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Abstract

High-performance black phosphorus (BP)-based micro-supercapacitors (MSCs) hold
immense promise for wearable electronics but remain hampered by the material’s
intrinsic instability and sluggish electron kinetics. Herein, a two-dimensional
phosphorene and bismuthene (2D BP/Bi) heterojunction via liquid nitrogen-assisted
exfoliation and mask-assisted filtration was developed as a robust bifunctional
electrode for integrated flexible energy-sensing systems. The heterostructure
effectively suppresses nanosheet restacking and enhances interfacial stability through
strong P-O-Bi covalent bonding and interfacial synergy. Simultaneously, the
incorporation of bismuthene constructs high-speed electron transport channels,
significantly facilitating ion diffusion and charge transfer. Consequently, the
optimized electrode achieved a high areal capacitance of 7.6 mF cm? (1.6-fold
enhancement over pure BP) and an ultra-long lifespan with 92.1% retention after
30,000 cycles. Notably, by tailoring the gel electrolyte with DMSO, the device
exhibited remarkable freeze-tolerance, maintaining 70% capacitance at -35 °C.
Furthermore, an all-flexible integrated system combining the MSC with a pressure
sensor was constructed using graphene current collectors, enabling continuous,
self-sustained physiological monitoring. This work offers critical insights into
interface engineering for designing high-performance BP-based MSCs and paves the
way for extreme-environment wearable applications.

Key words: Micro-supercapacitor; Phosphorene/bismuthene; Interface engineering;

Integrated sensing; Flexible electronics



1. Introduction

With the rapid advancement of the Internet of Things (IoT), artificial intelligence
(Al), and flexible electronic technologies, wearable devices are increasingly
penetrating critical applications such as real-time health monitoring[1],
human-machine interaction, and precision motion tracking[2]. However, conventional
wearable systems rely on discrete functional modules (separate power sources,
sensors, and connectors), leading to bulky configurations, poor mechanical
conformability, and performance degradation under dynamic deformation (bending,
stretching). These critical bottlenecks hinder their integration into complex
human-centric scenarios. Thus, the development of next-generation lightweight,
miniaturized, and multifunctional wearable electronics urgently demands integrated
energy storage-sensing modules with high performance, long-term stability, and
extreme  environmental  adaptability[3-5]. In  recent years, planar
micro-supercapacitors (MSCs) have emerged as promising micro-scale energy storage
solutions. These devices not only inherit the advantages of conventional
supercapacitors but also exhibit excellent mechanical flexibility, enhanced safety[6],
considerable potential for miniaturization and system integration owing to their
distinctive planar configurations. These attributes make them particularly suitable for
microelectronic devices, wearable systems, and oT applications, positioning MSCs as
the ideal energy storage components for next-generation integrated flexible wearable
electronic systems[7]. This necessitates the development of dual-function electrode

materials that synergistically fulfill high-energy-density requirements for MSCs while
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enabling sensing functionalities.

Two-dimensional black phosphorus (2D BP), a star material in advanced energy
storage, has attracted widespread attention due to its unique corrugated structure and
excellent physicochemical properties, demonstrating broad application potential in
electrochemical energy storage systems[8]. With a high theoretical specific capacity
of 2596 mAh g, phosphorene is regarded as a promising anode material for
lithium-ion batteries (LIBs). Nevertheless, their practical deployment in secondary
batteries is severely hampered by substantial volume expansion (~490%) during
lithiation/delithiation[9]. In contrast, BP exhibits promising performance in
supercapacitors, where its double-layer charge storage mechanism avoids significant
structural changes[10].

In 2016, Hao et al.[11] applied phosphorene to flexible solid-state supercapacitors
with a sandwich structure, achieving a volumetric specific capacitance of 13.75 F ¢cm™
(45.8 F g') at 0.01 V s’!', demonstrating its potential in supercapacitor applications.
Nevertheless, the device exhibited only 84.5% capacitance retention after 10,000
cycles, primarily due to the inherently low electrical conductivity of BP (300 S m™),
which severely limits ion diffusion and charge transfer kinetics. To address this
limitation, Wu et al.[12] developed a BP-carbon nanotube heterostructure via
microfluidic spinning, introduced a porous architecture that enhanced electrical
conductivity, cycle stability, and mechanical robustness (volumetric capacitance:
308.7 F ¢cm>, 90.2% retention after 10,000 cycles). However, these investigations

were confined to conventional three-dimensional sandwich-structured supercapacitors,
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suffering from excessive device thickness, limited mechanical flexibility, and poor
scalability for system integration. To overcome these issues, Wu’s team[13] fabricated
interdigitated planar MSCs via layer-by-layer vacuum filtration, integrating
phosphorene with graphene. Using an ionic liquid electrolyte, the device achieved a 3
V operating voltage window and 9.8 mF cm™ areal capacitance. Nevertheless,
long-term cycling stability was insufficiently explored (only 89.5% retention after
2,000 cycles) and ionic liquid electrolytes suffered from high cost, low ionic mobility,
and inferior low-temperature performance. Therefore, the development of
high-energy-density, anti-freezing, and long-cycle-life MSCs with dual-function
electrode materials remains a pressing challenge.

Beyond energy storage, phosphorene is a promising candidate for next-generation
high-sensitivity sensors, attributed to its layer-dependent tunable bandgap (0.3-2.0
eV), high charge-carrier mobility (~1000 cm? V! s')[14], strong surface activity[15],
and inherent mechanical flexibility[16]. BP-based gas sensors (FET and
chemiresistive types) leverage electronic anisotropy and conductivity changes upon
gas adsorption[17], with monolayer phosphorene showing enhanced binding energy
and current responses to nitrogen oxides (NO, NO;) compared to CO, CO,, and
NH3[18-21]. For biological sensing, surface-functionalized BP enables detection of
proteins, RNAs, and tumor cells[22,23]. Notably, the mechanical flexibility and
anisotropy of phosphorene render it suitable for pressure/strain sensing[24-26]. For
example, Chen et al.[27] fabricated a BP-based flexible pressure sensor with high

sensitivity (0-100 kPa) and rapid response to physiological activities. However,
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single-function sensors can no longer meet the growing demands of intelligent
wearable electronics. Zhang et al.[28] reported a BP/MXene composite-based
integrated system (pressure sensor supercapacitor) via layer-by-layer self-assembly,
but this design relied on external circuit connections, leading to poor miniaturization,
flexibility, and system-level integration - limitations that persist in recent studies.
Given the extensive research on phosphorene in both energy storage and sensors, the
development and design of BP-based dual-function electrode materials that enable
seamless, wire-free integration of MSCs and sensors is critical for advancing
integrated flexible wearable systems.

In this work, a 2D BP/Bi heterojunction was developed as a dual-function electrode
material for integrated flexible MSCs and pressure sensors. To address intrinsic
instability and low conductivity of BP, liquid nitrogen-assisted low-energy
liquid-phase exfoliation was employed to efficiently produce few-layer phosphorene
and bismuthene, constructing a heterostructure that synergistically enhances electron
transfer efficiency and structural stability. Using mask-assisted vacuum filtration,
integrated devices without current collectors were fabricated, eliminating the need for
external circuit connections. When the BP/Bi composite ratio is 3:1, the
heterojunction exhibits a high areal capacitance of 7.6 mF ¢cm (1.6 times that of pure
BP) and superior long-term stability (92.1% capacitance retention after 30,000 cycles),
outperforming single-component materials. Moreover, with the DMSO-modified
organohydrogel electrolyte, the MSC exhibits 70% capacitance retention at -35 °C,

demonstrating outstanding anti-freezing characteristics for extreme low-temperature
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environments. More importantly, the BP-based MSC is wirelessly integrated with a
pressure sensor on a flexible substrate, enabling continuous monitoring of human
physiological movements with high sensitivity and rapid response. This work not only
provides a novel strategy for designing high-performance BP-based MSCs but also
opens a new avenue for utilizing BP-based dual-function electrodes in integrated
flexible wearable systems.
2. Experimental Section
2.1. Materials

Red phosphorus (98.5%, Macklin), Black phosphorus (BP), N-methylpyrrolidone
(NMP, 99%, Innochem), bismuth (99.999%, Innochem), ammonium persulfate
((NH4)2S20s, 98%, Kermel), sulfuric acid (H2SO4, 98%, Aladdin), flake graphite (50
mesh), polyvinyl alcohol (PVA, 99%, Aladdin), phosphoric acid (H3POs4, 85%,
Aladdin), Ethylene glycol (EG, Luoyang), dimethyl sulfoxide (DMSO, 99.5%,
Kermel). All chemicals were used as received without further purification unless
otherwise specified.
2.2 Preparation of few-layer phosphorene and bismuthene

BP crystals were synthesized from red phosphorus using a high-temperature and
high-pressure directional growth technique at 1 GPa and 900 °C for 10 min.
Subsequently, 80 mg of the resulting BP powder was dispersed in 80 mL of NMP via
wet grinding to form a uniform dispersion (I mg mL™"). This dispersion was rapidly
frozen in liquid nitrogen for 10 min to form solid ice, followed by ultrasonication for

5 - 10 min until complete melting. The freeze-thaw-sonication cycle was repeated 5
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times to enhance layer exfoliation. The mixture was further exfoliated via continuous
ultrasonication (150 W, 3 h) using an ultrasonic cell disruptor, then centrifuged at
2000 rpm for 20 min to remove unexfoliated bulk particles. The supernatant (0.3 mg
mL") was collected as stable few-layer phosphorene. Few-layer bismuthene were
prepared via the identical procedure, yielding a stable dispersion (0.6 mg mL™).
2.3 Preparation of graphene

10 g of (NH4)2S205 was dissolved in 30 mL of H>SO4 (98%) under magnetic
stirring for 10 min to homogeneous oxidizing solution. 0.5 g of flake graphite (50
mesh) was gradually added to the solution with stirring for 10 min to ensure uniform
mixing. The beaker was sealed with parafilm and incubated at room temperature for 6
h to enable complete intercalation and expansion of graphite layers. The product was
washed repeatedly via centrifugation until the supernatant reached pH 7.0, yielding
expanded graphite. The expanded graphite was redispersed in deionized water to a
concentration of 1 mg mL™!, then subjected to ultrasonication (1 h) using an ultrasonic
cell disruptor to obtain a ready-to-use graphene dispersion.
2.4 Preparation of PVA/H3POs electrolyte

3 g of PVA was accurately weighed and added to 30 mL deionized water. The

beaker was then placed in an 85 °C water bath, and the mixture was stirred
continuously at 400 rpm for 2 h until PVA was completely dissolved, forming a clear
transparent solution. 10 mL of H3PO4 (85%) was slowly added dropwise to the PVA
solution under constant stirring for 30 min to ensure homogeneous dispersion and

complete interaction of H3POs; with PVA. The solution was cooled to room
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temperature to form a uniform, transparent, viscous PVA/H3POg4 gel electrolyte. For
the anti-freezing modified electrolyte, deionized water was replaced with a
DMSO/deionized water mixture (volume ratio 1:24), while all other procedures
remained identical. PVA/H;PO4 gel electrolyte is used for the micro-supercapacitor to
provide high ionic conductivity and structural integrity, ensuring low charge transfer
resistance and high rate performance.
2.5 Preparation of PVA/EG organohydrogel
EG and deionized water were mixed at a weight ratio of 1:1 under stirring until a

homogeneous solvent was formed. PVA was added to the solvent at a concentration of
15 wt% (relative to the total mass of the solvent), the mixture was heated at 90 °C
under continuous stirring for 3 h to ensure complete dissolution. The solution was
cooled to 70 °C and allowed to stand to eliminate entrapped bubbles. The gel
precursor was then subjected to two freeze-thaw cycles, each consisting of freezing at
-15 °C for 12 h and thawing at 25 °C for 2 h. Ultimately, a PVA/EG organohydrogel
was obtained. PVA/EG is used for the pressure sensor to enable mechanical
deformation sensitivity, converting external pressure into electrical signals with
excellent stability under repeated cycles.
2.6 Assembly of BP/Bi planar MSCs and integrated sensing system

3 mg of graphene was dispersed in 30 mL of anhydrous ethanol (0.1 mg mL™") and
sonicated for 3 h to obtain a uniform dispersion. Subsequently, using the
mask-assisted filtration method, 0.4 mg of graphene and 0.4 mg of BP/Bi mixed

solution (with mass ratios of 5:1, 3:1, 1:1, and 1:3) were jointly loaded onto the filter
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membrane to form a composite electrode. After the electrode preparation was
completed, an appropriate amount of silver paste was evenly coated on the end
electrode areas of the MSC, the conductive copper foil was adhered and fixed as the
current collector, and then the device was encapsulated and fixed on the glass
substrate using inert Kapton tape. Afterwards, PVA/H3POj4 gel electrolyte was dropped
onto the electrode area to ensure complete coverage of the active materials. For the
integrated capacitance-sensing device, a second electrode was fabricated following
the same procedure, with the only modification being the replacement of the
electrolyte with PVA/EG organohydrogel. A detailed photograph showing the
complete integrated system with labeled components (BP/Bi electrodes, copper tape
connections, Kapton encapsulation, and electrolyte regions) have been included in Fig.
S1.
2.7 Material Characterization

Crystal structures were analyzed using an X-ray diffractometer (XRD, Smart-Lab,
Rigaku) with Cu-Ka radiation (A = 1.5406 A). The microstructure and composition of
the material were observed and analyzed using a scanning electron microscope (SEM,
Merlin Compact, Zeiss) and its accompanying energy spectrometer (EDS, Oxford
FPD), as well as a transmission electron microscope (TEM, JEM-ARM200F, JEOL).
Raman spectroscopy was performed on an in via spectrometer with a laser wavelength
of 532 nm. Additionally, the elemental composition and chemical state of the sample
were characterized using X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,

Thermo Scientific).
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2.8 Electrochemical Measurements

Electrochemical performance was tested using a CHI760E electrochemical
workstation (Chenhua Instruments), including cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and -electrochemical impedance spectroscopy (EIS,
frequency range 0.01 Hz - 100 kHz). Long-term cycling stability was conducted on a
Land battery testing system (LANHE CT3002A). The areal capacitance (Ca), energy

density (E), and power density (P) were calculated using the following formulas:

[i(V)dv

A= Sy )

1 1
I 2
E = 2 Co(AV)? = #(2)

E
Pp=— #(3
At><36OO 3)

Here, i (V) represents the response current (A), A (cm?) is the total area of the
two interdigitated active electrode materials, v is the potential scanning rate (V s™'),
AV (V) is the stable operating voltage range, fixed at 1 V during charging/discharging,
At (s) is the galvanostatic discharge time, Ca (F cm™) is the areal capacitance, E (W h

cm?) and P (W cm) are the areal energy density and power density, respectively.

3. Results and Discussion

Phosphorene and bismuthene were synthesized via a liquid nitrogen-assisted
liquid-phase exfoliation method[29,30], which achieves a breakthrough in exfoliation
efficiency by reducing the total processing time from 10 h to 3 h. The reduced
processing time not only enhances exfoliation efficiency but also minimizes surface

oxidation and structural damage to the black phosphorus nanosheets.This
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improvement stems from the freeze-thaw cycles, ice crystals formed in NMP undergo
volume expansion to generate localized mechanical stress during freezing, which
efficiently cleaves the weak interlayer van der Waals forces in bulk layered materials.
The integrated MSC-sensor device was constructed through a mask-assisted filtration
(Fig. S1) process (Fig. 1). The design adopts a layer-by-layer hierarchical architecture
to address the trade-off between flexibility, conductivity, and integration capability in
conventional wearable systems. First, the bottom layer is composed of
vacuum-filtered graphene, serving as a current collector that combines high electrical
conductivity and mechanical flexibility. Then, the upper active layer is a BP/Bi
composite prepared via ultrasonic mixing and sequential filtration, which
synergistically integrates the high theoretical capacitance of BP and the excellent
electrical conductivity of Bi to accelerate charge transfer and ion diffusion. Finally, by
applying PVA/H3PO, gel electrolyte to the MSC and PVA/EG gel electrolyte to the
pressure sensor, an integrated system was achieved for intelligent monitoring

applications.
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Fig. 1. Mask-assisted simplified fabrication and integration of pressure sensing
system for BP/Bi MSC.

The composition, morphology, and surface chemical state of the samples were
further analyzed to verify the successful preparation of phosphorene, bismuthene, and
2D BP/Bi heterojunctions. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis of bulk BP and Bi powders
revealed distinct layered structures with uniform elemental distribution (Fig. S3). The
XRD patterns of both bulk black phosphorus and Bi powder (Fig. S4) confirm high
crystallinity without detectable impurities. For the self-assembled freestanding films
(Fig. 2a), the XRD pattern of BP nanosheet film exhibited three sharp characteristic
peaks at 17.01°, 34.29°, and 52.43° corresponding to the (020), (040), and (060)
crystal planes (PDE#74-1878), respectively[31]. This indicates highly oriented
in-plane arrangement of phosphorene, attributable to the improved exfoliation

technique and the filtration-driven self-assembly. The Bi nanosheet film exhibited two
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distinct characteristic peaks at 26.98° and 38.22°, corresponding to the (012) and (110)
crystal planes (PDF#85-1229), respectively[32]. Furthermore, the XRD pattern of the
BP/Bi heterostructure film clearly integrates all characteristic diffraction peaks of
both components, directly demonstrating the formation of 2D BP/Bi heterojunction.
Further Raman spectroscopy (Fig. 2b) provides insights into interfacial
interactions. The pure BP spectrum exhibits three typical vibrational modes: A,
(361.7 cm™!, in-plane ), B%; (437.6 cm™!, in-plane ), and A2, (466.2 cm™!, out-of-plane ),
while pure Bi shows two characteristic peaks at 70.1 (in-plane Eg) and 95.8 cm’!
(out-of-plane A'y)[33], respectively. For the BP/Bi heterojunction, all characteristic
peaks of BP and Bi are preserved. The locally magnified Raman spectra (Fig. S5)
reveal a distinct leftward shift of 361.7 cm™ ,437.6 cm™! and 466.2 cm™' compared to
pure BP components. This redshift is attributed to the formation of covalent interfacial
bonds, which modulates the electron cloud density of BP and Bi, reducing the force
constant of atomic vibrations. X-ray photoelectron spectroscopy (XPS) was employed
to clarify surface chemical states and interfacial bonding (Fig. 2c-d, Fig. S4). The
survey spectrum confirms the predominant presence of P (35.84%), Bi (3.37.%), and
O (60.79%), with no other impurities (Fig. S6). The high-resolution P2p spectrum can
be deconvoluted into three peaks: 129.17 eV (P 2ps2, metallic P), 130.03 eV (P 2pi.,
metallic P), and 132.59 eV (P-O, PxOy)[34]. The weaker PxOy peak may be due to the
mild oxidation of phosphorene surface forming P-O or P=0O[35]. The high-resolution
Bi 4f spectrum shows four peaks (Fig. 2d): 161.57 eV (Bi 4fs/, metallic Bi® ), 156.17

eV (Bi 4f;», metallic Bi%), 163.77 eV (Bi 4fsp, Bi*Y), and 158.51 eV (Bi 4fyp,
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Bi*")[36]. The Bi*" content originates from the formation of Bi-O bonds, induced by
oxygen-containing groups on BP’s surface[33]. Critically, the O 1s spectrum (Fig. S6)
can be fitted into three components: 532.97 eV (P-0O), 530.2 eV (Bi-O), and 530.97
eV (P-O-Bi interfacial bonds)[37,38], with the P-O-Bi peak accounting for 35% of the
total O signal evidence consistent with oxygen-bridged interfacial interaction and
strong coupling. In addition, the FTIR spectrum (Fig. S7) shows that the band at
1047.32 cm™! can be assigned to P-O stretching[39], while the peak at 622.93 cm’!
corresponds to Bi-O vibration[40]. The coexistence of these P-O and Bi-O features is
consistent with the formation of an oxygen-bridged interfacial interaction between BP
and Bi. Therefore, the Raman, XPS, and newly added FTIR results collectively
support the existence of strong interfacial coupling with oxygen-bridged P-O-Bi
bonding. The P-O-Bi bonds not only stabilize BP’s crystal structure but also construct
an efficient charge transport channel for 2D BP/Bi heterojunction[41].

Transmission electron microscopy (TEM) was used to visualize the microscopic
morphology and interfacial structure of the BP/Bi heterojunction (Fig. 2e-1). The
low-magnification TEM image (Fig. 2e) shows phosphorene with a lateral size of 400
+ 50 nm and bismuthene with a lateral size of 20 £ 5 nm, with Bi preferentially
distributed at the edges of phosphorene. This oriented assembly is attributed to the
higher reactivity of BP’s edge sites[42], which are prone to oxidation and formation of
P-O groups[43]; Bi atoms exhibit strong affinity for oxygen[44], leading to the
formation of P-O-Bi covalent bonds at BP’s edges and driving oriented nucleation of

Bi nanosheets. The high-magnification TEM image (Fig. 2f) and HRTEM images (Fig.
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2g) reveal a clear interface between BP and Bi with no obvious lattice distortion. For
BP, the measured lattice spacings are 0.234 (020) and 0.326 nm (012)[45], with its
selected area electron diffraction (SAED) pattern (Fig. 2h) showing sharp spots
indexed to the [001] zone axis, verifying single-crystalline BP and oriented alignment.
For bismuthene, the lattice spacing of 0.33 nm matches the (012) plane of Bi (Fig.
2g)[37], and its diffuse ring-like SAED (Fig. 2i) reflects mild shear-induced
polycrystallinity during the exfoliation. The high-angle annular dark field (HAADF)
image and EDS mapping of BP/Bi heterojunction clearly show that P element
occupies the main body, while Bi element is mainly concentrated at BP edges (Fig.
2j-1), directly validating edge-selective Bi assembly driven by interfacial P-O-Bi

covalent bonding.
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Fig. 2. Characterization of phosphorene, bismuthene, and 2D BP/Bi heterojuncti

ons. (a) XRD patterns and (b) Raman spectra of phosphorene, bismuthene and
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2D BP/Bi heterojunctions, XPS spectra of (c) phosphorene and (d) bismuthene,

(e) TEM image and (f) magnified view of the 2D BP/Bi heterojunction, (g) h
igh-resolution TEM image of heterojunction interfacial BP (yellow) and Bi (red)
regions, the corresponding SAED pattern of (h) BP and (i) Bi, (j-1) HAADF i
mage and the corresponding EDS mapping of 2D BP/Bi heterojunction.

The BP/Bi interdigitated electrode features eight interdigitated fingers with 1 mm
width and 1 mm inter-finger spacing (Fig. 3a). EDS mapping of both the surface and
cross-section (Fig. 3a, b) confirms uniform P/Bi distribution, indicating good
homogeneity and densification of the composite electrode. For the BP/Bi composite
with optimized mass ratio of 3:1, cross-sectional SEM images reveal a uniform
thickness of approximately 8.9 um (Fig. 3b).To optimize the composite ratio, MSCs
with pure BP, pure Bi, and BP/Bi (1:1, 1:3, 3:1, and 5:1) were fabricated. All samples
exhibit quasi-rectangular CV curves and triangular GCD waveforms (Fig. S8-S12),
confirming double-layer capacitance. The BP/Bi (3:1) MSC shows the largest CV area
(41% larger than pure BP) at 100 mV s™!' (Fig. 3¢) and longest GCD discharge time
(8.4 s) at 0.1 mA cm? (Fig. 3d)), verifying the 3:1 ratio as optimal. Electrochemical
impedance spectroscopy (EIS, Fig. 3e) shows the BP/Bi (3:1) electrode has an
equivalent series resistance of 45 (between pure BP (50 Q) and pure Bi (31 Q)),
attributed to Bi’s high conductivity (4.6 x 10* S cm™)[46] and P-O-Bi covalent bonds
reducing contact resistance, which facilitate charge transfer across the
heterointerface[41]. The BP/Bi (3:1) MSC achieved a peak areal capacitance of 7.46

mF c¢cm?, representing a 1.6 and 3.5-fold enhancement over pure BP (4.54 mF cm?)

17



and pure Bi (2.16 mF ¢cm), respectively (Fig. 3f). However, further increasing the BP
content to 5:1 led to a performance decline, particularly at high scan rates, due to
insufficient Bi content, Bi-induced P-O-Bi bonds, and consequent reduction in overall
electrical conductivity. As clearly shown in Fig. 3f, the BP/Bi (3:1) MSC exhibits
significantly enhanced rate performance, which can be attributed to the synergistic
effect of heterojunction construction and the introduction of bismuth. First, the
formation of a heterojunction effectively suppresses the self-stacking tendency of
black phosphorus nanosheets, maintaining a well-exposed active surface and
facilitating ion transport. Second, bismuth, with its high intrinsic conductivity,
improves the overall electrical conductivity of the composite. Furthermore, as
previously identified, P-O-Bi bonds formed at the heterojunction interface play a
crucial role in facilitating interfacial charge transfer. Together, these factors contribute

to reduced charge transfer resistance and enhanced rate capability.
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Fig. 3. Characterization and electrochemical performance of BP/Bi interdigitated
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electrode films. (a) Surface and (b) cross-sectional SEM/EDS mapping of P/Bi
3:1. Electrochemical performance comparison of different BP/Bi composite rati
os (1:1, 1:3, 3:1, and 5:1): (¢) CV curves at 100 mV s, (d) GCD profiles at
0.1 mA cm?, (e) EIS, (f) areal capacitance at different scan rates.

The electrochemical performance of the optimized BP/Bi (3:1) electrode was
further investigated in detail (Fig. 4). Cyclic voltammetry (CV) curves (0 - 1 V, Fig.
4a-c) show highly symmetric quasi-rectangular profiles at 5 - 10,000 mV s! (no redox
peaks), confirming dominant electric double-layer capacitance (EDLC). The GCD
profiles at ¢ 0.07 - 0.11 mA cm? exhibit symmetric triangular profiles (Fig. 4d),
validating ideal EDLC and low internal resistance. Fig. 4e presents areal/gravimetric
capacitances: 7.46 mF cm? (18.52 F g'!) at 2 mV s, retaining 1.04 mF cm at 1000
mV s’!, outperforming most reported graphene-based MSCs [47]. The Ragone plot in
Fig. (4f) shows a maximum 1.03 mWh cm? and 0.17 mW cm™, competitive with
state-of-the-art MSCs[48—58]. Furthermore, long-term cycling stability was evaluated
at 0.1 mA cm? (Fig. 4g and Fig. S14). Remarkably, the BP/Bi (3:1) MSC exhibited
92.1% of initial capacitance with 91.5% Coulombic efficiency after 30,000 cycles,
significantly outperforming pure BP (85.7% capacitance retention, 85.4% efficiency)
and pure Bi (80.7% capacitance retention, 80.2% efficiency) MSCs. This
enhancement stems from P-O-Bi interfacial bonds that suppress BP oxidation,
mitigate structural agglomeration, and stabilize the electrode-electrolyte interface,
addressing BP’s intrinsic environmental/electrochemical instability. Post-cycling

CVI/EIS analyses (Fig. S13) indicate minor capacity fade arises from modest increases
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in charge transfer resistance (AR = 48 Q) and reduced ion diffusion kinetics, which

are far less severe than pure BP (AR

50 Q) due to Bi’s conductive network

maintaining structural integrity. As summarized in Table S1, the BP/Bi (3:1) MSC

exhibits superior cycling stability compared to recently reported MSCs (for instance,

WSs: 82% retention after 10,000 cycles; BP: 71.8% after 30,000 cycles; SnP3/CNT:

88% after 20,000 cycles)[51, 12, 52], highlighting its potential for practical wearable

electronics.
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Fig. 4. Electrochemical characterization of BP/Bi (3:1) MSC: (a-c) CV curves at

5-10000 mV s, (d) GCD profiles at 0.07 - 0.11 mA cm?, (¢) area/volume

capacitances at different scan rates, (f) Ragone plots (energy density vs. power

density), (g) cycling stability (30,000 cycles) and Coulombic efficiency.
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The flexibility of the BP/Bi (3:1) MSCs was systematically evaluated by bending
the device to 0° - 180° and conducting CV tests at 500 mV s (Fig. 5a-b). The CV
curves maintained high symmetry and no peak distortion/shift under all bending states,
confirming mechanical robustness. Even at 180° (maximum deformation), the device
maintains 96.0% capacitance retention. Temperature adaptability was assessed over
-30 °C to 25 °C (Fig. 5¢c-¢). CV curves at 100 mV s™! retain quasi-rectangular profiles
even at -30 °C (Fig. 5¢). EIS analysis (Fig. 5d) reveals an anomalous phenomenon:
the low-frequency slope becomes steeper with decreasing temperature[59],
corresponding to Warburg impedance decreasing from 104 (25 °C) to 193 Q (-30 °C).
This is attributed to BP/Bi heterointerface low-temperature-induced structural
reconstruction and suppressed side reactions, which lower interfacial polarization
resistance and facilitate ion transport[60,61]. The improved low-temperature
performance is primarily due to the DMSO- modified gel electrolyte, which
suppresses solvent crystallization and maintains ionic mobility. The BP/Bi
heterojunction plays a supporting role by preserving electrode structural integrity and
charge- transfer pathways. Thus, the anti- freezing capability is electrolyte- driven,
with the heterojunction contributing secondarily to electrochemical stability under
subzero conditions[62,63]. Notably, the device retained approximately 70% of its
initial capacitance at -30 °C, highlighting its exceptional cryogenic performance.
These results confirm the outstanding structural stability and electrochemical
reliability of the BP/Bi (3:1) MSC over a wide temperature range, supporting its

potential use in low-temperature applications such as polar environments,
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high-altitude exploration, and specialized instrumentation.

To demonstrate scalability, multiple BP/Bi1 (3:1) MSCs were connected in series,
expanding the output voltage from 1 V to 2 V (Fig. 5f). The series configuration
exhibited CV curves with negligible distortion (500 mV s!) and GCD profiles with
consistent charge-discharge durations (0.2 mA cm?2, Fig. 5g), confirming
electrochemical consistency and structural uniformity. Practically, two serially
connected devices successfully powered a 2 V LED (Fig. 5h), visually affirming

sufficient voltage and energy for small-scale electronics.
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Fig. 5. Flexibility, temperature resilience, and integration of BP/Bi MSCs. (a)
Photographs of the MSC under different bending states. (b) Capacitance retention and

corresponding CV curves (inset) at 500 mV s under various bending conditions.
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Electrochemical performance of (¢) CV curves at 100 mV s!, (d) Nyquist plots and (e)
Capacity retention rate at -30 ‘C to 25 “C. (f) CV curves (500 mV s!) and (g) GCD

profiles (0.2 mA cm?) of serially connected devices. (h) Demonstration of powering a

2 V red and green LEDs.

To address energy storage-sensing integration demands for wearable devices, we
developed a monolithic BP/Bi (3:1) system integrating MSC energy storage and
piezoresistive sensing, leveraging the synergistic piezoresistive effect of BP/Bi
heterojunctions. This sensor can capture various degrees of stretching in human limb
movements, including wrist bending, finger bending and elbow bending. Moreover, as
the bending angle increases, the output electrical signal also strengthens. Furthermore,
the sensor achieves a rapid response time of 48 ms (Fig. S15), which compares
favorably with previously reported values ranging from 74 ms to 142.1 ms [64-66].
Fig. 6d illustrates the equivalent circuit of the wearable system. Mechanical stability
and repeatability were evaluated by performing 1500 consecutive operating cycles
(Fig. 6e). Comparison of cycles 300-320 and 1300-1320 showed negligible signal
attenuation, confirming long-term durability. In conclusion, the BP/Bi integrated
system balances self-powering, high-sensitivity sensing, and long-term stability,
exhibiting significant potential for human motion monitoring and continuous, stable

detection of human activity signals.
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Fig. 6. Performance of the integrated BP/Bi (3:1) wearable sensing system. Real-time
sensing signals recorded at the (a) finger, (b) wrist, and (c) elbow under different

bending angles. (d) Equivalent circuit of the sensing system. (e) Signal stability

during 1500 operational cycles (inset: magnified comparison of cycles 300 - 320 and

1300 - 1320).

4. Conclusions

This work reports the rational design of a synergistically coupled 2D BP/Bi
heterojunction bifunctional electrode, enabling a monolithic flexible system integ
rating MSC energy storage and piezoresistive sensing. Via liquid nitrogen-assist
ed low-energy exfoliation and scalable mask-assisted filtration, phosphorene and
bismuthene were assembled, with interfacial P-O-Bi covalent bonds addressing
BP’s intrinsic instability and low conductivity by suppressing restacking, sugge
sts improved structural/electrochemical robustness, and accelerating ion/charge tr
ansport. The optimized BP/Bi (3:1) MSC delivers 7.46 mF c¢m, retains 92.1%

capacitance after 30,000 cycles and maintains 70% of room-temperature capaci
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tance at -30 °C. Leveraging graphene as a flexible current collector, the system
achieves monolithic energy-sensing integration for conformal motion monitorin
g, with ultra-fast response (~48 ms) and negligible signal attenuation over 900
cycles. This integrated system shows promise for wearable electronics in extre
me environments and can be further extended to multifunctional sensing platfor
ms. More broadly, this study validates BP/Bi heterojunctions as a solution to B
P’s key drawbacks and provides a generalizable design paradigm for high-perfo
rmance multifunctional integrated systems, offering new insights for next-genera
tion flexible electronics in health monitoring, smart human-machine interaction,

and extreme-environment exploration.
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Fig. S1 Schematic diagram of black phosphorus/bismuth capacitor-sensing
integration.
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Fig. S2 Schematic illustration of key structural parameters of the electrode template.

A: wideth of electrode. B: interspace. C: length of electrode



Fig. S3 Morphological and elemental characterization of bulk BP and Bi powder. (a,b)
SEM images and (c) EDS pattern of bulk BP. (d,e) SEM images and (f) EDS pattern

of Bi powder.



~
Qo
C—
~
o
~

——BP —Bi
E 3

& =

2 Z

2 a

1) Q

= +

E j E

pt A ...-——-—-LI—J
L | . 1| Hi I ST ! — | . Ll T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 Theta (degree) 2 Theta (degree)

Fig. S4 X-ray diffraction (XRD) patterns of the raw materials used for electrode
fabrication. (a) XRD pattern of bulk black phosphorus (BP), showing characteristic
diffraction peaks corresponding to its orthorhombic crystal structure. The sharp and
well-defined peaks indicate high crystallinity of the pristine BP. (b) XRD pattern of
commercial Bi powder, with all diffraction peaks indexed to the rhombohedral phase
of metallic bismuth. The absence of additional peaks confirms the high purity of the

Bi precursor.
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Fig. S5 Figure X. Raman spectra of the BP/Bi heterojunction electrode (BP:Bi = 3:1).
(a) Comparison between BP/Bi and pristine BP/Bi showing shifted characteristic
peaks of black phosphorus. (b) Local magnified comparison between BP/Bi and pure

Bi in the low wavenumber region.
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Fig. S6 (a) X-ray photoelectron spectroscopy (XPS) survey spectrum of the BP/Bi
electrode (BP: Bi mass ratio of 3:1), which confirmed the presence of four elements:
P, Bi, C, and O, and no impurities were detected. (b) High-resolution O 1s spectrum,
which can be decomposed into multiple components corresponding to different

chemical states.
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Fig. S7 FTIR spectrum of the BP/Bi heterojunction. The absorption bands at 1047
cm! and 623 cm! correspond to P-O and Bi-O vibrations, respectively, indicating

interfacial interaction between BP and Bi.
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Fig. S8 The electrochemical performance of the pure BP MSCs. (a-c) CV curves at

5-10,000 mV s’'. (d) GCD profiles at 0.07-0.1 mA cm™.
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Fig. S9 The electrochemical performance of the pure bismuth MSCs. (a-¢c ) CV curves

at 5-10,000 mV s’!. (d) GCD profiles at 0.07-0.1 mA cm™
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Fig. S11 Electrochemical performance of the BP/Bi 1:3 MSCs. (a-c) CV curves at

5-10,000 mV s’'. (d) GCD profiles at 0.1-0.14 mA cm™.
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Fig. S12 Electrochemical performance of the BP/Bi 5:1 MSCs. (a-c ) CV at 5-10,000

mV s, (d) Constant current charge-discharge profiles at 0.07-0.1 mA c¢cm™.
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Fig. S13 Comparison of the electrochemical performance of BP/Bi 3:1 MSCs before

and after 30,000 cycles: (a) CV curves and (b) EIS plots.
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Fig. S14 Cycling stability of MSCs based on different electrode materials: (a) pure BP,
(b) pure Bi, and BP/Bi composites with mass ratios of (c) 1:1, (d) 1:3, and (e) 1:5.

Data were collected over 30,000 cycles.
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Table S1 Comparison of the electrochemical performance of the BP/Bi 3:1 MSC with
previously reported MSCs

Ca Cv
Type Electrolyte Cycles Cycling life References
(mF cm?) (mF cm?)

Co/rGO -MSCs  PVA/H;3PO4 - 2.27 10000 70% [1]
WS2-MSCs PVA-LiCl 0.93 - 10000 82% [2]
PG-MSCs Ionic liquid 9.8 - 2000 89.5% [3]
BP-ASSP PVA/H;PO4 - 13.75 30000 71.8% [4]
SnP3/CNT- FSCs PVA/H3PO4 - 29.4 20000 88% [5]
LIG-MSCs PVA/H>SO4 1.66 - 10000 96% [6]
Paper COz laser PVA/H2SOs4 4.6 - 10000 85% [7]

Cork/H3:BO; UV
laser PVA/H>SO4 4.67 - 10000 86% [8]

graphene-based

PVA/H2SOq4 9.15 - 10000 91.6% [9]
MSCs
Thin-film MSCs H>S0O4 18.44 - 7000 97% [10]
BP/Bi MSCs PVA/H3;POq 7.6 - 30000 92.1% This work

Ca: Area capacitance; Cv: Volume capacitance; MSCs: Micro-supercapacitors; ASSP:
All-solid-state supercapacitors; LIG: Laser-induced graphene; BP: Black phosphorus; PG:

Phosphorene graphene; PVA: Polyvinyl alcohol.
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