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ABSTRACT

Antimony (Sb)-based perovskite materials have emerged as promising alternatives to Pb halide perovskites for gas-sensing appli-
cations, offering reduced toxicity while maintaining high environmental sensitivity. Herein, we report a novel Sb-based perovskite,
formamidinium (FA);Sb,Bry, as an environmentally friendly candidate for ammonia (NH;) detection. FA;Sb,Brg can be synthesized
via a simple solution-based method, and it exhibits high selectivity and sensitivity toward NH;. Gas-sensing measurements revealed

that the device showed a markedly higher response to NH; than to other gases, such as NO,, CO, methanol, and methane. The device
achieves a maximum gas response (R = AI(l; — I,;)/L X 100 (%) = 235, at 100 ppm NH3), with a short response/recovery time
(13/289 s), a low detection limit of 1 ppm, and excellent reversibility. Furthermore, the FA;Sb,Bry sensor demonstrated a linear depen-
dence on the NH; concentration, long-term stability under ambient conditions over several months, and outstanding repeatability.
These findings highlight the potential of Sb-based perovskites as promising materials for high-performance, Pb-free NH; gas sensors.

1 | Introduction

Pb halide perovskites have garnered significant attention in
recent years because of their remarkable electronic and optoelec-
tronic properties, including defect tolerance, suitable bandgap,
strong absorbance, high carrier mobility, and long diffusion
length [1-3]. These properties make them attractive for a broad
range of applications, such as solar cells [4], light-emitting
diodes [5], lasers [6], and photodetectors [7]. In addition to
these optoelectronic applications, the unique responsiveness of

perovskite materials to environmental stimuli has provided
new opportunities for sensor technologies where changes in their
electrical or optical properties can be exploited. Perovskite-based
sensors are capable of detecting humidity [8, 9], oxygen (O,) [10],
hydrogen sulfide (H,S) [11], nitrogen dioxide (NO,) [12], carbon
monoxide (CO) [13], and ammonia (NH;) [14-16].

Recently, eco-friendly energy alternatives, particularly those
aimed at achieving C neutrality, have received growing global
interest. NH; has emerged as a promising carrier for hydrogen
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(H,) storage and transportation, owing to its high hydrogen
density and ease of liquefaction [17]. However, despite these
advantages, NH; presents serious environmental and health
hazards, even at low concentrations. Human exposure limits
are strictly regulated, with guidelines recommending short-term
(15 min) and long-term (8 h) exposure limits of 35 and 25 ppm,
respectively [18, 19]. At these concentrations, NHj is often unde-
tectable by the human olfactory system, which emphasizes the
need for reliable and sensitive detection methods to enable timely
intervention. Therefore, the accurate detection and management
of NHj; leakage are crucial for ensuring its safe and effective use
in industrial environments [20].

Compared with conventional NH;-sensing materials such as gra-
phene, transition metal dichalcogenides (TMDs), MXenes, and
metal oxides, halide perovskites offer several unique advantages
for chemiresistive gas sensing. Although graphene- and MXene-
based sensors exhibit high sensitivity at room temperature, they
often suffer from limited selectivity, slow recovery behavior, or
environmental instability [21, 22]. Metal oxide-based sensors
generally require elevated operating temperatures to achieve suf-
ficient sensing performance [23]. In contrast, halide perovskites
possess a soft ionic lattice, high defect tolerance, and strong elec-
tronic polarizability, which enable efficient modulation of carrier
transport upon interaction with polar gas molecules. In particu-
lar, electron-donating NH; molecules can strongly perturb the
electronic structure of halide perovskites through reversible ionic
and electronic interactions, resulting in pronounced conductivity
changes even at relatively low concentrations. Furthermore, the
solution processability and tunable chemical compositions of
halide perovskites provide additional advantages for the fabrica-
tion of low-cost and highly tailorable gas sensor platforms.

Thus, various materials have been investigated to improve the
performance of NH; gas sensors. Ayesh et al. reported that a
FA(CH(NH,))PbBr;-based sensor exhibited response and recov-
ery times of 0.2 and 0.6 min, respectively, at 0.5 ppm of H,S [11].
Zhao et al. reported a MA(CH;NH;)Pbl;-based NH; sensor
that displayed a visible color change from brown to colorless
(400-800 nm) within 1s of exposure to 3% NH; [14]. Jiao et al.
reported a MAPDbBr;_,I,-based sensor with a short response-
recovery time (<20 s) when exposed to 500 ppm of NH; at room
temperature [15]. These studies highlight the remarkable sensi-
tivity of Pb halide perovskite materials for gas detection, making
them attractive for applications in environmental monitoring,
industrial safety, and healthcare.

Despite these promising results, the commercial utilization of Pb
halide perovskites is hindered by the toxicity of Pb and its sensi-
tivity to environmental factors such as humidity and oxygen,
leading to instability [24-26]. Consequently, increasing research
efforts have focused on developing low-toxicity alternatives to
address these challenges. Among the various Pb-free halide
perovskite candidates, Sb-based bromide perovskites are partic-
ularly attractive because of their favorable environmental stabil-
ity and intrinsic p-type electronic characteristics associated with
Sb-related lone-pair states. Compared with many previously
reported Bi-based perovskites, Sb-based systems can exhibit more
effective carrier transport modulation and defect-mediated con-
ductivity changes, which are advantageous for chemiresistive
sensing applications [27]. These characteristics make Sb-based

halide perovskites promising candidates for detecting electron-
donating gases such as NH; through conductivity modulation
mechanisms. In particular, antimony ion (Sb**) and bismuth
ion (Bi**) have emerged as potential substitutes because of
their isoelectronic configuration with tin ion (Sn**) and lead
ion (Pb**), respectively [28-30]. Among the Pb-free alternatives,
most NH; sensors reported to date are based on Bi-based perov-
skites. For instance, Li et al. reported that a (phenethyl-
ammonium);Bi,Bry-based sensor exhibited a response time of
1.76 s upon exposure to 30 ppm NHj; [31]. Bhosale et al. reported
that an MA;Bi,ly perovskite thin film-based NH; sensor exhib-
ited excellent repeatability with response and recovery times of
0.14 and 8.15s, respectively, at 6 ppm of NH; [32]. Additionally,
Jiao et al. demonstrated a Cs;Bi,I¢Br;-based inorganic perovskite
sensor with a response value of 11.8 (R = R,/R,) at 500 ppm NH3,
a reaction time under 20s, a recovery time over 120s, and
operational stability for approximately 14 days [33].

In this study, we report the novel application of a Pb-free Sb-
based perovskite, FA3;Sb,Bry, as an active sensing material for
NH; detection. An FA;Sb,Bry thin film-based NH; sensor was
fabricated via a simple solution-based spin-coating method and
thoroughly characterized. The sensor exhibited a high response
value of 235-100 ppm of NH; (Response = AI(I; — L)/ X 100
(%)), with response and recovery times of 13 and 289s, respec-
tively. In addition to its sensitivity, the sensor demonstrated
excellent selectivity against interfering gases, such as CO, NO,,
and methanol, along with good reversibility, repeatability, and
long-term stability over several months under ambient condi-
tions. Furthermore, we proposed a plausible sensing mechanism
for the interactions between FA;Sb,Bry and NH; molecules.

2 | Results and Discussion
2.1 | Materials Characterization

Figure 1b shows real images of the FA;Sb,Bry thin films
under ambient conditions (left), after exposure to 100 ppm NH;
(middle), and after the recovery process (right). No significant
color change was observed in the yellow FA;Sb,Br, films treated
with 100 ppm NH;. However, after 10 min of exposure to a higher
concentration of 1000 ppm NH;, the yellow films gradually
became transparent (Figure S1). These findings are consistent
with those of Bhosale et al., who demonstrated that the colori-
metric and structural properties of MA;Bi,ly are influenced by
the NH; concentration [28]. The morphologies of the fabricated
FA;Sb,Br, perovskite thin film, the sample treated with 100 ppm
NH;, and the recovered film were analyzed using scanning elec-
tron microscopy (SEM), as shown in Figure 1c-e. Although no
perceptible color change was observed with the naked eye, the
SEM images revealed that the starfish-like microstructure of
the FA;Sb,Bry thin film emerged during NH; exposure and
recovery. As shown in Figure lc, the pristine FA;Sb,Bry film
comprises hexagonal microcrystals with an average diameter
of approximately 20 pum. These crystals were nonuniformly
deposited on the surface. Notably, upon exposure to NHj, the
hexagonal microcrystals undergo a distinct morphological trans-
formation into starfish-like structures, as shown in Figure 1d.
This transformation was attributed to structural changes induced

20f 11

Small Structures, 2026

85U017 SUOWIWOD aA1eaID (o (dde au Aq peusencb afe o YO 8sn Jo Sa|nJ Joj AriqiT8uIUO 8|1 UO (SUORIPUOD-pUe-SW.S} W00 A3 [IMAReiq 1 [pul|uo//:Sdny) SUORIPUOD pue swie 1 8y} 89S *[9202/80/6T] U0 AriqiTaulluo 481 ‘8Iniisu| euoiieN yowny AQ 9TG0Z 1SS/200T 0T/I0p/woo" A3 1M Akeiq 1 jeutjuoy/sdny wo.j pepeojumod ‘8 ‘920 ‘Z90v8892



70 pL

2000 rpm, 60 sec

{

by NH;. After the recovery process in ambient air, the SEM image
in Figure le shows the reappearance of the original hexagonal
morphology, indicating the reversibility of the structural
changes. The elemental distributions within the thin films at
each stage were examined using energy dispersion spectroscopy
(EDS). Figure 1c-e confirms that Sb and Br are uniformly distrib-
uted throughout the hexagonal grains in all samples.

To investigate the influence of NH; concentration on the surface
crystal structure of the FA;Sb,Br, thin films, the thin films were
exposed to 1000 ppm NH; followed by a recovery process in
ambient air. The corresponding SEM images are presented in
Figure S2. As shown in Figure S2a, the pristine sample exhibits
hexagonal microcrystals similar to those in Figure 1c. Upon expo-
sure to high NH; concentrations, these hexagonal structures
transform into novel leaf-like morphologies, as shown in
Figure S2b. After recovery in air, small spherical crystals
appeared on the substrate surface, which were distinctly different
from the original hexagonal configuration, as shown in Figure
S2c. In addition, Figure S2 shows the elemental mapping data
of the films under 1000 ppm NH; conditions, confirming that
C, N, Sb, and Br were uniformly distributed throughout the crys-
tal structures, consistent with the observations at 100 ppm. These
findings demonstrate that the surface morphology and crystal
structure of FA;Sb,Bry thin films vary significantly depending
on the concentration of NH; exposure.

Figure 2a shows the X-ray diffraction (XRD) patterns of the
FA3Sb,Brg thin films in their pristine, NH;-exposed, and recov-
ered states, demonstrating their crystalline characteristics. While
the XRD pattern of FA;Sb,Brg has not been previously reported,
it closely resembles that of Cs;Sb,Br,, suggesting a similar crystal
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FIGURE 1 | (a) Schematic of the FA;Sb,Bry thin film fabrication process. The final thin film is shown on the right end of the hot plate.
Characterization of FA;Sb,Brj thin films in pristine, NH;-exposed (100 ppm, 10 min), and recovered states: (b) photographic images of the films: pristine
(left), after NH; exposure (middle), and after recovery in air (right). (c)-(e) SEM images and corresponding EDS elemental mapping of (c) pristine,
(d) NH;-exposed, and (e) recovered films, with uniform distribution of Sb and Br throughout the grains.

structure [34]. This is understandable given the comparable ionic
radii of Cs* (~0.17 nm) and FA™ (0.19-0.22 nm) ions [35, 36].
The main diffraction peaks located at 17.7°, 26.7°, and 54.9° cor-
respond to the (002), (201), and (402) crystal planes, respectively.
The XRD analysis confirms that the perovskite microplates have
a trigonal crystal structure with lattice parameters of
a=b=7.934, c=9.716 A, and angles of @ = f = 90°, y = 120°,
consistent with the space group P3 m1 (164). These structural
characteristics and surface crystal shapes agree with those
reported for Cs;Sb,Bry [34]. Importantly, the XRD patterns of
the thin films exposed to 100 ppm NH; and those following
recovery exhibited no significant changes, suggesting that the
hexagonal crystal structure was preserved, as also supported
by the SEM analysis. The locally formed starfish-like crystals
did not induce notable alterations in the XRD patterns. In con-
trast, exposure to 1000 ppm NH; led to the emergence of new
diffraction peaks at 18.9°, 22.0°, 28.0°, 31.2°, 38.5° 44.7°, and
50.3° (Figure S3a), indicating a distinct structural transformation.
Moreover, the XRD pattern of the recovered film after 1000 ppm
exposure exhibited a completely different profile, suggesting irre-
versible changes in the crystal structure under high NH; concen-
trations. Therefore, these SEM and XRD findings collectively
suggest that FA;Sb,Bry thin films can efficiently respond to
and recover from exposure to relatively low NH; concentrations,
such as 100 ppm. In contrast, exposure to higher concentrations,
specifically 1000 ppm NHj, induced irreversible structural
changes in the films, preventing full recovery to the original crys-
talline state.

To investigate the optical response of the FA;Sb,Br, thin films to
NH; exposure, UV-visible absorption spectra were measured in
the wavelength range of 300-800 nm, as shown in Figure 2b.
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FIGURE 2 | Characterization of FA3;Sb,Bry thin films in pristine, NH;-exposed (100 ppm), and recovered states: (a) XRD patterns, (b) UV-visible

absorption spectra, (c) Tauc plots, and (d) FT-IR spectra. XPS spectra of FA;Sb,Br, thin films under high NH; exposure (100 ppm): (e) Br 3d and (f) N 1s.

The pristine film exhibited strong absorption between 300 and
450 nm, with a sharp absorption edge near 430 nm and negligible
absorbance beyond 450 nm. Upon exposure to NH;, the absor-
bance in the visible region, particularly at approximately
400nm, decreases significantly, indicating a perturbation in
the electronic structure or surface morphology of the film.
After recovery in ambient air, the absorbance near 400 nm
increased again and approached that of the pristine state, sug-
gesting that the optical properties of FA;Sb,Brg could be restored
at low NH; concentrations. These optical absorption changes are
consistent with the morphological observations from SEM anal-
ysis and further support the potential of this material for revers-
ible NH3-sensing applications under mild conditions.

To evaluate the effect of NH; exposure on the optical bandgap of
the FA;Sb,Bry, thin films, Tauc plot analysis was performed based
on the UV-visible absorption spectra. Figure 2c displays the plots
of (ahv)? versus photon energy (hv), where « is the absorption
coefficient and v is the optical frequency. The bandgap energies
were estimated by extrapolating the linear portions of the curves
to the energy axis. The calculated optical bandgaps of the pris-
tine, NH3-exposed, and recovered films were 2.84, 2.93, and
2.83 eV, respectively, indicating that NH; exposure induces a
blueshift in the bandgap, which is nearly reversible after recovery
under ambient conditions.

To further investigate the impact of higher NH; concentrations
on the optical properties of the FA;Sb,Br, thin films, UV-visible
absorption spectra and Tauc plot analyses were conducted after
exposure to 1000 ppm of NH;. As shown in Figure S3b, the absor-
bance in the 300-450 nm range decreases significantly following
NH; exposure, indicating a substantial disruption in the light-
absorption capability of the film. After recovery in ambient

air, the absorption increased slightly but did not fully return
to the pristine level, suggesting a degree of irreversible change
in the optical characteristics of the film. The corresponding
Tauc plots depicted in Figure S3c provide further insight into
the bandgap evolution. The optical bandgap of the pristine film
was 2.83 eV, which increased to 2.93eV upon NH; exposure.
After the recovery process, the bandgap decreased to 2.87 eV.
This irreversible bandgap widening is consistent with the struc-
tural changes observed via SEM and XRD analyses, implying that
high NH; concentrations can permanently alter the electronic
structure of FA;Sb,Bry films.

Fourier transform infrared (FT-IR) spectroscopy was employed
to investigate the changes in the organic functional groups
of the FA;Sb,Bry thin films upon exposure to NH; gas. As shown
in Figure 2d, most of the vibrational bands remained unchanged
regardless of NH; treatment. However, distinct variations
were observed in the regions associated with NH bonding.
Specifically, the broad absorption bands in the range of
3500-3300 cm ™Y, corresponding to N—H stretching vibrations,
and 1650-1580 cm™?, associated with N—H bending vibrations,
became more pronounced after NH; exposure. This increase
in intensity suggests that NH; molecules were chemisorbed onto
the surface of FA;Sb,Br,, forming hydrogen bonds or engaging
in surface interactions with the available sites. After recovery
in ambient air, the intensities of these N—H-related peaks
decreased, implying that the chemisorbed NH; molecules were
partially desorbed from the film surface. This reversible chemi-
sorption behavior was consistent with the optical and morpho-
logical observations. A similar trend was observed for the films
exposed to a higher NH; concentration (1000 ppm; Figure S3d),
further validating the surface interaction mechanism between
FA;Sb,Bry and NHs.
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X-ray photoelectron spectroscopy (XPS) spectra were obtained to
examine the chemical bonding states and elemental composi-
tions of the pristine, NH;-exposed, and recovered FA;Sb,Bry thin
films, as shown in Figures 2e,f and S4. The XPS spectrum
(Figure S4a) confirmed the presence of C, N, Br, and Sb in all
the film states. Figure 2e shows high-resolution Br 3d spectra,
where the pristine sample exhibits a single Br 3d peak centered
at 66.4 eV. Upon exposure to NHj, this peak splits into two dis-
tinct components at 66.4 and 65.7 eV, indicating a chemical shift
of —0.7 eV. This shift suggests a change in the local chemical
environment of the Br atoms owing to NH; interactions. After
recovery, the Br 3d peak partially shifted back to 65.98 eV,
implying a partial reversal of the chemical state. Similarly, the
high-resolution Sb 3d spectra (Figure S4b) show that the pristine
peaks located at 537.7 eV (Sb 3ds/,) and 528.4 eV (Sb 3ds,,) shift
to 537.3 and 527.9 eV after NH; exposure, followed by a recovery
to 537.6 and 528.1eV, respectively, after ambient recovery.
These results indicate reversible electron density modulation
around the Sb atoms upon NH; chemisorption and desorption.
Figure S4c displays the C 1s spectra, where the peak at 284.2 eV,
which is attributed to C in the FA cation, decreases in intensity
after NH; exposure. This suggests possible surface interactions
between NH; and the FA molecule. Upon recovery, the C 1s peak
regained some of its original intensity, which is consistent with
the desorption of NH;. For the N 1s region, Figure S4d shows
negligible binding energy shifts, with values around 398.0 eV
across all samples, indicating that the chemical state of N in
FA remains largely unaffected. However, Figure 2f shows an
increase in the peak intensity of N 1s after NH; exposure,
followed by a decrease after recovery. This trend supports the

conclusion that the NH; molecules were chemisorbed onto
the FA;Sb,Bry surface and partially desorbed upon exposure
to air, which is consistent with the FT-IR results.

2.2 | Gas-Sensing Study of FA;Sb,Bry, Thin Films

Figure 3a shows the fully saturated transient response of the
FA;Sb,Bry thin film-based sensor upon exposure to 100 ppm
NH; under a constant bias voltage of 1 V. Upon NH; gas intro-
duction, the response increased rapidly and reached a stable sat-
uration region before gradually recovering to the baseline level
after switching back to air. The gas response (R = AI/(I; - L)/
L X 100 (%)) reached approximately 235% at 100 ppm NH; con-
centration, with response and recovery times of 13 and 289s,
respectively, calculated at the 90% threshold level. The observed
response amplification likely originates from enhanced p-type
carrier modulation induced by NH; incorporation in FA;Sb,Br,,
which will be discussed in detail later. The clearly defined and
repeatable switching behavior demonstrates the reversible inter-
action between NH; and the FA;Sb,Brg film, highlighting its
strong potential for reliable chemiresistive NH;-sensing
applications.

To systematically assess the NH;-sensing performance of the
FA;Sb,Bro-based sensor, dynamic response and recovery curves
were recorded for NH; concentrations ranging from 1 to 10 ppm
(Figure 3b). The sensor exhibited clear and distinguishable
responses even at low concentrations, with a consistent signal
increase and recovery trend for each NH; injection cycle.
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FIGURE 3 | Gas-sensing performance of the FA;Sb,Bry thin film-based NH; sensor under ambient conditions: (a) response-recovery curve to

100 ppm NH; at 1V bias. (b) Response-recovery curves at various NH; concentrations (1-10 ppm). (c) Linear calibration curve showing sensor response

versus NH; concentration. (d) Repeatability at 100 ppm NHs. (e) Long-term stability comparison between initial and 2-month-stored sensors (100 ppm
NH;, 20%-25% RH). (f) Selectivity against different gases (all at 100 ppm) including NH3;, MeOH, CH,4, NO, NO,, CO, and H,.
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Remarkably, the sensor demonstrated a detectable response at
1 ppm, suggesting a low limit of detection (LOD), with the poten-
tial for sub-ppm level (0.1-1.0 ppm) NH; detection. To quantify
this relationship, Figure 3c presents a calibration curve plotting
the sensor response as a function of the NH; concentration.
A strong linear correlation was observed (R*~ 0.99), indicating
that the response increases proportionally with NH; concentra-
tion in the tested range. This linearity, combined with high
sensitivity, excellent repeatability, and low LOD, highlights the
potential of FA;Sb,Brg as a promising candidate for quantitative
NH; sensing in practical environments. To further verify the
dynamic electrical sensing behavior, the corresponding raw
current-time transient curves measured under 40, 60, and
100 ppm NHj; are provided in Figure S5, Supporting Information.
The raw data clearly show stable baseline current characteristics,
distinct current increases upon NH; exposure, and gradual recov-
ery after air purging.

Repeatability is a crucial performance parameter for evaluating
the reliability of gas sensors for real-world applications. To assess
this, the FA;Sb,Brg-based sensor was subjected to eight consecu-
tive exposure-recovery cycles under 100 ppm NH; at room
temperature, and the corresponding dynamic response curves
are shown in Figure 3d. The sensor consistently exhibited sharp
response and recovery transitions with minimal variations in the
peak values and kinetics across cycles, confirming its excellent
repeatability and operational reproducibility. Figure S6 shows
the results of the repeatability test conducted at a low NH;
concentration (10 ppm). The sensor maintained a consistent
response amplitude of approximately 40% across five consecutive
cycles, further demonstrating its reliable performance even at
reduced analyte concentrations. These results collectively con-
firm the high reproducibility of the FA;Sb,Brg thin film-based
sensor under various NH; concentrations.

To further assess device reliability, long-term stability was inves-
tigated by storing the fabricated sensors in a desiccator under
ambient laboratory conditions (relative humidity: 20%-25%)
for 2 months. As shown in Figure 3e, the sensing response to
100 ppm NH; after storage retains approximately 97% of its orig-
inal response level when averaged over eight repeated cycles,
compared to the initial measurement. The overlapping response
profiles before and after storage demonstrated the high durability
and chemical stability of the sensor under ambient storage
conditions, which are essential for practical deployment in envi-
ronmental monitoring applications. Furthermore, to evaluate the
influence of moisture on the NHs-sensing behavior under
practical environmental conditions, additional sensing measure-
ments were conducted at different relative humidity levels rang-
ing from 0% to 60% RH at a fixed NH; concentration of 40 ppm
and 85°C. As shown in Figure S7, the sensor response gradually
increased with increasing humidity level, indicating that
moisture affects the NH;-sensing characteristics of the FA;Sb,Brg
sensor, likely through enhanced ionic interaction and charge
transport modulation under humid conditions.

A crucial requirement for practical NH; sensors is high selectivity
toward NH; over other interfering gases. To demonstrate the
selectivity of the FA;Sb,Bro-based sensor, its response to
100 ppm of various test gases was compared. These gases include
NH;, MeOH, CH,, NO, NO,, CO, and H,, as shown in Figure 3f.

The normalized response values for each gas were 1.00 for NHj;,
0.11 for MeOH, 0.33 for CH,4, 0.29 for NO, 0.65 for NO,, 0.52 for
CO, and 0.09 for H,. MeOH, CH,4, NO, and H, exhibited negligi-
ble responses compared to NH;. Although NO, and CO produced
relatively high responses, the signal for NH; was still approxi-
mately 20 times greater than that of the next-highest gas,
indicating a strong preferential response. These results demon-
strate that the FA;Sb,Bry thin film-based gas sensor possesses
excellent selectivity toward NH;, making it a promising candi-
date for targeted NH; detection in complex gas environments.
This excellent selectivity, along with the overall sensing perfor-
mance, was further underscored by comparison with other halide
perovskite-based gas sensors, as summarized in Table S1.

2.3 | Proposed Sensing Mechanism

Density functional theory (DFT) calculations were performed to
elucidate the sensing mechanism of FA;Sb,Bry toward NH;. Two
possible mechanisms were considered: (1) NH; molecule incor-
poration into the perovskite bulk and (2) surface adsorption
[30, 37]. In the bulk incorporation model, NH; was assumed
to substitute for an FA cation site, which has been identified
as a likely incorporation site in the literature [38]. In addition,
the splitting of the Br 3d XPS peak upon NH; exposure suggests
the incorporation of NH; at FA sites. The optimized atomic con-
figurations of FA;Sb,Bry with and without NH; substitution are
shown in Figure 4a. The electronic band structure and projected
density of states (PDOS) of the pristine FA;Sb,Brg are shown in
Figure 4b. The valence band is primarily composed of Br 4p orbi-
tals, whereas the conduction band arises from the hybridization
of the Sb 5p and Br 4p states. After NH; incorporation, as shown
in Figure 4c, the Fermi level shifts below the valence band maxi-
mum (VBM), indicating the introduction of hole states and the
formation of p-type doping behavior. The defect level formed
below the VBM acted as an acceptor state capable of capturing
valence electrons, thereby facilitating hole generation. This indi-
cates that NH; substitution at the FA site effectively acted as a
p-type dopant. These findings are consistent with previous
reports that Sb-based bromide perovskites inherently exhibit
p-type conductivity owing to native defects [39].

To verify the enhancement of p-type doping upon NH; incorpo-
ration, contact potential difference (CPD) measurements were
conducted using Kelvin probe force microscopy (KPFM) under
dark conditions. CPD is defined as the difference in work func-
tion between the atomic force microscopy (AFM) tip and the
sample surface and serves as an indirect indicator of the surface
electronic properties [34, 40]. Figure 5 shows the topography and
CPD measurements of pristine, NH;-exposed (100 ppm), and
recovered films. As shown in the AFM images (Figure 5a-c),
NH; exposure transforms the voids into a flower-like pattern,
which is consistent with the SEM results. The film roughness
increased from that of the pristine sample to that of the recovered
samples (Figure 5g). The CPD maps (Figure 5d-f) reveal a sub-
stantial drop in the average CPD values after NH; exposure
(Figure 5h), indicating a downward shift in the Fermi level
relative to the AFM tip. This shift is consistent with the increased
p-type character at the surface owing to NHj-induced
doping. These experimental findings corroborate the DFT simu-
lation results discussed earlier and are supported by previous
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FIGURE 4 | DFT calculations illustrating the proposed NH;-sensing mechanism of FA;Sb,Bry: (a) optimized atomic structures of pristine (left)
and NH;-incorporated (right) FA;Sb,Brg, where NH; substitutes a FA site. Electronic band structure and PDOS of (b) pristine FA;Sb,Bry and
(c) NH;-substituted FA;Sb,Br. Er indicates the Fermi level. The inset of (c) represents the charge-density distribution of the defect state.
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FIGURE 5 | Morphology and KPFM characterization of FA;Sb,Br thin films under dark conditions. (a)-(c) AFM topographic images of pristine,
NH;-exposed (100 ppm), and recovered films. (d)-(f) Corresponding CPD maps obtained by KPFM. (g) Surface roughness and (h) average CPD values
for each film (error bars represent standard deviations).
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reports [41, 42]. We notice that the recovered film exhibited a
higher CPD value than the pristine film, which may be attributed
to irreversible (or kinetically sluggish) changes in the surface
morphology and microstructure left in the film, aligning with
the absorption and other spectroscopy data. Interestingly, the
recovered film exhibited a higher CPD value than the pristine
film, which may be attributed to irreversible changes in the sur-
face morphology and microstructure. This observation aligns
with the differences observed in the UV-visible absorption
and SEM results, suggesting that although partial recovery
occurs, the postexposure film does not fully revert to its original
state [42].

Although the dark KPFM results, together with the DFT calcu-
lations, indicate that NH; incorporation induces p-type doping,
photogenerated carriers could, in principle, also alter the surface
potential and influence CPD values. To exclude this possibility
and confirm that the observed CPD shift originates solely from
chemical interactions, light-dependent CPD measurements were
performed using KPFM as a control experiment. As shown in
Figure S8, a series of AFM and KPFM measurements were con-
ducted under three different illumination conditions: dark, red
LED (620 nm), and blue LED (490 nm). Under red and blue light
irradiation, no significant changes in the CPD values were
observed for any of the samples (pristine, NH;-exposed, or recov-
ered) compared with the measurements obtained under dark
conditions. This absence of CPD modulation under photoillumi-
nation suggests that photogenerated carriers do not significantly
contribute to the surface potential modulation in these films.
Therefore, the light-induced doping mechanism can be ruled
out. These results strongly support the conclusion that NHj
incorporation is responsible for the observed p-type doping
behavior, reinforcing the view that NH; acts as a chemical dopant
rather than an optical trigger, thereby enhancing the hole density
through chemical interactions with the film matrix. To facilitate
quantitative comparison, the average CPD values under dark, red
LED, and blue LED illumination conditions were extracted
(Figure S9). Across all measurement conditions, no significant
variation in the CPD was observed for any of the films.

The electrical behavior associated with the NH;-induced doping
was further investigated by conductive AFM (CAFM) performed
under dark conditions with an applied bias of +3 V. As shown in
Figure S10, the current sharply increases from pA to nA on the
NH;-exposed film and then decreases to its initial level upon
recovery. These results provide direct nanoscale evidence of
the enhanced hole conductivity induced by NH; exposure, sup-
porting the proposed p-type doping mechanism. The reversible
change in the local current response further demonstrates that
the conductivity modulation is chemically triggered rather than
permanent, which is in line with the bulk doping behavior
inferred from DFT calculations and CPD measurements.

Conversely, to examine the second sensing mechanism involving
NH; surface adsorption, the DFT calculations were conducted for
three representative surface terminations of FA;Sb,Bry: SbBr,
FA, and vacancy termination. In each case, NH; molecules were
adsorbed onto the surface and the resulting electronic band
structures were compared with those of the pristine surfaces
(Figure S11). No significant changes were observed near the
conduction band minimum or valence band maximum after NH;

adsorption. The bandgap remained nearly unchanged across all
surface configurations upon NH; adsorption. These results indi-
cate that NH; surface adsorption does not notably affect the elec-
tronic structure or carrier concentration and is therefore unlikely
to contribute substantially to the sensing behavior. This finding
supports the conclusion that the primary sensing mechanism in
FA;Sb,Bry, arises from the bulk incorporation of NH;, rather than
surface adsorption.

3 | Conclusion

This study highlights the potential of FA;Sb,Bry thin film-based
sensors, a novel and Pb-free material that has not been previously
reported for the detection of NH; gas. The sensors exhibited a
significant increase in current upon NH; exposure, with a calcu-
lated gas response (R) of 235% at 100 ppm, and demonstrated
rapid response and recovery times of 13 and 289 s, respectively.
Excellent repeatability was confirmed through consistent
response and recovery over multiple cycles. Furthermore, the
sensors demonstrated a low LOD, indicating their capability to
detect NH; at a concentration of approximately 1 ppm. The linear
relationship between the NH; concentration and sensor response
underscores its suitability for quantitative gas-sensing applica-
tions. Selectivity tests revealed that the FA;Sb,Bry sensors had
a significantly higher response to NH; than to other gases such
as MeOH, CH,, NO, NO,, CO, and H,, highlighting their specific
responsiveness to NH;. Long-term stability tests indicated that
the sensors retained approximately 97% of their initial perfor-
mance after 2 months of storage under ambient conditions,
demonstrating excellent durability and reliability. Overall, the
FA;Sb,Bry thin film-based sensors utilizing a novel material
exhibit high sensitivity, excellent selectivity, and robust long-
term stability for NH; detection, making them promising candi-
dates for practical gas-sensing applications. In addition, valuable
insights into the sensing mechanism were provided by DFT cal-
culations, which were employed to support the experimental
findings and confirm the role of NH;-induced p-type doping
as the dominant sensing pathway.

4 | Experimental Section
4.1 | Materials

Formamidinium bromide (FABr) was purchased from Greatcell
Solar (Queanbeyan, Australia). Antimony(III) bromide (SbBrj,
99%) was purchased from Alfa-Aesar (Haverhill, MA, USA).
N,N-Dimethylformamide (DMF, 99.8%) was purchased from
Sigma-Aldrich (Burlington, MA, USA).

4.2 | Preparation of FA;Sb,Br, Precursor Solution

An FABr-SbBr; (FABr:SbBr; molar ratio of 3:2) solution was
prepared using DMF. The precursor concentration was 0.5 M.
The precursor solution was stirred at 70°C for approximately
1h until it was completely dissolved in a clear yellow solution.
The dissolved solution was filtered using a 0.45pm pore size
PTFE filter before deposition of perovskites films.
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4.3 | Fabrication of FA;Sb,Br,-Based NH;
Gas Sensor

The glass substrates were sequentially washed with acetone and
isopropanol in an ultrasonic bath for 10 min in each solvent. The
washed substrates were dried in an oven for 5 min and subjected
to UV-ozone treatment for 10 min. The preparation process of
the FA;Sb,Br, thin film is illustrated in Figure la. The prepared
FA;Sb,Bry solution was spin-coated onto washed glass substrates
at 2000 rpm for 60 s. The FA;Sb,Br, film was annealed at 150°C for
10 min, and the resulting thin film was observed at the right end of
the hot plate (Figure 1a). The devices were fabricated via thermal
evaporation, utilizing a finger mask, and depositing a layer of Au
(approximately 80 nm) on the thin films as the electrode.

4.4 | Characterization

All structural and spectroscopic characterizations presented in
Figure 2, including SEM, XRD, UV-visible absorption, FT-IR,
and XPS analyses, were performed ex situ after controlled
NH; exposure and recovery treatments. For the preparation of
NH;-exposed samples, the FA;Sb,Bry thin films were exposed
to 100 ppm NH; gas at a flow rate of 500 sccm at 70°C for 60 s
in a sealed chamber prior to ex situ characterization. The recov-
ered samples were obtained by subsequently exposing the NH;-
treated films to high-purity air at the same flow rate and temper-
ature for 500 s prior to characterization measurements. For char-
acterization, NH;-exposed FA;Sb,Br, thin films were subjected
to a flow rate of 500 sccm, cm ™ min™" of 100 ppm NHj; gas in
a chamber at 70°C for 60 s. The recovered FA;Sb,Brg thin films,
previously exposed to NHj at a flow rate of 500 sccm of high-
purity air, were aerated in the chamber at 70°C for 500s. The
images of the NHs-exposed and recovered films are shown in
Figure 1b. The surface morphologies and elemental distributions
of the FA;Sb,Br, films were analyzed using SEM (JSM-6610LV,
JEOL, Tokyo, Japan) combined with EDS. XRD patterns were
obtained using an X-ray diffractometer (Empyrean, PANalytical,
Malvern, UK; Cu Ka radiation source at A = 1.54 A) under a
voltage of 40kV and current of 40 mA in a 2° angle range
of 10°-60°. The UV-visible absorption spectra were recorded
using a UV-vis-NIR spectrophotometer (Cary 5000, AGILENT
Technologies, Santa Clara, CA, USA). The infrared spectra of
the samples were recorded using FT-IR (Nicolet iS10, Thermo
Scientific, Waltham, MA, USA) spectroscopy. XPS was conducted
with a modified XPS system (ESCALab MK II, VG Scientific,
Conroe, TX, USA) and an Al Ka X-ray source (1486.6eV) at a
high voltage of 14kV and a beam current of 30 mA.

The gas-sensing performance of the FA;Sb,Bry thin film-based
sensor was evaluated using a gas-sensing setup equipped with
a chamber (VPX-G400, WIT) with both inlet and outlet valves.
NHj; gas and high-purity air were injected into the chamber using
a mass-flow controller (GMC1200, ATOVAC, Gyeonggi-do,
Korea). The sample was mounted on a stage holder within the
chamber and connected to a source meter (Keithley 2450
SMU) interfaced with a computer. The sensing properties of
the perovskite samples were evaluated by exposing them to
NH; gas mixed with air. Current measurements were performed
using a source meter interfaced with a computer, with the sensor
operating at 70°C under a bias voltage of 1 V. The concentrations

of gases used to evaluate the selectivity of the gas sensor, such as
methanol (MeOH), methane (CH,), NO,, CO, and hydrogen (H,),
were 100 ppm and were extracted from the gas cylinders. The
current variation in the FA;Sb,Bry thin film-based sensor was
measured after exposure to different concentrations of NHj;
between 1 and 100 ppm. To demonstrate the repeatability of
the gas sensor, current values from multiple cycles were mea-
sured under the same NH; concentration and measurement con-
ditions. Long-term stability was investigated by examining the
responsiveness of the device several months after manufacturing.

Gas response (R) was defined as R= AI(I; — IL)/Li X 100 (%),
where I, and I, indicate the current in real-time and in air,
respectively. The response and recovery times were defined as
the times required for the sensor to achieve 90% of the total cur-
rent change during adsorption and desorption, respectively.

The AFM system, specifically the AIST-NT SmartSPM1000
model, was utilized to perform KPFM and CAFM measurements.
All the KPFM measurements were performed using a platinum-
coated AFM tip (HQ:NSC35/Pt). The resonance frequency of the
tip was 150 kHz, with a force constant of 5.4 N/m. A controlled
N-filled chamber was used to reduce the effects of the external
environmental factors. Each sample was cleaned under a N stream
before the experiment to remove external contamination. A small
0.7 Hz scanning rate was used to achieve a high resolution of the
images and to minimize artifacts from the samples. For the light
measurements, two external LEDs (blue and red) were used with
the same illumination value. The LEDs were mounted at an angle
of 30° to avoid any shadows from probes on the samples. Different
areas of each sample were scanned to verify the reproducibility
and authenticity of the analyses. A platinum-coated AFM tip
(HQ:NSC38/PT) with a force constant of 5.4 N/m was used for
the CAFM measurements in the contact mode. A small nanoforce
of a few nano newtons (nN) was used to ensure that the tip and
sample surface were in consistent contact. All measurements were
performed in the dark by applying a +3V bias voltage to ensure
data consistency. All measurements were carefully monitored to
ensure consistent experimental conditions and enhance reliability
by examining multiple regions of the same sample.

4.5 | Computational Method

Spin-polarized DFT calculations were performed using the
Vienna Ab-initio Simulation Package with the projector-
augmented wave pseudopotential to represent core-valence
interactions [43]. Geometry optimization was conducted by
employing the generalized gradient approximation with the
Perdew-Burke-Ernzerhof functional [44]. Van der Waals effects
were considered using Grimme’s D3-dispersion correction [39].
A plane-wave basis set with a cutoff energy of 300 eV was used.
The convergence criteria for energy and force were set to 107> eV
and 0.02eV/A, respectively. For Brillouin zone integration, we
sampled a I'-centered 4 x 4 x 4 k-point grid.
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