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Exploring Optical Sensing Mechanisms in Metal Halide
Perovskites for Hydrogen Gas Detection

Jorge Arteaga and Sayantani Ghosh*

Metal halide perovskites (MHPs) are emerging as promising candidates for
gas sensing due to their tunable optoelectronic properties, room temperature
operation, and scalable fabrication. In this work, hydrogen (H,) sensing
capabilities of methylammonium lead iodide (MAPI) thin films via
photoluminescence (PL) spectroscopy is investigated. MAPI films
demonstrate a consistent and rapid PL intensity response in a matter of
seconds upon exposure to H,, characterized by an initial increase followed by
a decay below baseline, which recovers in ambient air. This reversible
behavior is preserved over multiple cycles over an hour, indicating reusability.
The magnitude and duration of the PL response vary with H, concentration,
demonstrating the sensor’s ability to detect not only presence but also
quantity of gas. Control experiments using encapsulated films confirm
specificity to H,, and X-ray Diffraction (XRD) analysis confirm the interaction
does not cause any significant crystallographic changes. Further analysis with
thinner films and mixed-halide compositions suggests that both surface and

bulk interactions, as well as defect-mediated processes, contribute to sensing.

This study establishes MAPI as a viable optical sensor for H, gas with fast
response, sensitivity to concentration, and potential for low-cost

sources like solar or wind,>=*! which fur-
ther helps reduce dependence on fossil
fuels and supports global efforts to cut
greenhouse gas emissions.[®!

Despite these advantages H, poses sig-
nificant safety challenges. It is odor-
less, colorless, and highly flammable, ]
with a broad explosive range (4%-75%
in air) and extremely low ignition en-
ergy (0.02 mJ]).®l H, is typically stored
and transported in one of three forms:
compressed gas, cryogenic liquid, or
chemically bound in materials such as
metal hydrides.¥ Compressed hydro-
gen is stored under high pressure (typ-
ically 350-700 bar), while cryogenic hy-
drogen is liquefied at extremely low
temperatures (—253 °C)."! These meth-
ods, especially under high pressure or
extreme cold, add complexity to sys-
tem design and increase the risk of
leaks due to material degradation, micro-

implementation.

1. Introduction

Hydrogen (H,) is a versatile energy carrier capable of storing,
transporting, and delivering energy cleanly,['-*] emitting only wa-
ter upon combustion or electrochemical conversion.l?! Due to its
potential to decarbonize multiple sectors ranging from industrial
processes to transportation and power generation, H, is a corner-
stone of future sustainable energy systems.[*! Additionally, hy-
drogen can be produced via electrolysis powered by renewable
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cracks, or seal failures.[') Additionally, its

small molecular size allows it to diffuse

through many common materials,"!! fur-

ther exacerbating the risk of undetected
leakage. These storage and transportation conditions amplify
the need for sensitive, rapid, and reliable detection technolo-
gies. Conventional sensors such as thermal or electrochemical
ones can face challenges, which include slow response under
low concentrations, high power consumption, or instability in ex-
treme environments (e.g., cold temperatures, high humidity, or
variable pressure).l'!l Furthermore, in applications like fuel cell
vehicles or aerospace systems, real-time and localized sensing
is critical,l?! and room-temperature optical sensors likely offer
safer and more adaptable alternatives.

Metal halide perovskites (MHPs) have an ABX; crystal struc-
ture, where A is a monovalent cation, commonly methylammo-
nium (MA), formamidinium (FA), or cesium (Cs), B is a bivalent
cation such as lead (Pb) or tin (Sn), and X is a halide (Cl-, Br~,
or I7).[13-20l MHPs possess exceptional optoelectronic properties
such as high absorption coefficients,!**! tunable bandgaps,'®! and
long carrier diffusion lengths.'”] Originally studied for photo-
voltaic and light-emitting applications,['®-2°) MHPs are now be-
ing explored as gas sensors!?'?’] due to their defect-sensitive
photoluminescence (PL), ambient operation, and facile solution-
processable fabrication. Recent work has demonstrated the via-
bility of MHPs in detecting a variety of analytes. MAPbBr; sin-
gle crystals?1?2] and CsPbBr; quantum dots(?*] have been used
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Figure 1. A) Schematic of experimental set up. BBW: Broadband window; MAPI: sample film; OB|: Objective. B) PL intensity as a function of emission
wavelength and time for unencapsulated MAPI thin film. Duration of H, exposure is indicated by the dashed lines and double-headed arrows. C)
Unencapsulated MAPI film intensity tracked with repeated H, exposure over 50 min. D) Control measurement using an encapsulated MAPI film. Duration

of H, exposure is indicated by the dashed lines and double-headed arrows.

to optically detect ammonia (NH;), while MAPbI; films have ex-
hibited chemiresistive behavior in the presence of NO,.[?*] Mixed
halide and double perovskites such as CsBiAgBr, have been ap-
plied in humidity sensing,?°! leveraging changes in resistivity.
These findings underscore the materials’ flexibility and poten-
tial for chemical tuning to improve selectivity and sensitivity. In
the context of hydrogen detection, most studies involving MHPs
have focused on electrical sensing modalities, such as the use of
mixed-conducting perovskite oxides for electrochemical hydro-
gen detection in solid-state sensor platforms,?®! and the demon-
stration of chemiresistive hydrogen sensors based on halide per-
ovskite films,!?”) which exhibit measurable conductivity changes
upon gas exposure. These systems, while promising, typically op-
erate in environments requiring precise voltage control and may
suffer from long-term stability challenges due to ion migration!?8!
and environmental degradation.!*) Optical sensing offers several
advantages, including contactless measurement, ambient opera-
tion, and immunity to electromagnetic interference,**) making it
especially attractive for applications in aerospace, automotive fuel
systems, and cryogenic hydrogen storage,['?! where non-intrusive
and rapid detection is critical.
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This work addresses this gap by demonstrating that MAPI thin
films exhibit a distinct and repeatable PL response when exposed
to H, gas, highlighting the potential of perovskite-based materi-
als as reusable, room-temperature optical sensors capable of de-
tecting hydrogen presence and concentration with high temporal
resolution.

2. Results and Discussion

MAPI thin films were fabricated via spin coating and anneal-
ing following established procedures,*!! detailed in the Experi-
mental Section. Data in the following sections are acquired from
MAPI films annealed at 90 °C. Figure 1A illustrates the experi-
mental setup used to study the optical response of the thin films
upon exposure to H,. The sample (MAPI) is mounted inside a
customized gas flow cell, with a transparent broadband window
(BBW) to allow for optical access. A collimated light source, di-
rected through an objective (OB]), excites the MAPI film, and
the resulting PL emission is collected in reflection and recorded
as the output signal. Hydrogen gas is introduced from the front
end of the chamber (“H, In”) at the rate of 3 L min~!, which al-
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lows us to fill the gas chamber in 18 s, and is allowed to exit from
the back (“H, Out”). This design allows real-time monitoring of
the PL response under controlled H, flow conditions.

2.1. Reversible PL Response to H, Exposure

Figure 1B tracks PL emission spectra of a MAPI film over time,
and the period between the dashed lines (also indicated by the
double-headed arrow) is when the flow cell is filled with H,. The
sample showed a spike in PL emission intensity that quickly ta-
pered off to below the initial value. Upon releasing H,, the PL
emission intensity recovered. To determine the repeatability of
the response, we cycled between H, and ambient air at 5 min in-
tervals, as shown in Figure 1C. The noted response of MAPI to
H, was repeated each cycle, with an initial spike in emission in-
tensity that quickly decayed. The behavior during periods without
H, flow was also consistent, with the emission intensity recover-
ing back to the initial intensity. This behavior is also observed in
MAPI films annealed at other temperatures (Figure S1, Support-
ing Information). For control, we repeated the measurements
with a MAPI film that had been encapsulated in Dow-Corning
space-grade encapsulant DC 93-500, a low outgassing silicone
elastomer typically used to encapsulate electronics in aerospace
applications. As seen in Figure 1D, the encapsulated MAPI film
produced no response to the introduction of H, gas, confirming
that the intensity change seen before is caused by the H, interact-
ing with MAPI and is not simply the result of a shift in alignment
caused by gas flow.

To further test the repeatability, we cycled H, and ambient air
flow at 1 min intervals for 10 cycles in Figure 2A, followed by an
hour’s gap, when the film was left in ambient air, before repeat-
ing the measurement for another 5 cycles. The same response
was seen, although after the break, the starting emission inten-
sity for each cycle was beginning to reduce. We plot the integrated
PL intensity with time in Figure 2B where the shaded regions in-
dicate H, presence and observe that the PL intensity exhibits a
distinctive rise-and-fall profile. A more detailed look at the na-
ture of this response in the inset reveals that the PL increases
almost immediately when H, flow is initiated. This suggests a
fast interaction between H, molecules and the MAPI film sur-
face, likely via adsorption, and indicates that surface states or
shallow trap passivation may be involved, briefly enhancing ra-
diative recombination.’®] This increase is not persistent and
tapers off to a level below the original baseline. This decay hap-
pens over tens of seconds and appears to stabilize before the end
of the 1 min exposure window, which suggests that continued
exposure leads to deeper interactions between H, and the film,
likely penetration into the bulk, or interaction with deeper trap
states. While we tentatively attribute these trap states to iodide
vacancies based on prior literaturel>*3%] and the suppressed PL
response observed in mixed-halide films (Figure S3, Supporting
Information), conclusive identification of the underlying defects
would require additional techniques such as XPS, EPR, or DFT
modeling, which are outside the scope of this optical study. These
interactions likely enhance non-radiative recombination, leading
to a net PL quenching effect. Once H, flow is stopped and am-
bient air is reintroduced, the PL intensity gradually returns to
baseline, completing a reversible cycle.
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Figure 2. A) PL map of H, cycling on and offin T min intervals, followed by
a 1h break and resumption of measurements. B) Integrated PL intensity
plotted with time. Inset: Details of PL profile over one cycle.
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Figure 3. PL intensity for MAPI exposed to H,-N, gas mixture for the en-
tire interval starting at 0 min, for different proportions of H,. Inset: Same
data highlighting the first 0.5 min when gas flow begins.

2.2. Concentration-Dependent Sensing Behavior

To evaluate the sensitivity of MAPI thin films to varying concen-
trations of H, gas, we performed a series of measurements un-
der controlled exposure to H, diluted in N,. The gas flow cell was
flushed and then filled with gas mixtures containing different vol-
ume percentages of hydrogen in nitrogen, and the PL response
recorded over an hour, going beyond the transient measurements
performed so far. As shown in Figure 3, the PL intensity exhibits
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a clear, concentration-dependent response. Upon the introduc-
tion of each gas mixture at time “0”, the PL intensity increases as
expected with the peak magnitude scaling with hydrogen concen-
tration, discernible more clearly in the inset to Figure 3. Notably,
higher concentrations of H, produce a more prolonged initial PL
enhancement. Following this increase, the PL intensity decays
gradually toward a new steady-state level as the flow cell remains
sealed. The rate and extent of this decay are also concentration de-
pendent, with higher concentrations lead to slower decay kinetics
and a higher final PL baseline. With this concentration-scaling
behavior in the inset, we demonstrate that MAPI thin films can
serve as optical hydrogen sensors capable of detecting not only
the presence of H, but also providing a quantitative estimate of
its concentration, all while operating at room temperature and
without rapid irreversible degradation.

The dynamics of the PL intensity response upon hydrogen ex-
posure reveal clear concentration-dependent trends that offer fur-
ther insight into the sensing mechanism. For all tested concen-
trations, PL reaches its peak within 4 s of gas exposure, indicat-
ing a rapid onset of interaction, likely via surface adsorption. The
magnitude of the PL peak increases systematically with concen-
tration, doubling between the lowest and highest H, concentra-
tions, consistent with a higher density of accessible interaction
sites or greater trap filling at elevated gas levels. The subsequent
decay behavior, analyzed using bi-exponential fits, reveals two
distinct pathways (Table S1, Supporting Information): a fast de-
cay component likely associated with shallow traps, and a slower
decay that reflects deeper or more persistent interactions. At 33%
an amplitude-weighted average lifetime of 1.5 min. As the hy-
drogen concentration increases, both components lengthen sub-
stantially, with average lifetimes of 16 min at 66% H, and nearly
100 min at 100% H,. Together, these results support a biphasic
sensing mechanism in which the initial, reversible PL enhance-
ment is followed by a slower, dose-dependent evolution of recom-
bination dynamics. To estimate the limit of detection (LOD) for
this sensor under our current optical configuration, we applied
the standard 36 /S criterion, where o is the standard deviation of
the baseline (air-only) signal and S is the sensitivity at low H,
concentrations. Using the 33% H, dataset, we obtained a base-
line noise of ~12664 counts and a sensitivity of ~1341 counts
per % H,, yielding an LOD of ~28.3% H,. While this value re-
flects strong modulation at higher concentrations, the optical
readout could be further optimized to improve low-dose detec-
tion, for example via signal averaging, lock-in detection, or pre-
concentration approaches.

Hydrogen gas sensors employ!"'?] a variety of mechanisms,
including catalytic, electrochemical, resistive, and mechanical.
Each have their unique advantages and limitations. Catalytic sen-
sors detect the heat released from H, oxidation on a catalyst sur-
face and are known for their robustness and simplicity,*®! though
they typically exhibit slow response times (=8 s) and poor se-
lectivity, particularly to carbon monoxide and other combustible
gases.l’”] Electrochemical sensors, which rely on charge trans-
port changes at an electrode, can detect concentrations down
to 40 ppm and operate at low power.*®] However, their narrow
temperature range and cross-sensitivity to other gases can be
limiting.[*] Resistive sensors using semiconducting metal ox-
ides are valued for their high sensitivity (down to 10 ppm) and
fast response times (4-20 s(!24%), but they require high operat-
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ing temperatures (180-450 °Cl*!l) and are vulnerable to humidity
and pressure variations.[*>*] Mechanical sensors, which exploit
volume changes in materials upon H, uptake (e.g., lattice expan-
sion in palladium), are advantageous for use in explosive environ-
ments due to their passive operation,!** but typically suffer from
long response times (> 90 s,]). In contrast, the MAPI-based
optical sensor developed in this study operates at room tempera-
ture, is contactless and bias-free, and shows a distinct photolumi-
nescence response within seconds of H, exposure. While its cur-
rent detection limit (~28% H,) is higher than many commercial
alternatives, its rapid reversibility, structural stability, and poten-
tial for miniaturization and remote sensing make it a compelling
platform for applications such as cryogenic storage and aerospace
systems, where fast, low-power, non-intrusive monitoring is crit-
ical.

2.3. Spatial Inhomogeneity and Persistent Optical Effects

The concentration dependent data additionally highlighted the
longevity of PL change driven by continued exposure to H,. To
investigate further, we performed spatially resolved PL mapping
to assess how H, exposure affects other spectral aspects, includ-
ing both the emission peak wavelength and the recombination
lifetimes, before, during, and after H, exposure. Additionally, in
contrast to the rapid-scan data in Figure 1 and Figure 2, these spa-
tial maps are acquired over a longer time interval (%25 min each)
and represent quasi-steady-state snapshots during each condi-
tion. It is important to note that the measurements in Figure 2
and Figure 3 reflect continuous time-dependent photolumines-
cence (PL) intensity tracking under constant illumination, not
time-resolved photoluminescence spectroscopy (TRPL). These
experiments monitor changes in the steady-state emission inten-
sity as a function of hydrogen exposure time. In contrast, TRPL
measurements discussed later (Section 2.3) use pulsed excitation
to extract carrier recombination lifetimes. While both methods
are time-resolved in different senses, they probe distinct aspects
of the system: PL tracking reveals dynamic optical responses to
environmental changes, whereas TRPL provides insight into in-
trinsic recombination kinetics. Figure 4A-C display 2D maps of
the emission intensity, peak wavelength () and charge carrier
lifetime (7), respectively, measured across the same area of the
film at each of the three timepoints. Figure 4D-F provide statisti-
cal boxplots summarizing the spatial distributions of the data in
these maps. The emission intensity and A are extracted from PL
spectra, while 7 is calculated from TRPL curves (Figure S3, Sup-
porting Information) fit with bi-exponential decay functions I,; =
A, exp (- t/7,) + A exp (— t/z,), where 7, and r, are the fast and
slow time scales, respectively, representing two different routes
for recombination.[*?] From the fit, an average lifetime 7 is calcu-
lated as follows: 7 = A;7} + A,77 /(A;7; + A,7,). Upon H, expo-
sure, the PL maps show a modest increase in emission intensity,
a consistent blueshift in peak wavelength (4), and a rise in life-
time (7), all distributed heterogeneously across the scanned area.
Notably, none of these parameters return to baseline after re-
exposure to ambient air, indicating that hydrogen induces semi-
persistent changes. These maps, acquired more slowly than prior
measurements, reflect the equilibrated optical state and confirm
shifts in median values and broadened distributions.
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Figure 4. Spatially-resolved PL maps of a MAPI sample over the same 1.5 x 1.5 mm? area before (pre), during and after H, exposure, showing the A)
emission intensity, B) peak emission wavelengths (1) and C) recombination lifetimes. The data distribution from these maps displayed in D—F) where
the whiskers indicate one standard deviation, and the horizontal lines are the median values.

In particular, the recombination lifetime component 7, ex-
tracted from TRPL data increases noticeably upon hydrogen ex-
posure and does not fully return to baseline even after ambi-
ent recovery. Since 7, is typically associated with trap-assisted
recombination,**~*8] this increase suggests that H, interacts with
deeper trap states, potentially by diffusing into the bulk and al-
tering defect distributions. In contrast, r; remains largely un-
changed, indicating that shallow trap-mediated recombination is
less affected by prolonged H, presence. These observations re-
inforce the biphasic sensing mechanism inferred from steady-
state PL behavior (Figure 3), which indicate a rapid passivation of
shallow traps at the surface, followed by slower hydrogen interac-
tion with bulk or deep-level defects. In MHPs, shallow trap states
are typically associated with surface defects or halide vacancies
located near the conduction or valence band edges.[*~*¥] These
traps can transiently capture carriers but are often passivated by
adsorbed molecules such as hydrogen, leading to reversible PL
enhancement. In contrast, deeper trap states lie farther from the
band edges and are more strongly associated with long-lived non-
radiative recombination. These may arise from bulk defects, un-
dercoordinated ions, or degradation byproducts.[*”) The fast and
slow decay components observed in our TRPL data (r, and 7,, re-
spectively) are interpreted as signatures of these two distinct trap
populations.

In Figure 5 we track the evolution of the recombination life-
time of a MAPI film over 3 h of monitoring, where the lifetimes
are extracted from TRPL maps over 1.5 x 1.5 mm? of the film.
The gray box indicates lifetimes of the film prior to H, exposure,
red ones correspond to intervals when the chamber is filled with
H, and sealed, while the blue boxes represent periods under am-
bient air after H, is released. There is a clear enhancement of
recombination times initially as MAPI is exposed to H, but by
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Figure 5. Recombination lifetime data obtained from PL maps before
(pre), during and after H, exposure, when the exposure period is two
hours. The whiskers indicate one standard deviation, and the horizontal
lines are the median values.

90 min during the same interval the median lifetime is close to
the pre-exposure value, and persists there once H, is released.
While Figures 2 and 4 demonstrate reversible PL modulation
over short cycles, longer exposure studies reveal partial persis-
tence in both PL intensity and carrier lifetimes. Notably, the me-
dian lifetime increases during hydrogen exposure in Figure 5,
but returns close to the baseline only after 90 min, suggesting de-
layed equilibration. Furthermore, the steady decline in baseline
PL intensity observed in repeated cycling (Figure 2B) suggests
cumulative effects, potentially due to progressive trap formation
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Figure 6. XRD data A) before and B) after H, exposure. C) Comparison of
PL emission intensities for two MAPI films of different thicknesses. (inset)
PL profile enlarged over first two H, cycles.

or redistribution. These results point to incomplete reversibility,
especially in the deeper trap population reflected by z,.

2.4. Crystallographic Robustness and Film Thickness
Dependence

While the spatial PL maps indicate hydrogen-induced modula-
tion of optical properties across the film, we next turn to struc-
tural characterization to assess whether these changes are ac-
companied by any permanent alterations to the crystallographic
framework. We conducted X-ray diffraction (XRD) measure-
ments before and after H, exposure, as shown in Figure 6A,B,
respectively. The diffraction patterns in both display the expected
peaks of the tetragonal MAPI phase, with no observable peak
shifts, broadening, or emergence of new reflections, confirming
that the crystal structure remains intact, and that H, exposure
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does not induce decomposition or phase transitions. To evaluate
whether strain might contribute to the observed PL blueshift in
Figure 5B,E, we calculated the lattice parameters using the (110)
and (202) reflections. The extracted values for the exposed film
(@ =Db=0.8674 nm and c = 1.2975 nm) are consistent with the
unexposed sample and reported values for tetragonal MAPL.[5
The absence of measurable peak shifts indicates that lattice ex-
pansion does not play a significant role, and that the blueshift is
more likely due to surface defect passivation or electronic redistri-
bution. However, a closer inspection reveals subtle changes in the
relative intensities of the diffraction peaks. Specifically, while the
(110) peak at 14.1° remains the dominant reflection in both cases,
its intensity relative to the (220) peak at 28.4° shifts from ~2.6:1
in the pristine film to 2.2:1 after H, exposure, indicating a #15%
decrease in this peak ratio. Similarly, the (310)/(110) intensity ra-
tio changes from ~0.85 to ~1.05, reflecting a relative increase in
higher-order reflections post-exposure. These changes in peak in-
tensity ratios suggest a modification in the preferred orientation
of the crystalline grains, rather than any bulk structural trans-
formation. Such reorganization may result from surface-level in-
teractions between hydrogen molecules and MAPI grain bound-
aries or defect-rich crystallographic planes, possibly mediated by
hydrogen adsorption or shallow trap passivation. Given the re-
versibility of the optical (PL) response and the unchanged peak
positions, these intensity ratio shifts likely reflect subtle reorien-
tation or strain relaxation effects at the microstructural level,>!]
which are non-destructive but detectable.

To probe whether the optical response is governed solely by
surface effects or includes bulk contributions, we compared the
PL response of MAPI films with two different thicknesses. As
shown in Figure 6C, the 800 pym film displays a significantly
stronger PL modulation upon H, exposure than the 500 um one.
This indicates that the effect of H, on MAPI is not confined to
surface interactions alone but likely involves diffusion into the
film and modulation of bulk defect or trap states. We also ex-
amined how change in halide composition influence the sens-
ing response and found that PL response of a mixed-halide film
(MAPDCL]I,,) upon H, exposure is notably reduced compared
to the PL modulation observed in pure MAPI films (Figure S2,
Supporting Information). This suppression in the PL response
supports the idea that iodide vacancies or iodide-mediated defect
states may play a key role in the sensing mechanism.

2.5. Trap Dynamics and Sensing Mechanism

Across all measurements, the characteristic signature involves a
rapid increase in PL intensity followed by a decay below base-
line during prolonged exposure, with partial recovery upon rein-
troduction of ambient air. This biphasic PL evolution implies a
two-stage modulation of trap populations: initial passivation of
shallow traps and subsequent activation of deeper, possibly bulk-
localized, defect states.

The initial intensity spike upon H, introduction is consistent
with the passivation of surface-related non-radiative recombina-
tion centers,3231 likely iodide vacancies,3*3%] by physiosorbed
H,. When neutralized, these shallow traps reduce non-radiative
losses and temporarily increase radiative efficiency, as supported
by spatial PL maps in Figure 4, showing localized intensity en-
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hancements and modest wavelength blueshifts under H, flow.
Additionally, Figure 2 (and its inset) highlights the immediacy of
this PL enhancement, further reinforcing the rapid surface-level
interaction. Critically, control measurements performed on en-
capsulated MAPI films (Figure 1D) show no response to hydro-
gen exposure, confirming that the PL modulation requires direct
access of H, molecules to the perovskite surface and is not an
artifact of gas flow, pressure fluctuation, or optical alignment. As
exposure continues, the PL intensity decays below the original
baseline. TRPL data in Figure 4 and the associated decay param-
eter distributions (Figures S4 and S5, Supporting Information)
reveal an increase in the longer-lived recombination component
(7,) across the mapped region. These findings indicate that H,
penetrates into the film and perturbs deeper trap states, which
could be vacancy clustersi**! or undercoordinated Pb-I antisite
defects,[* leading to enhanced non-radiative recombination and
long-lived carrier trapping. The incomplete reversibility of these
parameters following H, removal suggests the formation of a par-
tially modified defect landscape resulting from H, exposure.

The data from mixed-halide films (Figure S2, Supporting In-
formation) further support this interpretation. PL response to H,
was observed in MAPbCLI, _, films, but it was very subdued com-
pared to that in MAPI. This variation suggests that the halide
composition modulates trap energetics and hydrogen-accessible
sites, consistent with a mechanism driven by defect interactions
rather than redox chemistry or catalysis. The mixed-halide data
thus extend the mechanistic framework to broader perovskite
compositions and reinforce the role of lattice defects and surface
chemistry in dictating sensor behavior. Importantly, XRD analy-
sis confirms that no new crystalline phases or structural degrada-
tion occur during hydrogen exposure. Subtle changes in relative
peak intensities suggest possible microstructural relaxation,®!!
but not decomposition. This rules out mechanisms based on
hydrogen-induced chemical transformation, such as halide loss
or lead metal formation. Furthermore, the lack of any response
in encapsulated films (Figure 1D) excludes contributions from
environmental light scattering or substrate effects.

Taken together, these observations establish that the hydrogen
sensing mechanism in MAPI is best described as a reversible
modulation of shallow and deep trap states via hydrogen ad-
sorption and diffusion. The surface interactions passivate non-
radiative sites, enhancing PL, while deeper diffusion perturbs
long-lived traps that suppress emission. The spatial and kinetic
heterogeneity seen across the film further suggests local variation
in trap distributions and hydrogen accessibility, consistent with
known grain boundary effects in polycrystalline perovskites.[*]
This mechanism is distinct from electrochemical or catalytic hy-
drogen sensors, as it does not require applied bias, metal inter-
faces, or irreversible reactions. Instead, it leverages the unique
photophysical sensitivity of MHPs to defect population changes,
offering a new optical modality for chemical sensing based purely
on trap-state dynamics.

3. Conclusion

This study demonstrates that MAPI thin films function as rapid,
room-temperature optical sensors for H, gas, exhibiting consis-
tent, concentration-sensitive optical modulation. The sensing re-
sponse is driven by reversible trap-state interactions rather than
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chemical decomposition, as confirmed by crystallographic stabil-
ity and control measurements. Using a combination of steady-
state, spatially resolved, and time-resolved PL techniques, we re-
veal a biphasic mechanism involving initial passivation of shal-
low traps followed by slower interactions with deeper trap states.
Importantly, these films operate without electrical bias and re-
spond within seconds, offering a passive, contactless sensing
platform suitable for critical applications such as aerospace fuel
lines and cryogenic hydrogen storage systems. Their compatibil-
ity with fiber optics and remote interrogation systems further en-
hances their deployment potential in hazardous or inaccessible
environments.

While some limitations remain, including partial reversibility
in deep trap recovery and a gradual decline in baseline PL over
repeated cycles, our data suggest that these effects are primar-
ily due to subtle defect-state modulation rather than irreversible
damage. Notably, measurements were carried out under ambient
conditions spanning nearly a year, during which relative humid-
ity varied from 20% to 90% (Table S2, Supporting Information).
Despite the known sensitivity of MAPI to moisture, we observed
consistent optical behavior across this range and no detectable
structural degradation. This resilience, together with the demon-
strated thermal stability during extreme cycling in space envi-
ronments, positions it as a surprisingly robust material platform
given its reputation for fragility.

Future work focused on surface passivation, incorporation of
mixed-cation or all-inorganic MHPs, and gas-permeable encap-
sulation strategies will be essential to enhance environmental
stability and reversibility. With continued materials engineer-
ing and integration advances, MAPI-based optical sensors have
strong potential to meet the growing demand for low-power,
high-resolution hydrogen detection across a range of challenging
operational settings.

4. Experimental Section

Chemicals:  Methylammonium iodide (MAI, >99%, Sigma-Aldrich),
lead iodide (Pbl,, 99%, Sigma-Aldrich), Nmethyl-2-pyrrolidone (NMP,
99.5%, Sigma-Aldrich), dimethyl sulfoxide (DMSO, >99.9%, Sigma-—
Aldrich), N,N-dimethylformamide (DMF, 99.8%, Sigma—Aldrich), and per-
ovskite precursor ink (Perovskite Precursor Ink for Air Processing, Ossila)
were used as purchased without any further purification. The perovskite
precursor ink consisted of 3:1 methylammonium iodide to lead chloride
in dimethylformamide.

Fabrication: MAPI ink was prepared in a glove box by mixing 0.636 g
of MAI with 1.844 g of Pbl, in a glass container, followed by 68 pL of NMP,
232 pL of DMSO, and 3 mL of DMF. The ink was left to mix at 60 °C
overnight. MAPI thin films were fabricated by depositing 40 uL of MAPI
ink on glass substrates, followed by spin-coating at 2000 rpm for 60 s. The
films were then annealed at 90 °C for 5 min on a hotplate. Mixed halide
perovskite thin films were fabricated by depositing 50 pL of perovskite pre-
cursor ink on glass substrates, followed by spin-coating at 3000 rpm for
30 s. The films were then annealed at 90 °C for 35 min on a hotplate.

Photoluminescence Spectroscopy: Thin films were excited with a con-
tinuous wave 409 nm laser light (Coherent Cube Diode Laser System) fo-
cused using a plano-convex lens. Light emitted by the sample was filtered
by a 450 nm longpass filter before being collected by the spectrometer
(OceanOptics USB4000).

Gas Control System: Measurements were performed by placing the
thin films in a gas cell with a transparent broadband window. The H, flow
was controlled by a flow meter to ensure flow rates were held at 3 L min~".
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For concentration measurements, N, and H, were mixed with 2 separate
flow meters to control concentration, which fed into a third flow meter that
restricted the total gas flow to 3 L min~".

Time-Resolved  Photoluminescence Spectroscopy: For time-resolved
photoluminescence (TRPL) spectroscopy, a pulsed supercontinuum
source (NKT Photonics) was tuned to 430 nm at a repetition rate
of 76 MHz for excitation. The emission from the films was directed
to single-photon avalanche diodes that connect to a time-correlated
single-photon counting system (PicoQuant). The films were exposed to
H, prior to excitation, and the gas cell remained sealed for the entirety
of the measurement. For every TRPL curve the PL intensity is fit to a
bi-exponential fit: Ip. = Ajexp (—t/z;) + Ayexp (—t/z;), where 77 and 7,
are the fast and slow time scales, respectively, representing two different
routes for recombination. From the fit, an average lifetime 7 is calculated
as follows: 7 = A1r12 + AZTZZ/(A1T] + A, ;). Additionally, the contribution
of each of the recombination routes is represented as C; = Ai7;/ Y AT .

X-Ray Diffraction:  The x-ray diffraction (XRD) data was taken using a
PANalytical X'Pert PRO Theta/Theta Powder X-ray Diffraction system.

Confocal Microscopy: The confocal data was taken using a LSM880
confocal microscope. The films were excited using a 405 nm laser and
the emission was taken by filtering light between 708 and 759 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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