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A B S T R A C T

In this work, 2D/2D ZnO/g-C3N4 heterojunction composite was synthesized through an ultrasonic mixing and
subsequent calcination process. The gas-sensing performance to NO2 was investigated at room temperature
activated by visible/ultra-violet LED light sources. Noticeably, when ZnO/g-C3N4 composite is illuminated by
460 nm light, it exhibits the highest response of 44.8 to 7 ppm NO2, and the response and recovery time is 142
and 190 s, respectively. Furthermore, it possesses excellent repeatability and selectivity to NO2, and the limit of
detection is 38 ppb. In addition, the effect of humidity on the sensing performance under visible light was also
investigated. The excellent gas-sensing performance is attributed to the absorbance of g-C3N4 in the visible light
region and the charge separation at the interface between ZnO and g-C3N4.

1. Introduction

To improve the sensing performance of gas sensors based on metal
oxide semiconductor (MOS), researchers have developed many mod-
ification approaches such as regulating the size and morphology of
sensing material [1,2], doping metal ion [3,4], or constructing het-
erostructure [5–7]. As a result, the sensitivity, selectivity, and the re-
sponse and recovery speed of gas sensors are greatly improved. How-
ever, these sensors usually need to be heated to a few hundred degrees
to provide sufficient energy for the adsorption of test gases and the
redox reaction with the negative oxygen species, which consumes
amounts of extra energy and leads to a decrease in stability [8,9]. In
addition, it is also not conducive to the development of flexible and
wearable sensor devices [10,11].

Light excitation instead of heating method also can increase the
carrier concentration in semiconductors and activate the sensing reac-
tion with test gases. Furthermore, the highly active photogenerated
electron-hole pairs can not only improve the gas-sensing response, but
also reduce the response and recovery time [12,13]. Therefore, light
excitation is an effective approach to realize the detection of harmful
gases at room temperature for gas sensors based on MOS. UV-activated
gas sensors have been widely studied and achieved good results
[14–16]. However, the strong photon energy of UV light can damage
human skin or eyes, which seriously hinders the practical application of
sensor devices. To broaden the wavelength of excitation sources and

reduce the harm caused by UV light, researchers have made much re-
lated research such as selecting narrow bandgap semiconductors as
sensing material or using the surface plasma resonance effect of pre-
cious metal. For example, Lee et al. prepared CdS nanocrystals by
chemical deposition method and studied the NO2 sensing performance
activated by green LED light source [17]. Chizhov et al. sensitized ZnO
with CdSe quantum dots, which greatly improved the visible light ab-
sorption of ZnO and realized the room-temperature detection of NO2

[18]. Zhang et al. extended the absorption of ZnO to blue light region
by loading Ag nanoparticles and achieved excellent sensing perfor-
mance to NO2 under 470 nm light [19]. However, sensitizers based on
Cd are unstable and poisonous, and the loading process of precious
metal is prone to happen agglomeration. Therefore, it is very mean-
ingful to develop new photosensitizers for gas sensors activated by
visible light.

Graphitic carbon nitride (g-C3N4) is a conjugated organic semi-
conductor consisted of sp2 hybridized nitrogen and carbon atoms
[20–22]. Due to its low-cost synthesis process and unique layer struc-
ture, researchers gradually pay attention to its application in various
fields such as dye degradation [23], water splitting [24] and gas sensors
[25] in recent years. The excellent catalytic activity in the visible light
region is the most important property for g-C3N4 due to its narrow
bandgap [26–28]. Besides, g-C3N4 is much safer and more suitable for
sensor applications compared with other photosensitizers. To date, g-
C3N4 as a photosensitizer applied for gas sensors activated by visible
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light has not been reported. Therefore, we chose g-C3N4 as the photo-
sensitizer in this work.

Among various MOS, ZnO is a typical n-type semiconductor sensing
material with high electron mobility [29], controllable microstructures
[30], good thermal and chemical stability [31], and appropriate
bandgap (3.2 eV), which is widely applied in NO2 sensors activated by
light [32]. Furthermore, the combination of ZnO and g-C3N4 has been
widely used in the field of photocatalysis [33,34] and the results show
that the catalytic performance was largely improved in the visible light
region. TiO2 is also often used in photocatalysis [35], but it has the
problem of high resistance, which is not suitable for sensor application.
With regard to other MOS such as SnO2, In2O3, and WO3, their pho-
tosensitivity is not as good as ZnO [36]. Therefore, in this work, the
research focuses on the feasibility of using g-C3N4 as photosensitizer to
modify ZnO to detect NO2 at room temperature activated by visible
light.

In this paper, ZnO/g-C3N4 composites were successfully synthesized
via ultrasonic mixing and subsequent calcination process. The gas-
sensing performance to NO2 was systematically investigated at room
temperature, and the results show that no matter under UV (365 nm) or
visible (410 nm, 420 nm, 460 nm) light excitation, the 10 wt% g-C3N4

loaded ZnO exhibits much higher response than other samples. When
under 460 nm light excitation, its response reaches the maximum. Then
we conducted the cycle and selectivity tests, and the results show that
the ZnO/g-C3N4 composite has excellent selectivity, stability, and sen-
sitivity to NO2. The effect of humidity on the sensing characteristics was
also studied. This work not only provides an excellent sensing material
for NO2 gas sensors activated by visible light, but also elucidates the
sensing mechanism under visible light excitation.

2. Experimental section

2.1. Synthesis of pure ZnO nanoflower

All reagents – zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium
hydroxide (NaOH), sodium dodecyl benzene sulfonate (SDBS), di-
cyandiamide – were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China), and were of analytic grade and used as received
without further purification. In material synthesis process, deionized
water was used to prepare all the aqueous solution. The pure ZnO na-
noflowers assembled of nanosheets were prepared via a facile hydro-
thermal method as follows. 5.94 g of Zn(NO3)2·6H2O was dissolved in
20ml of deionized water. 2.4 g of NaOH and 174mg of SDBS were
mixed in 35ml of deionized water. Then, mixing the two solution under
vigorous stirring and remaining stirring for another 30min. at room
temperature. The mixing solution was then transferred into a 100ml of
autoclave and placed in an oven at 90 °C for 2 h. The white product
deposited on the bottom were collected, washed with water and ethanol
for three times and dried in an oven at 60 °C for 6 h. Finally, the white
powder was calcined in a muffle oven at 400 °C for 2 h with a ramp rate
of 10 °Cmin–1.

2.2. Synthesis of g-C3N4

Bulk g-C3N4 was prepared by heating dicyandiamide from the room
temperature to 550 °C with a ramp rate of 2 °Cmin–1 in static air, and
then the temperature was kept at 550 °C for 3 h.

2.3. Synthesis of ZnO/g-C3N4 composites

g-C3N4 was synthesized through calcining dicyandiamide at 550℃,
and ZnO was prepared by a facile hydrothermal method. Therefore, we
have tried three approaches to prepare the ZnO/g-C3N4 composites. The
first approach was to add as-prepared g-C3N4 to the precursor solution
of ZnO. The second approach was to add as-prepared ZnO to di-
cyandiamide. The third approach was mixing as-prepared ZnO and g-
C3N4 through ultrasonic processing, and then calcining the mixture to
form ZnO/g-C3N4 composites. The first and second approaches were not
ideal in terms of morphology and gas-sensing response, so we chose the
third approach. The detailed steps are as follows. A certain quantity of
the obtained bulk g-C3N4 was dispersed in 30ml of deionized water and
followed by ultrasonic treatment for 2 h. 100mg of ZnO nanoflowers
without calcination was added to the above suspension and mixed
under ultrasound. Then the suspension was stirred for another 1 h,
centrifuged with ethanol and dried in an oven at 60 °C for 6 h. Finally,
the obtained buff powder was calcined in a muffle oven at 400 °C for 2 h
with a ramp rate of 10 °Cmin–1. In this work, we added 5, 10, and
15mg g-C3N4 into 100mg ZnO, and labeled them ZnO/g-C3N4-5 wt%,
ZnO/g-C3N4-10 wt%, ZnO/g-C3N4-15 wt%, respectively. The synthesis
process of ZnO/g-C3N4 composites was shown in Fig. 1.

2.3.1. Sample characterization
The surface morphologies of as-prepared samples were character-

ized by a field emission scanning electron microscope (FESEM, JEOL
JSM-7500 F, operated at an accelerating voltage of 15 kV) attached
with energy dispersive spectroscopy (EDS). The crystal structures of
samples were analyzed by a powder X-ray diffractometer (XRD: Rigaku
D/Max-2550 VX-ray diffractometer) equipped with Cu Kα radiation
(λ =1.5418 Å and 2θ =20–80°). Fourier transform infrared spectra
(FT-IR) were recorded on a Nicolet iS50 FT-IR spectrometer (Thermo
Fisher Scientific, USA) in the frequency range of 700–3500 cm–1 with a
resolution of 0.4 cm–1. Ultraviolet-visible (UV–vis) diffuse reflectance
spectra were measured by a UV–vis spectrophotometer (Shimadzu
UV2550, Japan). The X-ray photoelectron spectroscopy (XPS) mea-
surements were performed in a VG ESCALAB 210 (VG Scientific, UK)
photoelectron spectrometer equipped with a Mg Kα1,2 exciting source
and source power of 300W. All the binding energies of the elements
were calibrated to the carbon binding energy of 284.8 eV. The
Brunauer-Emmett-Teller (BET) specific surface area of samples were
investigated by measuring nitrogen adsorption-desorption isotherm
with a Physisorption Analyzer (Micromeritics Instrument Corporation
TriStar II 3020).

Fig. 1. The diagram of synthesis process of ZnO/g-C3N4 composites.
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2.3.2. The fabrication and measurement of gas sensors
The fabrication process of gas sensors was referred in our previous

reports [37,38] and as follows. A certain amount of as-prepared sample
was mixed with ethanol to form a slurry. Then the slurry was coated
onto the outside surface of an alumina ceramic tube using a small
brush. The four corners of the ceramic tube have gold electrodes for
signal output, and then the ceramic tube was calcined at 300 °C for 2 h
to sinter the sensing layer. Finally, the ceramic tube was welded to a
six-legged base and aged for three days before conducting sensing tests.
The LED was installed on the top of the base to activate the sensor
device. The light intensity was measured by a light irradiation meter
(UV-313/340, Zhuhai Tianchuang Instrument Company, China). Be-
sides, all the LED light sources used in the test were purchased from LG
Electronics Company (Korea). The applied voltage of light sources is
3.5 V, and the power is 3W.

Sensing tests were carried out in a static test system. Two gas
chambers whose volume is 1 L were used during the sensing test, and a
certain concentration of NO2 is pre-injected into one of the gas cham-
bers through a microsyringe while the other gas chamber contains pure
air. When the resistance stabilizes in air, the sensor element was moved
quickly to the gas chamber containing NO2. It is important to note that
there is almost no change in atmosphere of the gas chambers during the
movement. If both gas chambers contain pure air, there will be no
change in resistance. The whole test process was carried out at room
temperature, and the relative humidity (RH) indoor was maintained at
25%. The resistance of sensors was measured by a multimeter (Fluke
8846A) and recorded in real time by a data-acquisition PC. The gas-
sensing response is defined as S=Rg/Ra, where Rg and Ra are the real-
time resistance of the sensor after exposing to NO2 gas and the baseline
resistance in pure air. In addition, the response and recovery time is
defined as the time taken by the sensor to achieve 90% of the total
resistance change. The diagram of gas-sensing test system was shown in
Fig. S1b.

3. Results and discussion

3.1. Characterization

The morphology of as-prepared samples was characterized by SEM.
As shown in Fig. 2(a and b), pure ZnO exhibits a flower-like structure,

which is 800–900 nm in diameter and composed of flaky petals with
thickness ranging from 70 to 90 nm. The obtained g-C3N4 in Fig. 2c
presents sheet-structure with uneven shape on scale of tens of microns,
which can provide huge contact surface with ZnO and large light ab-
sorption area. With regard to ZnO/g-C3N4 composite, it exhibits a
morphology that ZnO nanosheets are distributed on the surface of g-
C3N4, as shown in Fig. 2(d and e). The element distribution and EDS
analysis of ZnO/g-C3N4-10 wt% were shown in Fig. S2. Well defined
peaks corresponding to Zn, O, C and N can be clearly seen in the
spectra. Except for Zn, O, C and N, no other peak related to any other
elemental impurity confirms that ZnO/g-C3N4-10 wt% are of high
purity. According to the EDS test results, the mass percentage of g-C3N4

to ZnO is about 0.048: 1.
The crystal phase of as-prepared samples was confirmed by XRD

measurements, as shown in Fig. 2f. The peak appearing in g-C3N4 at
27.4° is indexed to (002) diffraction plane of the graphite-like carbon
nitride and corresponding to the inter-layer structural packing [39].
Pure ZnO exhibits eleven diffraction peaks, which match well with
those of the hexagonal wurtzite ZnO (JCPDS File No. 89–511). The
characteristic peak of g-C3N4 is not observed in the XRD spectra of ZnO/
g-C3N4 composites, which is possibly due to that g-C3N4 is covered by
ZnO nanosheets and difficult to probe.

Fig. 3 shows the FT-IR spectra of pure ZnO, g-C3N4 and ZnO/g-C3N4

composites. In the spectrum of g-C3N4, the band near 808 cm–1 is in-
dicative of the s-triazine ring vibrations, and the absorption band near
1640 cm–1 is attributed to the CeN stretching [40]. The four band near
at 1240, 1320, 1403, and 1557 cm–1 is attributed to the aromatic CeN
stretching while the broad band near 3160 cm–1 is corresponded to the
stretching pattern of NH2 or NH groups at the defect sites of the end of
aromatic ring [41]. All the characteristic absorption band of g-C3N4

except the band at 3160 cm–1 appears in the spectra of ZnO/g-C3N4

composites, which indicates that ZnO and the g-C3N4 are co-existing.
To investigate the absorbance of ZnO after modification, UV–vis

measurements were conducted, and the spectra were shown in Fig. 4. It
can be seen that pure ZnO exhibits a sharp absorption band edge at
380 nm, which is caused by its wide bandgap. In contrast, ZnO/g-C3N4

composites can absorb the visible light ranging from 400 to 500 nm,
and the absorption intensity of visible light increases as the g-C3N4

amount increases. Therefore, we chose 365, 410, 420, and 460 nm LED
as the light excitation sources in the gas-sensing tests.

Fig. 2. The SEM images of (a) pure ZnO nanoflowers (low-resolution); (b) pure ZnO nanoflowers (high-resolution); (c) g-C3N4; (d) ZnO/g-C3N4 composite (low-
resolution); (e) ZnO/g-C3N4 composite (high-resolution); (f) XRD patterns of pure ZnO, g-C3N4 and the ZnO/g-C3N4 composites.
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The surface elemental composition and chemical states of ZnO/g-
C3N4 composites were studied by XPS measurements, here ZnO/g-C3N4-
10 wt% was chosen to illustrate as an example. As shown in Fig. 5a, the
Zn 2p spectrum shows two main peaks located at approximately 1020.8
and 1043.9 eV, which indicates the electronic states of Zn 2p3/2 and Zn
2p1/2, respectively [42]. The C 1s spectrum in Fig. 5b exhibits three
peaks at the binding energies of 284.6, 286.0, and 288.3 eV, which are
attributed to CeC, CeNH2, and C]N, respectively. The N 1s is divided
to three distinct peaks located at about 398.3, 400.3, and 404.8 eV,
respectively. The peak at 398.7 eV is due to the C]NeC. The peaks
centered at 400.2 and 404.8 eV can be assigned to the charge effect and
the N-(C)3, respectively [43]. The O 1s spectrum in Fig. 5d can be de-
scribed to two peaks located at 529.8 and 531.2 eV, which are related to
the lattice oxygen in Zn–O lattice framework and the surface chemical
adsorption of oxygen, respectively [44,45]. As shown in Table 1, it can
be roughly estimated the atomic percentage of N to Zn in ZnO/g-C3N4-
10 wt% is 0.09: 1, that is the mass percentage of g-C3N4 to ZnO is
0.02:1, according to the XPS test results. In this work, ZnO are mainly
distributed on the surface of g-C3N4, and XPS analyzes the surface
chemical composition of materials and cannot reflect the bulk chemical
composition. Therefore, the XPS showed a lower mass percentage of g-
C3N4 to ZnO than that of in the reactants. It is worth mentioning that
the difference in mass percentage measured by EDS and XPS is caused
by different sounding depth. Generally speaking, XPS has a sounding
depth of several nanometers while EDS can reach micron. As shown in
SEM images, ZnO are mainly distributed on the surface of g-C3N4. As a
result, the mass percentage of g-C3N4 to ZnO measured by EDS is larger
than that of XPS.

The N2 adsorption/desorption isotherms of as-prepared samples
were shown in Fig. S3. Pure ZnO and ZnO/g-C3N4 composites all show
typical type IV adsorption isotherms with a H3-type hysteresis loop,
indicating the presence of the mesoporous structure. A summary of the
BET specific surface area, pore volume, and the pore size was shown in
Table 2. It can be seen that the specific surface area has no much change
between pure ZnO and ZnO/g-C3N4 composites.

3.2. Gas-sensing properties of ZnO/g-C3N4 composites

In the gas-sensing tests, our samples were coated on ceramic tubes
to fabricate gas sensors for investigating their sensing performance at
room temperature (27 °C, 25% RH). The sensing performance of sam-
ples in dark condition was not investigated due to the high resistance,
which is beyond the measuring range of multimeter (Fluke 8846A).
Firstly, the sensing performance of as-prepared samples activated by
LED light sources with different wavelength were investigated, and the
responses were shown in Fig. 6. It can be seen that ZnO/g-C3N4-10 wt%
exhibits the highest response to 7 ppm NO2 when it is activated by
460 nm light. For all ZnO/g-C3N4 composites, the response to NO2 in-
crease with the increase of wavelength, which is related to the absor-
bance characteristics of the photosensitizer and consistent with other
report [46]. Therefore, we choose the 460 nm LED as the excitation
source in the following gas-sensing tests.

Fig. 7(a–c) show the dynamic resistance curves of ZnO/g-C3N4

composites to different concentrations of NO2 ranging from 1 to 7 ppm
under 460 nm light excitation. For all sensors, once exposed to NO2, the
resistance increases immediately. When the sensors are removed to the
pure air again, the resistance also can recover to near the baseline ra-
pidly. Furthermore, each sensor has complete response and recovery
process without poisoning phenomenon occurring. The linear tendency
is observed for ZnO/g-C3N4 composite based sensors to NO2 con-
centration range from 1 to 7 ppm, as shown in Fig. 7d. The slopes of
straight line for three sensors exhibit excellent linear tendency
(R2= 0.9905, 0.9857, and 0.9970, respectively). It can be seen that the
sensor based on ZnO/g-C3N4-10 wt% exhibits much higher response
than ZnO/g-C3N4-5 wt% and ZnO/g-C3N4-15 wt%. In the system of
ZnO/g-C3N4 composites, the heterogeneous interfaces between ZnO
and g-C3N4 exist lots of active sites which can be used for sensing re-
action. Furthermore, the heterogeneous interfaces can also separate the
photogenerated carriers generated by g-C3N4. When the modification
amount of g-C3N4 is lower, there are no sufficient heterogeneous in-
terfaces to transport and separate the photogenerated carriers produced
by g-C3N4. However, the excessive modification may lead to a decrease
in the amounts of active sites on the surface of ZnO, which results in
poor response. Therefore, the sensor device based on ZnO/g-C3N4-10 wt
% shows the highest response, and the responses are 10.5, 25.0, 34.3,
and 44.8, corresponding to 1, 3, 5, and 7 ppm NO2, respectively.

A histogram of response and recovery time of ZnO/g-C3N4-10 wt%
in function of NO2 concentration was shown in Fig. 8a. The response
time is 172, 165, 152, and 142 s while the recovery time is 361, 222,
204, and 190 s, corresponding to 1, 3, 5, and 7 ppm NO2, respectively.
Both response and recovery time decrease with the increase of NO2

concentration, which is due to the fact that a higher gas concentration
means a faster rate of gas diffusion, adsorption and desorption to the
surface of sensing material. Furthermore, the recovery time is longer
than the response time. In the process of adsorption and desorption of
test gases, the adsorption/desorption kinetics determine the dynamic
characteristics of gas sensors [19]. Therefore, the longer recovery time
indicates that NO2 molecules have strong connection with the surface of
ZnO/g-C3N4 composites.

Trace NO2 sensing of ZnO/g-C3N4-10 wt% is probed with con-
centrations of 100 and 500 ppb, as shown in Fig. 8b. The response is 2.3
and 7.5, corresponding to 100 and 500 ppb NO2, respectively. The re-
sistance of ZnO/g-C3N4-10 wt% still can recover to the baseline slowly
in 100 ppb NO2 though the recovery time has been stretched to dozens

Fig. 3. FT-IR spectra of pure ZnO, g-C3N4 and ZnO/g-C3N4 composites.

Fig. 4. UV–vis spectra of pure ZnO and ZnO/g-C3N4 composites.
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of mins. The excellent response in ppb-level NO2 proves that ZnO/g-
C3N4-10 wt% is more sensitive to NO2 than other samples. Moreover,
the signal-to-noise ratio method was acquired to quantify the detection
limit (LOD) of NO2. It should be noted that the LOD is one of the most
important indexes reflecting sensitivity and represents the lowest
amount of NO2 in ambient can be detected. The LOD can be calculated
by the formula below: [47].

= ×
RMS

K
LOD 3 noise

(1)

Where, RMSnoise is the root mean square noise and ‘K’ is the slope value
in linear fitting of response (y=3.03x + 1.88). The sensor noise can be
calculated by the relative resistance variation from average resistance
measured in ambient. Ten random data were taken to calculate the
standard deviation before exposure to NO2 through the Eq. (2).

Fig. 5. XPS spectra of ZnO/g-C3N4-10 wt%: (a) Zn 2p; (b) C 1s; (c) N 1s; (d) O 1s.

Table 1
Atomic% of different components in ZnO/g-C3N4-10 wt% obtained by XPS
analysis.

Sample C% N% O% Zn%

ZnO/g-C3N4-10 wt% 54.78 1.96 21.03 22.23

Table 2
Surface area, pore volume and the pore size of pure ZnO and ZnO/g-C3N4 composites.

Sample Pure ZnO ZnO/g-C3N4-5 wt% ZnO/g-C3N4-10 wt% ZnO/g-C3N4-15 wt%

Surface area (m2/g) 17.807 16.719 16.867 16.470
Pore volume (cm3/g) 0.0921 0.116 0.115 0.099
Pore size (nm) 31.395 30.375 29.124 35.561

Fig. 6. The responses of as-prepared samples to 7 ppm NO2 under different
wavelength light illumination.
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Where, Ri is the randomly selected resistance, while R is the average
resistance of the ten experimental data points. In this work, RMSnoise of
ZnO/g-C3N4-10 wt% is calculated to be 0.0711, and the LOD is 38 ppb.

Fig. 8c shows the repeatability of ZnO/g-C3N4-10 wt% to 3 ppm NO2

in three cycles at room temperature. During three successive injection
and extraction process, the resistance of ZnO/g-C3N4-10 wt% basically
remains unchanged. The responses are 26.0, 26.5, and 26.8, corre-
sponding to the first cycle, second cycle, and the third cycle, respec-
tively, which indicates that ZnO/g-C3N4-10 wt% has good repeatability
to NO2. In this work, the selectivity of ZnO/g-C3N4-10 wt% was also
studied toward different test gases (such as CO, NH3, C6H6, H2, ethanol,
acetone, N2O and Cl2), as shown in Fig. 8d. The other gases were tested
at a concentration of 100 ppm, and the responses are 1.25 (CO), 1.18
(NH3), 1.21 (C6H6), 1.34 (H2), 1.42 (ethanol), 1.47 (acetone), 1.50
(N2O) and 1.43 (Cl2), respectively, which are all much less than that of
NO2 (44.8 to 7 ppm). The results show that the as-prepared ZnO/g-
C3N4-10 wt% has better sensitivity and selectivity to NO2 than other
gases.

To investigate the effect of humidity on the response of gas sensors,
ZnO/g-C3N4-10 wt% was exposed to 3 ppm NO2 with RH of 50%, 70%,
and 90%, respectively. The dynamic resistance curves were shown in
Fig. 8e, and the corresponding responses were presented in Fig. 8f. It
can be seen that the response decreases as the RH increases from 25% to
90%, which can be attributed to the occupation of adsorption sites on
the surface by water vapor. Such influence of humidity in the response
of gas sensors was reported in other literatures [35,48]. Significantly,

the sensor based on ZnO/g-C3N4-10 wt% still maintains complete re-
sponse and recovery process no matter in low or high humidity, which
is meaningful for practical applications. Table 3 shows the sensing
performance of NO2 sensors activated by visible light reported in recent
years [17–19,35,49,50]. It can be seen that the ZnO/g-C3N4 composite
shows great potential in detecting NO2 at room temperature compared
with others.

3.3. Light-assisted NO2 sensing mechanism

In general, the sensing performance of MOS-based sensors toward
test gases is mainly controlled by electrons transfer between the surface
of MOS and gas molecules [51,52]. The possible mechanism of light-
activated gas sensors has been discussed in other literatures, and it is
generally accepted that the photogenerated electron-hole pairs play
importance roles in the sensing reaction [53,54].

When ZnO/g-C3N4 composite is activated by UV light, photo-
generated electron–hole pairs are mainly produced in ZnO. On the one
hand, the photogenerated holes can promote the desorption of chemi-
sorbed oxygen species ( −O )gas2( ) on the surface. On the other hand,
oxygen molecules can reattach to the surface again by capturing pho-
togenerated electrons in the CB and form photosorbed oxygen species
( −O hv2( )).

−O hv2( ) is bound on the surface of ZnO and highly more reactive
compared with −O gas2( ) [55]. Once ZnO/g-C3N4 composite is exposed to
NO2, the electron depletion layer becomes thicker due to the formation
of −NO hv2( ) and −NO hv3( ) by extracting electrons from −O hv2( ) or the re-
maining photogenerated electrons in the CB, as shown in reaction
(3–5).

+ →− −NO e NOhv hv2 2( ) (3)

Fig. 7. (a–c) The dynamic resistance curves of ZnO/g-C3N4-5 wt%, ZnO/g-C3N4-10 wt%, and ZnO/g-C3N4-15 wt% to different concentrations of NO2 under 460 nm
light illumination, respectively; (d) linearity of response curves of ZnO/g-C3N4 composites.
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Fig. 8. (a) The histogram of response and recovery time of the ZnO/g-C3N4-10 wt% to different concentrations of NO2; (b) the dynamic resistance curves of the ZnO/
g-C3N4-10 wt% to 100 and 500 ppb NO2, and the illustration is the histogram of response; (c) the repeatability of the ZnO/g-C3N4-10 wt% to 3 ppm NO2; (d) the
selectivity of the ZnO/g-C3N4-10 wt% to various gases; (e–f) the dynamic resistance curves of the ZnO/g-C3N4-10 wt% in different relative humidity and the
corresponding response.

Table 3
The sensing performance of NO2 sensors activated by visible light.

Materials NO2 (ppm) Response Tres and Trec Excitation source Ref

CdS 5 89% 44 and 113 s 530 nm LED (21W/m2) 17
CdSe/ZnO 1 20 3 and >60 min 535 nm LED (2W/m2) 18
Ag/ZnO 5 4.5 140 and ∼400 s 460 nm LED (no given) 19
In2O3/ZnO 5 54.3 188 and 586 s 460 nm LED (no given) 35
NiO 0.372 31.04% 13.2 and 29.1 min 480 nm LED (no given) 49
WO3 0.16 2.9 14.9 and 18.3 min 480 nm LED (37W/m2) 50
ZnO/g-C3N4 7 44.8 140 and 190 s 460 nm LED (12.7W/m2) This work
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+ → +− −NO O NO Ohv hv gas2 2( ) 2( ) 2( ) (4)

+ + →− − −NO O e NO2 2hv hv hv2 2( ) 3( ) (5)

However, the recombination of photogenerated electron-hole pairs
in ZnO seriously restricts the gas-sensing response under UV light [19].

Different from UV light excitation, ZnO cannot absorb the visible
light because of its wide bandgap. When ZnO/g-C3N4 composites are
activated by visible light, only g-C3N4 can absorb the visible light to
generate photogenerated electron-hole pairs due to its narrow bandgap
(2.7 eV). The photogenerated electrons in the CB of g-C3N4 will transfer
to that of ZnO due to its higher CB, as shown in Fig. 9a. Then, ZnO
utilizes the obtained photogenerated electrons for the above gas-sen-
sing reaction. Furthermore, the space transfer of photogenerated elec-
trons from g-C3N4 to ZnO greatly promotes the separation of photo-
generated electron-hole pairs and prolongs their lifetime [37]. As a
result, sufficient photogenerated electrons and holes could be trans-
ferred to the surface to participate in the gas-sensing reaction, thus
inducing a better response. The schematic illustration of electron
transfer processes in the sensing reaction were shown in Fig. 9.

4. Conclusion

In summary, ZnO/g-C3N4 composites were synthesized via ultra-
sonic mixing and subsequent calcination process. The morphology
characteristics, phase composition, and their optical properties were
characterized by SEM, EDS, XRD, FT-IR, UV–vis, XPS and BET mea-
surements. The SEM results show that ZnO and g-C3N4 form the het-
erojunction successfully. The NO2 sensing performance of ZnO/g-C3N4

composites under various LED light sources with different wavelengths
was investigated at room temperature. When under 460 nm light illu-
mination, the ZnO/g-C3N4-10 wt% exhibits the highest response of 44.8
to 7 ppm NO2. The response and recovery time are 142 and 190 s,

respectively, and the detection limit is 38 ppb. Furthermore, the ZnO/g-
C3N4 composite shows excellent selectivity, stability, and certain
moisture resistance, which implies the potential application in de-
tecting NO2.
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