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ABSTRACT
Constructing energetically matched charge-transfer pathways between molecules and solid-state materials is essential for
achieving selective interfacial reactions, yet remains challenging at room temperature. Here, we introduce an atomic-level
electronic-structure modulation strategy in which Cu+ interstitials are incorporated into lead-free Cs3Bi2Cl9, generating Cu-3d-
dominated sub-bandgap states that act as efficient electronic intermediates. These tailored states narrow the bandgap, increase
the local density of states, and achieve near-resonant alignment (ΔE ≈ 0.11 eV) with the redox level of H2S, establishing a highly
favorable charge-transfer pathway. Using H2S as a model molecule, the optimized Cu0.10-CBC exhibits intrinsically selective
interaction, enabling a ppt-level theoretical limit of detection (730 ppt), an experimentally validated detection limit of 5 ppb, fast
response/recovery (50/90 s), and excellent stability over 125 days. In situDRIFTS spectroscopy, DFT calculations, and Bader charge
analysis reveal that interstitial Cu simultaneously serves as a high-affinity adsorption center and electron-pumping site, promoting
molecular activation and interfacial redox conversion. Flexible Cu0.10-CBC devices further maintain robust performance under
mechanical deformation and enable accurate breath-H2S quantification. This work establishes a generalizable sub-bandgap
engineering paradigm for programming charge-transfer energetics in halide perovskites, offering a materials-centric foundation
for selective chemical interfaces and low-power sensing technologies.
1 Introduction

Understanding and controlling molecule–solid charge transfer is
essential for applications ranging from heterogeneous catalysis
to chemical interfaces and wearable diagnostics [1–3]. A central
challenge lies in constructing energetically aligned electronic
states that can selectively couple with specific molecular redox
levels at room temperature [4–6]. Most solid-state materials
possess intrinsically fixed band structures, limiting their ability
© 2026 Wiley-VCH GmbH
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to host tailored sub-bandgap states or mediate molecule-specific
electron exchange [7–10]. As a result, achieving selective and low-
energy molecular recognition-particularly at room temperature-
remains difficult.

Lead-free halide perovskites offer an attractive platform for
electronic-structure engineering due to their defect-tolerant lat-
tices, soft ionic bonding, and rich defect chemistry [11–13]. Their
tunable band edges and ability to stabilize diverse intrinsic or
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FIGURE 1 Schematic illustration of (a) the fabrication process of the Cuint-Cs3Bi2Cl9 (Cuint-CBC)–based flexible gas sensor, (b) the proposed H2S
sensing mechanism driven by Cu-interstitial–induced sub-bandgap states, and (c) the noninvasive H2S breath diagnosis for oral health monitoring.
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extrinsic defects provide a fertile basis for programming inter-
facial charge-transfer pathways [14–16]. However, conventional
halide perovskites often display ambipolar responses toward
oxidizing and reducing species [17–19], and efforts to enhance
selectivity through heterostructures, external stimuli, or sensor
arrays usually increase system complexity. This raises a broader
materials question: can we engineer perovskite electronic struc-
tures to intrinsically match specific molecular redox levels and
thereby direct selective charge transfer?

In catalysis and photocatalysis, band-structure modulation and
defect engineering are widely employed to tune reaction ener-
getics by aligning electronic states with key intermediates
[20, 21]. Translating these principles to molecular recognition
requires designing sub-bandgap states that are both energetically
accessible and chemically active [22–24]. Interstitial dopants,
in particular, can generate highly localized electronic states,
alter local symmetry, and introduce additional charge-transfer
channels [25, 26]. Yet, achieving atomic-level control over inter-
stitial configurations and their energetic alignment with target
molecules remains largely unexplored in halide perovskites.

Here, we establish an atomic-level interstitial-engineering strat-
egy in which Cu+ ions are incorporated into Cs3Bi2Cl9 (CBC)
to create Cu-3d–dominated sub-bandgap states that fundamen-
tally reshape the charge-transfer landscape (Figure 1a). First-
principles calculations and spectroscopic analyses reveal that
interstitial Cu dopants: i) narrow the bandgap and enrich
localized electronic density; ii) introduce well-defined sub-gap
states, and iii) create a near-resonant energetic alignment (ΔE
≈ 0.11 eV) with the redox level of H2S (Figure 1b). This near-
resonant alignment leads to an energetically favorable electron-
transfer channel and simultaneously enhances H2S adsorption
via strong Cu-S affinity [24–26]. Using H2S as a model system,
the optimized Cu –CBCmaterial exhibits intrinsically selective
0.10
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charge-transfer behavior at room temperature, offering ultralow
detection limits, rapid dynamics, and excellent long-term sta-
bility. Flexible devices further demonstrate robust performance
under mechanical deformation and accurate quantification of
breath-borne H2S (Figure 1c). By revealing the dual function of
Cu interstitials-as high-affinity adsorption centers and electron-
pumping intermediates-this work establishes a generalizable
sub-bandgap engineering paradigm for programming charge-
transfer energetics in lead-free halide perovskites, providing a
materials-centric foundation for selective chemical interfaces and
next-generation low-power sensing technologies.

2 Result and Discussion

2.1 Structural Evolution and Sub-Bandgap
Formation Via Cu Doping

To establish the structural foundation of our sub-bandgap
engineering strategy, the effect of Cu interstitial doping on
modulating the crystal framework and electronic environment
of CBC were managed. As conceptually illustrated in Figure 1,
Cu incorporation plays three synergistic roles: introducing Cu-
3d-dominated sub-bandgap states that narrow the bandgap and
increase the local density of states, creating an energetically
matched charge-transfer channel with the reduction potential of
H2S; functioning as an electron-pumping center that accelerates
interfacial electron exchange; and enhancing H2S adsorption and
activation through intrinsic Cu-S affinity.

Lead-free Cux-CBC perovskites were synthesized via a modified
acidic precipitation method [27, 28], yielding phase-pure crystals
without the need for inert-atmosphere protection. The detailed
synthesis route was provided in the Experimental Section and
Figure S1. The crystal structures of CBC and Cux-CBC are
Advanced Functional Materials, 2026
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FIGURE 2 (a) Schematic illustration of the preparation of Cs3Bi2Cl9 (CBC) incorporating interstitial Cu dopants. Cs, Bi, Cl, and Cu atoms are
depicted as blue, khaki, red, and gray spheres, respectively. The right panel presents the corresponding 2D charge-density distribution. (b) XRD patterns
of CBC and Cu0.10-CBC, with magnified views of the highlighted regions shown on the right. (c) Formation energies of Cu+ substitution and interstitial
incorporation in the CBC lattice, accompanied by schematic illustrations of the corresponding defect configurations. (d) XPS spectra of the Cu 2p
region for Cu0.10-CBC. (e) Raman spectra, (f) UV–vis absorption spectra, and (g) extracted Urbach energies of CBC and Cu0.10-CBC. (h) SEM image of
Cu0.10-CBC along with elemental mapping and EDS profiles (weight and atomic percentages).
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displayed in Figure 2a. First, starting from the cubic phase of
CsPbCl3, its stacking pattern along the (111) direction is observed
(Figure S2). When Pb2+ is replaced by Bi3+, the valence state
difference is compensated by the formation of ordered vacancy
layers every two (111) planes, resulting in a vacancy-ordered
structure composed of corner-sharing [BiCl6]3− octahedral dou-
ble layers [29, 30]. On this basis, Cu doping preferentially
occupies these vacancies and interacts with surrounding atoms.
In Figure 2b, X-ray diffraction (XRD) patterns demonstrate that
Advanced Functional Materials, 2026
these Cux-CBC samples retain the pristine CBC phase, with no
impurity peaks detected. In addition, the diffraction peaks of
the Cu-doped CBC samples exhibit a slight shift toward lower
angles, and the magnitude of this shift gradually increases with
increasing Cu content (Figure 2b inset; Figure S3), which suggest
the lattice expansion [31, 32]. This is fully consistent with ionic
radii considerations: Cu+ (≈77 pm) is substantially smaller than
Bi3+ (≈103 pm) [27, 30]. To determine the specific position of
Cu atoms in the CBC structure, we analyzed the two possible
3 of 11
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scenarios based on first-principles DFT calculations: (1) located at
interstitial sites; and (2) substitutional sites where Cumay replace
Cs+, Bi3+, or Cl− in the CBC lattice. As shown in Figure 2c, when
Cu occupies Cs+, Bi3+, or Cl− sites, its formation energy (Fform)
is positive, indicating that this configuration reduces structural
stability. In contrast, the formation energy for interstitial doping
is negative, implying that it is energetically more favorable, thus
providing greater stability. These results are consistent with the
negative shift of the diffraction peaks in XRD results, confirming
that Cu primarily exists in the form of interstitial doping in CBC.

X-ray photoelectron spectroscopy (XPS) further verifies success-
ful Cu incorporation, with the Cu 2p3/2 peak centered at 932.4 eV
(Figure 2d) characteristic of Cu+ [27, 32]. The slight shifts in Cs
3d, Bi 4f, and Cl 2p core levels (Figure S4) indicate interstitial Cu
dopants interact with neighboring atoms, leading to an increase
in binding energy [27, 31]. This localized chemical environment
change may, to some extent, regulate the adsorption and activa-
tion of H2S molecules on the Cu-CBC catalyst surface. Raman
analysis shows that Cu doping does not introduce new vibrational
modes (Figure 2e), but the slight shifts in peak positions indicate
that the doping alters the local environment of the main lattice
(Figure S5) [25, 31]. Optical measurements provide clear evidence
of Cu-induced sub-bandgap formation. It can be seen that the
absorption edge redshifts significantly from 367 nm (CBC) to
∼510 nm for Cu0.10-CBC (Figure 2f). Furthermore, Tauc plot
analysis reveals that the bandgap decreases from 3.04 to 2.45
eV, respectively (Figure S6). In addition, the introduction of Cu
dopants induces prominent sub-bandgap states, as evidenced by
a significant increase in Urbach energy and a more pronounced
absorption tail in the low-energy region (Figure 2g). The Urbach
energy increases from 128 to 265 meV, reflecting enhanced
structural disorder and a higher density of localized electronic
states. The formation of Cu-3d–related sub-bandgap states is
suggested, which may play a meaningful role in adjusting the
sensing energetics.

In Figure 2h and Figure S7, SEM images revealmicrocrystals (∼5–
10 µm), with Cu doping inducing a slight increase in particle size.
Energy-dispersive X-ray spectroscopy (EDS) mapping confirms
the uniform distribution of Cs, Bi, Cl, and Cu within the crystal.
Meanwhile, EDS quantification and ICP-MS analysis confirm
that the actual Cu content closely matches nominal compositions
(Table S1), demonstrating the consistency and controllability
of the doping process. The combined experimental and DFT
results indicate that Cu+ dopants preferentially occupy interstitial
sites, introducing localized chemical-environment perturbations
and generating sub-bandgap states that reshape the electronic
landscape.

2.2 Selective and Ultrasensitive H2S Detection

H2S was selected as a probe molecule to elucidate the structure–
reactivity relationship of the Cux-CBC perovskites under RT and
ambient-light conditions (Figure 3a). Gas-sensing measurements
were performed using a two-probe configuration, in which the
sample-coated flexible interdigitated electrodes were exposed to
controlled H2S concentrations supplied by a precise gas-analysis
platform (Figures S8–S10). Upon Cu incorporation, the Cux-
CBC sensors exhibit a distinctly enhanced response toward H2S,
4 of 11
accompanied by rapid and fully reversible resistance recovery
once the atmosphere is switched back to clean air (Figure 3b).
A quantitative comparison of response/recovery dynamics and
detection limits for the Cux-CBC series is presented in Figure 3c.
Notably, interstitial Cu plays a decisive role in boosting the
sensing capability of CBC. Among all compositions, Cu0.10-
CBC delivers the optimal performance, featuring a well-defined
linear response over the low-concentration range of 0.005–0.2
ppm, with an exceptionally low theoretical detection limit of
730 ppt calculated via RMSD analysis (Figures S11 and S12)
[33, 34]. Under exposure to 1 ppm H2S, Cu0.10-CBC achieves fast
response/recovery times of 50.9/90.3 s, outperforming pristine
CBC (70.2/140.2 s) (Figure 3d; Figure S13).

Remarkably, even in the absence of light irradiation, Cu0.10-
CBC maintains a measurable response of 1.71 toward 100 ppb
H2S (Figure S14). Such an excellent H2S-sensing performance in
the absence of light can be attributed to the crucial “electron-
pumping” function of interstitial Cu in facilitating charge
transfer. However, excessive Cu loading (3.6 wt.%) induces a
pronounced upward shift of the VBM (Figures S6 and S15), which
intensifies carrier recombination and substantially deteriorates
the sensing performance [35–37]. This finding highlights the
importance of finely tuned interstitial-doping concentrations to
balance electronic modulation and charge-transfer efficiency.

To evaluate the selectivity of Cu0.10-CBC under complex atmo-
spheric environments, its responses toward H2S were examined
under both single-gas (Figure 3e; Figure S16) and mixed-gas
conditions (Figure S17). Distinct from pristine CBC, Cu0.10-CBC
delivers a sharply defined and dominant response to H2S, while
exhibiting nearly negligible signals toward common interfer-
ents. The correlation heat map (Figure 3f) further visualizes
this behavior, which reveals an absence of correlation between
interfering gases but a strong, exclusive correlation with H2S,
verifying its outstanding selectivity. This exceptional selectivity
originates from two synergistic factors: 1) the strong intrinsic
affinity between Cu and S, which accelerates gas–surface binding
kinetics and enriches the density of active adsorption sites
[26, 38]; and 2) theCu+ interstitial dopants introducewell-defined
sub-gap states that energetically match the reduction potential of
H2S, thereby promoting rapid electron transfer and establishing
an efficient charge-transport pathway at the sensing interface
[24]. The cyclic sensing stability of Cu0.10-CBC was examined
over seven consecutive cycles, during which the resistance–time
curves remained nearly unchanged (Figure S18), demonstrating
remarkable operational robustness. Moreover, ten independently
fabricated batches of Cu0.10-CBC sensors exhibited a relative stan-
dard deviation (RSD) of merely 3.39% at 100 ppbH2S (Figure S19),
confirming excellent device-to-device reproducibility. Long-term
stability tests revealed that the sensor retained 91.8% of its initial
response even after 125 days of storage (Figure 3g; Figure S20).
This excellent durability largely attributed to the suppression of
lattice ion migration enabled by interstitial Cu doping, which
preserves structural integrity and electrical stability [39, 40]. To
further verify the long-term structural and chemical stability of
the Cu-doped CBCmaterial, the sensing films were scraped from
the devices after gas-sensing tests and characterized by XRD
and XPS (Figures S21 and S22). Only weak S 2p signals (∼168.5
eV) associated with surface sulfide-like species were detected,
with no new XRD peaks observed, indicating negligible bulk
Advanced Functional Materials, 2026
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FIGURE 3 (a) Schematic and optical photographs of the Cuint-CBC gas sensors. (b) Real-time response curves of Cux-CBC sensors toward H2S
over concentrations ranging from 5 ppb to 150 ppm. (c) Linear fitting of the response-concentration relationship within the 0.005–0.2 ppm range.
(d) Comparison of response times, recovery times, and lower limits of experimental detection (LOD). (e) Selectivity evaluation against various interfering
gases (NO2, SO2, NH3, H2, acetone, benzene, formaldehyde, and ethanol, all at 10 ppm). (f) Correlation heat map of Cu0.10-CBC sensor responses to
mixed gases (P < 0.01). (g) Long-term stability of the Cu0.10-CBC sensor toward 10 ppm H2S at RT. (h) Comparison of experimentally measured LOD
and long-term stability with recently reported resistive gas sensors. Number of individual experiments, n = 3.
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sulfide formation. The preserved crystal structure confirmed the
excellent structural stability of the Cu-doped CBC sensor. The
humidity stability of Cu0.10-CBCwas further assessed (Figures S23
and S24). Its H2S response remained essentially unchanged with
increasing relative humidity, indicating excellent robustness. This
Advanced Functional Materials, 2026
tolerance arose from interstitial Cu–induced electronic-structure
modulation, where Cu-3d–dominated sub-bandgap states intro-
duced effective charge-transfer pathways and local electron
enrichment suppressed competitive H2O adsorption (Figure S25)
[41, 42]. Thus, preferential H2S activation and charge transfer
5 of 11
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FIGURE 4 (a) Density of states (DOS) of pristine CBC and (b) Cu0.10-CBC showing the emergence of Cu-induced sub-bandgap states. (c) Mott–
Schottky plots of CBC andCu0.10-CBC. (d) Schematic band alignment and comparison of the reduction potentials of various gases with theH2S reduction
potential.
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were preserved even under humid conditions. Additionally,
the sensor exhibited only slight performance fluctuations with
varying temperature, demonstrating good thermal stability and
practical applicability (Figure S26). The resulted Cu0.10-CBC
integrates low-temperature operation, exceptional selectivity,
rapid response/recovery, and remarkable long-term stability-
achieving a level of performance that surpasses most previously
reported perovskite- and MOS-based gas sensors (Figure 3h;
Table S2).

2.3 Electronic–Interfacial Mechanism of
Cu-Interstitial–Boosted H2S Sensing

To investigate the origin of the significantly enhanced H2S
response induced by interstitial Cu doping, density functional
theory (DFT) calculations were conducted to examine the elec-
tronic structures of CBC before and after Cu incorporation.
As shown in Figure 4a,b, Cu doping effectively narrows the
bandgap between the valence band maximum (VBM) and
conduction band minimum (CBM), while simultaneously intro-
ducing pronounced sub-gap states originating primarily from Cu
3d orbitals (Figure 4b). These Cu-derived sub-bandgap states
markedly increase the local charge density and enable more
efficient carrier transport pathways [27, 35], thereby reducing the
energy required for VB→CB transitions and supplying additional
electronic channels favorable for gas–solid charge exchange
[24, 43]. Such electronically optimized states underpin the
excellent room-temperature sensing performance of Cu0.10-CBC.
To further clarify the intrinsic correlation between electronic
structure and sensing activity, the flat-band potentials of CBC
and Cu0.10-CBC were measured by Mott–Schottky analysis
(Figure 4c). Relative to the normal hydrogen electrode (NHE), the
VBMpotentials of CBC andCu0.10-CBC are 1.53 and 1.04V, respec-
tively, while their CBM potentials are −1.51 and −1.41 V. Based on
6 of 11
these parameters, as shown in Figure 4d, the corresponding band
diagrams reveal an exceptionally small energy offset of only 0.11
eV between the H2S reduction potential and the Cu-induced sub-
bandgap level. This near-resonant alignment greatly accelerates
electron transfer fromH2S to the Cu-modified perovskite surface,
directly contributing to the enhanced responsivity and high
selectivity observed experimentally.

To elucidate the gas–solid interaction at the atomic scale,
DFT calculations were further performed to assess the adsorp-
tion energetics and interfacial electronic structures toward H2S
and various other gases, supported by Bader charge analysis
(Figure 5). A fully optimized Cu0.10-CBC surface model was con-
structed with all possible adsorption sites considered (Figure 5a;
Figure S27). The results demonstrate thatH2S preferentially binds
to Cu sites with an adsorption energy of −1.43 eV (Figure 5a),
confirming that interstitial Cu dopants serve as strong chemisorp-
tion centers. Moreover, the adsorption energies toward common
interfering gases are significantly weaker (Figure 5a; Figures
S28 and S29), consistent with the experimentally observed selec-
tivity (Figure 3e,f). Charge density difference (CDD) mapping
(Figure 5b) reveals substantial electron redistribution around
the Cu-H2S interface [44]. Bader charge analysis indicates that
each H2S molecule transfers 0.109 e to the Cu0.10-CBC surface,
providing direct evidence of strong electronic coupling respon-
sible for the sensing response [45, 46]. This electron transfer
trend is consistent with the 2D charge distribution shown in
Figure 5c. Additionally, DOS calculations reveal a slight shift
of electronic states toward lower energy upon H2S adsorption
(Figure 5d,e), together with an increase in the density of states
near the Fermi level-further confirming electron injection from
H2S and the subsequent reorganization of surface energy levels
[43]. These findings collectively verify that interstitial Cu doping
fundamentally enhances the affinity and selectivity of CBC
toward H S.
Advanced Functional Materials, 2026
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FIGURE 5 (a) Adsorption energies of H2S and various interfering gases on different active sites of Cu0.10-CBC. (b) Charge-density-difference map
of Cu0.10-CBC, where yellow and blue regions indicate electron accumulation and depletion, respectively. (c) 2D charge distribution of Cu0.10-CBC.
(d,e) DOS of Cu0.10-CBC before and after H2S adsorption. (f) In situ DRIFTS spectra of Cu0.10-CBC under H2S exposure at room temperature. (g)
Schematic illustration of the Cu0.10-CBC structural model and the proposed H2S sensing mechanism.
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The adsorption and catalytic oxidation processes were further
explored using in situ DRIFTS (Figure 5f). Following H2S intro-
duction, a characteristic S─H stretching vibration at 2403–2411
cm−1 immediately appears, indicating the formation of HS−
intermediates. As the reaction proceeds, progressively intensified
absorbances at 1344–1382 cm−1 (O═S═O asymmetric stretching),
Advanced Functional Materials, 2026
1086–1120 cm−1 (O═S═O/S═O symmetric stretching) [47], and
900–1100 cm−1 (S-O vibrations) signal the rapid oxidation of
H2S into higher-valence sulfites and sulfates [48]. The band
variations in the 700–1200 cm−1 region reflect the dynamic evo-
lution of intermediate SxOγ species [49]. Altogether, the DRIFTS
results confirm a sequential conversion route of H S → HS− →
7 of 11
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FIGURE 6 (a) Schematic illustration of the flexible Cu0.10-CBC sensor under different bending angles. (b) Schematic of the breath-sampling system
for oral gas collection. (c) Response stability of the flexible Cu0.10-CBC sensor under various bending conditions. (d) Sensor responses to exhaled breath
collected at different daily time points (upon waking, after brushing teeth, after eating, and before sleep). (e) Comparison of H2S concentrations in
exhaled breath from healthy individuals and periodontitis patients measured using the Cu0.10-CBC sensor and spectrophotometric method (n = 9).
Number of individual experiments, n = 3.
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SO2/SxOγ (Equations (1) and (2)) [50–52]. In contrast, these
vibrational features are substantially weaker for pristine CBC
(Figure S30), underscoring the decisive role of interstitial Cu in
promoting both adsorption and catalytic oxidation processes.

O2(ads) + e− → O−
2
(ads) (1)

2H2S(ads)+3O−
2
→ 2H2Oads+2SO2+3e− (2)

The above theoretical and spectroscopic analyses reveal that
interstitial Cu ions endow CBC with a dual-function enhance-
ment: i) Cu sites act as high-affinity adsorption and electron-
transfer centers, and ii) Cu-derived sub-bandgap states enable
precise energetic matching with the redox level of H2S. This
synergy dramatically improves charge-transfer kinetics, thereby
delivering the outstanding responsivity, selectivity, and long-term
stability of the Cu0.10-CBC gas-sensing device at low operating
temperatures (Figure 5g).

2.4 Flexible andWearable H2S Sensing Device

To assess the practical applicability of the Cu0.10-CBC-based
sensor, a flexible device was fabricated on a 100 µm-thick
PET substrate. The mechanical robustness of the device was
evaluated by bending it to various angles and measuring its
response to multiple H2S concentrations (100, 500 ppb, 1, and
10 ppm). As shown in Figure 6a,c, and Figure S31, the sensor
maintains stable output even under bending angles up to 90◦,
and after 200 bending cycles at 45◦, only a negligible decrease in
response is observed. These results confirm that the Cu0.10-CBC
8 of 11
sensing layer retains excellent structural and functional integrity
under repeated deformation, underscoring its strong potential for
wearable gas-sensing applications.

To further explore its utility in real-world health monitoring,
exhaled breath from volunteers was collected at different daily
time points (after waking up, tooth brushing, lunch, and before
bedtime) using 10 mL sampling bags (Figure 6b). A dehumid-
ification module was placed at the inlet to remove moisture
interference before the breath samples were introduced into the
testing chamber. As shown in Figure 6d and Figure S32, the aver-
age response immediately afterwakingwas 1.68, corresponding to
anH2S concentration of approximately 74.02 ppb based on the cal-
ibration curve in Figure 3c. This value aligns well with previously
reportedmorningH2S levels in human breath [53, 54]. After tooth
brushing, lunch, and before bedtime, the H2S concentrations
were determined as 29.92, 39.37, and 45.66 ppb, respectively.
Since tongue coating is the primary source of H2S in the oral
cavity, effective oral cleaning markedly lowers its concentration.
Clinically, an exhaled H2S level above 100 ppb is commonly
regarded as an indicator of pathological halitosis, while patients
with periodontal disease can exhibit concentrations exceeding
150 ppb [54, 55]. To validate the accuracy of the Cu0.10-CBC
sensor, H2S levels in breath from both healthy individuals and
periodontal-disease patients were analyzed using the methylene
blue spectrophotometricmethod alongside sensormeasurements
(Figure S33). As shown in Figure 6e, the H2S concentrations
measured by the Cu0.10-CBC sensor closely agree with those
obtained from the methylene blue spectrophotometric analysis,
demonstrating the high analytical precision and reliability of
this sensor for noninvasive oral health assessment via breath
monitoring.
Advanced Functional Materials, 2026
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3 Conclusion

In conclusion, we demonstrate that interstitial Cu doping pro-
vides an effective pathway to engineer sub-bandgap states in
Cs3Bi2Cl9, enabling selective and energy-matched charge transfer
with H2S molecules. This tailored electronic structure endows
Cu0.10–CBC with exceptional room-temperature sensing perfor-
mance, including ppt-level detection, rapid response/recovery,
and long-term operational stability. Combined theoretical and
spectroscopic analyses reveal that Cu ions function simulta-
neously as high-affinity adsorption sites and electron-transfer
mediators, establishing the fundamental origin of the material’s
superior selectivity. Furthermore, the flexible Cu0.10–CBC device
exhibits excellent mechanical durability and reliably quantifies
H2S in human breath, aligning closely with clinical reference
measurements. This work highlights interstitial-dopant engi-
neering as a powerful and generalizable strategy for developing
high-performance, low-power perovskite gas sensors for future
wearable and diagnostic applications.

4 Experimental Section

4.1 Synthesis of CBC

The Cs3Bi2Cl9 was synthesized with slight modifications to a
previously reported method [31], as schematically shown in the
Figure S1. In detail, a mixture of 3 mmol CsCl and 2 mmol BiCl3
was dissolved in 3 mL of 10 m HCl solution, stirred at 75◦C for
30 min to yield a pale white precipitate. The precipitate was
subsequently filtered, washed four times with ethanol, and dried
at 100◦C overnight. The Cs3Bi2Cl9 is denoted as CBC.

4.2 Preparation of Cu-Doped CBC

0.05, 0.1, and 0.2 mL of 0.1 m CuCl solution were added to the
mixed solution. The mixture was then stirred for an additional
30 min to ensure complete reaction, and the precipitates were
collected by filtration. The resulting products were designated as
Cu0.05-CBC, Cu0.10-CBC, and Cu0.20-CBC, respectively.

4.3 Statistical Analysis

All quantitative experiments and measurements were conducted
using at least three independently fabricated samples, and the
results are presented as mean ± standard deviation (SD). Error
bars represent ±SD (n = 3). Origin (Microcal) was employed
for data visualization, histogram construction, curve fitting, and
graph presentation. The VESTA package was used for structural
visualization, and density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simulation Package
(VASP, v5.4.1).
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