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A B S T R A C T   

We report the development of a high sensitivity H2S gas sensor based on perovskite nanoparticles, which can be 
synthesized using relatively simple solution-growth methods. The gas sensor was fabricated from the metal 
halide perovskite formamidinium lead bromide (FAPbBr3), which exhibits a high sensitivity to H2S gas in the 
form of changes to the electrical conductivity. The response of the sensor to H2S gas showed a high sensitivity to 
gas concentrations in the range 0.5 – 100 ppm, with a fast response time of less than one minute under ambient 
room conditions.   

Introduction 

Development of selective and sensitive environmental gas sensors is 
essential to monitor and control the quality of air in crowded cities [1,2]. 
Hydrogen sulfide (H2S) is a life threatening gas when present with 
concentrations above 100 ppm, and it is generated from natural sources 
such as sulfate-reducing of hydrocarbons and through separation of sour 
gas [3,4]. However, it is mainly produced through functions related to 
petroleum extraction and refining [5,6]. Conductometric sensors of 
toxic gases are practical devices for the detection of gas content in an 
environment through variation of their electrical resistance [7-9]. These 
types of sensors exhibit numerous advantages such as their simple pro-
duction procedure, small size, direct reading, and fast response [10,11]. 
Implementation of nanomaterials as the sensing elements in these sen-
sors enhances their functionality due to the high concentration of 
reactive sites, thanks to their great surface to volume ratio [12,13]. 

In recent years, there has been much development of applications of 
perovskite materials, eg. with the general formula AMX3, where ‘A’ 
represents either an inorganic or organic cation, ‘B’ is a metal cation, 
often Pb, and ‘X’ is a halide anion [14]. In this work we have used the 
hybrid organic perovskite formamidinium lead bromide (FAPbBr3, 
where FA+: CH(NH2)2

+), a material which exhibits exceptional optical 
luminescence, good charge transport, and a high sensitivity to certain 
gas molecules. Compared to the similar organic perovskite MAPbBr3 
(where MA+ is CH3NH3

+), FAPbBr3 tends to have improved stability for 
environmental conditions such as humidity, and is also less affected by 
structural phase changes [15]. Both MAPbBr3 and the all-inorganic 
perovskite CsPbBr3 have been used for gas sensing applications 

typically using their chemically-induced change in resistivity. For 
example, Zhuang et al [16] reported the use of MAPbBr3 for acetone and 
NO2 detection, achieving a minimum detectable concentration of 20 
ppm and 200 ppb, respectively, and Maity et al [17] reported the use of 
MAPbI3 (MAPI) as an NH3 gas sensor achieving sensitivities as low as 1 
ppm. There are also extensive reports of the role of oxygen molecules in 
passivating traps in perovskite materials caused by halide vacancies, and 
their application as O2 sensors was reported by Stoeckel et al [18]. The 
use of the metal halide perovskite MAPI for H2S gas detection has also 
been reported by Lee et al [19]. 

In this work we realized a polycrystalline FAPbBr3 as an H2S gas 
sensor in which the perovskite grains are utilized as the gas sensitive 
elements and the electrical conductivity of the device is directly affected 
by the presence of low concentrations of H2S gas. The FAPbBr3 perov-
skite was synthesized using a solution-based process, as reported by 
Saidaminov et al [20]. The FAPbBr3 nanoparticles are deposited on glass 
substrate with pre-fabricated interdigitated electrodes. The fabricated 
sensors showed a strong response to optical light, with a band edge 
absorption at 580 nm corresponding to a band gap of 2.13 eV. The 
performance of the sensors is tested for their sensitivity and time of 
response, demonstrating a high sensitivity against H2S, as low as 0.5 
ppm, with a fast response time. 

Experimental 

Materials 

Lead(II) bromide (98%), Gamma-butyrolactone (GBL) and N,N- 
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dimethylformamide (DMF) were purchased from Sigma Aldrich. For-
mamidinium Bromide (FABr, 98%) was purchased from Ossila Ltd, UK. 
All compounds were used without any further purification. 

Synthesis 

Small millimeter-sized FAPbBr3 crystals were grown by the Inverse 
Temperature Crystallization (ITC) technique from a 1 M solution of 
PbBr2/FABr in DMF:GBL (1:1 v/v) as described in [20]. 

Sensor fabrication 

The FAPbBr3 crystals were crushed into a soft powder and then 
dispersed in toluene. The dispersion was sonicated until it became ho-
mogeneous (~15 min). A drop of the FAPbBr3 dispersion was deposited 
on a substrate with pre-deposited gold electrodes with an interdigitated 
structure at 25 ⁰C and atmospheric pressure [21]. The electrode sepa-
ration was 200μm for all gas response tests. The fabricated gas sensors 
were consequently dried at 100 ⁰C under a continuous flow of nitrogen 
at 30 sccm for ~ 30 min to avoid impurities and moister. Each device 
was connected electrically to the test circuit through wires that were 
fixed to the device by silver paste. 

Characterization 

A transmission electron microscope (TEM) of high resolution made 
by FEI (Tecnai-TF20-G2) was employed to produce high quality images 
that enabled quantification of grain size as well as their morphology. For 
this purpose, the FAPbBr3 dispersion was deposited on molybdenum 
grids and left to dry. X-ray diffraction (XRD) analysis was conducted 
using an Empyrean XRD diffractometer, and it enabled identification of 
the composition of FAPbBr3 and the crystal structure. XRD measure-
ments were performed by scanning the diffraction angle (2θ) between 
10.0 − 80.0◦ with an accuracy of 0.02◦. Herein, the Cu-Kα emission line 
(λ = 1.5405Å) was utilized to establish XRD analysis. Current-voltage 
(IV) tests were executed before and after gas sensing tests for every 
sensor, using a Keithley Instruments voltage source and current meter 
(model 487). The photosensitivity of the devices was measured using a 
monochromatic light source produced from a quartz halogen lamp 
coupled to a grating monochromator. 

The gas response of the devices was tested inside a Teflon chamber 
where each device was fixed on a ceramic stage with an adjustable 
temperature, monitored by a K-type thermocouple. H2S gas was mixed 
with air using Bronkhorst mass flow and control units, and then injected 
into the Teflon chamber while sealed for the gas response investigation 
[21,22]. Adsorption of H2S gas on nanoparticles causes variation of 
charges on their surfaces that leads to change of their electrical con-
duction. Therefore, their gas response electrical signal could be 
measured using an ammeter integrated within a Keithley Instruments 

source measurement unit (SMU - model 238) [23]. The gas response was 
measured at room temperature by observing the resistance change at a 
fixed voltage of 10.0 V for each device. The gas response of a sensor was 
defined as | RH2S − Rair

Rair
| × 100, where RH2S and Rair were the device re-

sistances during exposure to either H2S or air, respectively [24]. Here, 
the local value of the resistance was evaluated by dividing the voltage by 
the electrical current. 

Results and discussion 

An image of the typical millimeter-size FAPbB3 crystals prior to 
crushing is shown in Fig. 1(a). The grain size and morphology of the 
synthesized FAPbBr3 grains are characterized by TEM as shown in Fig. 1 
(b). The figure reveals grains of nanometer size that are semicircular 
with an average size of 23 ± 8nm. The composition of FAPbBr3 is illus-
trated by XRD as presented in Fig. 1(c). The figure shows Miller indices 
of FAPbBr3 that confirm the cubic phase of the FAPbBr3 [25]. The figure 
is further used to estimate the size of nanoparticles (2R) using the (002) 
peak at a Bragg’s angle 2θ = 29.9◦ by the Scherrer equation [8]: 

2R =
Kλ

δcosθ
(1) 

Where K represents a dimensionless shape factor (~0.9) [4], λ is the 
XRD wavelength, and δ is the XRD full width at half maximum, and θ 
represents the. The estimated size of nanoparticles is 21.1 ∓ 2.1nm 
which agrees with average size estimated from the TEM image. 

Fig. 2 shows the current–voltage characteristics of two FAPbBr3 

Fig. 1. (a) Picture of the synthesized FAPbBr3 grains. (b) TEM image of the crushed FAPbBr3 grains. (c) XRD spectrum of FAPbBr3 with Miller indices on the figure.  

Fig. 2. Current voltage characteristics of two FAPbBr3 sensors, acquired in the 
dark and also under semi-light room conditions. 
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sensors, with the voltage scanned from − 10 V to + 10 V. The dark 
current data shows some asymmetry between positive and negative 
voltages, with dark current values at − 5V of − 6nA and − 2nA for sensors 
Q1 and Q2, respectively. When illuminated with ‘semi-light’ ambient 
room lighting the photocurrent showed a significant increase due to 
light, with illuminated current values of at − 5V of − 60nA and − 29nA 
for sensors Q1 and Q2, respectively. The higher current values of the 
semi-light measurements as compared with the dark measurements is 
assigned to absorption of incident radiation that produce electron–hole 
pairs due to photoexcitation. The applied electric field serves to effec-
tively separate photocarriers and generation of higher electrical current 
as compared with the dark status. The effect of humidity is tested and 
minimal effect is observed, i.e the current decreases only by 1×10− 9A at 
5.0V when the humidity is increased from 30% to 45%. 

Fig. 3 shows the optical photocurrent measured from one FAPbBr3 
sensor as a function of wavelength, acquired at various bias voltages. 
The photocurrent response shows a sharp decrease at a wavelength of 
580 nm, corresponding to the material bandgap at an energy of 2.13 eV. 
This is consistent with the expected bandgap energy of FAPbBr3, which 
is strongly dependent on the choice of the halide ion, eg Cl, Br, or I [20]. 

Fig. 4(a) shows the sensor gas response against H2S gas at selected 
concentrations performed at room temperature (~25 ⁰C). The sensor is 
sensitive at low concentration with a limit of detection (LOD) as low as 
0.5 ppm. This value is estimated from the lowest detected value of the 
response. It should be noted that in case that the response is a linear 
function of gas concentration, LOD can be calculated as: (signal −

noiseratio) × Rootmeansquareofnoise
Slopoflinearfittingofresponce [26]. The gas response measurements 

are performed under semi-light conditions (under the normal light of the 
room at noon time) inside the Teflon chamber, which is semi- 
transparent to light. Since FAPbBr3 is sensitive to light, the gas 
response test is repeated under dark conditions as shown in Fig. 4(b). 
The sensor exhibits a similar trend in response to H2S gas concentration 
to that achieved under semi-light light, although the response signal is 
lower (the only change of the response is in the intensity upon exposure 
to light). Therefore, it can be concluded that the response to H2S is in-
dependent on light wavelength. Furthermore, few sensors were tested 
for their sensitivity against hydrogen gas, but no response. Exposure of 
FAPbBr3 to light excites free electrons that enhances electrical conduc-
tion and the gas response signal. It should be noted that the fabricated 
devices are highly sensitive at 25 ⁰C, thus, those devices have low power 

demand since heating of the sensor is not required [6,22,24,27,28]. In 
addition, there is no need to perform the gas response test at higher 
temperatures since the response is sufficiently high at low H2S 
concentrations. 

The present sensors exhibit decent performance when compared 
with recently reported H2S sensors based on perovskites. The nanometer 
size of FAPbBr3 grains makes them more effective for gas sensing ap-
plications, compared to the grains with micro and macro sizes, because 
of their high ratio of surface to volume [33]. High surface area enables a 
greater number of reactive sites for adsorption of H2S gas [34]. In gen-
eral the H2S gas response in a nano-structured semiconductor is due to 
the adsorption of oxygen ions (for example O2–) on the surface of 
nanoparticles throughout the exposure [6,35]. By this mechanism free 
electrons are introduced due to adsorption of oxygen ions according to 
the equation [36]: 

H2S+ 3O2− (ads)→H2O+ SO2 + 6e− (2) 

The higher the gas concentration, the higher the generation of SO2 on 
FAPbBr3 grains, which limits the adoption of additional H2S molecules 
hence the response drops at fixed H2S concentrations. Furthermore, 
water vapor may be adsorbed on the surface of FAPbBr3 grains, and then 
react with H2S gas to produce further electrons and increases the 
response according to the equations: 

H2S+H2O ↔ H2S(aq) (3)  

H2S(aq)↔ HS− +H+ (4)  

HS− ↔ S− 2 +H+ (5) 

The H2S sensitivity of organic hybrid perovskites has been reported 
by Lee et al [19] in MAPI, in which the material’s sensing mechanism 
was found to be strongly associated with the presence of both air and 
moisture. Whilst the exact reaction mechanism in perovskite materials is 
not yet known, our results are consistent with oxygen molecules 
increasing the H2S sensitivity. 

Upon pausing the flow of H2S gas, the chamber is ‘flushed’ by the 
continuous flow of air thus the generation of new free electrons is 
stopped. The response signal returns back to its original value, hence, 
the gas sensing using the FAPbBr3 based sensors is a reversible process 
(see Fig. 6 (a) below), and those sensors are reusable for multiple 
operation cycles. This mechanism can be supported by the I(V) char-
acterization which was carried out during and post exposure to H2S gas 
as presented in Fig. 5. The figure demonstrates that the post exposure I 
(V) characteristics have lower conductance as compared to that during 
exposure due to the suspension of generation of free electrons as 
explained above. The figure shows the nonlinear I(V) characteristics that 
are considered typical for devices based on percolating granular sys-
tems. The effect of humidity of the sensor is tested, and found to have 
minimal effect on the I(V) characteristics (supplementary figure S1). 

Gas sensor stability is a key test to determine the usability of a gas 
sensor for multiple operation cycles. The fabricated sensors are tested 
for their stability and reversibility for 10 cycles against 10 ppm at 25 ⁰C 
as illustrated in Fig. 6 (a). The figure reveals a reproducible and stable 
response which supports the usability of the presented sensor. Fig. 6(b) 
illustrates the response time of the sensors as a function of H2S con-
centration for both semi-light and dark cases. The figure shows that 
similar response times are recorded regardless of whether the test is 
performed under dark or semi-light condition. Furthermore, the 
response time decreases with increasing H2S concentration, with a 
maximum value of 1.0 min and minimum of 0.2 min. The figure also 
shows the recovery time of the produced sensors as a function of H2S 
concentration for both semi-light and dark cases. The figure demon-
strates that the recovery time is almost constant at different H2S con-
centrations, with average values of 1.6 min for the case of semi-light and 
1.4 min for the case of dark. The lower recovery time for the dark case 
might be due to the lower concentration of photo-generated free 

Fig. 3. Optical photocurrent measured from one FAPbBr3 sensor as a function 
of wavelength, acquired under three bias conditions of 1 V, 2 V and 3 V. The 
photocurrent response edge at 580 nm corresponds to the material bandgap at 
2.13 eV. 
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electrons. Nevertheless, the response time is a more important factor for 
the sensor when it comes to safety applications [37]. Table 1. shows a 
comparison of the the performance of the present sensor with recently 
reported ones. Accordingly, the fabricated sensors exhibit an improved 
response time as compared with the reported values of similar systems 
for H2S sensors [28]. 

Conclusion 

High sensitivity conductometric H2S gas sensors were fabricated 
based on perovskite nanoparticles of metal halide perovskite for-
mamidinium lead bromide (FAPbBr3). The nanoparticles were synthe-
sized by a solution-growth method. The nanoparticles had an average 
size of 23 ± 8 nm and cubic structure. Photocurrent measurements 
revealed that the bandgap of FAPbBr3 is 2.13 eV. The sensors demon-
strated high sensitivity toward H2S, as low as 0.5 ppm under ambient 
room conditions. The sensors were functional at both dark and semi- 
light conditions with higher response at semi-light since the nano-
particles are photosensitive. Furthermore, they are stable for multiple 
test cycles with a minimum response and recovery times of 0.2 min and 
0.6 min, respectively, and they have low power demand since heating of 
the sensor is not required. Accordingly, they can be considered as po-
tential candidates for prototype applications. 
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