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ABSTRACT: Oxygen vacancy (VO) is a kind of primary point defect that extensively
exists in semiconductor metal oxides (SMOs). Owing to some of its inherent qualities, an
artificial manipulation of VO content in one material has evolved into a hot research field,
which is deemed to be capable of modulating band structures and surface characteristics
of SMOs. Specific to the gas-sensing area, VO engineering of sensing materials has
become an effective means in enhancing sensor response and inducing light-enhanced
sensing. In this work, a high-efficiency microwave hydrothermal treatment was utilized to
prepare a VO-rich ZnO sample without additional reagents. The X-ray photoelectron
spectroscopy test revealed a significant increase in VO proportion, which was from 9.21%
in commercial ZnO to 36.27% in synthesized VO-rich ZnO possessing three-dimensional
and air-permeable microstructures. The subsequent UV−vis−NIR absorption and
photoluminescence spectroscopy indicated an extension absorption in the visible region
and band gap reduction of VO-rich ZnO. It turned out that the VO-rich ZnO-based
sensor exhibited a considerable response of 63% toward 1 ppm HCHO at room temperature (RT, 25 °C) under visible light
irradiation. Particularly, the response/recovery time was only 32/20 s for 1 ppm HCHO and further shortened to 10/5 s for 10 ppm
HCHO, which was an excellent performance and comparable to most sensors working at high temperatures. The results in this work
strongly suggested the availability of VO engineering and also provided a meaningful candidate for researchers to develop high-
performance RT sensors detecting volatile organic compounds.

1. INTRODUCTION

At the present time, room-temperature (RT) gas sensing is
occupying an important position. Researchers have exploited
varieties of fresh theories, techniques, andmaterials to accelerate
the progress in this field. However, to the best of our knowledge,
RT sensing concentrates more upon several target gases with
intrinsically high activity, especially NO2,

1−4 NH3,
5−7 H2S,

8−10

and so forth.
Comparatively speaking, even now, high-temperature sensing

on almost all volatile organic compounds (VOCs) is still
mainstream and ingrained. For example, Zhang et al.11 prepared
hollow ZnO nanocages derived from ZIF-8, which exhibited a
high response of 139.41 toward 100 ppm ethanol at 325 °C.
Besides, it possessed an ultrashort response time (2.8 s) and low
detection limit (25 ppb). Chang et al.12 synthesized 2D WO3
nanosheets by annealing inorganic fullerene-like WS2 nano-
particles at different temperatures. The optimal WO3 nano-
sheets, annealed at 500 °C, showed a response of 2.23 toward
0.17 ppm acetone at 300 °C, the response and recovery time
being 6 and 10 s, respectively. Li et al.13 transformed bead-like
WO3 fibers to hierarchical WO3/ZnWO4 1D composites with
the introduction of ZIF-8 into the precursor solution. The
resulting WO3/ZnWO4-5% composites displayed a response of

44.5 toward 5 ppm HCHO at 220 °C. Meanwhile, the
composites exhibited a short response/recovery time (12/14
s) and excellent stability. As we can see, high temperature
endows VOC sensing with excellent performance and
undeniably plays an important role in this process.
In contrast, although having made some progress, perform-

ance indicators regarding RT sensing on VOCs are far from
satisfactory. For example, Kuchi et al.14 developed a novel RT
ethanol sensor based on PbS/SnS2 nanocomposites via a simple
method. Although the optimal PbS/SnS2 (1:1)-based sensor
showed good selectivity toward ethanol, the corresponding
response was rather low, being 45.64−100.3% toward 60−1600
ppm ethanol. In particular, the sensor response and response/
recovery time of PbS/SnS2 (1:1) toward 800 ppm ethanol were
∼90% and 128/69 s, respectively. Vishwakarma et al.15 applied
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CdS-doped TiO2 nanocomposites to RT acetone detection.
However, an optimized 2 wt % CdS doping only made the
composite show a response of 71% toward 5000 ppm acetone,
the response/recovery time being 55/115 s. David et al.16

demonstrated a RT Ag/Bi2O3 nanocomposite-based toluene gas
sensor which had a detection range of 10−100 ppm. To be
specific, its response toward 50 ppm toluene was 89.21%, and
the corresponding response/recovery time was ∼60/∼320 s. It
serves to show that relevant research on RT sensing toward
VOCs is in a fledging period and woefully inadequate, which is
exactly the driving force for us to carry out targeted research.
Without the booster action of high temperature on activating

reactions, light irradiation, particularly, ultraviolet (UV) and
visible light, is the most effective alternative means known to
exert a comparable character in inducing carrier separation and
deepening the reaction level. For one semiconductor, it can be
light-activated only if photon energy exceeds the band gap
barrier, resulting in the generation of electron−hole pairs.17−19
For UV irradiation with short wavelengths (10−400 nm), high
photon energy makes it capable of activating any semi-
conductors. In contrast, from the view of theoretical calculation,
visible light (400−780 nm) can only activate finite semi-
conductors whose band gaps do not exceed 3.1 eV (400 nm).20

Despite the seeming superiority for UV irradiation, irreversible
damage brought by high-energy UV photons on device
durability and human health has long been questioned. In
addition, UV irradiation accounts for less than 5% of all solar
spectra,21 which is far less than visible light (>50%).
In the photoexcitation field, semiconductors can roughly be

classified into two categories. SnO2 (∼3.6 eV),22 ZnO (∼3.37
eV),23,24 and TiO2 (∼3.2 eV)21,22 are usually identified as wide
band gap semiconductors. Given that the ultimate activation
band gap for visible light is, as abovementioned, 3.1 eV, wide
band gap oxides listed above can only be activated through UV
irradiation but show no photoresponse to visible light.
Correspondingly, In2O3 (∼2.8 eV),25 WO3 (∼2.8 eV),26 CdS
(∼2.4 eV),21,27 SnS2 (∼2.3 eV),28 α-Fe2O3 (∼2.1 eV),29,30

Co3O4 (∼2.1 eV),31,32 In2S3 (2∼3 eV),21,33 CdSe (∼1.7
eV),34−36 InP (∼1.35 eV),37,38 CuO (∼1.2 eV),39 MoS2 (∼1.2
eV),40 and PbS (∼0.41 eV)21,27,41 are generally regarded as
narrow band gap semiconductors. Distinctly, narrow band gap
oxides/sulfides can easily be activated by partial- or full-wave
band of visible light. However, although narrow band gaps give
rise to a better absorbance to visible light, the inevitably easier
recombination of photogenerated electron/hole pairs results in
low sensitivity and poor selectivity when such semiconductors
are applied as gas-sensitive materials.42 In contrast, wide band
gap semiconductors, including their composites, are more
suitable to serve as candidates for photoexcitation-aided gas
sensors. To make the most of solar energy, especially harmless
visible spectra, researchers are inclined to moderately modify
wide band gap semiconductors to extend their photoresponse
range into the visible light region. In this process, metals,43−45

narrow band gap semiconductors,21,27,28,38,46−52 carbon-based
materials,53−55 or others56,57 are extensively utilized, which act
as the so-called “sensitizers”.21,27,35,37,38,45,50−53,56,57

VO has been widely recognized and practically utilized to
modulate the electronic and surface properties of metal
oxides,58−70 which effectively improves gas-sensing perform-
ances of chemiresistor-type sensors. There exist three basic
consensuses for the roles played by VO in material behaviors.
First, VO, possessing abundant localized electrons, generally acts
as an electron donor59,60,62,65−67,69,70 and manipulates the

carrier density (bulk resistance) of semiconductor materi-
als,59,60,62 especially for n-type metal oxides. As interfacial
defects, the electron-rich nature of oxygen vacancies will
facilitate the adsorption of O2 molecules and increase the
content of chemisorbed oxygen species.58−60,63−67 In addition,
VO is also considered to serve as active sites for target gas
adsorption.58−60,62,64−68,70 Second, VO can regulate band
structures of semiconductor oxides and usually narrow their
band gaps.58−63,67,69,70 Furthermore, band gaps can be
continually diminished with increasing VO contents in oxides.62

A narrower band gapmeans lower energy is required for electron
transition. Therefore, VO has also been applied to extend the
photoexcitation range of wide band gap semiconductors to the
visible spectrum.58−60,62,69,70 Compared to the abovementioned
“sensitizers”, engineering (self-doping) of VO is deemed as the
most straightforward and ideal way of expanding the excitation
range of semiconductors without introducing impurities or
changing their intrinsic structures.59,60,62,70 Third, VO can trap
photoinduced electrons and prompt the separation of photo-
generated electron/hole pairs.58,60,69,70 Through greatly extend-
ing the lifetime of activated carriers, VO favors the charge-
transfer efficiency in bulk materials.58,60,67,69,70 Besides, the
concomitance of isolated energy levels with VO promotes light
absorption.60,62 In conclusion, VO engineering is highly
conducive to generating outstanding visible light-catalyzed
gas-sensing performance.
Inspired by the abovementioned discussion, in this work,

taking ZnO with an intrinsic wide band gap as the basis material,
microwave heating treatment was adopted to enrich its VO
content. First, the band gap decrease and light absorption range
expansion of the as-prepared ZnO sample were verified when
taking commercial ZnO as a reference. Furthermore, with the
aid of visible light irradiation, high-performance HCHO sensing
at RT was achieved by VO-rich ZnO. The critical role of VO in
this process was consolidated whenmaking comparison with the
sensing performance of commercial ZnO towardHCHOwith or
without visible light irradiation. Other light-activated RT
HCHO sensing performance of VO-rich ZnO was then
presented and discussed in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. All experimental materials such as zinc

hydroxide (Zn(OH)2), zinc acetate dihydrate (Zn(CH3COO)2·
2H2O), sodium hydroxide (NaOH), and ethanol were of
analytical grade or above and used as received without further
purification. Commercial ZnO in this work referred to ZnO
nanopowders purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.

2.2. Synthesis of VO-Rich ZnO Nanorod Clusters. First,
ZnO nanoseeds were obtained by adding NaOH ethanol
solution into Zn(CH3COO)2·2H2O ethanol solution, which
was vigorously stirred for 1 h at RT. Then, 2.0 g of ε-Zn(OH)2
and 0.3 g of the synthesized ZnO nanoseeds were added
separately into 40 mL of deionized water. The obtained
suspension was aged and kept under microwave heating at 80
°C for 5 min for the growth of Vo-rich ZnO nanorod clusters.
The obtained samples were washed and dried at 60 °C overnight
for subsequent tests.

2.3. Characterizations. The powder X-ray diffraction
(XRD) characterization for phase identification was performed
on a Rigaku D/max-2550 X-ray diffractometer with high-
intensity Cu Kα (λ = 0.154 nm) radiation in the range of 5−90°.
The field emission scanning electron microscopy (FESEM)
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characterization for morphological and microstructural evalua-
tion was obtained on a ZEISS Gemini300 microscope operating
at 15 kV. The transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) characterizations for inter-
facial and crystallographic analysis were examined on a JEOL
(JEM-2100F) microscope with an accelerating voltage of 200
kV. The X-ray photoelectron spectroscopy (XPS) character-
ization for chemical state recognition was conducted on an
EscaLab Xi + photoelectron spectrometer. UV−vis−NIR diffuse
reflectance spectra for band gap estimation were acquired on a
PerkinElmer Lambda 950 UV−vis−NIR spectrophotometer.
Photoluminescence (PL) spectra for defect level speculation
were tested on a Hitachi F-7000 luminescence spectrometer
using a Xe lamp with an excitation wavelength of 325 nm. The
specific surface area of the sample was calculated through the
Brunauer−Emmett−Teller (BET) equation based on the
nitrogen adsorption isotherm, which was measured on a
Micromeritics Gemini VII apparatus (surface area and porosity
system) with prior degassing of the product under vacuum at
120 °C overnight.
2.4. Fabrication and Measurement of Gas Sensors.

2.4.1. Sensor Fabrication and Its Structure Parameters. The
batch of sensor devices adopted in this work was planar gas
sensors integrated with interdigital electrodes, routinely applied
in RT detection and manufactured via micro−nano machining
technology. The device substrate (6*4*0.5 mm) was mono-
crystalline silicon wafer covered with a growing SiO2 dielectric
layer (300 nm thick). On the substrate surface, interdigital
electrodes (finger width 20 μm, finger gap 20 μm, finger length
1.5 mm, and finger pairs 25) were patterned by the
photolithography technique, and chromium/gold (Cr/Au, 10
nm/100 nm-thick) electrodes were then deposited by RF
sputtering and a lift-off process.
After the completion of planar sensor fabrication, the device

surface was set about to be coated with the as-prepared sensing
materials. A suspension of the sample was first prepared through
a dispersion and ultrasound treatment of ZnO powders in
absolute ethanol. The suspension was then spin-coated onto
interdigital electrodes and dried at 80 °C overnight to obtain
integrated sensors.
2.4.2. Measurement of Gas Sensors. Gas-sensing properties

of ZnO samples were evaluated through a self-built gas-sensing
test system under laboratory conditions (20% RH, RT).

a. For the gas supply section, the construction of the
dynamic test system was simulated, where a flowing target
gas filled the whole gas piping. Gas sources, for example,
HCHO, and the carrier gas, drying air, were stored in
individual cylinders. Under the premise of ensuring a total
flow constant (200 mL/min), diluted target gases with
particular concentrations were obtained through accu-
rately adjusting the flow rate ratio of two components via
gas flowmeters.

b. For the signal acquisition section, the planar device coated
with sensitive materials was integrated with the sensor
base installed in the test platform. The sensor reacted with
target gases in an enclosed space sealed by a quartz cover.
Synchronously, the sensor signal was recorded and
transmitted back to the data collector terminal through
a desktop multimeter (Keithley 2700). The panoramic
and enlarged photographs of the signal acquisition section
are provided in Figure S1.

c. For the optical irradiation section, a xenon lamp with an
ultraviolet cutoff filter was applied as the visible light
source (λ > 420 nm, distance to sensor: 20 cm, and light
intensity: 1.2 mW cm−2). The illumination power could
be manually adjusted using an optical attenuator and
measured by means of a digital optical power meter
(THORLABS, PM16-120).

For the case of n-type sensing materials (e.g., ZnO) and
reducing target gases (e.g., HCHO), the sensor response was
defined as S (%) = (Ig − Ia)/Ia*100% (Ia and Ig were the
dynamically stabilized currents of ZnO sensors in air and in
HCHO (reaching equilibrium), respectively) in this work. In
addition, the time when current change reached 90% during
response and recovery processes was defined as the response
time (τres) and recovery time (τrec), respectively.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characteristics. The

XRD test was conducted in the first place to confirm the
substance composition and crystallinity of the as-prepared
sample. As displayed in Figure 1, the recorded diffraction peaks

of VO-rich ZnO could be well-assigned to the hexagonal phase of
zinc oxide with lattice constants of a = 3.25 Å and c = 5.21 Å
(standard JCPDS card no. 36-1451). Furthermore, all XRD
diffraction peaks of VO-rich ZnO were sharp and strong,
revealing its high crystallization degree. In addition, none of the
diffraction peaks derived from other impurities could be
detected, which indicated the high purity of the product.
The microscopic structure and morphology of one material

can influence and even determine its performance in most cases.
Therefore, having a good grasp of microstructures of the as-
prepared ZnO product is of great significance to foresee and
analyze the gas-sensing properties. As shown in Figure 2a,b,
scanning electron microscopy (SEM) characterization made
clear that the obtained VO-rich ZnO was composed of 3D
clusters with inhomogenous shapes and sizes. Diameters of the
observed agglomerations ranged from less than 5 μm to greater
than 10 μm. In high-resolution Figures 2c,d and S2, individual
clusters were cumulated by a mass of short ZnO nanorods with
lengths of about 1 μm and diameters of about 35 nm. As we
could see, ZnO nanorods arranged loosely side by side or
intertwined each other in confusion, leaving much interspace
inside the agglomerations. In Figure 2e, the VO-rich ZnO cluster
in TEM view showed a similar appearance to that in SEM. What
matteredmore was that the typical ZnO cluster in Figure 2e took

Figure 1. XRD patterns of the synthesized VO-rich ZnO.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02613
ACS Omega 2022, 7, 22861−22871

22863

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02613/suppl_file/ao2c02613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02613/suppl_file/ao2c02613_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02613?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02613?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


on a permeable structure, which was regarded as an important
feature in accelerating gas diffusion and reaction. As shown in
Figure S3, the 3D structure and air permeability of ZnO clusters
were maintained after the sample was coated on the sensor
substrate. At last, the HRTEM test presented lattice fringes on
the edge of a single ZnO nanorod. A fringe spacing of 0.248 nm
identified in Figure 2f coincided well with the parameter of the
(101) lattice plane of hexagonal ZnO, which also corresponded
to the strongest XRD peak in Figure 1.
XPS analysis is one of the most effective methods to estimate

the chemical states of the existing elements in one material. In
Figure 3a, full-scan XPS spectra substantiated a series of
constitutive orbit peaks of O and Zn elements situated at
different binding energies, in addition to the fiducial C 1s peak at
284.8 eV. Markedly, sequential auger electron spectra (AES) of
the Zn element with binding energies ranging from 400 to 700

eV were recorded. In high-resolution Figure 3b, two dominant
peaks located at binding energies of 1021.18 and 1044.24 eV
could be indexed to Zn 2p3/2 and 2p1/2,

1 respectively.
Conventionally, the core level spectrum of O 1s could be fitted
into three Gaussian function segments, that is, OL, VO, and OC,
using peak fit and deconvolution.21 Treated spectra in Figure
3c,d unambiguously displayed cases of oxygen species in
commercial and VO-rich ZnO.
As is well known, oxygen species such as VO and OC are

recognized as beneficial ingredients for enhancing gas-sensing
performance of one material.25 For intuition, some calculated
data are listed in Table 1. As we could see, proportions for three
oxygen species in commercial ZnO differed greatly from those in
VO-rich ZnO. Concretely speaking, the relative percentage of OL

dropped sharply from 84.57% in commercial ZnO to 52.36% in
VO-rich ZnO. Correspondingly, the total ratio of beneficial VO

Figure 2. (a,b) Low-magnification SEM images of VO-rich ZnO. (c,d) SEM images of VO-rich ZnO with increasing magnifications. (e) TEM image of
an isolated VO-rich ZnO nanorod cluster. (f) HRTEM image of the VO-rich ZnO crystal.

Figure 3. (a)Wide scan spectra and (b) high-resolution Zn 2p spectrum of VO-rich ZnO. DeconvolutedO 1s core level spectra of (c) commercial ZnO
and (d) VO-rich ZnO.
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and OC components in VO-rich ZnO grew a lot. Particularly, the
percentage of VO in VO-rich ZnO reached up to 36.27%, 3.94
times as high as that in commercial ZnO. The ultrahigh VO
percentage was the conspicuous sign and name origin of VO-rich
ZnO in this work and deemed to be strongly associated with the
sensing mechanism concerning its follow-up visible light-
activated HCHO gas-sensing performance.
In consideration of the tridimensional and air-permeable

microstructure exhibited in Figure 2c,e, the specific surface area
of VO-rich ZnO deserved high expectation, the BET data of
which are shown in Figure 4. The N2 adsorption−desorption

isotherm curve represented a typical hysteresis loop from 0.8 to
1.0 (P/P0). According to the IUPAC classification, the isotherm
in Figure 4 roughly belonged to the type III form and exhibited a
type H3 hysteresis loop, which indicated that there did not exist
an inherent and inerratic pore structure within VO-rich ZnO.
Correspondingly, the so-called holes reflected by the loop type

derived from the slit structure were formed by numerous
interlaced nanorods in the clusters, consistent with the SEM and
TEM observations hereinabove. The BET surface area of VO-
rich ZnO was measured to be 69.722 m2/g, which was a high
value and exactly conformed to our estimation. Besides, the high
specific surface area of one material was advantageous to its gas-
sensing performance.
UV−vis absorption spectroscopy is a direct way to grasp the

spectral absorption range of one material. As mentioned in the
Introduction, theoretically, intrinsic ZnO cannot be excited by
visible light. As exhibited in Figure 5a, the initial absorption edge
of commercial ZnO (green curve) was located at 352 nm (UV
region). After a sharp decline period, the terminational
absorption edge of commercial ZnO was 426 nm (visible
region). Visibly, the spectral absorption range of commercial
ZnO included the visible region (400−426 nm), slightly
different from pure theoretical analysis. However, the falling
range of commercial ZnO spectra between 400 and 426 nm was
noticed to be very weak and could be ignored compared to the
overall decline from 352 to 426 nm. In a word, the absorption
range of commercial ZnO concentrated in the UV region. Also,
the manifested weak visible absorption of commercial ZnO
implied its lower band gap due to the existing defects, compared
to intrinsic ZnO. Differently, the absorption spectra of VO-rich
ZnO possessed a much broader range, from 352 to 609 nm, than
that of commercial ZnO. What was more, the absorption
percentage within the visible region of VO-rich ZnO was
improved a lot. Therefore, the spectral utilization range was
successfully extended to the visible region through introducing
rich VO to ZnO, indicating the availability of VO engineering in
band structure modulation.
PL spectroscopy is an effective means to evaluate the band gap

and defect level of semiconductor materials through analyzing
the wavelength and intensity of emitting light. Conventionally,
PL spectra could be divided into the UV region (<400 nm) and
visible region (400−700 nm). The intrinsic UV emission
originated from excitonic recombination of near-band edge
(NBE) electrons (at conduction band bottom) and holes (at
valence band top).71,72 In Figure 5b, commercial ZnO (green
curve) displayed a sharp and narrow UV emission peak centered
at 380 nm, through which we could calculate its band gap to be
3.26 eV,20,73 very approaching the 3.37 eV of intrinsic ZnO.
Correspondingly, the NBE emission peak of VO-rich ZnO (red
curve) became weaker and broader, also showing a red shift to a
larger wavelength of 393 nm, which corresponded to a band gap
of 3.16 eV. The estimation on band gaps of commercial and VO-
rich ZnO here was consistent with the abovementioned UV−vis

Table 1. Fitting Results of O 1s XPS Spectra of Commercial
ZnO and VO-Rich ZnOa

mater. oxy. B. E. (eV) perc. (%)

commercial ZnO OL (Zn−O) 530.07 84.57
VO (vacancy) 531.32 9.21
OC (chemisorbed) 532.11 6.22

VO-rich ZnO OL (Zn−O) 530.14 52.36
VO (vacancy) 531.86 36.27
OC (chemisorbed) 533.39 11.37

aMater.: materials; oxy.: oxygen species; B. E.: binding energy; and
perc.: relative percentage.

Figure 4. Nitrogen adsorption−desorption isotherm of VO-rich ZnO.

Figure 5. (a) UV−vis−NIR absorption and (b) PL spectroscopy of commercial and VO-rich ZnO.
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results. The larger decrease in band gap for VO-rich ZnO could
be ascribed to the massive introduction of defect states.
The visible emission region, including but not limited to the

peak position, area, and/or intensity, is intensively directed to
the defect level in onematerial. Clearly, a broad band centered at
549 nm (green light) could be detected in PL spectra of VO-rich
ZnO. As reported, green emission, attached to deep level
emissions (DLE), was generated by the recombination of singly
ionized oxygen vacancies (VO

+) and photogenerated holes74,75

or derived from structural defects such as zinc and oxygen
vacancies, interstitial zinc and oxygen, and so forth.73,76,77

Noteworthily, the peak area of green emission (549 nm) in VO-
rich ZnO outdistanced that of UV emission (393 nm), fully
indicating the high percentage of defects in it. In contrast, no
visible region emissions could be recognized in commercial
ZnO, proving that the defect level of commercial ZnO was very
low.
3.2. Gas-Sensing Properties. The selectivity of VO-rich

ZnOwas first evaluated. As shown in Figure 6, under visible light

irradiation, VO-rich ZnO exhibited responses toward some
typical gases at RT. Distinctly, VO-rich ZnO showed the highest
response to HCHO and the second-highest response to ethanol
under the abovementioned conditions. The response resolution
ratio (RHCHO/RH2S) of VO-rich ZnO could reach 18.5. In
addition, the response ratio of HCHO to ethanol was still 2.7.
From the abovementioned results, VO-rich ZnO was verified to
show a tendentious response toward HCHO compared to
interferential gases. As reported,78,79 photoinduced Zn+ in ZnO
could activate C−H bonds through oriented adsorption and
charge transfer, for example, in photocatalytic oxidation of
methane.78 In view of the high activity of HCHO, VO-rich ZnO
was inclined to react with C−H bonds in HCHO under visible
light irradiation, which might explain its high selectivity to some
extent.
Sensing properties toward HCHO of sensors based on

commercial and VO-rich ZnO at RT in the dark or under visible
light irradiation were compared in detail. As shown in Figure 7a,
there was no recognizable response toward HCHO for
commercial ZnO at RT in the dark, which conformed to
general requirements for high detection temperature in VOC
sensing. Consistent with the results in Figure 5a, visible light
irradiation could activate commercial ZnO in this work,
although a response of just 2.3% toward 1 ppm HCHO at RT
shown in Figure 7b was far from satisfactory. As we could see,

commercial oxides, for example, ZnO, without any modification
were unsuitable for detecting VOCs at RT as in most cases.
In contrast, in Figure 7c, although still not high, a response of

5.75% toward 1 ppm HCHO for VO-rich ZnO in the dark was
actually a huge step forward compared to the case of commercial
ZnO in Figure 7a, which also proved the crucial role of rich VO in
RTHCHO sensing. However, without both thermal and optical
excitation, the response/recovery time of VO-rich ZnO when
detecting HCHO was relatively long. Furthermore, as shown in
Figure 7d, visible light irradiation fully activated the sensing
potential of VO-rich ZnO. At RT, the response of VO-rich ZnO
toward 1 ppm HCHO came up to 63% under visible light
irradiation, 10.96 times as high as that in the dark. What was
more, the response and recovery time of VO-rich ZnO toward 1
ppm HCHO was drastically shortened to 32 and 20 s,
respectively, at RT. Frankly speaking, such a response and
recovery speed at RT was comparable to many sensors of the
same kind working at high temperature. Obviously, when
comparing results in Figure 7b,d, the concurrence of rich VO and
visible light irradiation generated an irrefutable effect on RT
HCHO sensing parameters, confirming the feasibility of VO
enrichment in promoting visible light-activated gas-sensing
performance.
The response−concentration property of the VO-rich ZnO

sensor was further examined under visible light irradiation at 25
°C. Figure 8a shows the obtained raw current data, proving the
n-type nature of VO-rich ZnO. Displaying an analogical form
with those in Figure 8a, curves in Figure 8b provided variation
tendencies of sensor response, response/recovery time.
Consistent with the vast majority of cases, responses of VO-
rich ZnO grew gradually under HCHO with progressively
elevated concentrations. In particular, response of VO-rich ZnO
toward 0.5 ppm HCHO remained 32%, indicating its great
potential in low-concentration HCHO sensing. Moreover,
response and recovery speeds of VO-rich ZnO became
increasingly faster toward HCHO from 0.5 to 10 ppm. For
example, the response time of the VO-rich ZnO sensor toward 5
and 10 ppm HCHO under visible light irradiation at 25 °C was
14 and 10 s, respectively. Correspondingly, the recovery time in
the abovementioned cases was, respectively, 12 and 5 s. In
comparison with results in Figure 7d, both the response and
recovery times were greatly shortened in higher concentration of
HCHO, manifesting faster reaction/desorption rates with more
target gas molecules in the surrounding environment.
Generally speaking, moisture will generate a toxic effect on

gas-sensitive reactions and suppress sensor response. When the
operating temperature of a sensor is low, below the water boiling
point (100 °C), for example, liquid water around the device will
adhere to the surface of the sensitive material, covering local
active sites and hindering considerable target gases from contact
and reaction. When the device temperature is above 100 °C,
gaseous water in the adjacent space will compete against target
gases and squeeze the ratio of effective response. Conceivably, at
RT, increasing moisture in the environment will exert a negative
influence on the response of the VO-rich ZnO sensor toward
HCHO. As depicted in Figure 9, responses of VO-rich ZnO
toward HCHO showed a rapid downward trend when relative
humidity of the testing environment was artificially elevated
from 20 to 100%. Especially, the response of the sensor toward 1
ppm HCHO under 100% RH (visible light irradiation, RT) was
only 26.5%, decaying by 58% compared to the initial value (63%
under 20% RH). It served to show the consistent harmfulness of

Figure 6. Responses of the sensor based on VO-rich ZnO toward 1 ppm
HCHO, CO, H2S, SO2, NO, NH3, and C2H5OH under visible light
irradiation at RT.
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moisture to sensor response and helplessness of visible light
irradiation in this process.

At last, records of the successive and long-term response
characteristics of VO-rich ZnO toward 1 ppm HCHO at RT
under visible light irradiation are shown in Figure 10a,b. As
shown in Figure 10a, response−recovery curves in four
consecutive cycles maintained an absolute consistency, exhibit-
ing the good repeatability of the sensor. More importantly,
although the sampling responses lasting for 30 days in Figure
10b maintained a dynamic volatility, the ultimate response on
the 30th day was almost equal to the initial value, proving the
fine long-term stability of the sensor. In short, the above-
mentioned conclusions reflected the objectivity and reliability of
the VO-rich ZnO sensor in data acquisition and possible practical
application.
In addition, an all-around comparison between the sensing

performance of the VO-rich ZnO sensor fabricated in this work
and other recent reports about HCHO gas sen-
sors13,22,39,70,80−86 is summarized in Table 2. The performance
indexes showed by the VO-rich ZnO sensor were considered to
be pre-eminent on the whole.

Figure 7. Single-cycle response−recovery transient curves of the sensor based on (a,b) commercial ZnO and (c,d) VO-rich ZnO to 1 ppm HCHO at
RT in the dark and under visible light irradiation.

Figure 8. Dynamic response−recovery curves of (a) current and (b) response for the sensor based on VO-rich ZnO to 0.5−10 ppm HCHO at RT
under visible light irradiation.

Figure 9. Response−humidity relationship of the sensor based on VO-
rich ZnO at RT under visible light irradiation.
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3.3. Gas-Sensing Mechanism. For SMO-type gas sensors,
from the current point of view, the adsorption and subsequent
reactions of target molecules on/with sensing materials give rise
to the change in carrier concentration, which constitutes the
source of device response. In essence, under the same working
temperature and gas concentration, the adsorption and ultimate
reaction quantity, respectively, dependent on the microstructure
and OC content of sensing materials determines the response
amplitude.
In this work, as shown in Figure 2a,b, a 3D microstructure of

VO-rich ZnO was obtained after microwave treatment. In
addition, the high specific surface area of VO-rich ZnO due to its
3D microstructure had been proved in the BET test in Figure 4.
Therefore, under the same test conditions, the quantity of gas
adsorption on VO-rich ZnO was considered to be far more than
that on commercial ZnO powders, which should be one
motivator, but not the decisive factor, of the emerged HCHO
response in Figure 7c.
As shown in Table 1, OC content increased from 6.22% in

commercial ZnO to 11.37% in VO-rich ZnO, which was partially
derived from the contribution of rich VO. As described in the
Introduction, VO can act as electron donors and active sites,
which conduces to both gas (including oxygen) adsorption and
redox reactions. It followed that the abundance of VO and
resulting OC content increase promoted together the adsorption
and reaction quantity, which constituted the main cause of the
RT sensing of VO-rich ZnO toward HCHO in the dark.

Furthermore, a comparison between data in Figure 7a,b
verified the consistent effectiveness of photoactivation in RT
sensing. However, the response of commercial ZnO toward
HCHO in Figure 7b was rather weak, even inferior to that of VO-
rich ZnO in the dark, due to its deficient visible light absorptivity
proven in Figure 5a. As it turned out, the single photoexcitation
in Figure 7b or VO enrichment in Figure 7c was separately
beneficial to the improvement of response/recovery properties
or sensor response. As mentioned in the Introduction as well, VO
promotes light absorption and traps photoinduced electrons,
which serves as a proof of the synergistic effect of VO and light
irradiation. Apparently, the performance in Figure 7d was not a
simple superposition of those in Figure 7b,c, which sub-
stantiated the synergetic enhancement of VO and visible light
irradiation to sensor response. In addition, VO extends the
lifetime of light-activated carriers and favors the charge-transfer
efficiency, which well explains the faster response/recovery
speeds of the VO-rich ZnO sensor under visible light irradiation
in Figure 7d compared to those in Figure 7b.

4. CONCLUSIONS
In conclusion, 3D VO-rich ZnO was successfully prepared
through microwave heating. Through a series of character-
izations, VO-rich ZnO consisting of nanorod clusters was proved
to possess a gas-permeability structure and high BET surface
area. What is more, the VO content in VO-rich ZnO was found to
increase by a wide margin compared to that in commercial ZnO.

Figure 10. (a) Repeatedly cyclic response−recovery curves and (b) long-term stability tests of the sensor based on VO-rich ZnO to 1 ppm HCHO at
RT under visible light irradiation.

Table 2. Comparison of HCHO Sensing Performance in This Work and Those in Other Literature Studiesa

mater. temp. (°C) L. S. (nm) conc. (ppm) res. τres./τrecov. (s) Y. ref.

WO3/ZnWO4 220 5 44.5b 12/14 2019 13

Cu−Sn3O4 160 100 53b 5/120 2020 80

Y−SnO2 180 25 9b 8/10 2019 81

CuO 30 80 32c 301/705 2020 39

g-C3N4/ZnO RT 50 24.4b 30/70 2020 82

Pt/MoO3 RT 200 39.3%d 21.4/16.6 2019 83

PEDOT/PSS/MWCNTs-N2 RT 10 30.5%d 45/7 2019 84

TiO2/SnO2 RT UV (365) 10 20b 20/56 2020 22

ZnOx/ANS/rGO RT vis. (405) 1 38%d 47/39 2021 70

HoFeO3 RT red (660) 100 75%e 719/248 2020 85

MoS2/rGO RT vis. (>420) 10 64%e 17/98 2020 86

VO-rich ZnO RT vis. (>420) 1 63%f 32/20 this work
10 208%f 10/5

aMater.: materials; temp.: operating temperature; L. S.: light source; conc.: gas concentration; res.: response; D. L.: detection limit; τres./τrecov.:
response/recovery time; Y.: publication year; ref.: references; and vis.: visible light. bRa/Rg.

cRg/Ra.
d(Ra −Rg)/Ra*100%.

e(Rg − Ra)/Ra*100%.
f(Ig

− Ia)/Ia*100%.
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It was just the rich VO in VO-rich ZnO that led to its superior RT
HCHO sensing properties under visible light irradiation. At last,
the mechanism of gas sensitivity enhancement was proposed
based on the available data in this work. The role of VO in light-
activated gas-sensing performance was consolidated in this
work, which is of certain reference significance to related
research.
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