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Abstract: An environmentally friendly analog of the prominent methylammonium lead halide
perovskite, methylammonium bismuth bromide (MA3Bi;Bry), was prepared and investigated in the
form of powder, single crystals and nanowires. Complete characterization via synchrotron X-ray
diffraction data showed that the bulk crystal does not incorporate water into the structure. At the
same time, water is absorbed on the surface of the crystal, and this modification leads to the changes
in the resistivity of the material, thus making MA3Bi;Brg an excellent candidate for use as a humidity
sensor. The novel sensor was prepared from powder-pressed pellets with attached carbon electrodes
and was characterized by being able to detect relative humidity over the full range (0.7-96% RH)
at ambient temperature. Compared to commercial and literature values, the response and recovery
times are very fast (down to 1.5s/1.5s).

Keywords: lead-free; perovskite; environmentally friendly; humidity sensor; fast response

1. Introduction

Lead halide perovskites have recently gained much attention, both from industry and
scientific communities, due to their high potential for inclusion in electronic devices [1,2].
An example of such outstanding performance is that lead halides with methylammonium
(MA) cation show excellent photoelectrical properties, which means they are a promis-
ing candidate for the massive production of next-generation solar cells [3,4]. In addition,
lead perovskites show potential for application, among others, as photodetectors [5,6],
LEDs [7-9], lasers, memristors [10], thermoelectrics [11] and in magnetooptical data stor-
age [12]. On the other hand, a major drawback of this class of compounds is the toxicity of
lead, which could have a high environmental impact once they start to be used on a global
scale [13,14]. This has incited extensive research into related compounds in which lead
would be replaced with a less toxic element. Here, bismuth compounds have emerged as
promising candidates, both due to the abundance of bismuth in nature and their negligible
biological effects, such that they are safely used in medications [15,16].

Several bismuth derivatives of halide perovskites were reported, and it was shown that
they experience a significant shift in structure upon the change of the anion from chloride
to iodide [17]. Bismuth bromide perovskites were first studied by Jakubas more than thirty
years ago, when two stable derivatives were found: MA3Bi;Brg [18] and MA5BigBriq [19,20].
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The former derivative shows interesting phase transitions, with the lowest temperature
phase behaving as an improper ferroelectric [21,22] that was further probed by dielectric
and pyroelectric measurements [23]. Moreover, the latter derivative was recently restudied
due to its ferroelectric properties [24].

Quite recently, bismuth methylammonium halide perovskites were also revisited due
to their potential interest for inclusion into solar cells. Iodide [17,25] and chloride [26]
derivatives were studied as potential photo-active components, albeit with low power
conversion efficiency. In contrast, the bromide derivative MA3Bi; Brg was omitted from
these works and, to the best of our knowledge, its implementation into any electrical device
has not yet been attempted. In addition, most of the bismuth bromide structure refinement
have not determined theposition of the MA cation, but rather only suggested it by analogy
to Cs3BiyBrg. Therefore, here, we newly studied MA3BiyBrg with synchrotron XRD data
and electrical measurement and further demonstrated that it is a potent humidity detector.

Measuring the relative humidity (RH) is of great importance in agriculture, climatology
and automated industrial processes [27]. More recently, the application of humidity sensing
expanded to healthcare as an easy way to determine respiration [28,29] as well as in the
area of wearable textiles production [30] and artificial skin to monitor all the vital signs of
a person [31].

Several humidity sensing devices are based on measuring the change in various
optical properties of a material in contact with humidity, ranging from absorbance [32,33]
fluorescence [34] and reflection [35] to wavelength shift [36] and still others. While many
compounds are found to exhibit some kind of optical response when exposed to humidity,
from the practical point of view, the drawback would be a requirement for precise optical
sensing devices, which may deter them from utilization in everyday use.

More conveniently, changes in the electrical response of a material are measured; for
example, a variation in capacitance or resistance in dependence on relative humidity. For
capacitive sensors, a dielectric material is used, the capacitance of which changes upon
exposure to humidity, which is measured by alternating the current at the radio frequency
range. Some recent examples of studied materials include cadmium selenide quantum
dots [37], graphene oxide [38] and nanodiamonds [39].

Finally, the simplest and the most common humidity sensors are of the resistive type,
which exhibit variations in electrical resistance upon the adsorption of water to the surface
of the material, with many representative examples known [27]. This design of the device
through its simplicity allows for an easy integration with the other electronic circuits at a
low cost, and also presents the first choice when testing a new material.

Following the exceptional performance of perovskite materials in other electronic
devices, an attempt was made to utilize lead perovskites for humidity sensors [40], with
limited success, however, since the inclusion of water into a crystal structure already occurs
at 55% RH, followed by the degradation of the sensing material. In another attempt, a
mixed chloride/iodide derivative was stable up to 90% RH, however, with a slow response
time of 24 s [41]. In addition, most recently, a humidity sensor based on Cs;BiAgBrg
perovskite was reported [42], showing a very good performance and response time of
1.78 s.

In summary, the characteristics that define good humidity sensors are: sensibility over
a wide detection range, fast response and recovery times and long-term stability. While
some types of material allow for highly precise measurements, their operation is limited
to a small range of relative humidity. Others are sensitive over a wider range of RH, but
their response and recovery times are slow. In contrast, the new MA;3BiyBrg-based sensors
presented here show high sensibility over a broad range of RH combined with fast response
and recovery times (down to 1.5s/1.5 s).
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2. Experimental Section
2.1. Synthesis

All reagents were obtained from commercial suppliers. The MA3Bi;Bry starting
material was prepared by analogy to the lead halide perovskite already prepared in our
group [43]. The flask containing Bi(NOs); x 5H,O (4.85 g) and concentrated HBr (10 mL)
was placed in an ice bath. Methylamine solution (1.3 mL) was added dropwise over 1 h.
The reaction started at ~40 °C but was highly exothermic, creating brown NO, gas. The
reaction was stirred until the formation of nitrous gas bubbles stopped, usually for more
than 24 h. The mixture was put in the refrigerator at 4 °C. The shiny, yellow, plate-like
crystals of (CH3NHj3)3Bi;Brg were harvested after 24 h. It was found that the same product
may be prepared more conveniently using acetate as a starting compound instead of nitrate.

Three types of MA3Bi;Brg were prepared via solution growth: powder (flakes), single
crystals and nanowires (Figure 1). Crystals of MA3Bi;Brg were prepared directly from the
reaction solution. The small, shiny, yellow flakes were harvested after slowly cooling down
the reaction mixture over 24 h. The preparation of larger single crystals was performed
under similar conditions over a longer time, and by making a temperature gradient in the
vessel. Thus, one week after, macroscopic crystals were formed on the hot side (40 °C) of
the crystallization dish.

Figure 1. MA3Bi;Brg: (a) single crystal, (b) powder pressed pellet with carbon paste and contacts
attached to it, (c,d) the structure projection along the c-axis and the (110)-direction, respectively,
(e) representative section of the structure parallel to the c-axis, (f) structure of one layer normal to the
c-axis. Blue dashed lines indicate the donor—acceptor hydrogen bonds of 3.08 A. Violet lines show the
empty Brg-octahedron.

Nanowires were prepared via the complete dissolution of MA3Bi;Brg flakes in DMSO
and recrystallization on a substrate via the evaporation of solvent at room temperature.
Solvent evaporation at temperatures higher than 80 °C leads to the formation of BiOBr as
an undesired side product.

2.2. X-ray Diffraction Experiments

The synchrotron radiation single-crystal X-ray diffraction experiments were carried
out with wavelength A = 0.7129 A at 293 K for single crystals and with A = 0.64109 A at
276 K for powder samples. The PILATUS@SNBL detector at the Swiss-Norwegian Beam
Lines, European Synchrotron Radiation Facility [44] was used for the data detection. The
powder diffraction data were processed with BUBBLE software [44]. CrysAlisPro program
package was used for the single-crystal experimental data processing [45]. Structural
calculations were made with JANA2006 software [46]. The main details of the experiment
and crystallographic characteristics of MA3Bi;Brg are given in Table S1.
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The powder X-ray diffractograms were taken on an Empyrean system (Theta-Theta,
240 mm) equipped with a PIXcel-1D detector, and Bragg-Brentano beam optics.

Structure solution: The structure was solved using the Superflip program [47]. The
arrangement of the BiBrg-octahedra was found in the space group P-3m1. N and C atoms
of two MA cations were found from the difference in electron density calculated after
the localization of Bi and Br atoms. CCDC number 1935075 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif,
accessed on 20 March 2022.

2.3. Humidity Control

The humidity was controlled using a homemade setup (Figure 2a). A stream of
synthetic air (a mixture of N, and O, at a volume ratio 78/22) with a nominal water content
<3 ppm was split into two parts; one part was bubbled through the saturated water solution
of CuSO,4 x 5H50 to achieve RH ~100%. The stream of wet air was then reunited with the
remaining dry air stream and guided into the sealed desiccator equipped with an exhaust
pipe and electrical wires. After carefully adjusting the flow, it was possible to control the
humidity in the desiccator by using the set of valves and achieve the reliable RH range from
0.7 to 95.8% measured using a commercial humidity /temperature sensor Sensirion SHT
31. Temperature was modified by putting the device on the heating plate and measured
using the same (commercial) sensor. The MA3Bi;Brg was connected by wires and put in
the desiccator next to the commercial humidity sensor.
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Figure 2. (a) Scheme of the experimental setup used for measurements. (b) Dependence of current
at 10 V on RH at ambient temperature. The inset figure shows typical I-V curves from which the
current at 10 V was extracted. (c) Linear dependence of the resistance of MA3Bi;Brg on RH.
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Selected measurements were repeated in glovebox equipped with an ETS micropro-
cessor humidification/dehumidification system model 5100, which allowed for the most
precise control of the humidity.

2.4. Electrical Measurements

The properties of the powder were measured by pressing it into cylindrical pellets,
together with the graphite paper as an electrical contact. When two carbon papers were
pressed from each side of the pellet, a high charging effect was observed, tampering the
measurements. Therefore, graphite paper was only used on one side of the pellet, with a
small stripe about ~1 mm in width removed from the middle of the carbon layer. Golden
wires were attached to the graphite paper using carbon paste and connected to a Keithley
2400 multimeter, as seen in Figure 1b. Experiments were performed at ambient conditions,
except when noted otherwise.

AC impedance measurements were carried out on a sample with a slit electrode using
an Agilent 4294A Precision Impedance Analyzer. The impedance was measured in the
frequency range from 100 Hz to 2 MHz and the driving voltage was 0.5 Vrms. The sample
was placed in a desiccator together with a commercial humidity meter. The humidity was
controlled by placing various amounts of silica gel desiccant and water into the desiccator
in a proximity of the sample and the humidity sensor. It was possible to change the relative
humidity of the air in the desiccator from 8% to 90%. The humidity was changed from the
lowest to the highest value.

3. Results and Discussion
3.1. Crystal Structure

The main results of the experiment, crystallographic characteristics and quality of the
structure refinement of are given in Table S1. It was confirmed that MA3Bi,Brg belongs to
the A3ByXg family of two-dimensional perovskites with the Cs3Sb,ly structure type [48],
which is characterized by the space group P-3m1. MA cation plays a role of a big-size
cation A and X = Br. The arrangement of the BiBrg-octahedra differs from the perovskite by
missing every third layer of the octahedra along the 3-fold axis (Figure 1c—f). The positions
of N and C atoms of two MA cations were found from the difference in electron density
calculated after the localization of Bi and Br atoms. Each N and C atom is statistically
distributed in a site with higher multiplicity than one, so that the corresponding sites are
partially occupied (Table S1). Hence, similar to MAPDbI;3 [49], MA cations are partially
disordered (Figure 1). The essential disorder of N and C does not allow the localization of
the hydrogen positions.

3.2. Electrophysical and Sensor Properties

The photoelectrical properties of MA3Bi;Brg were, unfortunately, found to be poor;
however, strong variations in the electrical resistance of the material was seen in the
dependence of humidity, suggesting that the MA3Bi;Bry could be used to build an RH
sensor. To thoroughly investigate this behavior of the material and potential application
as a humidity sensor, three forms of MA3Bi,Brg were prepared and tested measuring
resistivity: powder, single crystals and nanowires. The responses of the sensor at several
RH are shown in the inset in Figure 2b as a set of I-V (current-voltage) curves in region
—10 V to +10 V, from which the values of direct current were extracted.

It was observed that using a direct current, the sensor was operable at the full measur-
ing range (0.7-95.8% RH); the rise in RH from 0.7% to 95.8% was followed by the rise in
the measured current at 10 V from ~10~# to ~10% pA. The current exponentially increased
with higher relative humidity (Figure 2b), whereas slight deviations were attributed to
the difficulties controlling the RH at higher values. In other words, a linear trend was ob-
served in the logarithmic scale as resistivity rose from ~107° to ~10! uQ) when RH changed
from 0.7% to 95.8% RH (Figure 2c).The sensitivity, which is defined as S = | Ry — Ry |/Rg
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(where Ry and Ry are resistance at higher and lower RH, respectively) [42] was in this case
9.5 x 103, which is sufficiently high for application in the device.

The material was also tested using alternating current (AC). The complex impedance
Z =R +iX =R — i/wC plots (plots of the imaginary (1/wC) vs. real (R) components of
the complex impedance, where C is the capacitance of the sample and R its resistance) are
shown in Figure S1. At RH below about 60%, only straight lines were observed, indicating
very large values of R. At RH larger than 60%, the impedance semicircle started forming,
as seen in the inset of Figure S1, which shows values of R obtained from the intercepts of
the semicircles with a horizontal axis as a function of humidity for humidity values above
60%. The evolution of R with humidity was similar to that shown by DC measurements, so
we decided to use DC for all the following measurements.

Generally, powder pellets were found to be superior both to the single crystals and
nanowires in all aspects. While pellets showed logarithmic trends in response over the
whole measuring range, single crystals showed a plateau around 50% RH, under which the
response did not change (Figure S2). The response of nanowires showed no predictable
trend; in fact, a slow degradation of sensing properties was observed over time. In contrast,
powder pellets proved to be stable over the one-month period after being stored at ambient
conditions: measurements were repeated one month after the initial ones, and an identical
value of signal was observed, indicating that no detectable change in the structure nor
inclusion of water occurred in that period. Samples began to show the slow diminishment
of signal after six months. Between the measurements, the sensor was stored at ambient
conditions. The sensor also showed no change in resistivity under CO;, Ar, Ny or Op
exposure, indicating selectivity towards water.

Response and recovery periods are typically measured as the time required for the
signal to reach a certain portion of the full value as a response to external stimuli. To be
precise, the response time (t,s) is the time at which 90% of value Alyes = I, — I, is reached,
starting from the base of the peak, where I, is the current at the peak of the signal at 55%
RH and I is the average current at the baseline at 25% RH. By analogy, recovery time (t)
is the time required for the signal to return to 10% of the mentioned difference. This interval
of RH was chosen for responsivity measurements for convenience, since the saturation
time of the measuring chamber towards extremely high or low RH would not allow for
representative results.

The responsivities of all three types of MA3Bi;Brg sensors were very fast, ranging from
1.5 to 1.7 s, followed by recovery times ranging from 4.1 to 7.1 s obtained from 25 to 55%
RH (Figure S3). In comparison, response and recovery times for the commercial Sensirion
SHT 31 sensor in the same RH range were tyes/trec = 3.4 5/13.8 s. The best results, again,
were obtained for powder pressed in pellets, tyes/tre. =1.55/4.1s.

It became of interest to see whether response/recovery time could be further enhanced
by a changing the temperature. A differential thermogravimetric analysis (DTA) experiment
showed that MA3Bi;Bry is stable towards thermal decomposition up to >300 °C (Figure S4).
Thus, by gentle heating, it was possible to shorten the responsivity times even more, down
to tres /trec = 1.5 5/1.5 s at 35 °C for the 30-65% RH interval (Figure 3). Shorter response and
recovery times at higher temperatures were accompanied by a somewhat weaker signal,
albeit the signal to noise ratio was still largely within the useful detection range, owing to
the high sensitivity of the sample.

To summarize the sensing properties, both the response and recovery times are shorter
than for the commercial Sensirion SHT 31 sensor for all three devices (Figure S3). Compari-
son with several recent literature values is given in Table 1, showing that MA3Bi,Brg sensor
is among the fastest ones. While some sensors are reported to have a very fast responses
on a tiny RH change (Table 1, entry 6), they experience much longer times when sensing a
larger difference in RH. In addition, to prepare faster sensors, typically, thin-film techniques
are applied where sensing properties benefit from a smaller amount of absorbing material;
however, such an endeavor is beyond the scope of the present study. Rather, a simple,
cheap, environmentally friendly device is presented.
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Figure 3. (a) Response of MA3Bi;Brg pellets from 30% to 65% RH at several temperatures, (b) short-
ening of response and recovery times with temperature.
Table 1. Comparison of several recent humidity sensors.
No. Sensor Operation Range (RH/%) tres/trec (Measuring Interval) Reference
1 PANI 11-97 36/49 s [50]
2 CH3NH;3Pbls , Cly 30-90 24s/? [41]
3 rGO/MoS; 10-90 17 s/494 s [51]
4 Graphene oxide 11-97 27s/4.6s [52]
5 Nanodiamonds 11-97 0.154s/0.137 s [39]
- 0.04 s/0.04 s (20-30% RH)
6 Silicon nanocrystals 8-83 12'5/2 5 (20-95% RH) [53]
7 Cs,BiAgBrg 11-75 1.78s/0.45 s [42]
8 Sensirion SHT 31 0-100 3.4 5/13.8 s (25-55% RH) commercial
9 MA;Bi,Brg nanowires 1-96 1.7s/7.1 s (25-55% RH) Present study
10 MA3BiyBrg Single crystal 1-96 1.5s5/7.3 s (25-55% RH) Present study
11 MA;Bi;Brg pellets, RT 1-96 1.5 s/4.1 s (25-55% RH) Present study
12 MA;BiyBrg pellets, 35 °C 1-96 1.5 s/1.5 s (30-65% RH) Present study

Dynamical measurements of humidity were performed with parallel exposures of
two sensors to the short stream of wet air at ambient temperature. Figure 4 shows a
comparison of MA3Bi;Bryg pellets sensors with the commercial one over several detection
cycles; response times were found to be faster than those for the commercial sensor, visible
over multiple detection cycles as sharper peaks in the figure. Concerning stability, the
same speed was observed in a repeated experiment, performed one month after initial
measurements. Noteworthily, all three types of MA3Bi;Brg device produced significantly
sharper peaks than the commercial one used as a reference (Figure S3).

From a mechanistic perspective, it seems that the change in the conductivity of the
material in contact with a humid atmosphere is confined to surface effects. If I-V mea-
surements are performed on a single crystal sample, a signal remains unchanged until a
threshold value of ~50% humidity is reached, after which, it begins to follow a linear trend,
similar to the microcrystalline powder sample (Figure S2). The corresponding value of
resistance at ~0-50% RH may be attributed to the proper conductivity of material without
the contribution of adsorbed water, which effectively masks the detection when measuring
resistivity at lower RH.

In contrast, a larger surface of the polycrystalline sample of comparable size allows
for more water to be collected into the similar volume of the sensor, resulting in drastically
lower resistivity at the same relative humidity; for example, at 50% RH, the resistance of
a single crystal is ~10° O, while in a pressed pellet, it is only ~10” ). Moreover, in the
polycrystalline sample pellets, the grain boundaries increase net resistance at lower RH
(with less adsorbed water), allowing for values below the threshold conductivity of the
single-crystal material to be measured using I-V measurements (up to ~10'! Q at 0.7%
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RH). These observations combined indicate that the conductivity of MA3Bi;Brg is indeed a
surface phenomenon.
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Figure 4. Ambient temperature responsivity of powder pellets over time in comparison to the
commercial sensor from RH ~25-50%. The signals were scaled to normal.

This notion is further supported by X-ray measurements of two series of samples
sealed in glass ampules: one at 95.7% (“wet”) RH and another at 0.3% (“dry”) RH. All
structure details determined using the single crystal study were confirmed by the Rietveld
refinement based on these experiments for both samples. No difference between the “wet”
and pristine structures was found. Crystallographic characteristics and the main details
of the structure refinement are listed in Table S1 for the “wet” and pristine samples in
comparison to the single-crystal data. Figure S5 shows the powder XRD profiles for both
of the samples. A slightly higher volume of the unit cell found for the “wet” sample,
Vw = 585.36(3) A3, in comparison to the pristine one, Vr = 584.88(4) A3, can be explained
by the amount of absorption water on the surface of crystallites. The presence of water was
also confirmed by a slightly higher background characteristic of the XRD profile for the
“wet” sample (Figure S5).

Therefore, since no detectable change in X-ray pattern was observed, it may safely
be concluded that no water penetrated into the sample structure, as is the case with the
well-researched lead derivative, to which structure water is immediately included upon
exposure to humidity [41,49]. In MA3BiyBry, rather, any effect from humidity is confined
to the surface of the material, where a conductive effect happens in accordance to the
Grotthuss mechanism [54], as suggested by Figure 5.

\ +
‘ . {
b o ""Z/HZO HZO\......
& & 8 & o o o @
MAsBiBrg MA3BisBrg
' L / .

Figure 5. Proposed sensing mechanism. Change in resistivity occurs as a surface phenomenon
involving proton hopping between adsorbed molecules.
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4. Conclusions

A novel lead-free material for humidity sensors was tested in all of the forms: pellets,
single crystals and nanowires. Following the synthesis, a new detailed crystal structural
refinement was performed for all the prepared materials, showing that the bulk crystal
structure was stable and indifferent to water; rather, the humidity sensing characteristic
was due to the surface adsorption.

Sensor properties were measured in both static and dynamic conditions of relative
humidity. While the sensor was active over the whole humidity range (0.7-95.8% RH), it was
also very fast in comparison to the commercial and literature ones, with response/recovery
times of 1.5s/1.5s.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12040547 /s1, Table S1: Experimental details for the MA3Bi;Brg
structure determination and refinement; Figure S1. (a) Complex impedance plots (X vs. R) for
different humidities. The inset shows formation of the impedance semicircle at relative humidi-
ties at and above 60%. (b) AC resistivity R exctracted from data shown in Figure Sla (intercept
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