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Abstract: In this work, the photostimulated processes of O2 and NO2 molecules with the surface
of ZnO under UV radiation were studied by in situ mass spectrometry in the temperature range of
30–100 ◦C. Nanocrystalline needle-like ZnO was synthesized by decomposition of basic zinc carbon-
ate at 300 ◦C, and the surface concentration of oxygen vacancies in it were controlled by reductive
post-annealing in an inert gas at 170 ◦C. The synthesized materials were characterized by XRD, SEM,
low-temperature nitrogen adsorption (BET), XPS, Raman spectroscopy, and PL spectroscopy. Irradia-
tion of samples with UV light causes the photoabsorption of both O2 and NO2. The photoadsorption
properties of ZnO are compared with its defective structure and gas-sensitive properties to NO2. A
model of the sensor response of ZnO to NO2 under UV photoactivation is proposed.

Keywords: gas sensor; photoactivation; ZnO; mass spectrometry; nanomaterials

1. Introduction

The effect of atmospheric composition on the electrical conductivity of metal oxides has
been known since the 1950s [1]. This discovery marked the beginning of the development
of resistive-type gas sensors, which are known by their simplicity of design, low cost,
and high sensitivity. To date, many efforts have been made to improve the selectivity,
sensitivity, response, and recovery rates of resistive-type metal oxide sensors [2–7]. One
of the weaknesses of metal oxide gas sensors is their low energy efficiency, since in most
cases, to activate the sensor response, the sensitive layer should be heated to a temperature
of 200–500 ◦C. However, high operating temperature leads to high energy consumption,
early degradation of the sensitive layer due to accelerated diffusion and recrystallization
processes, and fire and explosion hazards.

One of the well-known trends in reducing the operating temperature and power
consumption of metal oxide sensors that have been actively developed in the last decade is
the use of ultraviolet (UV) or visible light activation instead of thermal activation [8–11].
This approach has already proven its effectiveness in the room-temperature (RT) detection
of some organic vapors [12] and especially oxidizing gases such as O3 and NO2 [9,13–16].
However, the mechanism of gas sensitivity of metal oxide gas sensors under light activation
in most cases remains controversial. Attempts to build a gas-sensitivity model only based
on the analysis of the in situ conductivity of the sensor often lead to ambiguous results,
since the electrical conductivity of nanosized metal oxides is totally valued depending on
many parameters, and all of them can hardly be taken into account. The development of a
comprehensive model of chemical gas sensitivity is impossible without using additional in
situ and operando research methods that allow independent identification of interacting
particles on the surface of metal oxides. Examples of such studies involve in situ XPS
spectroscopy [17,18], in situ IR-spectroscopy [19,20], in situ Raman spectroscopy [21], in
situ EPR [22], and other methods [23] for obtaining more detailed information on the
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mechanism of gas sensitivity of metal oxides. Despite the intensive work carried out in this
direction, the gap is still large.

The RT sensitivity of ZnO-based sensors in NO2 detection under UV illumination is
an illustrative example of how the replacement of thermal activation with light activation
can achieve an impressive sensitivity at the ppb level [24,25]. Intensive research into the
mechanisms of light-activated gas sensitivity also focused on ZnO-based materials [26,27].
Promising approaches have been developed to improve the gas-sensitive properties of ZnO
by engineering of oxygen vacancies [22,28–35].

To complement and expand these studies, we proposed to use mass spectrometry
(MS) for more detailed investigation of the mechanisms of photoactivation processes on
the surface of metal oxides, which contribute to sensor sensitivity. MS is a powerful and
sensitive experimental tool that allows to identify species involved in chemical reactions
and track changes in their concentration, which was shown, for example, in the studies of
some photocatalytic processes [36,37].

In this work we carried out an MS study of photoactivated processes on the ZnO
surface when interacting with O2 and NO2 molecules. Then, we compared the data
obtained with the gas-sensitive characteristics of synthesized ZnO samples. Annealing
in an inert gas was used to adjust the concentration of oxygen vacancies on the surface
of ZnO, and the defective structure of zinc oxide was studied by XRD, XPS, PL, and
Raman spectroscopy.

2. Materials and Methods
2.1. Synthesis of Nanocrystalline ZnO and Samples Preparation

Nanocrystalline ZnO was synthesized by decomposition of basic zinc carbonate
(Sigma-Aldrich, St. Louis, MO, USA) in air at 300 ◦C for 24 h according to the follow-
ing reaction:

Zn5(CO3)2(OH)6 −−→ 5 ZnO + 2 CO2 + 3 H2O (1)

The adjustment in the concentration of oxygen vacancies in as-prepared ZnO was
achieved by post-annealing of samples (tablets or layers) in He flow (15 mL/min) at 170 ◦C
for 4–12 h. As-prepared nanocrystalline ZnO and post-annealed ZnO are hereinafter
referred to everywhere as “ZnO-300” and “ZnO-VO”, respectively.

2.2. Characterization of ZnO

Phase composition and crystal structure of synthesized zinc oxide was studied by
powder X-ray diffraction (XRD) with a Rigaku diffractometer using CuKα radiation (wave-
length λ = 1.54059 Å). Average crystallite size D was calculated using the Sherrer equation:

D =
kλ

β cos Θ
(2)

where λ is a wavelength of X-ray radiation, nm; β is a full width at half maximum (FWHM)
of a diffraction peak, rad; θ is a diffraction angle; k is a coefficient equal to 0.9. The peak
width was previously corrected to take into account instrumental broadening, according to
the following equation:

β =
√

β2
exp − β2

app (3)

where βexp is the observed peak width at half height and βapp is the instrumental broaden-
ing, which was taken equal to 1.57 mrad.

The specific surface area of nanocrystalline ZnO was measured by low-temperature
nitrogen adsorption using the BET model with the Chemisorb 2750 instrument (Micromerit-
ics). The average size dBET (µm) of aggregates whose surface is available for gas adsorption
was estimated using the equation

dBET =
6

SBET × ρ
(4)
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where SBET —specific surface area, m2/g, ρ —density (5.61 g/cm3 for ZnO).
X-ray photoelectron spectroscopy (XPS) measurements were performed using a K-

Alpha (Thermo Scientific) spectrometer with an Al Kα X-ray source (E = 1486.7 eV).
The main state of C1s core level was used as a reference with a binding energy (BE) of
285 eV. Morphology of ZnO powders was studied with scanning electron microscope (SEM)
Prisma E (Thermo Scientific, Prague, Czech Republic). Samples were preliminary coated
with 10 nm layer of gold by Q150R ES plus sputter coater (Quorum Technologies, Laughton,
Great Britain).

Photoluminescence was excited with frequency-doubled pulses of a femtosecond
titanium–sapphire oscillator (Tsunami, Spectra-Physics, Moscow, Russian Federation) with
a central wavelength of 360 nm, repetition rate of 80 MHz, duration of 100 fs, and pulse en-
ergy of 10 pJ. After reflecting from a broadband dielectric beamsplitter (Thorlabs, Newton,
NJ, USA) mounted at an angle of 45◦, femtosecond laser pulses were coupled into an objec-
tive lens (Olympus, Tokyo, Japan, 20×, 0.5 NA) and focused on the sample. Luminescence
signal was collected with the same objective lens and coupled to a monochromator (Acton
SP300i, Acton Research Corporation, Acton, MA, USA). Luminescence emission spectra
were recorded with an EM-CCD camera (PI MAX 2, Princeton Instruments, Trenton, NJ,
USA) installed at the monochromator output. While emission spectra were recorded, the
objective focal point was scanned across the 100 × 100 µm sample area using a piezoelectric
scanning stage (NT-MDT).

Raman spectra were registered with a SENTERRA Raman microscope-spectrometer
(Bruker, Billerica, MA, USA) using a 50× 0.75 NA microscope objective lens and laser
excitation at 785 nm.

2.3. Gas-Sensing Measurements

For sensor measurements, the chips were used consisting of an Al2O3 plate 1.5 × 1.5 mm
in size, equipped with platinum contacts with a gap of 200 µm between them (Figure 1a).
A platinum electric heater was applied on the reverse side of the plate (not shown in the
figure). Nanocrystalline ZnO powder was mixed with α-terpeniol to form a thick paste,
which was applied to the measuring plate; then the obtained layer was slowly dried at
50 ◦C and then sintered at 300 ◦C in air for 24 h to form the ZnO layer of ∼50 µm thickness
(Figure 1b). The obtained sensors have a linear current–voltage characteristic at bias up to
4 V (Figure 1c). The thickness of the ZnO film was evaluated from SEM images obtained by
tilting the Al2O3 plate with ZnO layer by 70◦ (Figure 1c).

The setup for sensor measurements included a measuring cell; LED power supply
and its driver; a gas flow control system connected to the gas sources; laboratory-made
device for measuring the resistance of sensors using a two-wire method and controlling
their temperature. The sensor resistance is measured by applying a constant voltage of 4 V.
Synchronization of the operation of electronic devices was carried out under the control of
a personal computer (Figure 2).

The PTFE measuring cell was cylindrical and had a volume of 50 mL; an LED was
placed in the upper part of the cell, and sensors were located in the lower part, at a
distance of 3–4 cm from the LED. The resulting NO2 gas concentration was obtained by
mixing the attested gas mixture (100 ± 1 ppm NO2 in N2) and the synthetic dry air using
Bronkhorst mass-flow controllers (Bronkhorst High-Tech B.V., Ruurlo, The Netherlands).
During the measurements, the gas flow through the cell was maintained at 100 mL/min.
The temperature of sensors during the gas-sensing measurements was maintained with
an accuracy of ±2 ◦C. The UV LED with a peak wavelength at 370 nm was used for
photoactivation (Figure 3). The sensor signal to NO2 was calculated using the equation

S =
Rgas

Rair
(5)

where Rgas—resistance of the sensor at the presence of NO2; Rair—resistance of the sensor
in dry air.
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Figure 1. (a) Al2O3 measuring plate equipped with two platinum electrodes for measuring the
resistance of the sensor layer (image from an optical microscope); (b) SEM image of a measuring
plate with an applied ZnO layer; (c) current–voltage characteristic of ZnO sensor measured at 100 ◦C
in the dark; (d) evaluation of the thickness of the applied ZnO layer (SEM image).

Figure 2. Block representation of the setup for sensor measurements.
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Figure 3. The design of the cell used for photostimulated MS experiments. The inset shows the
emission spectrum of the LEDs used for irradiation.

2.4. In Situ Photostimulated Mass Spectrometry

The cell for the MS studies consists of a PTFE frame sealed at the top and bottom
with quartz windows 1.5 mm thick (Figure 3). The samples were placed inside the cell
on the bottom glass, and irradiation was carried out through the top glass with a set of
light-emitting UV diodes. The internal volume of the cell was 15 mL. The electric heater
was located under the bottom glass and allowed to heated the samples up to 170 ◦C in
a controlled manner. The cell is equipped with inlet and outlet openings, the location of
which is designed for better mixing of the gas mixture inside the cell (Figure S1). The cell
inlet is connected to gas sources through a system of valves and gas flow controllers. The
gas flow rate through the cell in all experiments was 15 mL/min. The outlet of the cell is
connected to the capillary of the quadrupole mass spectrometer (MS7–200, equipped with
RGA–200 analyzer, Stanford Research Systems). Mass spectra were recorded in the range
of 4–50 a.m.u. (one scan every 9 s) using an electron multiplier with a gain of 500–1000.
All measurements were carried out at ambient pressure in the cell to come near the actual
operating conditions of gas sensors. For MS studies, the synthesized ZnO powder was
pressed into tablets with a diameter of 20 mm and a thickness of 1 mm at a pressure of
60 kg/cm2. For measurements, 4 tablets were usually placed in the cell; thus, the irradiated
surface area of the samples was about 12.5 cm2.

3. Results
3.1. Crystal Structure, Morphology, and Optical Properties ZnO

The powder diffraction pattern of ZnO obtained by annealing of basic zinc carbonate
at 300 ◦C in air is shown in Figure 4a. All observed reflexes belong to a single phase of
wurtzite. The phase composition of ZnO-VO is the same (Figure 4b), and the change in the
unit cell parameters is within the measurement error (Table 1). The average crystallite size
calculated by Equation (2) for planes (100), (101), and (110) lies in the range of 12–16 nm,
while for the plane (002) this size is somewhat larger (Table 1), which may indicate the
anisotropic shape of nanocrystals, elongated along the c axis [38]. It can also be noted that
the calculated average crystallite size of the ZnO-VO sample is slightly (by 1 nm) smaller
than for the ZnO-300 in all crystallographic directions.

Table 1. Crystal lattice parameters and average size of crystal regions in different crystallographic
directions of ZnO-300 and ZnO-VO samples.

Sample a, nm c, nm D100, nm D002, nm D101, nm D110, nm

ZnO-300 3.2511 (14) 5.2116 (21) 17 20 15 13
ZnO-VO 3.2518 (12) 5.2133 (18) 16 19 14 12
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Figure 4. XRD patterns of ZnO-300 (a) and ZnO-VO (b) powder samples; (c) bar diffractogram of
wurtzite ZnO (ICDD # 98-002-9272).

According to the images obtained by SEM, the synthesized ZnO powder consists of
micrometer-sized aggregates that are formed from nanoparticles of various morphologies
(Figure 5). Higher-resolution images made it possible to establish that the ZnO aggregates
are mainly composed of needle-shaped nanoparticles 15–30 nm thick and 170–220 nm
long. Similar gas-sensitive ZnO structures were previously obtained in [39] by using the
hydrothermal method.

Figure 5. SEM images of synthesized nanocrystalline ZnO powder at different magnifications:
(a)—micrometer-sized aggregates; (b–d)—needle-shaped ZnO nanoparticles in aggregates.
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The specific surface area of the synthesized ZnO powder was 4.5± 0.5 m2/g. Evalua-
tion of the average size of aggregates according to Equation (4) gives an average aggregate
size of the order of 0.3 µm, which is usually smaller than the sizes of aggregates observed in
SEM images. This discrepancy can be explained by the porosity of the formed aggregates.

The state of oxygen on the ZnO surface was investigated by XPS. In both ZnO-300
and ZnO-VO samples, the oxygen atoms are represented by at least three charge states
(Figure 6). O1s(I) state, with the lowest BE and highest intensity, refers to O2 – ions in the
ZnO crystal lattice; O1s(II) state, with a BE = 531.2 eV, can be assigned to oxygen ions
located near oxygen vacancies [40]; O1s(III) state can appear due to the presence of OH-
groups and chemisorbed oxygen on the ZnO surface [20]. The overall Zn:O ratio shows a
superstoichiometric oxygen content for both ZnO-300 (1:1.22) and ZnO-VO (1:1.17) samples.
The BEs of O1s charge states in the samples, as well as their relative content, are listed in
Table 2.
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Figure 6. XP-spectra of ZnO-300 (a) and ZnO-VO (b) samples in the O1s region.

Table 2. BE positions and relative content of O atoms in different charge states in ZnO-300 and
ZnO-VO samples.

BE Position, eV Content, at.%
Sample

O1s(I) O1s(II) O1s(III) O1s(I) O1s(II) O1s(III)

ZnO-300 530.4 531.2 532.0 61.7 7.8 30.5
ZnO-VO 530.3 531.2 532.0 64.2 12.4 23.4

The PL spectra of ZnO-300 and ZnO-VO samples are shown in Figure 7a. Generally,
both samples exhibit near-band emission peak with maximum of around 390 nm and broad
defect band emission centered around 590 nm. When the spectra are normalized to the
near-band emission peak, it can be seen that the defect emission intensity decreases after
ZnO annealing in an inert atmosphere.

The Raman spectra of the synthesized ZnO-300 and ZnO-VO powders are shown in the
range of 100–600 cm−1 in Figure 7b. They represent typical ZnO wurtzite spectra. Both spec-
tra show intense peaks corresponding to the E2(high) (438 cm−1) and E2(high)− E2(low)
(331 cm−1) modes, and less intense modes A1(TO), E1(TO), and 2E2(low). There is no
significant shift between the peaks of both samples; however, as a result of post-annealing
in an inert atmosphere, the E2(high) line intensity decreases by more than two times, and
the FWHM increases from 9 to 14 cm−1. A decrease in the intensity of the peak and an
increase in its width indicate the disordering of the crystal structure near the surface of the
ZnO grains.



Chemosensors 2022, 10, 147 8 of 22

4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0

0 . 5

1 . 0

1 . 5

2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

 Z n O - 3 0 0
 Z n O - V O

Int
ens

ity
 (n

orm
aliz

ed)

W a v e l e n g t h ,  n m

( 1 )

( 2 )

( a )
3 . 2 3 2 . 8 2 . 6 2 . 4 2 . 2 2 1 . 8

E n e r g y  o f  p h o t o n s ,  e V

E 1(T
O)E 2(h

igh
)-E

2(lo
w)

Int
ens

ity
, a.

u.

R a m a n  s h i f t ,  c m - 1

Z n O - V O    ( 2 )

Z n O - 3 0 0     ( 1 )  

E 2(h
igh

)

A 1(T
O)

2E
2(lo

w)

( b )

Figure 7. (a) Normalized PL spectra of ZnO-300 (1) and ZnO-VO (2) samples at RT (excitation
wavelength 360 nm); (b) Raman spectra of ZnO-300 (1) and ZnO-VO (2) samples at RT (excitation
wavelength 785 nm).

3.2. Photostimulated Oxygen Adsorption on ZnO

Photostimulated oxygen-related processes were studied using high-purity helium
(residual oxygen content of about 0.15 ppm) as carrier gas. In order to achieve a steady
state, a He gas was preliminary passed for several hours through the cell with ZnO tablets
in dark. Figure 8 shows the mass spectrum in the range of 11–48 a.m.u. of carrier gas
passing through the cell with ZnO tablets under stationary dark conditions (black line).
The spectrum shows residual impurities including H2O vapor, O2, N2, Ar, and CO2, which
are present at concentrations of less than 1 ppm. When the samples are irradiated with
UV light through the quartz window of the cell (Figure 3), a noticeable decrease in the
oxygen concentration in the carrier gas is registered (Figure 8). The absorption of oxygen
from the carrier gas in this experiment indicates its photoadsorption, which occurs under
UV radiation.
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Figure 8. Mass spectrum of the carrier gas leaving the cell with loaded ZnO tablets under stationary
dark conditions (black line) and after 9 min of turning on UV radiation (red line).

Next, the oxygen concentration in the carrier gas was continuously monitored by
the ion current with m/z = 32 under the UV light illumination (λmax = 370 nm) in the
temperature range of 31–150 ◦C (Figure 9). The kinetics of changes in oxygen concentration
under UV light include a sharp decline at the initial time period and a slow increase during
illumination, which is determined by the kinetic parameters of the photoadsorption process.
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When the UV illumination is turned off, the oxygen concentration is quickly recovered
to its residual level. This behavior indicates the process of irreversible photoadsorption.
With a stepwise increase in the temperature of the ZnO-300 tablets to 50, 100, and 150 ◦C,
an O2 photoadsorption under UV radiation remains and is gradually enhanced with
increasing temperature.

Reductive post-annealing of the ZnO-300 tablets was carried out directly in the MS cell
in a He flow at 170 ◦C for 12 h, after which samples were also cooled down to RT in an inert
atmosphere. As can be seen in Figure 9, the resulting ZnO-VO sample also demonstrates
the effect of irreversible photoadsorption of oxygen in the temperature range from RT to
150 ◦C; however, photoadsorption is enhanced by 5–6 times at RT compared to the ZnO-300
sample. At the same time, the effect of temperature on the O2 photoadsorption is weakly
expressed and consists of a slight decrease in photoadsorption upon heating to 150 ◦C.

Thus, it can be concluded that for the synthesized ZnO annealed in air, as well as
for the ZnO after a reductive post-annealing in an inert atmosphere, photoadsorption of
oxygen under UV radiation is typical. At the same time, the ZnO-VO sample demonstrates
enhanced photoabsorption compared to the ZnO-300 sample.
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Figure 9. Comparative baseline-corrected graphics showing photoadsorption of oxygen from carrier
gas on ZnO-300 (1) and ZnO-VO (2) tablets under UV light illumination (370 nm) in the temperature
range of 30–150 ◦C, determined from the ion current by m/z = 32.

3.3. Photostimulated NO2 Processes on the ZnO Surface
3.3.1. Photoadsorption NO2 from Oxygen-Depleted Atmosphere

Photostimulated processes on the ZnO surface involving NO2 molecules were firstly
studied in oxygen-depleted gas atmosphere using a gas mixture based on high-purity He,
containing 100 ppm NO2 and 0.15 ppm O2, as a carrier gas. To establish the effect of UV
light on the adsorption equilibrium between gaseous and chemisorbed forms of NO2, the
experiment was designed as follows: a carrier gas was passed through the cell with samples
under dark conditions at RT for 2 h to achieve the steady state; then the UV light was
turned on for a period of 60 min. The effect of UV irradiation was then tested at 31◦C, 50 ◦C,
100 ◦C, and again at 31◦C. Concentration of NO2 and O2 in the carrier gas was monitored by
changing the ion current for ions with m/z = 30 and 32 a.m.u., respectively. Mass 30 a.m.u.
was chosen to monitor the NO2 concentration, because this mass corresponds to NO+ ions,
which is the most intense line in the mass spectrum of NO2, while the intensity of the line
with m/z = 46 corresponding to NO2

+ ions is only 38% of the intensity of the line with
m/z = 30. As in the previous, measurements on ZnO-300 samples were firstly carried out,
then the reductive post-annealing of the new ZnO tablets was performed at 170 ◦C for 12 h
direct in the MS cell.
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The results of the MS experiments are summarized in Figure 10. As can be seen,
post-treatment of the ZnO sample in an inert atmosphere dramatically changes its reactivity
upon interaction with NO2 under UV-activation.
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Figure 10. Changes in the ionic current during heating and UV illumination of ZnO tablets obtained
from MS: (a) NO2 (m/z = 30) in an atmosphere of He/100 ppm NO2 (black line) and He/20%
O2/100 ppm NO2 (red line) for ZnO-300 sample; (b) NO2 (m/z = 30) in an atmosphere of He/100 ppm
NO2 (black line) and He/20% O2/100 ppm NO2 (red line) for ZnO-VO sample; (c) O2 (m/z = 32) in
the He/100 ppm NO2 atmosphere for ZnO-300 sample; (d) oxygen (m/z = 32) in the He/100 ppm
NO2 atmosphere for ZnO-VO sample; (e,f) temperature profile of the experiment.

When a freshly annealed in air ZnO sample is irradiated by UV light, a sharp decline
in NO2 concentration is immediately observed, which indicates the photoabsorption of
NO2 from the carrier gas. However, only a sharp single peak of photoadsorption occurs,
after which the NO2 concentration in the carrier gas quickly recovers to the initial level
and remains close to this level during the entire illumination period. After turning off the
UV light, again a single NO2 adsorption peak is observed. This behavior looks curious,
since if the photoadsorption occurs under the light radiation, then when the light is turned
off, one can expect the desorption of excess adsorbed molecules, or at least no change in
their concentration in gas phase, if photoadsorption was irreversible. Instead, additional
adsorption effect is seen when the UV is turned off. The appearance of sharp adsorption
peaks after the turning on and off of UV light is characteristic of ZnO samples annealed
in an oxygen-rich atmosphere and will be referred to below as “turn-on”- and “turn-off”-
induced peaks.

Heating ZnO tablets up to 50 ◦C in the dark in He/NO2 flow leads at first to an
increase in the NO2 concentration in the carrier gas due to thermally activated desorption
(TD) of chemisorbed NO2 molecules from ZnO surface. Exposure to UV illumination, as
in the previous case, leads to the appearance of sharp “turn-on”- and “turn-off”-induced
adsorption peaks; however, along with fast photoadsorption processes, slow photoadsorp-
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tion occurs, which consists of a decrease in the NO2 concentration in the carrier gas during
the entire illumination period.

A similar picture is observed when the ZnO tablets are heated up to 100 ◦C. First, TD
of NO2 is observed, and after the establishment of the baseline, the effect of UV illumination
leads to fast and slow processes of NO2 photoadsorption. Generally, as the temperature
increases, the following trends are noted: fast “turn-on”- and “turn-off”-induced peaks
become less distinct, while the rate of “slow” photoadsorption, i.e., the drop in NO2
concentration in the carrier gas during the irradiation period, increases.

After cooling to room temperature, the ZnO samples exhibit a fundamentally different
behavior towards NO2 compared to the sample before heating: fast NO2 adsorption peaks
disappear and slow step-shaped photoadsorption is clearly observed. This indicates that
the surface of the sample has changed during the experiment. Slow photoadsorption was
also irreversible, i.e., no desorption of NO2 was registered after turning off the UV light.

Along with NO2 photoadsorption during UV irradiation, O2 photoadsorption was
observed on the ZnO surface. The kinetics of O2 photoadsorption are devoid of fast peaks
as per those observed in the photoadsorption of NO2, and were “slow”, although the effect
of temperature on the photoadsorption kinetics is noticeable. In addition to that of NO2,
TD of O2 is observed when heated to 50 and 100 ◦C. After the sample is cooled, oxygen
photoadsorption is observed in a very weak form compared to the state before heating.

The next experiment was carried out on new ZnO tablets which were post-annealed
directly in the measuring cell at 170 ◦C in a He flow for 12 h. After cooling the sample
to room temperature and passing mixture He/NO2 until a dark baseline was established,
the sample was irradiated for 1 h with UV light. As a result, the sample exhibits step-like
irreversible photoadsorption of NO2 from the carrier gas, with no fast adsorption peaks.

When heated to 50 ◦C, TD of NO2 occurs, against which a similar pattern of slow step-
shaped photoadsorption of NO2 is also observed under UV irradiation. At a temperature
of 100 ◦C, another TD peak of NO2 is observed; however, NO2 photoadsorption is charac-
terized by both fast peaks and slow photoadsorption, which, in this case, does not have a
step-like shape, but is characterized by kinetics, according to which the photoadsorption
rate decreases exponentially during the illumination period.

After cooling the ZnO-VO tablets to RT, they show a similar NO2 photoadsorption
behavior compared to the state before heating, indicating that the sample has not changed
during the MS measurements.

NO2 photoadsorption, as in the previous case, is accompanied by O2 photoadsorption,
the behavior of which is nonmonotonous. At room temperature, a significant increase
in O2 photoadsorption is seen (compared to the ZnO-300 sample). Then, at 50 ◦C, the
photoadsorption rate decreases, and at 100 ◦C, it increases again. After the measurement
cycle, at room temperature, NO2 photoadsorption is weaker than before measurements.

3.3.2. Photoadsorption NO2 from Oxygen-Rich Atmosphere

Since semiconductor sensors are usually aimed to operate in ambient atmosphere, it
is of practical interest to study photostimulated processes in an environment with a high
oxygen content. In addition, this will make it possible to more clearly understand the role
of oxygen in the photostimulated processes when comparing the results of experiments in
oxygen-depleted and oxygen-rich atmospheres.

For the abovemetioned purposes, a carrier gas based on high-purity He containing
100 ppm NO2 and 20% oxygen was used. Since the content of NO2 and O2 differed by more
than six orders of magnitude, their simultaneous determination by MS is difficult, and
only the change in NO2 concentration was registered. The results of NO2 photoadsorption
under UV radiation in oxygen-rich atmosphere on ZnO-300 and ZnO-VO are also shown in
Figure 10a,b, respectively (red lines).

From the data obtained, it can be seen that NO2 photoadsorption for both samples is
typical, where rate increases with increasing of temperature. In this case, the characteristic
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“turn-on”- and “turn-off”-induced peaks previously observed in an inert atmosphere are ab-
sent. Photoadsorption on samples measured at RT before and after heating is reproducible.

However, the relative drop in NO2 concentration during photoadsorption from an
oxygen-depleted and oxygen-rich atmosphere for the samples is significantly different.
Thus, for ZnO-300 sample at 50 ◦C, during photoadsorption from He/NO2 atmosphere, the
average drop in the ion current for m/z = 30 is 14%, while from a He/O2/NO2 atmosphere,
it is only 4%. The same trend is noted for ZnO-VO sample: during NO2 photoadsorption
from a He/NO2 atmosphere, the average drop in the ion current for m/z = 30 is 34%, while
from a He/O2/NO2 atmosphere, it is 5%. Thus, in both oxygen-depleted and oxygen-rich
atmospheres, for nanocrystalline ZnO, the photoadsorption of NO2 under UV radiation is
typical, while the high content of oxygen hinders the photoadsorption of NO2; as a result,
the rate of photoadsorption is decreased by 3–7 times.

3.4. UV-Activated Gas Sensitivity ZnO to NO2

The gas sensitivity of the synthesized nanocrystalline ZnO was studied for NO2 in
the concentration range of 0.5–5.8 ppm in the temperature range of 30–100 ◦C in dark and
under continuous UV illumination (370 nm) (Figure 11). The dark resistance of ZnO-300
and ZnO-VO samples at room temperature was around 2 · 1010 and 5 · 1010 Ω, respectively.
At RT in dark, a response to 0.5 and 1.0 ppm of NO2 is observed; however, in the presence
of >1.9 ppm NO2, the resistance of both sensors irreversibly moves off scale (R > 1011 Ω).
At 50 ◦C, the dark resistance of the sensors slightly decreases to ∼ 5 · 1010 Ω and the sensor
response is observed in the range of 0.5–5.8 ppm; however, the sensor signal cannot be
reliably calculated due to the fact that the resistance of the sensors moves off scale at a
NO2 concentration of more than 1.9 ppm. At 100 ◦C, the dark resistance of the sensors
decreases even more to 109 Ω, and the sensor response is observed in the entire range of
0.5–5.8 ppm of NO2. The dependence of the sensor signal on the NO2 concentration in the
dark at 100 ◦C is shown in Figure 12 for both samples.
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Figure 11. Gas-sensing measurements for ZnO-300 and ZnO-VO samples for NO2 in dark and under
UV activation at 30 ◦C (a), 50 ◦C (b), and 100 ◦C (c) .

Under UV illumination, the steady-state resistance of ZnO-300 and ZnO-VO sensors
at 30 ◦C in air decreased to 8.5 · 104 and 1.4 · 105 Ω, respectively, as a result of photoconduc-
tivity (Figure 11). The observed photoconductivity in nanocrystalline ZnO arises due to the
excitation of electrons from the valence band and local levels near the top of the valence
band into the conduction band of ZnO [41,42]. In the presence of NO2, both samples
increase resistance, which reversibly recovers to the baseline value in air in the absence
of NO2. It can be seen that both samples in this range demonstrate a reversible sensor
response to NO2, which increases with increasing NO2 concentration. Figure 12 shows
the dependencies of the sensor signal of both samples calculated using Equation (5), from
which it follows that in a given NO2 concentration range, the dependence is close to linear
on the log–log plot. Sensor signal of ZnO-VO sensor is always higher than ZnO-300 at
equal temperatures; for example, at 30 ◦C and 3.8 ppm NO2, sensor signal increases by 10%
for ZnO-VO compared to ZnO-300. An increase in temperature leads to an increase in the
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sensor signal of both samples. With a simultaneous increase in both concentration and tem-
perature, the difference in the sensor response of the samples becomes more pronounced.
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Figure 12. The concentration dependence of the sensor signal to NO2 for ZnO-300 (rounds) and
ZnO-VO (squares) sensors, measured under UV irradiation at temperatures of 30 ◦C, 50 ◦C, and
100 ◦C (solid lines) and under dark conditions at 100 ◦C (dashed line).

4. Discussion
4.1. Defect Structure of Synthesized Nanocrystalline ZnO

Synthesized nanocrystalline ZnO showed a remarkable change in reactivity after
annealing in an inert atmosphere, which can be associated with a change in the defective
structure of its surface. Due to the relatively low synthesis temperature, as well as the high
degree of rearrangement of the crystal structure as a result of the reaction (1), the formation
of a highly defective ZnO structure is expected, in which atoms do not completely occupy
the crystal lattice sites, and the formation of interstitial defects and vacancies is very likely.
The defect structure of ZnO and the effect of post-annealing on it can be assumed from the
results of XPS and PL studies (Figures 6 and 7a).

The XPS analysis demonstrates that the intensity of O1s(II) charge state, which can
be assigned to O atoms near oxygen vacancies, increases from 7.8 to 12.4%; more than
1.5 times for ZnO-300 sample compared to ZnO-VO sample (Table 2). This is consistent
with the assumption that ZnO annealing in an inert atmosphere leads to an increase in the
concentration of oxygen vacancies on the surface due to a decrease in the partial pressure
of oxygen in the system:

OO ←−→ VO +
1
2

O2(g) (6)

Thus, the number of oxygen atoms neighboring with VO also increases, which leads
to an increase in the signal intensity of O1s(II).

On the other hand, the position of the observed defective PL band can, rather, be
attributed to the process of electron recombination at interstitial oxygen atoms [43–45].
Thus, Chandrinou et al. reported on the synthesis of ZnO nanorods and showed that the
intensity of the defective luminescence band observed at 580 nm increases with an increase
in the oxygen concentration in the atmosphere where post-annealing or synthesis of ZnO
nanorods took place [46]. In Figure 7a, we also observe a decrease in the intensity of the



Chemosensors 2022, 10, 147 14 of 22

defective PL band of ZnO after post-annealing in an inert gas, which can be associated with
a decrease in the concentration of interstitial oxygen:

Oi ←−→
1
2

O2(g) (7)

At the same time, it should be noted that the observed defect PL band is very wide
and most likely consists of several peaks; therefore, it is difficult to recognize in it the lines
corresponding to VO-related luminescence.

The presence of interstitial oxygen in the ZnO can also be revealed from the XP-spectra.
Assuming that an interstitial oxygen atom relaxes into a split-interstitial configuration in
which it shares a lattice site with one of the nearest-neighbor substitutional oxygen atoms
(with a distance of O-O 1.46 A) [45], forming a chemical bond with the Zn atom, the
corresponding O1s peak is expected to have a BE slightly higher than that for lattice oxygen
in ZnO. Drawing an analogy with ZnO2, which has an O–O binding and a BE = 532.8 eV
for O1s, it is observed [47] that the charge state of Oi atoms in synthesized needle-shaped
nanocrystalline ZnO can be assigned to state O1s(III). This assumption correlates with a
decrease in the intensity of O1s(III) state in ZnO after post-annealing (Table 2).

Formation of oxygen vacancies on the ZnO surface as a result of post-annealing in an
inert atmosphere can be assumed due to decrease in the size of coherent scattering region
in comparison with the ZnO-300 sample (Table 1). Apparently, this effect can be attributed
to the broadening of X-ray reflections due to increased disordering of the near-surface
region of ZnO crystallites during the formation of oxygen vacancies, so the size of coherent
scattering region becomes smaller than the grain size.

Oxygen vacancies can ionize, donating electrons to the conduction band:

VO ←−→ V+
O + e− (8)

V+
O ←−→ V2+

O + e− (9)

According to calculations given in [48], in ZnO the existence of oxygen vacancies in
the neutral VO and doubly positively charged V2+

O form is most probable, while singly
charged vacancies V+

O are not stable.
For ZnO-VO, formation of neutral vacancies is supported by the fact that there was no

decrease in the electrical resistance compared to the ZnO-300 sample both in the dark and
under UV light (Figure 11).

4.2. Surface Reactivity of ZnO under UV Activation
4.2.1. Oxygen Photoadsorption

Photostimulated processes involving oxygen on the surface of ZnO were previously
studied by various experimental methods [49–51]. Titov et al. also observed irreversible
photoadsorption of oxygen on the ZnO surface by in situ MS under UV radiation [52,53].
The spectroscopic data given in work [54] indicate the formation of chemisorbed oxygen on
the surface of metal oxides in a singly charged form up to a temperature of 150 ◦C, while
the formation of other charge forms of chemisorbed oxygen is not confirmed.

In this work, the temperature dependence of the oxygen photoadsorption on ZnO
was also studied (Figure 9). It should be taken into account, firstly, that the increase in
the rate of oxygen adsorption on the ZnO-300 sample with increasing of temperature
can be attributed to its gradual reducing in an inert carrier gas. Thus, the study of the
temperature dependence of the photoadsorption properties of the “oxidized” ZnO in an
inert atmosphere is not indicative. The temperature dependence of the O2 photoadsorption
rate on the ZnO-VO is weakly expressed. Maximum photoadsorption rate is achieved at
room temperature, then, when heated to 150 ◦C, it gradually decreases (Figure 9). Generally,
we have shown that photoadsorption on the surface of a nanocrystalline ZnO can be
enhanced by reductive post-annealing in an inert gas by 5–7 times. Using a combination of
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physicochemical methods, it is assumed that the enhancement of photoadsorption may be
associated with an increase in the surface concentration of oxygen vacancies.

Despite the fact that reactions of chemisorbed oxygen with photogenerated holes,

O2
−(ads) + h+ −−→ O2(ads), (10)

are often reported in the literature, we did not observe photodesorption of oxygen in a
He flow for either ZnO-300 and ZnO-VO samples in the temperature range of 30–150 ◦C.
Although the behavior of oxygen in the presence of NO2 is less clear (Figure 10), only
photoadsorption is also registered for both ZnO-300 and ZnO-VO samples, which calls into
question photoactivated reactions of the following type:

NO2(ads) + O2
−(ads) −−→ NO2

−(ads) + O2(ads) (11)

which imply the displacement of part of the chemisorbed oxygen molecules from the
surface of the ZnO by photosorbing NO2 molecules .

4.2.2. NO2 Photoadsorption

MS study of the photostimulated processes of NO2 on the ZnO surface, to the best of
our knowledge, was carried out for the first time. The mass conservation law for processes
occurring in an MS cell can be written as follows:

(Cin − Cout)×
∆V
∆t

1
VT

m
=

(
∆n(ads)

∆t

)
dark

+

(
∆n(ads)

∆t

)
ph

(12)

where Cin—initial concentration of NO2 in the carrier gas, volume fraction, ppm; Cout—
residual concentration of NO2 in the carrier gas at the outlet of the cell, volume fraction,
ppm; VT

m —molar volume, mL/mol at operating temperature T, K; ∆V/∆t—the flow rate
mL/min; (∆n(ads)/∆t)dark—NO2 adsorption rate in dark, mol/min; (∆n(ads)/∆t)ph—NO2 pho-
toadsorption rate, mol/min. Equation (12) is exactly true when the temperatures of the
incoming and outgoing flows are equal. When the cell is heated, the flow rate increases
due to volumetric expansion, which leads to a decrease in the NO2 concentration in the
carrier gas. However, the exact temperature of the gas flow reaching the mass spectrometer
is difficult to calculate due to unknown heat losses, and the temperature of the capillary
of the mass spectrometer varies in the range of 40–70 ◦C, so the steady-state Cin − Cout
expression at different temperatures must be estimated experimentally.

Under dark conditions, the photoadsorption rate is zero, and the change in the NO2
concentration at the outlet of the cell is determined only by the adsorption rate. The quasi-
stationary state corresponding to Cin − Cout = const condition is achieved by establishing
a stationary adsorption rate (∆n(ads)/∆t)dark = const, which is a function of Cin, temperature,
and flow rate. Under UV irradiation, photoadsorption occurs and the rate of absorption of
NO2 from the carrier gas increases relative to the quasi-equilibrium dark value, as a result
of which Cout decreases from the steady-state value. The deviation of the residual NO2

concentration due to UV irradiation C
′
out from the dark stable value Cout can be written as

∆C(ph) = Cout − C
′
out, respectively, the photoadsorption rate in terms of experimentally

determined quantities is expressed as ∆C(ph)× ∆V/∆t.
According to the data obtained, active NO2 adsorption on ZnO also occurs in dark

conditions: at Cin = 100 ppm, a residual concentration Cout = 4 ppm of NO2 at 30 ◦C is
registered (see calibration graph, Figure S2); thus, most of the NO2 molecules entering the
cell are adsorbed on the ZnO surface. Exposure to UV light in the case of sample ZnO-VO,
for example, results in C

′
out to about 1 ppm at 31 ◦C, i.e., ∆C(ph) = 3 ppm (Figure 9).

The photoadsorption rate of NO2 on ZnO is significantly affected by the presence
of oxygen: when using a carrier gas with 20% oxygen, the residual NO2 concentration
Cout is about 46 ppm (at 30 ◦C) (Figure 9). Exposure of ZnO to UV light in an oxygen-rich
atmosphere also leads to an increase in the NO2 photoadsorption rate, but to a much lesser
extent than in oxygen-depleted atmosphere. Thus, for sample ZnO-VO, irradiation with
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UV light leads to C
′
out to about 44 ppm at 31 ◦C, i.e., ∆C(ph) = 2 ppm. Thus, the presence

of oxygen significantly hinders the process of NO2 adsorption on the ZnO; in this case, the
relative rate of photoadsorption also decreases. This conclusion can be supported by the
results of [55], where authors showed that the sensor signal and the sensitivity of the ZnO
sensor to NO2 are much higher in a N2 atmosphere than in air.

It is interesting to reveal the reasons for the change in the ZnO reactivity due to its
post-annealing in an inert atmosphere. Some suggestions can be proposed:

(i) When a ZnO sample is annealed in an inert atmosphere, the surface can be reduced
with the formation of oxygen vacancies, as a result of which an increase in the surface
concentration of oxygen vacancies leads to a change in surface reactivity.

(ii) When ZnO is heated in an inert gas flow, the surface of ZnO is cleaned as a result of
thermal desorption of H2O, CO2 (Figure S3), and other volatile contaminants, as well
as chemisorbed oxygen; existing adsorption sites suitable for NO2 adsorption become
unoccupied and this increases the reactivity of the surface.

To verify whether surface cleaning really affects the reactivity of the ZnO when in-
teracting with NO2 under UV radiation, an additional experiment was carried out in
which the post-annealing of the as-prepared ZnO was carried out in an oxygen-rich atmo-
sphere (He + 20% O2) at 170 ◦C for 12 h, and after that, the NO2 photoadsorption from
He + 100 ppm NO2 mixture was studied at RT. In an oxygen-rich atmosphere, the reduction
of the ZnO surface with the formation of vacancies is excluded, while the removal of water,
CO2, and other volatile contaminants also occurs. It can be seen from Figure 13a that the
photoadsorption properties of ZnO post-annealed in an oxygen-rich atmosphere are close
to those of the as-prepared ZnO, and the photoadsorption curve contains characteristic
“turn-on”- and “turn-off”-induced peaks.

Another assumption may be that the effect of post-annealing in an inert atmosphere on
the reactivity of ZnO is due to the removal of chemisorbed oxygen from the surface. To test
this hypothesis, a next experiment was carried out in which the ZnO was post-annealed in
He flow, after which its NO2 photoadsorption properties were tested under UV irradiation
in He + 100 ppm NO2 atmosphere. A typical step-like response was obtained as a result,
showing active absorption of NO2 from carrier gas during the illumination (Figure 13b).
After that, the ZnO was exposed to an oxygen-rich atmosphere (He + 20% O2) for 90 min
in the dark at RT, and then the NO2 photoadsorption properties were tested again. As can
be seen, the effect of oxygen treatment did not lead to degradation of the photoadsorption
properties of the sample (Figure 13c).
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Figure 13. NO2 photoadsorption experiments on ZnO samples with different treatment history:
(a) as-prepared ZnO was post-annealed in (He + 20% O2) atmosphere at 170 ◦C for 12 h (arrows show
“turn-on”- and “turn-off”-induced photoadsorption peaks); (b) ZnO sample after annealing of the
previous sample in He atmosphere at 170 ◦C for 12 h; (c) ZnO sample after exposing of the previous
sample in (He + 20% O2) atmosphere at RT for 12 h.

From the studies performed, it follows that the enhancement of NO2 photoadsorption
on ZnO after post-annealing in an inert atmosphere is not associated with the effect of



Chemosensors 2022, 10, 147 17 of 22

cleaning the surface from O2, H2O, CO2, and other molecules, but is more likely associated
with the formation of surface oxygen vacancies. The adsorption of NO2 and O2 on the
defected ZnO surface was considered by Gaoda [34], and he came to the conclusion that
neutral oxygen vacancies are more preferable adsorption sites for O2 molecules, while
doubly charged ones are more preferable for NO2. In our experiments on the reduced
ZnO-VO, an increase in the photoadsorption of both O2 and NO2 was noted.

The kinetics of NO2 photoadsorption on synthesized ZnO samples demonstrate an
atypical form. In general, the adsorption (chemisorption) rate obeys the equation

dΓNO2

dt
= A(1−Θ) pNO2 Γ∞ exp

(
− EA

kBT

)
(13)

where ΓNO2 is the surface concentration of chemisorbed NO2, A is a pre-exponential factor,
(1− Θ) is the fraction of free adsorption centers (VO), pNO2 is pressure of NO2 in gas
phase, Γ∞ is total surface concentration of adsorption centers, EA is adsorption activation
energy, and kB and T are Boltzmann constant and temperature, respectively. As follows
from Equation (13), when the adsorption sites are filled, the photoadsorption rate should
decrease. Such a picture is observed, for example, in the case of photoadsorption of oxygen
on ZnO (Figure 9). However, the kinetics of NO2 photoadsorption on ZnO have an unusual
character, including fast and slow processes.

Fast photoadsorption processes (labeled above as “turn-on”- and “turn-off”-induced
peaks) are only characteristic of as-prepared or re-annealed in an oxygen-rich atmosphere
ZnO, since the “oxidized” ZnO samples contain a low number of oxygen vacancies, which
are the main adsorption sites for NO2 molecules, and the “turn-on”-induced peaks may
occur due to the rapid filling of the remaining oxygen vacancies during NO2 photoadsorp-
tion. A too-fast filling rate does not allow a high-resolution kinetic curve to be obtained
(scanning rate is one measurement per 9 s), so only photoadsorption as a single peak is
recorded in this case. Adsorption of NO2 after turning off the UV light indicates that
during illumination, a decrease in the equilibrium surface concentration of chemisorbed
NO2 molecules took place. Therefore, under dark conditions, the surface concentration of
chemisorbed NO2 molecules is immediately replenished by absorption from the carrier gas,
which appears as a “turn-off”-induced peak on the graph. A decrease in the concentration
of chemisorbed NO2 molecules during illumination period can occur due to their slow
photodesorption or their disproportionation reaction, or due to irreversible binding to the
ZnO surface with the formation of zinc nitrate.

Another variant of the kinetics of NO2 photoadsorption on the ZnO surface, which
was observed in our experiments, is slow photoadsorption with a characteristic step-like
shape on the graph. This was observed for the ZnO-VO sample in an oxygen-depleted
atmosphere and for both the ZnO-300 and ZnO-VO samples in oxygen-rich atmospheres.
This dependence shows that the number of adsorption sites does not decrease in the process
of photoadsorption. This may indicate a chemical reaction between NO2 and ZnO, which
follows the photoadsorption process.

Based on the data presented in Figure 10a,b, the temperature dependence of the rate
of NO2 photoadsorption on the ZnO from the oxygen-rich carrier gas can be analyzed.
Taking the ∆C(ph) values extracted from graphs in Figure 10a,b, and irradiated surface area
(12.5 cm2), the specific rate of NO2 photoadsorption can be calculated. The temperature
dependence of specific rate of NO2 photoadsorption from an oxygen-rich atmosphere on
the ZnO surface, calculated for three temperature points (31, 50, and 100 ◦C), lies near a
straight line on the Arrhenius plot (Figure 14), which may indicate the activation nature
of the process. The evaluated activation energies of photoactivated NO2 binding on the
ZnO are close values: 17 ± 2 meV (1.62 ± 0.2 kJ/mol) for ZnO-300 and 16 ± 2 meV
(1.55 ± 0.2 kJ/mol) for ZnO-VO.
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Figure 14. Temperature dependence of the rate of NO2 photoadsorption under UV irradiation
(370 nm) from an oxygen-rich atmosphere (He + 20% O2 + 100 ppm NO2) on the ZnO surface on the
Arrhenius plot.

4.3. Insights to Mechanisms of Gas Sensitivity of ZnO to NO2 under UV Activation

Since the NO2 molecule is a strong electron acceptor, its adsorption is accompanied
by the capture of electrons from the conduction band. The typical sites of adsorption
of a NO2 molecule on the ZnO surface are oxygen vacancies, on which, according to
XPS and IR studies, near RT, a NO2 molecule can orient itself in different ways, with
the formation of NO2

– and NO3
– ions [29,56–61]. Thus, the sensor response to NO2

requires both unoccupied adsorption sites and free electrons, which can be expressed by
the following equations:

NO2(ads) + VO + e− −−⇀↽−− NO−2 . . . VO (14)

NO2(ads) + Olat + VO + e− −−⇀↽−− NO−3 . . . VO (15)

In dark at a constant temperature, equilibrium is established between the gaseous and
adsorbed forms of NO2 according to Equations (14) and (15). The maximum achievable
value of the sensor signal to NO2 in this case is controlled by the concentration of free
electrons to the grains, which is not very high for nanocrystalline ZnO. As can be seen
from Figure 11, the ZnO-300 and ZnO-VO samples show a sensor response to NO2 under
dark conditions in the range of temperature of 30–100 ◦C, but the very high resistance
(R > 1010 Ω) of the sensor layers, bordering on dielectric properties, makes it difficult
to measure. With increasing temperature, the resistance of the sensors slightly decreases
due to an increase in the concentration of charge carriers by the mechanism of thermal
activation; however, the surface concentration of NO2 molecules decreases due to the
predominant process of their thermal desorption. Thus, increasing the temperature does
not appear to be a successful strategy for NO2 sensor measurements in the dark.

When ZnO absorbs UV light, photoexcited charge carriers are generated, which leads
to an activated surface state due to a sharp increase in the concentration of free electrons,
which leads to a decrease in the base resistance to the order of 105 Ω. In this highly
non-equilibrium state, the NO2 adsorption rate increases dramatically, and NO2 photoad-
sorption rate increases with increasing of temperature. Temperature change from 30 to
100 ◦C has little effect on the resistance of sensors under UV activation; however, it signifi-
cantly enhances the NO2 photoadsorption, which leads to its higher surface concentration
on the sensor surface, and, as a result, a larger sensor signal can be achieved.
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The abovementioned insights can be summarized by comparing the data of MS and
sensor measurements of ZnO-300 and ZnO-VO samples under UV photoactivation at in
the temperature range of 30–100 ◦C (Figure 15). Two trends are obvious in these diagrams:
(1) at the same temperature, the ZnO-VO has a stronger photoadsorption and a higher
sensor signal compared to ZnO-300 sample; (2) with increasing of temperature, rate of
photoadsorption and the sensor signal increase for both ZnO-300 and ZnO-VO samples.

The first trend is due to an increase in the reactivity of ZnO after post-annealing in an
inert gas, which apparently causes an increase in the surface density of oxygen vacancies
on the ZnO surface, which serve as adsorption sites for NO2 molecules. The second trend
is due to the activation nature of the interaction of NO2 with the ZnO surface under UV
irradiation. Thus, in both cases, there is a correlation between the ability of the ZnO sample
to adsorb NO2 and the sensor response to NO2 under some conditions.

In other words, it follows from the obtained data that the sensor response of ZnO
to NO2 upon UV activation is proportional to the surface concentration of chemisorbed
NO2 molecules, which is reached upon detection. Thus, to design highly sensitive metal
oxide sensors to NO2, approaches can be used that include both modification of the sensing
material to increase the density of adsorption sites (oxygen vacancies) on its surface,
and variation of operation conditions, including the combination of light and moderate
thermal activation.
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Figure 15. (a) Diagram shows the photoadsorption rate of NO2 from an oxygen-rich atmosphere on
ZnO-300 and ZnO-VO samples at different temperatures (data extracted from graphs in Figure 9);
(b) diagram shows sensor response of ZnO-300 and ZnO-VO samples to 3.8 ppm NO2 at different
temperatures (data extracted from graphs in Figure 12).

5. Conclusions

In the present work, we studied photostimulated processes involving O2 and NO2
molecules on the ZnO surface by in situ MS in the temperature range of 31–100 ◦C under
activation by UV radiation (370 nm). The synthesized nanocrystalline needle-shaped ZnO
exhibits a sensor sensitivity to NO2 when exposed to UV light, and, at the same time, it is
characterized by photoadsorption of O2 and NO2. Upon post-annealing of the synthesized
ZnO in an inert gas at 170 °C, a more active surface state is formed, which is most likely
associated with an increase in the surface density of oxygen vacancies on the ZnO surface.
This state is stable and provides high photoadsorption rates for O2 and NO2, as well as
high sensor response values for NO2 detection compared to as-prepared ZnO. It has been
found that the process of NO2 photoadsorption from an oxygen-rich atmosphere on the
ZnO surface is an activation process in the temperature range of 31–100 ◦C, and activation
energies have been determined for it. The obtained data show that for the studied ZnO-
based sensor, there is a correlation between the ability to photoadsorb NO2 and the sensor
response to NO2 under the same temperatures. Thus, in situ MS has great potential in the
study of photostimulated chemical processes underlying the detection of various molecules
by semiconductor gas sensors.
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