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ABSTRACT

The development of sensor materials of which gas sensitivity activates under light illumination is of great importance for the design of portable gas
analyzers with low power consumption. In the present work a ZnO/ CsPbBrs nanocomposite based on nanocrystalline ZnO and colloidal cubic-shaped
perovskite CsPbBrs nano-crystals (NCs) capped by oleic acide and oleylamine was synthesized. The individual materials and obtained nanocomposite are
characterized by x-ray diffraction, low-temperature nitrogen adsorption, x-ray photoelectron spectroscopy, high angle annular dark field scanning transmission
electron microscopy with energy-dispersive X- ray spectroscopy mapping and UV-vis absorption spectroscopy. The spectral dependence of the photoconduc-
tivity of the ZnO/CsPbBrs nanocomposite reveals a well-defined peak that strongly correlates with the its optical absorption spectrum. The nanocomposite
ZnO/CsPbBrs shows enhanced photoresponse under visible light illumination (Amax = 470 nm, 8 mW/cm?) in air, oxygen and argone, compared with pure
nanocrystalline ZnO. Under periodic illumination in the temperature range of 25— 100 °C, the ZnO/CsPbBr3 nanocomposite shows a sensor response to 0.5-3.0
ppm NO,, unlike pure nanocrystalline ZnO matrix, which demonstrates sensor sensitivity to NO under the same conditions above 100 °C. The effects of

humidity on the sensor signal and photoresponse are also discussed.

1. Introduction

Detection of toxic and explosive gases in the atmosphere is of great
importance for ensuring the safety of people both at work and in
everyday life. Reliable detection of such gases in air is a complex task
due to the chemical diversity of toxic gases, their extremely low
allowable concentration (sometimes below 1 ppm) and the continuously
changing environmental conditions (temperature, humidity, atmo-
spheric composition fluctuations). One promising type of gas sensor is
based on a reversible change in the electrical resistance of the semi-
conductor metal oxide layer upon changes in the composition of the
atmosphere [1,2]. Such resistive gas sensors show a high sensitivity to
various gases, are cheap, have a simple construction and a small size.
Selectivity can be provided by modifying the surface of the metal oxide
layer with various catalytic additives (particles of transition metal
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oxides, clusters of noble metals) [3,4]. Such catalytic additives promote
a certain type of chemical reactions on the surface of the sensor,
affecting the electrical conductivity of the metal oxide layer. The main
disadvantage of resistive gas sensors, which prevents their use in mobile
and portable devices, is the need to heat the sensitive metal oxide layer
to a high temperature (150 —500 °C), which entails increased power
consumption [5,6].

A number of studies performed on metal oxide sensors showed that
gas sensitivity can be activated by exposure to ultraviolet (UV) radiation
at room temperature without additional heating [7-11]. This is a
promising way for reducing the power consumption of the gas sensors,
since low-power light sources, such as light-emission diodes (LEDs), can
be used for irradiation. The gas sensitivity of nanocrystalline wide-gap
metal oxide layers is also activated by visible-light irradiation, but the
effect is not pronounced, since it is affected by light absorption due to
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impurities or defects in the crystal structure of semiconductor particles
[12-14]. To enhance the sensitivity of sensor materials to visible light,
wide-gap metal oxides can be combined with substances that strongly
absorb visible light (sensitizers), such as dyes [15-17], plasmon [18-24]
and non-plasmonic [25] metal nanoparticles, narrow-band semi-
conductor nanoparticles [26-28], carbon nanomaterials [29-32] and
semiconductor quantum dots [33-37]. By this sensitization approach,
the absorption spectrum of the sensor layer can be matched to the
emission spectrum of the light source, which allows to optimize the ef-
ficiency of excitation energy transfer from the light source to the sensor
layer and shift the absorption edge to lower radiation energy.
Colloidal lead halide nanocrystals (NCs) APbX3 (where A = CH3NH3

(MA), (NH).CH" (FA), Gs* and X = Cl~ , Br™ , I" ) crystallizing in the

perovskite structure have received a lot of attention in recent years due
to their unique optical properties, such as strong light absorption, high
quantum yield of photoluminescence (up to 99+%) and narrow-edge
photoluminescence (PL) peaks, the possibility to tune their optical
properties within the entire visible range, mainly by changing their
anion composition, and their facile synthesis possible under ambient
conditions [38-40]. Unlike traditional semiconductor quantum dots,
such as CdSe or InP, nonradiative recombination of photoexcited
electron-hole pairs in pure CsPbBrs NCs is almost suppressed [41],
which, in combination with the high position of the excited energy level,
creates favorable conditions for effective injection of photoexcited
charge carriers into the conduction band of wide-gap metal oxides.
These properties make colloidal lead halide perovskites promising can-
didates for sensitizing wide-gap metal oxides to visible light.
Currently, there are only few studies of lead halide perovskite NCs
for light-activated gas sensor applications. Chen and co-workers devel-
oped the self-powered gas sensors based on a polycrystalline CsPbBrs/
FTO (fluorine-doped tin oxide layer) [42] and CsPbBr2l/TiO2/FTO [43]
structures demonstrated a high sensor response to oxygen, acetone,
ethanol and NO, at room temperature and utilized visible light (solar)
illumination. The work [44] revealed the gas sensitivity of the MAS-
nl3/SnOs/Au composite structure to NOy at room temperature and ra-
diation of a Xe lamp. Methylammonium tin iodide was used as an
efficient light harvester, however, it is well known that tin-based pe-
rovskites have poor chemical and environmental stability due to the ease
of oxidation of Sn®* to Sn** [40]. At the same time, a number of recent
works [45-54] were devoted to the investigation of organometallic
halide perovskites, but the authors did not study the effect of light on the
sensor properties. The work [55] noted a high sensitivity to ozone of the
sensor based on CsPbBrs ligand-free nanocubes at room temperature.
Thus, although the optical absorption of the metal perovskite halides
covers the entire visible range, a systematic study of their influence on
the photoconductivity and the gas sensitivity of wide-gap semiconductor
oxides under visible light illumination has not yet been carried out.
Since the replacement of thermal heating by light irradiation pri-
marily intends to reduce the energy consumption of resistive gas sensors,

it is necessary to take into account the energy expended on the illumi-
nation, which also depends on the quantum efficiency of the applied
miniature light sources. The greatest external quantum efficiency is
currently provided by InGaN/GaN LEDs with the maximum radiation in
the blue range, while green and yellow LEDs show a dramatic drop in
their efficiency [56], therefore their use is not profitable in terms of
saving energy. Ultraviolet LEDs are also currently of low efficiency and
the technology of their manufacture remains expensive and imperfect
[57]. Thereby, the most preferred range is blue light (420—480 nm),
which coincides with the absorption edge of colloidal perovskite bro-
mides. We also note that fully all-inorganic perovskites show greater
stability than those containing organic cations [40].

This work reports the study of the photoconductivity and visible-
light activated gas sensor properties of nanocrystalline ZnO sensitized
with colloidal CsPbBr3 nanocrystals.

2. Experimental methods
2.1. Synthesis of materials

Nanocrystalline ZnO powder was prepared by reaction of equimolar
amounts of zinc acetate and ammonium bicarbonate in aqueous medium
at 20 °C. 0.893 M solution of Zn(CH3COO),*2H,0 was slowly added to
1.5 M solution of NH4HCO3 under vigorous stirring. The resulting white
precipitate of basic zinc carbonate Zny(OH)y(CO3), was filtered under
vacuum, washed several times with water and ethanol and dried at
70 °C. To form nanocrystalline ZnO, the precipitate was annealed at
300 °C in air for 24 h.

The colloidal perovskite CsPbBrs NCs were synthesized by hot-
injection method using the Schlenk line according to Protesescu et al.
[38] with only small differences (a detailed description of the synthesis
is given in the Supplementary information).

To study the photoconductance and gas sensor properties, the ZnO/
CsPbBr3 nanocomposite was formed directly on a dielectric (AloO3)
plate with dimensions of 1.5 x 1.5 mm (Fig. 1a), equipped with Pt
measuring contacts and a Pt helix on the back of the plate, allowing to
heat up the nanocomposite layer. Manufacturing of the ZnO/CsPbBrj
nanocomposite layer consisted of several steps: (i) nanocrystalline ZnO
powder was mixed with a-terpeniol to form a thick paste, which was
transferred to the measuring plate; (ii) the applied ZnO-based paste layer
was slowly dried at 50 °C and then sintered at 350 °C in air for 24 h to
form the ZnO layer of 50—100 pm thickness (Fig. 1b); (iii) 2—4 pl of
hexane sol of CsPbBr; NCs was dropped on the obtained ZnO layer, then
the nanocomposite ZnO/CsPbBrj3 layer was dried at 70 °C in air for 12 h.

2.2. Materials characterization

Phase composition and crystal structure of synthesized materials was
studied by powder X-ray diffraction (XRD) with a Rigaku diffractometer

Fig. 1. (a) Measuring plate with Pt electrodes; (b) Metal-oxide layer applied on the measuring chip.



using CuKa radiation (wavelength A = 1.54059 AJThe specific surface
area of nanocrystalline ZnO was measured by low-temperature nitrogen
adsorption using the BET model with the Chemisorb 2750 instrument
(Micromimetics).

Investigation of the shape and size of the nanocrystals and the
microstructure of the ZnO/CsPbBrs nanocomposite was performed by
high-angle annular dark field scanning transmission electron micro-
scopy (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX)
maps acquired using a FEI Osiris microscope equipped with a Super-X
detector and operated at 200 kV. To prepare the samples for analysis,
the material was mixed with toluene using an ultrasonic bath. A few
drops of the obtained suspension were deposited onto a Cu TEM grid
covered with carbon.

For the spatial distribution examination and sensor surface mapping,
high resolution p-XRF spectrometer M4 Tornado Plus (Bruker Nano
GmbH, Germany) was used. Following lines were used: Cs, Pb, L3-Ms, Br,
Zn - K-Ls.

The absorption spectra of colloidal NCs were recorded on a Varian
Cary 50 spectrophotometer in the range of 300— 1100 nm. The PL
spectra were registered using the USB-4000 spectrometer («Ocean Op-
tics»). Absorption spectrum of ZnO/CsPbBr; nanocomposite in the
wavelength range of 300-800 nm was recorded using Perkin-Elmer
Lambda 35 spectrometer.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a K-Alpha (Thermo Scientific) spectrometer with an Al Ka
X-ray source (E =1486.7 eV). The sample was prepared by dropping a
sol of CsPbBr3 NCs in hexane onto a Si plate. The charge correction was
performed relative to the main carbon Cls peak, the binding energy of
which was assumed to be 285 eV.

The spectral dependence of the photoconductivity was studied in the
range of 390— 700 nm. The radiation from a 100 W white light source
was passed through an MDR-206 monochromator. The conductivity of
the samples was measured on a Keithley 6517 instrument. The mea-
surements were carried out in ambient air at room temperature. The
photoconductivity
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where ¢, is the photoconductivity value at wavelength A and oy is the
conductivity of the sample in the dark.

The weight content of CsPbBrs NCs in the nanocomposite was
determined by inductively coupled plasma mass spectrometry (ICP-MS)
on a quadrupole ICP mass spectrometer (Agilent 7500c; Agilent Tech-
nologies, Waldbronn, Germany). The nanocomposite layer was washed
with two portions (2 mL) of 10 % nitric acid and then the sample was
diluted with water to 10.00 mL. Analytical signals were measured and
data were processed using the built-in ChemStation software (G1834B
version). Measurements were performed for isotopes +%8zn, 7>8!pr,
133Cs and 20°pb,.

The sensor measurements were carried out in a 50-ml opaque flow
cell. The temperature of sensors during the gas sensing measurements
was maintained with an accuracy of +2 °C.The resulting NO, gas con-
centration was obtained by mixing the standard gas mixture
(100 + 1 ppm NOj in nitrogen) and the synthetic dry air using Bronk-
horst mass-flow controllers. The air humidity was set by passing dry air
through a bubbler with distilled water. During the measurements, the
gas flow through the cell was maintained at 100 mL/min. The blue LED
used for sensor measurements had a maximum of emitted light at
470 nm (the emission spectrum of the LED is presented in the Supple-
mentary information, Fig. S1); the irradiance was 8 mW/cm? at the
plane where the sensors were placed. For periodic illumination, a cyclic
time relay was used to interrupt the LED power supply circuit at certain
time intervals.

3. Results and discussion
3.1. Characterization of samples

3.1.1. Nanocrystalline ZnO
According to XRD analysis, the decomposition of zinc hydroxide
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Fig. 2. X-ray diffraction patterns for nanocrystalline ZnO (a), colloidal CsPbBr3 NCs (b) and ZnO/CsPbBr3 nanocomposite (c).
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Fig. 3. a,b) HAADF-STEM images of nanocrystalline ZnO aggregates at different magnifications and c) the ZnO particles size distribution; d,e) HAADF-STEM images
of CsPbBr3 NCs at different magnifications and f) the CsPbBr3 particles size distribution.

carbonates at 300 °C leads to the pure ZnO wurtzite phase with lattice
parametres a = 3.24980(17) and c = 5.20518(1 8)15 (Fig. 2a). The
average size of the ZnO crystallites, calculated from the Scherrer equa-
tion, lies in the range of 12—15 nm. The ZnO crystallites are typically
combined to larger rod-like aggregates of about 100 nm in diameter and
several pm in length (Fig. 3a). The average crystallite size, measured
from HAADF-STEM images, is 22 + 5 nm, with a crystal shape close to
spherical (Fig. 3b,c). The specific surface area of the nanocrystalline ZnO
powder is 40 + 2 m%/g.

3.1.2. Colloidal CsPbBrs NCs

An X-ray diffraction pattern of synthesized colloidal CsPbBrs NCs is
shown in Fig. 2b. The crystal structure of the colloidal CsPbBrs NCs has
been studied in a few works [58,59], however, the question whether the
structure is orthorhombic or cubic remains controversial. From the
routine X-ray phase analysis data, it is difficult to establish the crystal
structure of colloidal NCs due to the broadening of the diffraction peaks.
The presence of the reflections at 20 = 25.2° and 28.2° indicates that the
structure is orthorhombic (space group Pnma), since these reflections are
absent for the cubic one (space group Pm-3 m) (Supplementary Infor-
mation, Fig. S2). The CsPbBrs NCs have a shape close to cubic (rectan-
gular cuboids), as can be seen from the HAADF-STEM images (Fig. 3d,e),
and have a broad particle size distribution with the average size of
15 + 6 nm (Fig. 3f). The nanocubes are randomly covered with small
spherical particles with a size of 2—5 nm, which according to STEM-EDX
maps are Pb or PbO (Supplementary information, Figs. S3 and S4). The
photoluminescence of the CsPbBrs NCs sol in hexane shows one peak
with Apmax = 515 nm and FWHM = 20 nm (Fig. 4a). The optical band
gap of CsPbBrs NCs, calculated from the sol absorption spectrum is
2.39 eV for direct allowed transitions (Fig. 4b). The charge state of the
Cs, Pb and Br atoms in CsPbBrg NCs has been determined by XPS
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Fig. 4. a) Optical absorption spectra of colloidal CsPbBrs NCs in hexane (1),
nanocrystalline ZnO (2) and ZnO/CsPbBrs nanocomposite (3); photo-
luminescence spectrum of colloidal CsPbBrs NCs in hexane (4); photoconduc-
tivity spectrum of ZnO/CsPbBr; nanocomposite (5); b) Determination E; of
CsPbBr3 NCs from optical absorption using a Tauc plot.

analysis. The Pb4f spectrum is represented by two doublets with a dif-
ference in the binding energy of 1.4 eV and the intensity ratio about
1:100 (Fig.5a). The most intense component Pb4f(I) corresponds to the
Pb2* oxidation state, the other component Pb4f(II) has a binding energy
of 136.9 eV which is close to metallic Pb. The presence of metallic lead
in lead halide perovskites analyzed by XPS was noted in other studies
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Fig. 5. XP spectra of CsPbBrs NCs on the Pb4f (a), Cs3d (b) and Br3d
(c) regions.

and may be a consequence of both photolysis of the sample under the
x-ray radiation and aging of the sample in air [60]. The position of the
Br3d and Cs3d doublets corresponds to the single charge state of Br~ and
Cs™, respectively (Fig. 5b,c). In addition, the Ols and N1s peaks are
observed in the XP spectra of the sample, which may be due to the
presence of these atoms in the capping ligands oleic acid and oleylamine
(see Supplementary information, Fig. S5). Analysis of the crude CsPbBr3
NCs by ICP-MS showed an excess of lead and bromine, with an element
ratio Cs:Pb:Br = 1.00: 1.13: 4.00. A close to stoichiometric composition

CsPbBrs o was obtained after washing the nanocrystals three times with
ethyl acetate (See Supplementary Information for details).

3.1.3. ZnO/CsPbBr3 nanocomposite

The HAADF-STEM analysis of CsPbBr3 particles in the ZnO/CsPbBr3
nanocomposite is hampered by the presence of ZnO aggregates.
Nevertheless, several areas containing CsPbBrj particles were found and
their examples are shown in Fig. 6 (see also Supplementary Information,
Figs. S6 and S7). According to the images, the cubic morphology of
CsPbBrj is not preserved in the composite, that can be caused by the
typical process of sample preparation for electron microscopy (disper-
sion of the nanocomposite in toluene under the ultrasonic treatment).
The detected CsPbBrs nanoparticles have different shapes and sizes,
equal to or slightly larger than the size of the original CsPbBr3 nano-
cubes. No huge regions of Cs were found on the elemental maps of the
distribution of Zn and Cs elements over the surface of the sensor, which
indicates the absence of significant agglomeration of CsPbBr3 NCs dur-
ing the formation of nanocomposites (Fig. S8). In the optical spectrum of
the ZnO/CsPbBr3 nanocomposite, the absorption edge of CsPbBrs NCs
undergoes a red shift of 7—8 nm relative to the spectrum of CsPbBrs NCs
hexane sol (Fig. 4a). The obtained XRD pattern for the ZnO/CsPbBr3
nanocomposite shows the lines of both nanocrystalline ZnO and
perovskite nanocrystals, which confirms that the crystalline CsPbBrs
phase is retained (Fig. 2c). It seems that the formation of a nano-
composite changes the morphology of CsPbBr3 NCs, but not their crystal
structure. In general, the content of CsPbBrs NCs in the ZnO/CsPbBr3
nanocomposite was about 7.5 % based on the ICP-MS measurements.

3.2. Spectral dependence of photoconductivity

The photoconductivity spectrum of ZnO/CsPbBr3 nanocomposite is
shown in Fig. 4a. Compared with the earlier studied photoconductivity
spectra of metal oxide nanocomposites sensitized with semiconductor
colloidal QDs [33-36,61-63], the spectrum presented in Fig. 4a has
following noteworthy features: (i) a well-defined narrow photoconduc-
tivity peak is observed that correlates with the position of the absorption
edge of ZnO/CsPbBr3; nanocomposite; (ii) extremely high o, values (up
to 100) were obtained for ZnO/CsPbBr3 nanocomposite, while under
similar experimental conditions, ZnO-based nanocomposites sensitized
with CdSe and InP QDs showed significantly lower values (up to 0.3 and
0.017, respectively).

It is interesting to note that the maximum photoconductivity among
the different nanocomposites (opp) correlates with the calculated Gibbs
free energy (AG°t) as a result of photoinduced electron transfer. Ac-
cording to [64], the AG®gt takes into account three contributions related
to the position of donor and acceptor levels (AGejectr), the energy needed
on the spatial separation of the electron and hole (AGcoloumb) and the
difference associated with having non-neutral donating and accepting
species following the electron transfer (AGcharging):

AGOET: AGeleclr"‘ AGcoloumb+ AGcharging (2)

Based on the Markus model [65], a relationship can be established
between the AG°gr and the rate constant of electron transfer kgr. The
calculated values are shown in the Table 1. The data required for the
calculation and the method of calculation are given in the Supplemen-
tary Information.

3.3. Oxygen-controlled photoconductivity

Nanocomposite materials based on the nanocrystalline metal oxides
have long relaxation times (>10® min) of the photoconductivity
[61-63], which hampers sensor measurements in equilibrium condi-
tions. However, the investigation of gas sensitivity under light illumi-
nation can be carried out in stationary conditions that do not require
establishing electrical conductivity values. Turning periodically the
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Table 1

Maximum photoconductivity 6y, of three ZnO-based nanocomposites sensitized
with quantum dots, calculated values of AGgr and evaluated values kgr ac-
cording model from [48].

ZnO/QD_InP ZnO/QD_CdSe Zn0/
(4 nm) [28] (2.8 nm) [26] CsPbBr3(15 nm)
(this work)
Gph, Max 0.17 0.3 100
AG%r, eV —0.02 —-0.38 —0.93
kgr, 10%° ~5 ~20 ~30

light source on and off at regular intervals tjign; and tgark, the observed
graph o(t) will show the alternating increase and decay of photocon-
ductivity [66,67]. In this way, the atmosphere effect on the photocon-
ductivity is determined by kinetics of light-induced effects, such as
photoadsorption, photodesorption, photocatalytic processes and relax-
ation of photogenerated carriers.

Fig. 7a presents the photoconductivity change of ZnO/CsPbBrs
nanocomposite compared to non-sensitized nanocrystalline ZnO sensor
under periodical blue LED illumination (tjgh=tderk = 2 min) in dry air,
Ar and Oy atmosphere. On the air, the photoconductivity for both
samples sharply increases compared to the dark conductivity: by about
10° for nanocomposite and about 102 for pure ZnO. Thus, the sensitizing
effect of CsPbBrg NCs on the photoconductivity of ZnO under visible
light irradiation is clear. After several cycles of illumination, the steady

state is established, which is characterized by nearly equal values Gyighe
and Gark at the end of each period tjight and tqark but for ZnO steady state
is achieved slower and a constant drift of the photoconductivity is
observed. A photoresponse under periodic illumination can be defined
as the ratio of Giignt to Ggark:

— Guignt

=
Gark

3

On the Fig. 7a it is clearly seen that the ZnO/CsPbBr3 nanocomposite
exhibits 2-3 times more photoresponse ® than pure zinc oxide. Thus, the
sensitization effect of CsPbBr3 NCs on the ZnO is revealed not only in an
increase in photoconductivity, but also in an increase in photoresponse.
In inert gas (Ar) atmosphere, the photoconductivity of both samples
shows a weak gradual increase, while in pure oxygen atmosphere the
photoconductivity of both samples decreases. The photoresponse ® of
the samples in an oxygen-free environment slightly decreases, and in-
creases again in pure oxygen (Table 2).

The photoconductivity of the ZnO/CsPbBrs nanocomposite was
measured in an Ar and O, atmosphere in addition under various dura-
tion periodic cycles (Fig. 8a), maintaining tjgh; = tdark in each cycle.
Surprisingly, it turned out that the value ® is determined mainly by the
duration of tgak, both in oxygen and argon. According to the obtained
data, a 5 s illumination is already sufficient to return the conductivity of
the sensor to a stationary level, while in the dark the conductivity of the
sensor decreases continuously. It can be concluded that the photo-
response ® increases roughly proportional to /t in both Ar and O,
atmosphere, with larger values of ® in oxygen than in argon (Fig. 8b).
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Fig. 7. (a) Photoconductivity of ZnO/CsPbBr3 nanocomposite (green line) and
non-sensitized ZnO (black line) under periodical (tgark=tiighc = 2 min) blue LED
illumination measured at room temperature in the atmosphere of dry air, argon
and oxygen gases; (b) band diagram showing photoinduced electron transfer
from CsPbBrs NCs to ZnO conduction band; the relative position of energy
levels in ZnO and CsPbBr3; NCs are taken from [32]; near the bottom of the ZnO
conduction band, the assumed position of the levels of localized electrons in
chemisorbed oxygen molecules is also shown. (For interpretation of the refer-
ences to colour in the Figure, the reader is referred to the web version of
this article).

Table 2
Photoresponse @ of sensors in air, argon and oxygen atmosphere under periodic
blue LED illumination at 25 °C.

Sample air Ar (o2
ZnO 1.24 1.18 1.16
ZnO/CsPbBr3 1.56 1.45 1.65

3.4. Light-induced sensitivity to NOz

Our preliminary studies have shown that the ZnO/CsPbBrs nano-
composite demonstrates enhanced photoresponse for heating up to
150 °C in dry air (Supplementary Information, Fig. S9). For sensor
measurements, a more sparing temperature range of up to 100 °C was
chosen to avoid possible decomposition of the sensitizer during pro-
longed heating. Fig. 9 presents the results of in situ measurements of the
ZnO/CsPbBrj electrical resistance (compared with the non-sensitized
nanocrystalline ZnO sensor) in the presence of NO; in the concentra-
tion range 0.5-3.0 ppm in dry air. The measurements were carried out
under periodic blue LED illumination (tight = tdark = 20 s) with a step-
wise change of NO, concentration both upwards and downwards. Four
cycles of measurements were carried out: at 25 °C, 50, 75 and 100 °C
which made it possible to investigate the influence of slight heating on
the sensor characteristics of the nanocomposite under illumination.

As can be seen from Fig. 9, in the temperature range of 25—100 °C
the ZnO/CsPbBrs nanocomposite shows a principally reversible
concentration-dependent response to NOs;. The non-sensitized ZnO-
based sensor shows a well-distinguishable reversible photoresponse to
NO; at 75 and 100 °C, but at lower temperatures the response to NO5 is
difficult to establish, since the resistance of ZnO is off scale (>10GQ).
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Fig. 8. a) Photoconductivity of ZnO/CsPbBr; nanocomposite under various
durations (tgark=tiigh: = 655 5) of periodical blue LED illumination cycles
measured at room temperature in the atmosphere of argon (black line) and
oxygen (red line) gases; the inset shows the dependence of the photoresponse ®
on the duration of the dark period tgak in argon (black line) and oxygen (red
line). (For interpretation of the references to colour in the Figure, the reader is
referred to the web version of this article).

Since the adsorption of NO; takes place to the greatest extent under
the dark conditions, the sensor signal can be calculated as a ratio be-
tween the dark resistance of the sensor in the presence of NO2 (Ryqrk, no,)
to the dark resistance in air (Rggrk. qir):

Riark, no,
§ = R o, @
Raark, air

The dependence of ® and S on the NO5 concentration for the ZnO/
CsPbBr3 nanocomposite at other temperatures is shown on Figs. 10 and
11, respectively. Two trends are clearly visible: with increasing tem-
perature, the absolute values of ® and S gradually decrease and the
graph S(Cnoz) become more flat. It is interesting to note that the shape of
S(Cno2) graphs is determined by the direction of change in NO; con-
centration. When the concentration of NO, increases, the graphs are
typically non-linear; when the concentration of NO; decreases, the
graphs become almost linear on the log-log plot, which suggests the
power law for the sensor signal dependence on the NO; concentration:

S~ Cyo, 5

The maximum value m = 2.28 is observed at room temperature, then
with increasing temperature the slope of the curve decreases, acquiring
values m of 2.00, 1.70, 1.28 at 50, 75 and 100 °C respectively. For non-
sensitized ZnO at 100 °C the value of m is 1.09.

Thus, the S(Cno2) and ®(Cnoz) graphs show hysteresis for increasing
versus decreasing NO; concentration. Measurements performed at 75 °C
demonstrate the smallest hysteresis (Figs. 10c and 11c); with further
heating (up to 100 °C) the area of hysteresis increases again (Fig. 10d).
The dependence of the S and ® on temperature has a different character
(Fig. 12). It can be seen that the sensor signal changes with temperature
more dramatically than the photoresponse. On the Arrhenius plot, the S
(T) probably indicates an activation character, while the ®(T) shows a
different non-Arrhenius behavior.

Long-term stability of the ZnO/CsPbBr3 nanocomposite was obtained
by testing 1 ppm NO; during 31 days and the photoresponse decreases
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Fig. 10. Dependence of the photoresponse ® of the ZnO/NCs_CsPbBr3; nanocomposite on the concentration NO, at a temperature of 25 (a), 50 (b), 75 (c) and 100 °C

(d). The arrows show the direction of change in NO, concentration.

about of 15 % during this period and reaches a plateau, which represents
the reasonable long-term stability for NOy detection (Fig. S10, Supple-
mentary Information).

Finally, we investigated the effect of humidity on the gas sensitivity
of the ZnO/CsPbBr3; nanocomposite to NO; at the optimal temperature
of the nanocomposite layer (75 °C), by performing sensor measurements
in dry air, as well as at 60 and 100 % humidity (which corresponded to
an absolute water content in air of 0.014 and 0.023 g/1, respectively)
(Fig. 13). In agreement with some studies [68,69], we found that hu-
midity results in a gradual decrease in the sensor signal, however, does
not have a dramatic effect. For example, at 3 ppm NO», an increase in air
humidity from 1 to 100 % leads to a drop in the sensor signal by 38.5 %,
while its absolute value remains high anyway (S = 200 at 1 % hum. vs.
S =123 at 100 % hum., (Fig. 14)). Thus, the ZnO/CsPbBrs nano-
composite shows superior sensor characteristics, while the presence of
moisture does not interfere with reliable NOy detection in air. It is
important that during measurements in a humid atmosphere, there was
no deterioration in the sensor properties of nanocomposites, nor was a
significant effect found on the reversibility of the interaction of NOy with
ZnO/CsPbBr3 nanocomposite with a successive increase and decrease in
the NO5 concentration.

Compared to existing visible-light activated resistive sensors for NO,
detection, sensitized by low-bandgap semiconductor nanoparticles,
dyes, metal nanoparticles and carbone-based materials, the sensor tested

in this work shows a high response at a relatively low illuminance power
(Table 3).

3.5. Mechanism of light-induced gas sensitivity

The gas sensitivity of semiconductor sensors under light illumination
is based on two types of processes: charge carriers photogeneration and
their interaction with adsorbed gas molecules. During the illumination
the NCs CsPbBr3 harvest visible light and photoexcited charge carriers
are generated in them. There are several ways to recombine the
photoexcited charge carriers: 1) radiative recombination (photo-
luminescence); 2) nonradiative recombination (by trapping of electrons
to defect levels); 3) injection of electrons into the conduction band of the
ZnO due to a suitable mutual arrangement of energy levels in oxide
matrix and perovskite photosensitizer. Nonradiative recombination in
CsPbBrs is suppressed due to the high defect tolerance of perovskite
CsPbBrj structure [41]. The excited-state lifetime at photoluminescence
is 107° - 108 5, while the injection of electrons occurs within ~10'2s, so
the latter process is the most probable and, as a result, leads to the
separation of charge carriers between ZnO and CsPbBrs with high
efficiency:

ZnO/CsPbBr; M ZnO/CsPbBr3(e h™) — ZnO(e)/CsPbBr3(h™) 6)

A sharp increase in the concentration of electrons in the zinc oxide
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Fig. 14. Relative humidity effect on the NO, sensing performance of ZnO/
CsPbBr3 nanocomposite at operating temperature of 75 °C.

can lead to photoadsorption of oxidizing molecules on the ZnO surface:

O;(ads) + e~ — Op(ads)™

NOj(ads) + e~ — NO»(ads)™

)
(8)

However, the “fate” of photoexcited holes remaining in the CsPbBr3
NCs is less clear. Since holes are electron acceptors, it is possible that
they are involved in redox processes that contribute to the photo-

desorption of O3 and NO, molecules:
Ox(ads)” + ht — Oy(ads)
NO,(ads)” + h™ — NOx(ads) or

NOs(ads)™ + h™ -NO(ads) + O(ads)

©)]
(10

1D

As a result of these processes, the concentration of photoexcited
charge carriers changes, which can be interpreted as an electrical
(sensor) signal. Due to the significant difference in the electron affinity
energy of the O, and NO; molecules (0.44 vs. 2.27 eV respectively),
process (8) is more shifted toward the formation of a chemisorbed form
than (7), which makes it possible to detect nitrogen dioxide in the
presence of oxygen. Under continuous illumination, there is a dynamic
equilibrium between processes (6-11), while under periodic illumina-
tion, dark and light processes can be separated from one another. In dark
conditions, the photoconductivity decays due to the trapping of elec-
trons in traps in ZnO and adsorption processes (7,8) on the ZnO surface.
When illuminated, new electron-hole pairs are generated in CsPbBrj
NCs, and additional electrons are pumped into the ZnO conduction
band. Thus, the effect of the atmosphere on photoconductivity with
periodic illumination appears in dark conditions, as was shown in
measurements in oxygen and argon, so the separation of dark processes
during periodic illumination improves the efficiency of NO5 detection.
At the same time, the processes (9-11) ensure the reversible operation of
the sensor, preventing the accumulation of adsorbed NO, molecules on
its surface.

A decrease in the sensor response with increasing humidity can be
caused by the distraction of some part of photoexcited charge carriers
into interaction with adsorbed water molecules:

H,0(ads)+h™4+2e~ — Hy(gas) + 1/20,(gas). 12)

As a result, the processes (7)-(11) corresponding to the NO2 gas
sensitivity become less effective.

It is reasonable to compare the obtained data with the measurements
that we carried out earlier on nanocomposites based on an identical
nanocrystalline ZnO matrix and colloidal CdSe quantum dots (QDs) [33,
34]. Under similar conditions for NO, detection at room temperature,
Zn0O/QD_CdSe nanocomposites demonstrates substantially lower pho-
toresponse and sensor signal than ZnO/NCs_CsPbBrj (typical values for
@ = 2 vs. 8-30, for S = 30 vs. 80-200 at 1.5 ppm NOy).

4. Conclusions

In summary, a nanocomposite consisting of nanocrystalline ZnO
with wurtzite structure and colloidal CsPbBr3 NCs with orthorhombic
(Pnma) perovskite structure was synthesized in this work by chemical
precipitation and high temperature colloidal synthesis. The average
crystallite size was 22 + 5.0 nm for ZnO crystallites and 15 + 6 nm for
CsPbBr3 cubic-shaped NCs respectively. The structure, morphology

10



Table 3

Comparison of sensing performances between this work and existing ZnO-based visible-light activated NO,, resistive sensors.

Parametres of light activation

Detection conditions

Sensing Material Sensor Signal, Rgas/Rair Ref
Wavelength, nm Irradiance, mW'em ! Temperature, °C NO,, ppm
Zn0O/N719-dye 480 370 RT (25) 1.25 1.43 [15]
ZnO/Ag 470 75 RT (25) 1 1.55 [22]
Au-ZnO nanorod array films 495 50 RT (25) 1 1.25 [23]
ZnO nanorod/Au hybrids 532 2 RT (25) 1 4.66 [24]
ZnO/Pd hybrids 475 0.8 RT (25) 1 106 [25]
Zn0O/CdS 510 50 RT (25) 1 31.9 [27]
Zn0O/g-C3Ny 460 1.27 RT (27) 7 44.8 [31]
1GO@Zn0; 4 composite white light 150 RT (25) 0.1 5.66 [32]
Zn0O/CdSe QDs 535 20 RT (25) 0.85 20 [33]
ZnO/InP QDs 535 20 RT (25) 1 10.2 [35]
Zn0O/CdS@ZnTe QDs 535 20 RT (25) 1 18 [36]
ZnO (nanorods)/PbS QDs 850 1 RT (25) 1 1.24 [371
Zn0/CsPbBrs NCs 470 8 ssT (25 1 ‘612“’ 75 This work
and composition of samples were confirmed by XRD, HAADF-STEM, Acknowledgements

XPS and ICP-MS. The photoconductivity and visible-light activated
gas sensor properties to NO, were investigated in the temperature
range of 25—100 °C and the air humidity from 1 to 100 %. The sensi-
tizing effect of CsPbBrs NCs on the ZnO photoconductivity could be
explain based on Marcus model of photoinduced transfer of electrons:
photoexcited charge carriers appear in CsPbBrs NCs under the visible
light irradiation and separate between ZnO and CsPbBr3 NCs due to a
suitable mutual arrangement of energy levels in the nanocrystals. Ac-
cording to the calculations, the photoinduced transfer of electrons from
CsPbBr3 NCs to ZnO is characterized by a higher constant of electron
transfer rate compared CdSe and InP QDs, which ensures more efficient
separation of photogenerated charge carriers. The interaction of
visible-light-generated charge carriers (electrons and holes) with
adsorbed gas molecules is the cause of the enhanced gas sensitivity of
Zn0O/CsPbBr3 nanocomposite compared to pure nanocrystalline ZnO.
At the same time, it was demonstrated that the gas-sensing perfomance
of ZnO/CsPbBr3 nanocomposite can be successfully optimized by
combining of light-activation and slight heating of sensor layer in
range of 25—100 °C, at that the sensor signal and photoresponse
decrease with increasing temperature. It was found that the optimum
temperature, providing the best reversibility of sensor measurements,
was 75 °C. Although using lead halide perovskites forecasted poor
stability against moisture, the ZnO/CsPbBrs nanocomposite shows
good stability of the gas-sensitivity in humid air, however, a decrease
in the sensor signal to NO2 with an increase in air humidity was noted.
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