS) are pivotal in advancing the
sustainable evolution of modern society.'” Owing to their
intrinsic safety, cost-effectiveness, and environmental benig-
nity, aqueous ion batteries have emerged as formidable candi-
dates for large-scale energy storage.*® Specifically, aqueous zinc-
ion batteries (ZIBs) offer distinct advantages, including an
optimal redox potential and high theoretical capacity.®”
However, the practical deployment of ZIBs is frequently
impeded by suboptimal electrode stability and limited cycling
endurance. Conventional cathode systems, such as manganese-
based compounds, vanadium oxides, and Prussian blue
analogues, typically suffer from sloping discharge plateaus and
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active material dissolution, which undermine the long-term
electrochemical stability.® This has necessitated the explora-
tion of alternative cathode architectures that harmonize high
specific capacity with robust structural integrity.

Bismuth (Bi), with a layered structure, has attracted interest
in energy storage applications, including lithium-ion batteries,
sodium-ion batteries, nickel/bismuth batteries and other energy
storage fields.* These properties suggest that Bi may also offer
promising performance for zinc-ion storage. For instance,
Wang et al. designed a MXene/Bi cathode for aqueous ZIBs that
delivered a specific discharge capacity of 178.1 mAh g ' at
0.25 A g~ '.*> Nevertheless, the application of Bi in near-neutral
aqueous electrolytes remains constrained by sluggish charge-
transfer kinetics and a relatively low discharge plateau (<0.8
V) compared to Mn-based or V-based oxides, which limits the
overall energy density. Carbon hybridization has been identified
as a viable approach to suppress Bi dissolution via physical
confinement.”* Furthermore, the introduction of iodine—an
abundant, low-toxicity element—offers a promising pathway to
augment capacity through the reversible 1%1 redox couple.*
Fan et al. introduced iodide ions as a multifunctional electrolyte
additive, enabling the reversible multi-electron conversion
reaction between Bi(0) and Bi(m) in a mild aqueous electrolyte.*®
The iodide ions significantly alter the intermediate reaction
steps and create a favorable kinetic pathway by coordinating
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with Bi*" ions, which continuously refreshes and activates the
interface. Therefore, introducing an iodine-based redox medi-
ator into aqueous ZIBs presents a feasible strategy to enhance
the electrochemical performance of Bi-based materials.

Herein, we propose a synergistic strategy employing low-
concentration I" additives to activate bismuth nanoparticles
encapsulated within an N, P co-doped carbon framework
(Bi@NPC) for high-performance ZIBs. The N, P co-doped carbon
layer acts as a buffer layer to mitigate mechanical strain of Bi
nanoparticles during Zn”>* insertion/extraction and enhances
active material utilization. Critically, density functional theory
(DFT) calculations reveal that N, P co-doping induces enriched
electrophilic sites on the carbon skeleton. These sites intensify
electron localization, thereby strengthening the adsorption of
iodine species and catalyzing their multi-step conversion—
effectively mitigating the polyiodide shuttle effect. The Bi@NPC
electrode achieved a specific discharge capacity of 399.3 mAh
g 'at1.0 Ag™ ', and retained 95.4% of its capacity after 10, 000
cycles at 5.0 A g~'. This provides a promising strategy for
designing high-performance bismuth-based materials for
advanced aqueous ZIBs.

Results and discussion

The introduction of a low-concentration (0.2 M) KI electrolyte
additive effectively activates the conversion reactions of the
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Bi@NPC electrode. In the low-voltage region (0.1-1.2 V), the
mechanism is dominated by the Zn**/H"
intercalation/de-intercalation processes within the Bi matrix,
accompanied by the reversible Bi/BiOI conversion reaction. In
the high-voltage region (1.2-1.6 V), the electrochemical
behavior is dominated by the conversion reactions of iodine
species occurring on the NPC surface framework (Fig. 1a). To

successive

elucidate this enhanced electrochemical activity, cyclic vol-
tammetry (CV) measurements were performed on the BI@NPC
electrode at a scan rate of 1 mV s~ in two distinct electrolytes:
2 M ZnSO, and 2 M ZnSO, + 0.2 M KI (Fig. 1b and c). In the
baseline 2 M ZnSO, electrolyte, the CV curve exhibits two pairs
of redox peaks at 0.53/0.95 V and 0.68/0.87 V, which are
assigned to Zn®>" and H' insertion/extraction processes,
respectively (Fig. 1b). In contrast, upon addition of KI, a signif-
icant increase in the cathodic and anodic current response is
observed within the 0.1-1.2 V range, along with the emergence
of additional redox peaks between 1.2-1.6 V range (Fig. 1c).
These new observed electrochemical features are attributed to
the activation of the Bi/BiOI redox couple and the multi-step
conversion reactions of iodine species. The introduction of
this redox-active electrolyte additive not only extends the oper-
ating voltage window but also contributes additional capacity
through faradaic reactions. More importantly, it mitigates the
polyiodide shuttle effect and facilitates the stepwise conversion
of iodine intermediates (Fig. 1d). Schematic representations of
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Fig. 1

(a) Schematic diagram of the energy storage mechanism of the Zn//Bi@NPC battery at different potentials. (b and c) CV curves of the Zn//

Bi@NPC battery in different electrolytes at 1.0 mV s~ (d) Proposed transformation pathway of iodine species. (e) Illustration of the charge
storage mechanism in the BiaNPC electrode with and without Kl additive.
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Fig. 2 (a) Schematic illustration of the synthesis of Bi@aNPC. (b) XRD
patterns, and (c) Raman spectra of Bi@C, Bi@NC and Bi@NPC. (d) N,
adsorption—desorption isotherms of Bi@NPC. (e) XPS survey spectra,
(f) Bi 4f and (g) N 1s XPS spectra of Bi@C, Bi@aNC and Bi@NPC. (h) TEM
image, (i) HRTEM images and (j) element mapping of BiaNPC.

the charge storage mechanisms in the two electrolyte systems
are summarized in Fig. 1e. While the mechanism in the pure
ZnSO, electrolyte is limited to Zn**/H* insertion/extraction
(Fig. S1), the presence of KI enables additional reversible
conversion reactions involving both Bi/BiOI and iodine species,
which will be further elaborated in subsequent sections.

Fig. 2a presents the synthesis process of Bi@NPC. Bi-1,3,5-
benzenetricarboxylic acid (Bi-BTC)-derived N, P co-doped
carbon nanorods embedded with Bi nanoparticles were
synthesized via a facile solvothermal method. The composite
exhibits a highly conductive surface architecture and rich active
sites. In addition, the N, P co-doped carbon layer effectively
accommodates mechanical strain during repeated cycling,
thereby significantly enhancing the cycling stability.'® The
crystal structure of the materials was examined using X-ray
diffraction (XRD) (Fig. 2b). Bi@C, Bi@NC and Bi@NPC all
show distinct diffraction peaks that match well with the
hexagonal phase of metallic Bi (PDF#44-1246). Fourier-
transform infrared (FTIR) spectra were used to analyze the
chemical structures of Bi-BTC and Bi-BTC@PANI (Fig. S2). In Bi-
BTC@PANI, the peak at 1490 cm™ " corresponds to the C=C
stretching vibration of the benzene ring, and the peak at
1145 em™ " is assigned to the C-H bending vibration of the
benzene and quinoid rings."” Further structural information
was investigated using Raman spectroscopy (Fig. 2c). The
higher Ip/I; ratio of Bi@NPC indicates the introduction of
abundant defects in its carbon network.’®* N, adsorption-
desorption isotherms (Fig. 2d and S3) show that Bi@NPC

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanorods have a larger specific surface area, which is beneficial
for the rapid transport of Zn”". Subsequently, X-ray photoelec-
tron spectroscopy (XPS) was utilized to analyse the surface
composition of the samples (Fig. 2e-g and S4). In the Bi 4f XPS
spectrum (Fig. 2e), the two fitted peaks at 157.86 and 163.54 eV
correspond to Bi’, while the two peaks at 159.25 and 164.56 eV
correspond to Bi**. The presence of Bi** is attributed to the
inevitable surface oxidation of Bi during synthesis, which is
consistent with previous reports.” Compared with Bi@C, the Bi
4f peaks in Bi@NC and Bi@NPC shift to higher binding ener-
gies. This shift is mainly due to the higher electronegativity of N,
which reduces the electron cloud density around Bi atoms. As
shown in Fig. 2f, the N 1s peaks detected in Bi@NPC at 397.75,
399.37, and 400.85 eV can be attributed to pyridinic N,
pyrrolic N, and graphitic N, respectively.?® In contrast, almost
no N 1 s signal was detected in Bi@C. The relative percentages
of these N species in Bi@NC and Bi@NPC are provided in
Fig. S5. Additionally, the C 1s and O 1s spectra are presented in
Fig. S4.

The morphology of the samples was characterized by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Fig. 2h-j and S5-S8). As shown in Fig. S6, the
precursor Bi-BTC exhibits a smooth and uniform nanorod
structure. After high-temperature carbonization, the derived
Bi@NPC still maintains the nanorod structure well, with
ultrafine and homogeneously dispersed Bi nanoparticles with
a diameter of approximately 30-50 nm encapsulated inside
(Fig. 2h). Compared with Bi@C and Bi@NC, Bi@NPC exhibits
a thicker carbon layer on the surface (Fig. S7-S9). The loose and
porous nanorod structure can effectively mitigate structural
fracture and pulverization during Zn>" insertion/extraction,
while also offering a high specific surface area to facilitate
efficient ion transport. The high-resolution TEM (HRTEM)
image in Fig. 2h reveals lattice fringes with a spacing of
approximately 0.33 nm, corresponding to the (012) plane of
metallic Bi. A carbon layer coating the Bi nanoparticles is
highlighted by blue lines. Elemental mappings in Fig. 2i
confirm the uniform distribution of Bi, N, P and C throughout
the entire nanorod, indicating the successful co-doping of N
and P.

To investigate the effects of KI as an electrolyte additive on
the zinc storage performance and the role of N, P co-doped
carbon in stabilizing bismuth nanoparticles, a series of
electrochemical tests were carried out. Cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) measurements of
Bi@C, Bi@NC and Bi@NPC electrodes were performed in a 2 M
ZnSO, + 0.2 M KI electrolyte within a voltage window of 0.1-
1.6 V (Fig. 3a, b, S10 and S11). The redox peaks observed at 0.50/
0.87 V can be attributed to the redox reaction of Bi/Bi*", while
the redox peaks at 1.34/1.46 V correspond to the 1°/1" reaction
(Fig. 3a). Notably, the additional oxidation peak appearing at
1.29 V may arise from iodine vacancies generated during the
electrochemical process.”* Compared with Bi@C and Bi@NC,
Bi@NPC electrode exhibits a significantly larger integrated area
under the 1°I " redox peaks in the CV profiles, indicating
enhanced charge storage activity. This improvement is further
corroborated by the GCD curves (Fig. 3b). To better evaluate the
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Fig. 3 (a) CV curve of Bi@aNPC electrode at 1 mV s~ (b) GCD curves of Bi@NPC electrode at various current densities. (c) Rate performance and
(d) cycle performance at 1.0 A g~ of the Bi@C, Bi@NC and Bi@NPC electrodes, respectively. () Comparison of electrochemical performance
between Bi@NPC electrode and other reported bismuth-based electrodes. (f) EIS spectra of Bi@C, Bi@NC and Bi@NPC electrodes. (g) CV curves

of Bi@NPC electrode at scan rates from 0.2 to 1.0 mV st

trodes. (i) Long-term cycling performance of Bi@C, BiaNC and Bi@NPC

electrochemical advantages of the redox additive KI and the
NPC layer, rate and cycling tests were conducted. As shown in
Fig. 3c and S12, Bi@NPC electrode delivers a specific capacity of
399.3 mAh g~" at 1.0 A g, which exceeds that of Bi@C (274.2
mAh g~ ') and that of Bi@NC electrode (329.5 mAh g~ '). Even at
a high current density of 10.0 A g !, BI@NPC electrode main-
tains a discharge capacity of 296.1 mAh g, showing superior
rate capability. In contrast, the Bi@C electrode exhibits signif-
icant capacity degradation at higher current densities. In
addition, to evaluate the individual contribution of the carbon
components, its electrochemical performance was tested in the
same electrolyte (Fig. S11). The observed capacity is mainly
attributed to the reversible redox reaction of iodine species on
the surface of NPC electrodes. After 500 cycles at 1.0 A g~
(Fig. 3d), Bi@NPC electrode retains a near 100% coulombic
efficiency (CE) and a specific capacity of 384.1 mAh g™, corre-
sponding to a 96.8% capacity retention. This performance
significantly outperforms that of the Bi@C (84.9% retention, CE
= 94%) and Bi@NC (90.5% retention, CE = 97%) electrodes.
Compared with other bismuth-based ZIBs electrodes (Fig. 3e),
the Bi@NPC electrode exhibits superior comprehensive
performance.”*¢

To further elucidate the effects of N, P-doped carbon layers
and redox additives on electrochemical performance, reaction

Chem. Sci.

. (h) Comparison of the capacitive contributions of Bi@C, Bi@NC and Bi@NPC elec-

electrodes at 5.0 A g%,

kinetics tests were performed on the electrodes in ZIBs.
Electrochemical impedance spectroscopy (EIS) revealed that
Bi@NPC possesses a lower charge transfer resistance and
a higher ionic diffusion coefficient (Fig. 3f), underscoring the
beneficial role of the NPC layer in enhancing ion transport and
electrical conductivity. The CV curves of the Bi@C, Bi@NC and
Bi@NPC electrodes at different scan rates (0.2-1.0 mV s ') are
shown in Fig. 3g, S13 and S14. As depicted in Fig. 3g, the CV
curves of the Bi@NPC electrode show minimal peak shifts and
retain well-defined redox profiles even at high scan rates, sug-
gesting low polarization and favorable reaction kinetics. The
calculated b values for the BiI@NPC electrode are 0.66, 0.55, 0.83
and 1.03 (Fig. S15), indicating that the redox behaviors of Bi and
I are controlled by diffusion and capacitive behavior. As shown
in Fig. 3h, the capacitive contribution ratios of the Bi@NPC
electrode reach 51.1%, 61.3%, 67.6%, 77.7%, and 84.6% at scan
rates of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s~ ', respectively. These
values are higher than those of Bi@C (46.1%, 54.2%, 61.2%,
67.6%, and 74.4%) and Bi@NC (51.1%, 58.3%, 67.3%, 74.6%,
and 82.5%). The increased capacitive contribution in Bi@NPC
underscores the role of the NPC layer in promoting surface-
controlled charge storage, facilitating faster charge transfer
and improving rate capability. Moreover, after 10 000 cycles,
Bi@NPC still achieves an outstanding 95.4% capacity retention

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Storage mechanism of Bi@NC electrode in ZnSO4-KIl electrolyte. (a) GCD curve and (b—d) corresponding ex situ XRD pattern. (e) Bi 4f, (f)
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Bi@NPC after standing for 24 hin 2 M ZnSO4 + 0.2 M Kl electrolyte. (i) GCD curve and (j) corresponding in situ Raman spectra of Bi@NPC.

(Fig. 3i), highlighting its exceptional cycling stability. In
contrast, the Bi@C electrode exhibited a significantly lower
capacity retention of only 53.4%, which is primarily attributed
to the substantial volume changes of the Bi nanoparticles
during charging and discharging, leading to structural degra-
dation and poor cycling stability.>”** In addition, the SEM
images of Bi@C and Bi@NPC electrodes after cycling are shown
in Fig. S16. In the Bi@NPC electrode, the NPC layer serves as
a robust conductive network that effectively anchors the Bi
nanoparticles, facilitates their reaction with iodide ions, and
buffers the structural collapse caused by volume expansion.
This multifunctional role collectively contributes to the superior
electrochemical performance.

To evaluate the energy storage mechanism of the Bi@NPC
electrode, ex situ XRD and XPS analyses were conducted. The
first GCD curve of the Bi@NPC electrode is shown in Fig. 4a.
During the initial discharge process (A and B), the diffraction
peak at 27.16° shifts to a lower Bragg angle (Fig. 4b and c),
indicating an expanded interlayer spacing resulting from Zn>*
insertion. Notably, a new diffraction peak emerges at 8.31°,
corresponding to ZnSO,[Zn(OH),];-xH,0 (ZHS, PDF#78-0246),
which implies concurrent H' insertion.?® The subsequent
charging process (B-E) demonstrates a reverse shift of the XRD
peaks toward higher Bragg angles, confirming the extraction of
Zn**. The disappearance of ZHS-related peaks indicates
reversible H' extraction. Furthermore, new diffraction peaks
appear at 28.67, 31.70, 32.81 and 37.23°, indexed to BiOI
(PDF#10-0445), providing evidence of a conversion reaction
(Fig. 4d). Additional support for this conversion is observed

© 2026 The Author(s). Published by the Royal Society of Chemistry

through the gradual decrease in intensity of metallic Bi peaks at
27.16, 37.94 and 39.61° during charging. In the following
discharge process (E-H), the diffraction peak at 27.16° shifts
back reversibly to lower angles with increasing intensity, while
BiOI-related peaks diminish, confirming the reversible nature
of the conversion reaction. XPS was used to characterize the
valence states of Bi, Zn and I (Fig. 4e-g). After Zn*" insertion, the
intensity of Bi® peaks (156.20 and 161.64 eV) increases, while Bi
4f,, and Bi 4fs;, peaks shift to lower binding energy (Fig. 4e).
Upon Zn>" extraction, the intensity of the peaks at 158.86 and
164.17 eV, attributed to Bi** increase, indicating the occurrence
of the conversion reaction. In Zn 2p, the peaks at 1021.98 and
1045.13 eV in the discharge state correspond to Zn 2p;,, and Zn
2p1y2, Tespectively (Fig. 4f), confirming successful Zn>* interca-
lation. The decreased peak intensity in fully charged state is
likely due to the residual adsorption of zinc ions from the
electrolyte on the electrode surface.*® Fig. 4g shows the I 3d
spectrum, in which two pairs of peaks, 618.4/629.88 eV and
619.53/631.45 eV, can be assigned to I and I°, respectively.
Notably, the peak intensity of the I° peak increases when
charging to 1.6 V and then decreases upon discharge to 0.9 V,
indicating a reversible I°/I” redox reaction in Bi@NPC elec-
trode. In order to further analyze the adsorption capacity of
Bi@NPC for iodine species, a separate experiment was con-
ducted. 10 mg of Bi@C, Bi@NC and Bi@NPC powders were
added into 10 mL 2 M ZnSO, + 0.2 M KI electrolyte and allowed
to stand for 24 h (inset of Fig. 4h). After 24 h, the supernatant of
the control electrolyte turned brown, indicating polyiodide
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Gibbs free energy diagrams for the iodine reduction reaction on NC
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formation. In contrast, the electrolyte with Bi@C became light
yellow, and that with Bi@NPC became nearly colorless.

UV-vis spectra of the supernatants corroborate these obser-
vations, showing that Bi@NPC exhibits the highest adsorption
capacity for I3~ species, followed by Bi@NC and then Bi@C
(Fig. 4h). To gain deeper insight into the confinement effect on
iodine species, in situ Raman spectra was performed on the
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electrodes (Fig. 4i, j and S16). For the Bi@NPC electrode, the
Raman peak observed at 166 cm ™" corresponds to the stretch-
ing vibration of Is~. When charging to 1.6 V, only a weak I5~
signal is detected for Bi@NPC. In contrast, the Bi@C electrode
exhibits strong signals for both I;~ and I;~ at the same potential
(Fig. S17). This marked difference is attributed to the strong
adsorption capability of BI@NPC towards iodine species, which
effectively suppresses the formation of soluble polyiodides.

To gain deeper insight into the electrochemical performance
of Bi@NPC, density functional theory (DFT) calculations were
performed. Based on the experimental and preliminary theo-
retical results, structural models for NC and NPC were con-
structed (Fig. S18). Fig. S19 presents the optimized geometric
configurations of NPC and their relative energies. Among the
considered configurations, the structure in which P occupies
a pyrrolic N site exhibits the lowest energy and was therefore
selected for all subsequent computational analyses. Fig. 5a
displays the adsorption configurations and energies of iodine
species on NC. The presence of pyrrolic N induces carbon
vacancies, thereby reducing steric hindrance. Concurrently, the
electron-withdrawing nature of pyrrolic N generates an electron-
deficient state on adjacent carbon atoms, promoting electron
localization and enhancing the adsorption strength of iodine
species. Consequently, the sites adjacent to pyrrolic N exhibit
the most negative adsorption energy. The projected density of
states (PDOS) was calculated to elucidate changes in the elec-
tronic structure (Fig. 5b). Due to the lower electronegativity of P
compared to N, the P-doped site exhibits a more pronounced
electron-deficient character at the active sites. The incorpora-
tion of P shifts the p-band center upward from —3.18 eV to
—2.42 eV, thereby enhancing the binding affinity toward iodine
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(a) Schematic illustration of the self-integrated device comprising a 3D Bi@NPC interdigitated electrode and a photodetector. (b) CV

curves, (c) GCD curves, (d) rate performance and (e) cycle performance at 5.0 A g~ of the Zn//Bi@NPC interdigitated electrode. (f) Comparison of
the photocurrent response between the self-powered integrated device and a photodetector driven by an external power source. (g) Photo-
current response of Bi@NPC//Bi@NPC flexible photodetector driven by Zn//Bi@NPC interdigital electrode at an applied voltage of 0.8 V under
different bending conditions. (h) Photographs of the flexible photodetector under different bending angles.
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species. Fig. 5c shows the electrostatic potential maps of NC and
NPC. The introduction of P increases surface polarity, effectively
modulating the electrostatic potential distribution. The region
around P atoms shows a positive electrostatic potential,
providing additional electrophilic sites that facilitate stronger
adsorption and promotes conversion of iodine species.
Furthermore, the interactions between various I,-derived
intermediates (*I,, *I3, and *I) and the carbon substrates are
compared in Fig. 5d. NPC exhibits more negative adsorption
energies for all species relative to NC, indicating enhanced
binding with polyiodides. The Gibbs free energy profile for the
iodine reduction reaction (to iodide ions) further confirms the
superior catalytic activity of NPC over NC (Fig. 5¢). For the rate-
determining step (RDS, I;~ — I +,), the calculated Gibbs free
energy barrier (AG) on NPC is 0.64 eV, lower than that on NC
(0.87 eV). Thus, the incorporation of P effectively accelerates the
kinetics of polyiodide conversion, thereby suppressing the
shuttle effect of iodine species.

To demonstrate practical application, a flexible Zn//Bi@NPC
3D interdigital electrode was fabricated and integrated with
a Bi@NPC-based photodetector to construct a self-powered
system (Fig. 6a). The electrochemical performance of the
interdigital electrode was evaluated. As shown in Fig. 6b, CV
curves recorded at scan rates ranging from 0.2 to 1.0 mV s "
retain a shape similar to that of the coin-cell configuration, with
well-defined redox peaks preserved even at the highest scan
rate. GCD profiles at various current densities display consis-
tent charge/discharge plateaus (Fig. 6¢), confirming that the
interdigital device maintains the intrinsic electrochemical
behavior of the Bi@NPC material and operates with high
reversibility. The interdigital electrode delivers a specific
capacity of 241.5 mAh g ' at 1.0 A g ' (Fig. 6d). When the
current density is increased to 5.0 Ag ™", a capacity of 105.2 mAh
g~ is retained. Notably, upon returning the cutrent density to
1.0 Ag™ ", the capacity recovers to 237.5 mAh g~ ', demonstrating
excellent rate capability and reversibility. The cycle stability of
the device was evaluated at 5.0 A g~ " (Fig. 6e), showing excellent
performance with a capacity retention of 99.22% after 100
cycles. Leveraging this robust electrochemical performance, the
Zn//Bi@NPC interdigital electrode was successfully integrated
with a flexible Bi@NPC//Bi@NPC photodetector to realize a self-
powered device. Remarkably, the photocurrent response of the
detector powered by this integrated electrode is comparable to
that achieved under an external power source (Fig. 6f).
Furthermore, the flexible self-powered device maintains stable
photoresponse performance not only in the planar state but
also under various bending conditions (Fig. 6g and h), high-
lighting its excellent mechanical durability and potential for
wearable applications.

Conclusions

In conclusion, we have developed a novel conversion-type
Bi@NPC cathode, which combined with halogen electrolyte
additive strategy, showed high specific capacity and long-term
cycling stability. The Bi nanoparticles are effectively anchored
within a nitrogen and phosphorus co-doped carbon matrix,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which alleviates mechanical strain during Zn** insertion/
extraction cycles. DFT calculations confirm the strong adsorp-
tion capability of the N, P co-doped carbon for iodine species,
elucidating a potential electrochemical energy storage mecha-
nism. Specifically, the introduced iodide ions activate Bi-I
bonding, leading to the formation of soluble Bi-I intermediates
rather than direct solid-phase passivation products, thereby
preventing the accumulation of electrochemically inactive Bi**
species on the electrode. Additionally, the reversible I1°/1" redox
couple contributes extra capacity to the system. As expected, the
Bi@NPC electrode delivers a remarkable specific capacity of
399.3 mAh g~ ' at 1.0 A ¢~ and maintains virtually no capacity
decay over 10000 cycles even at a high current density of
5.0 A ¢~'. In addition, the assembled flexible Zn//Bi@NPC 3D
interdigital electrode can be used as the power supply for the
photodetector based on Bi@NPC, showing good photoelectric
behavior and bending performance. This work provides
fundamental new insights into the conversion reaction mech-
anism of bismuth-based materials in aqueous ion batteries.
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