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ABSTRACT: Light activation is an effective method to improve
sensor performance at room temperature (RT). This work realized
the effective detection of trace-level NO, at RT under visible light

by combining ZnO with the excellent photocatalyst BiOI. A

1.5

atom % BiOI-ZnO-based sensor under 520 nm light exhibited
optimal sensing properties with the maximum responses (13.9 to 1
ppm NO,), fast response/recovery time (66 s/47 s to 1 ppm), and

a low detection limit of 25 ppb (theoretically 0.34 ppb). In

the

meantime, the sensor also possessed excellent selectivity,
repeatability, and stability. The excellent properties were attributed
to the high concentration of oxygen vacancies and the prolonged
lifetime of photogenerated carriers. In addition, the observed
photovoltaic effect of the sensor at RT indicated that the sensor held application prospects in the photovoltaic self-power field.

KEYWORDS: ZnO nanorods, BiOI, NO, sensor, visible

N itrogen oxides (NO,), mainly from industrial emissions,
vehicle exhaust, and natural gas burning,l’2 have been
one of the major air pollutants. NO, can cause chronic
respiratory disease, asthma attacks, and even lung cancer in
both children and adults." Recently, researchers have also
found a positive correlation between ppb-level NO, in urban
air pollution and the mortality of COVID-19.> Consequently,
it is of great importance to monitor NO, in the environment.

Metal oxide semiconductor (MOS)-based chemiresistive gas
sensors, such as SnO,, ZnO, WO;, and Fe, 05, exhibit excellent
properties in detecting NO,.*”” However, they usually need to
work at high temperatures (150—400 °C) for obtaining
enough thermal energy to overcome the activation energy
barrier and complete the surface redox reaction. High working
temperatures decrease the stability and lifetime of the sensors,
bring potential safety hazards in the presence of flammable and
explosive gases, and are also inconducive to the integration of
devices.® ' Till now, great efforts have been devoted to
explore MOS-based sensors operating at room temperature
(RT) by adopting methods such as adding conductive
polymers, doping noble metals, and constructing hetero-
junctions.'' ™" These methods effectively improve the sensors’
response at RT, but there is still the problem of slow gas
adsorption/desorption speeds. Light excitation is an effective
way to solve this problem due to photogenerated carriers,
which will effectively improve the conductivity of sensors and
enhance the activity of the surface reaction. ZnO has gained
widespread attention due to both outstanding photoelectronic
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and gas-sensing properties. Among a variety of morphologies,
ZnO nanorods (NRs), having the unique advantages of low
defect density, good crystallinity, and large grain sizes, often
exhibit better sensing properties such as rapid response/
recovery speeds.'* However, the wide band gap of ZnO results
in a narrow light absorption range. To enlarge the absorption
wavelength of the material to improve the utilization of light
energy, it is an effective and facile strategy to combine ZnO
with other suitable photocatalysts to construct heterojunctions.

Ternary oxide semiconductors, BIOX (X = F, Cl, Br, and I),
are promising catalysts, as they are nontoxic and inexpensive
and have an environmentally friendly nature. BiOX are
composed of Bi,O,*" layers with a layered structure interleaved
by slabs of halide atoms. Such a unique layered structure with
excellent photoelectronic properties under visible light results
in widespread application in the fields of photocatalysis, solar
cells, and photoelectric detectors.”> "7 Among BiOX, BiOI has
the narrowest band gap and exhibits higher light catalytic
activity.'® Taking advantage of this feature, BiOI has great
potential to be a good photosensitizer in the gas sensor field.
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Unfortunately, relevant studies have not been reported at
present.

In this work, we investigated the improvement effect of
illumination on the NO, sensing performance of sensors based
on BiOI-functionalized ZnO at RT. The characteristics of
composites and sensing properties of sensors to NO, under
excitation of different wavelengths at RT were tested and
discussed in detail. What’s more, the gas-sensing mechanism
was analyzed using the gas molecules adsorption model.

B EXPERIMENTAL SECTION

Gas Sensor Fabrication. The synthesis methods of pure ZnO,
pure BiOI, and BiOI-ZnO were described in the Supporting
information. In total, 10 mg of samples were mixed with ethanol
and then covered onto Al,O; substrates (10 mm X 10 mm) with Au
interdigital electrodes (15 pairs, and S0 ym between each pair of
electrodes). The brushed substrates were dried in an 80 °C oven and
then annealed for 1 h under an Ar atmosphere at 300 °C with a rate of
10 °C/min. The whole process of fabrication is presented in Figure 1.
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Figure 1. Diagrams of (a) BiOI-ZnO preparation and (b) sensor
fabrication.

Gas Sensor Measurement. The sensing performances were
evaluated through a static method consistent with the published
paper'® (the more detailed information is in the Supporting
information).

B RESULTS AND DISCUSSION

Morphology and Structure Characterization. In XRD
patterns shown in Figure 2a, pure ZnO was completely in
accordance with the standard PDF card (No. 76-0704), and no
additional peaks were observed in the composites (1.0—3.0
atom % BiOI—ZnO), which was due to the low contents of
BiOL In fact, pure BiOI in Figure S1 can be indexed with the
standard PDF card (No. 73-2062). When the content was
increased to 10.0—15.0 atom %, a new peak belonging to the
(012) plane of BiOI was observed at about 28.26° in Figure S1,
indicating the existence of BiOI crystals in the composites.”’
Besides, it can be seen that the peak position of the (012)
plane in BiOI-ZnO was slightly shifted to the left compared
with pure BiOI due to the influence of tensile stress from the
ZnO crystal.”’

Figure 2b,c displays the microstructure of pure ZnO and
BiOI Pure ZnO exhibited a nanorod shape with a smooth
surface, and pure BiOI microballs were formed by stacking thin
nanosheets. Figure 2d shows that 1.5 atom % BiOI was
attached to the surface of ZnO after its addition, making the
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ZnO surface no longer smooth. In Figure 2e,f, the composite
was further examined by TEM and HRTEM, and lattice fringes
with spacings of 0.33 and 0.28 nm were observed,
corresponding to the (012) plane of BiOI and the (100)
plane of ZnO, respectively. In addition, the mapping results
shown in Figure 2g—j revealed elements including Zn, O, Bi,
and I in the BiOI-ZnO composite, indicating that the BiOI
crystals were equally dispersed throughout the surface of ZnO.

The Raman spectra are displayed in Figure 3a. The high-
intensity peaks at ~438.36 cm™! were Raman-active E, modes,
which were related to the crystalline hexagonal wurtzite
structure of ZnO samples, and the peak at ~233.02 cm™" was
derived from the surface phonon mode of the nanostruc-
ture.”>**> With the increase of BiOI contents, a peak appeared
at 147.72 cm™! in 3.0 atom % BiOI-ZnO due to the E,
internal Bi—I stretching mode.”* FTIR was also employed to
learn more about chemical bonding on the surface of samples
(Figures 3b and S2). The characteristic peak of pure ZnO,
attributed to the stretching of the Zn—O bond, was located at
528.09 cm™!, but the position of this peak in composites
tended to weaken and broaden with the increasing amounts of
BiOI due to the Bi—O bond at 485.03 cm™'.>>*° The results of
Raman and FTIR both proved the formation of BiOI crystals
on ZnO NRs.

The absorption band edges of all samples can be seen in
UV-—vis adsorption spectra in Figure 3c. Pure ZnO exhibited
strong absorption in the UV region, while pure BiOI exhibited
at around 625 nm in the visible light region. For the
composites, the adsorption extended to the visible light region
when the content of BiOI exceeded 1.5 atom %.'” The optical
band gaps of pure ZnO and pure BiOI were, respectively,
determined to be 3.19 and 1.98 eV according to the converted
Tauc curves shown in Figure 3d. The band gaps of composites
were all narrower than that of ZnO, and decreased gradually
with the increase of BiOI contents, indicating more defects
were produced in the composites.”> >

XPS was conducted to further explore the elements’
chemical states. The survey scan of pure ZnO and the
BiOI-ZnO composites in Figure S3a showed all elements’
information. Figure S3b presents the two peaks of Zn 2p,
which were both situated at approximately 1044.0 and 1020.9
eV in all samples. The three peaks of O 1s shown in Figure 3e
were attributed to the lattice oxygen (OL), oxygen vacancies
(Oy), the chemisorbed oxygen (O, from CO, and H,0), and
the oxygen in the Bi—O bond (Oy;).”"** The ratios of Oy in
ZnO and the composites are shown in Table S1, and 1.5 atom
% BiOI-ZnO had the highest content. The existence of the
highest content indicated that BiOI can not only cover the
surface during the in situ growth on ZnO to reduce the
exposure of surface defects but also induced more defects on
the ZnO surface simultaneously. Moreover, the peak of Opg;
increased with the increasing content of BiOI in the
composites. Additionally, Figure S3c,d depicts the results of
Bi 4f and I 3d. The XPS results further confirmed the
composition of BiOI in ZnO.

Gas-Sensing Properties. According to the optical band
gap of the materials, four different lights with wavelengths of
3685, 460, 490, and 520 nm were selected to study the effect on
the sensors’ performances. The specific base resistances of the
sensors under different light wavelengths are recorded in
Figure 4a. The resistance of pure ZnO was the smallest, and
those of composites gradually increased with the increase of
BiOI contents due to the more formed heterojunctions. Taking
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Figure 2. (a) XRD patterns of materials; (b—d) the SEM pictures (the insets were the magnified details); (e—f) the TEM pictures of 1.5 atom %
BiOI-ZnO and the lattice fringes; and (g—j) the mapping results including Zn, O, Bi, and 1.
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Figure 3. (a) Raman spectra, (b) FTIR spectra, (c) UV—vis adsorption spectra, and (d) Tauc plots of all samples. (e) O 1s from the XPS spectra of
pure ZnO and BiOI-ZnO composites.
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the situation under 520 nm as an example, the variation trends
of resistance were consistent with the findings of I-V curves,
as shown in Figure 4b. Moreover, the I-V curves of BiOI—
ZnO composites also exhibited the rectifying property, which
demonstrated the formation of a heterojunction between BiOI
and ZnO.” In addition, Figure S4 also revealed the poorest
conductivity of pure BiOl In contrast, the resistance of the

dark.

sensitivity of sensors
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sensors in the dark was too large to be detected, demonstrating
the difficulty to further explore the sensors’ properties in the

The sensing performances of all sensors were investigated
under different wavelength lights. Figure S5a,b reveals the poor

to 1-5 ppm NO, under 365 nm light.

The sensitivities of these sensors were improved after exposure
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to 460 nm light. As shown in Figure SS5c¢,d, the responses of the
sensors based on 1.0 and 1.5 atom % BiOI-ZnO increased
compared with that of pure ZnO, but those of 2.0 and 3.0 atom
% BiOI—ZnO decreased due to the excessive addition of BiOl.
In comparison to pure ZnO, the improved responses of the
sensors based on BiOI-ZnO composites were due to the
higher visible light absorption, the increasing content of Oy,
and the prolonged lifetime of carriers caused by the formed
heterojunctions. However, too high content of BiOI gradually
covered the surface active sites of ZnO to prevent gas
adsorption, resulting in a bad sensing response. For sensors
based on pure ZnO and 1.0 and 1.5 atom % BiOI-ZnO, the
effect of extending the excitation wavelength on their sensing
performance was further investigated. As presented in Figure
4c, the responses of the sensors to 1 ppm NO, increased with
the increase of excitation light wavelength, which means that
the lower detection limits of the sensors were expected to be
further reduced under the excitation of 490 and 520 nm light.
Figure S6 depicts the properties of three sensors to 0.1—1 ppm
NO, under 490 nm illumination, in which the sensor based on
1.5 atom % BiOI-ZnO showed optimal NO, sensitivity. In
Figure 4d,e, the responses of the sensors under 520 nm light
further increased, and the highest responses were still seen at
1.5 atom % BiOI-ZnO. Surprisingly, the low detecting limit
(LOD) was further lowered to 25 ppb for the 1.5 atom %
BiOI—ZnO-based sensor. The above results indicated that the
sensor based on 1.5 atom % BiOI-ZnO exhibited the best
performance under 520 nm light. Figure 4f further presents the
fitted relationship between the responses (S) and the NO,
concentrations (C) in 0.025—1 ppm, which was consistent
with the empirical law of gas adsorption.*

log(S — 1) = alog(C) + b (1)
The theoretical LOD could be deduced to 0.34 ppb according
to the formula LOD = 3 X RMS,./slope (RMS,;. was
0.076, represented the root mean square of noise, which was
the standard deviation of 30 experimental basic resistance in
the test chamber).

Other gas-sensing properties of 1.5 atom % BiOI-ZnO
under 520 nm light were further investigated. The repeatability
is performed, as shown in Figure Sa, and the responses
remained remarkably consistent over the course of five
consecutive tests. Humidity was one of the main interference
factors for sensors working at RT, and the properties under
different humidities (30, S0, 70, and 90% RH) are explored in
Figure S5b. The responses of the sensor to 100 ppb NO,
decreased a lot under 70 and 90% RH, while the sensor could
still meet the detection of ppb-level NO, under higher
humidity. In addition, Figure Sc illustrates the selectivity of
the sensor. The responses to CO, ethanol, and some gases
containing nitrogen (NHj, triethylamine, and ethanolamine)
were all much lower, showing excellent selectivity to NO,. The
long-term stability of the sensor during two weeks is recorded
in Figure 5d, and the insets show the resistance curves on the
first day and the day after two weeks of continuous operation.
Both the base resistance and response to 100 ppb NO,
fluctuated slightly during the test period, indicating the good
stability of the sensor. Table S2 lists and compares the
properties of sensors based on ZnO in published works, and
the sensor developed in this work held advantages in response/
recovery speed. In fact, we also found a detrimental effect of
520 nm light on the response/recovery time of the 1.5 atom %
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BiOI—ZnO-based sensor, as shown in Figure Se,f, which will
be explained in the subsequent mechanism section.

Gas-Sensing Mechanism. The mechanism can be
analyzed according to the gas adsorption/desorption model
on the surface of N-type semiconductors. ZnO with an NR
structure holds the advantages of low defect density, good
crystallinity, and large grain sizes, resulting in a thin depletion
layer and fast electron transfer.'* On the surface of ZnO, some
unpaired electrons are formed due to the presence of Oy,
which provide reaction active sites for gas adsorption. When
the sensor is placed in the air, O, is adsorbed on Oy to form a
chemical adsorption state by capturing electrons, mainly
including O, at RT. Meanwhile, a depletion layer is formed
on the surface, resulting in increased resistance. The reaction is
as follows:

OZ(ads) +e - OZ(ads) (2)

Under light irradiation, electrons in the valence band (VB)
absorb photon energy to transition to the conduction band
(CB). More active photocarriers not only significantly
improved the conductivity of the sensing material but also
participated in the surface reaction.

ho = ¢ Gy + H ) (3)

(4)

When the sensor is in a NO, atmosphere, NO, adsorbed on
the surface of ZnO not only directly captures e”(;,) from CB
but also reacts with O, (). The generated NO,™ obviously
deepen the depletion layer so that leads to higher resistance.

(5)
(6)

However, some of NO,~ is reoxidized to NO, and desorbed
from the surface under the action of h* ().

Os0ads) T € () = Oz

Noz(ads) + e_(hz)) - NO;(ads)

NO2(3dS) + 02 (ho)

- NO;(ads) + Ol(gas)

NOS (49 + h ) = NOy(ay) (7)
When the adsorption/desorption process reaches equilibrium,
the resistance of the sensor reaches a stable state. In fact,
illumination can simultaneously affect the gas adsorption/
desorption rates. From the entire process, it can be concluded
that the responses can be greatly improved by increasing the
proportion of surface Oy and accelerating the surface charge
transfer rate. Therefore, for the BiOI—ZnO-based sensor, the
enhanced change of responses was observed with the increase
of the light wavelength. However, an inhibited effect was
exhibited on the response/recovery speeds, shown in Figure
Sef, due to the existence of equilibrium and the different
photon energy. Short-wavelength (high photon energy) lights
induce more photogenerated carriers in the sensing material,
accelerating the dynamic equilibrium process and the
response/recovery speeds.”’ Although the response/recovery
time increases as the wavelength increases, the response/
recovery speed still has certain advantages for sensors at RT.

For the composites, the addition of a small amount of BiOI
has no obvious effect on the morphology of ZnO and hence
has little effect on the diffusion process of NO, in the
composites. The enhanced NO, sensitivity of composites can
be explained as follows. First, the addition of BiOI induces
more Oy, defects, which is proved by the results of UV—vis
absorption and XPS in Figure 3d,e. To further illustrate the
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role of Oy, the sensing properties were separately tested in

y = a,exp(—t/7) + a, exp(~t/7,) + C 9)

pure N,, simulated air (~20% O, and ~0% RH), and pure O,,
as shown in Figure S7. The base resistance in pure O, was the
highest, which is attributed to the adsorption of O, on Oy
according to eq 4. In pure N,, since more reaction sites are
occupied by NO, instead of O,, the reaction in eq S dominates
the whole process, leading to the highest response.

Second, the formed heterojunctions promote the sensing
performance, even though they might also be not conducive to
the electron transfer between grains and bring adverse effects
on the response/recovery speed, as shown in Figure Sef W;
values of ZnO and BiOI obtained by the Kelvin probe were
4.93 and 5.26 eV, respectively, as shown in Figure 6a,b.
Therefore, when they contact, charge transfers across the
interface due to the inconsistent Fermi level (E;) to form
heterojunctions. Eventually, E; is aligned, and the W; of the
composite was about 5.22 eV between those of pure ZnO and
BiOI. More importantly, the interfacial barrier (V) formed by
the heterojunction modulates the resistance of the sensor as eq
8, which indirectly enhances the sensitivity of the sensor.*”

R =R, exp(qV/kT) (8)
where R and R are the resistances of the sensor. g, k, and T
are, respectively, the electron charge, Boltzmann constant, and
temperature.

For further investigating the role of heterojunctions, TRPL
curves were performed, as shown in Figure 6, related to the
carriers’ decay lifetime, which can well fit with biexponential
functions (eq 9).
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where the fast decay component 7, was attributed to the
nonradiative recombination of free carriers, which was the
major deactivation pathway, and the long decay component 7,
came from the radiative recombination. The average decay
time can be calculated as eq 10, and the results are displayed in
Table S3.

() = (a7’ + a,5,°)/ (ay740,7,) (10)
It was noted that (£)p;0;_z,0 was higher than (t);,, suggesting
the faster charge transport speed and reduced recombination
of photogenerated carriers. The results proved that the formed
heterojunctions in the composites promoted the separation of
photogenerated carriers and thus enhanced the catalytic
activity of the surface.”> The whole process is presented in
Figure 6d—f.

Additionally, combined with the existing application of BiOl
in the solar cell field, the I-V curves of the sensor to various
intensity lights under a low bias voltage are recorded in Figure
S8. The short-circuit current (I,.) and the open-circuit voltage
(V.o), as the fingerprint of the photovoltaic effect, increased
with the increase of intensities due to the built-in electronic
field at the interface between BiOI and ZnO.** This means
that the effect of light on this BIOI-ZnO composite and its
application in photovoltaic self-powered sensors is also an issue
worthy of attention in future research.
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B CONCLUSIONS

In this work, ZnO NRs were prepared by the facile
hydrothermal method and combined with BiOI nanoparticles.
The characterization of sensors was studied in detail, and a 1.5
atom % BiOI-ZnO-based sensor showed the best NO,-
sensing performance including sufficient responses, fast
response/recovery time, lower detection limit, and excellent
selectivity and repeatability under 520 nm light because of the
increasing number of Oy and the prolonged carrier lifetime.
Moreover, the gas-sensing mechanism has been further
discussed using the adsorption model. Interestingly, the
observed photovoltaic effect shows that the sensor deserves
further research in terms of photovoltaic self-powered devices.
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