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The zinc oxide (ZnO) nanoparticles (NPs) sensors were prepared in-situ on the gas-sensing electrodes by a one-step
simple sol-gel method for the detection of hydrogen sulfide (H,S) gas. The sphere-like ZnO NPs were characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), x-ray diffraction (XRD), energy dispersive
x-ray analysis (EDX), and their H;S sensing performance were measured at room temperature. Testing results indicate that
the ZnO NPs exhibit excellent response to HS gas at room temperature. The response value of the optimal sample to
750 ppb H,S is 73.3%, the detection limit reaches to 30 ppb, and the response value is 7.5%. Furthermore, the effects of
the calcining time and thickness of the film on the gas-sensing performance were investigated. Both calcining time and film
thickness show a negative correlation with the H,S sensing performance. The corresponding reaction mechanism of HS

detection was also discussed.

Keywords: ZnO, H;S gas sensor, room temperature

PACS: 07.07.Df, 77.55.hf, 78.67.Bf

1. Introduction

ZnO0, as one of the important n-type metal oxide semicon-
ductors, has attracted wide attention in gas-sensing applica-
tions due to its advantages of low-cost, non-toxicity, and high
mobility of conduction electrons.!'8/ Recently, many ZnO-
based nanomaterials have been used to detect H,S and have
exhibited a good response and selectivity, so it has been re-
garded as one of the most promising H,S sensing materials.
However, in most work, the ZnO sensors generally require a
high operating temperature (around 200-450 °C),[°~'6] which
inevitably increases the energy consumption, shortens the life
of the device, thereby extremely limits the practical appli-
cation. Thus, achieving room-temperature detection of low-
concentration H»S is of significant importance.

In order to achieve room-temperature detection of
H,S, many works concentrate on compounding with no-
ble materials!!”! or other semiconductor materials, doping

by other elementals,!!3-20]

(21,22

or testing under assistance of
U V-illumination, 1 which obviously require complex pro-
cesses, expensive equipments, and high production costs. So
far, unmodified ZnO nanomaterials used as room-temperature
H;S sensors have rarely been reported yet. According to the

typical gas-sensing mechanism, that is, the gas sensing behav-
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ior is related to the redox reaction of surface electrons and tar-
get gas, which extremely depends on the specific surface area
of the sensors. Therefore, decreasing the grain size of the sen-
sors for larger specific surface areas via morphology regulation
may be a promising strategy. For example, Patil ez al.**! pre-
pared ZnO nanoparticles with sizes of 18—40 nm by successive
ion layer adsorption and reaction (SILAR) technique to detect
NO, at low temperature (150 °C). Deng et al.**! synthesized
ZnO quantum dots with average grain size of 14.6 nm via a
colloidal procedure to detect H,S at 90 °C. In addition, the
device structure of the gas sensor also plays a vital role in im-
proving the effective specific surface area of the sensors. For a
typical gas-sensing device, the gas-sensing materials generally
are coated on the prefabricated ceramics plate’s electrodes by
a screen-printing or doctor-blading method, then annealed at
an appropriate temperature to form a film for the gas-sensing

detection. [23-26

| However, it will inevitably cause the problem
of large thickness and material agglomeration, as a result, only
a small portion of gas-sensing materials can be exposed to the

[27] Based on

gas atmosphere for reacting with the target gas.
the above considerations, synthesizing small-sized nanomate-
rials and controlling the thickness of the material may be a
promising strategy.

In this work, a simple sol-gel method is used to syn-
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thesize nano-sized ZnO nanoparticles (NPs), a facile drop-
coating technology is used for in-situ preparation of ZnO NPs
on the gas-sensing electrode with controllable thickness. As-
prepared ZnO NPs sensors will measure low-concentration
H,S at room temperature to study their response/recovery
speed, response value, minimum detection limit, and selec-
tivity nature. In addition, the effect of the calcine time and
thickness of the film on gas-sensing performance will be in-

Stirring
ethanol

precursor

computer

amorphous ZnO

vestigated, and the corresponding physical mechanism of H,S
detection will also be discussed.

2. Experiments and methods

The preparation and measurement processes of gas sen-
sors are shown in Fig. 1, which is further explained in detail in
the following part.

N e ke

ZnO NPs l '

(static) gas in

test

sensing

E}f

T (pump) gas out

test chamber

Fig. 1. Preparation schematic of ZnO NPs on the gas-sensing electrode, and sketch of the intelligent gas-sensing test system.

2.1. Synthesis of ZnO NPs sensors

The alumina-based plate-type electrode was used as a
gas-sensing electrode, which has five pairs of Ag—Pd fingers
with 200 pm in separation as the electrode materials. Before
the preparation of ZnO sensors, the gas-sensing electrode was
cleaned ultrasonically with acetone, isopropanol, ethanol, and
deionized water for 30 min in turn respectively, and subse-
quently dried with nitrogen.

The ZnO NPs sensors were in-situ fabricated on the elec-
trode by a simple sol-gel method and drop-coating technology.
Firstly, 40 ml of an aqueous solution containing 0.05 M zinc
acetate and 0.05 M diethanolamine was prepared at 30 °C in
advance. Then, the gas-sensing electrode was placed on a level
surface (calibrated by bubble level). Next, a capillary (diame-
ter of about 1 mm) was used to take a drop of the seed solution
(about 0.02 g) to the center of the electrode. Finally, the so-
lution was free to diffuse and allowed for air dry (40 s). The
above steps are defined as one cycle. At this time, the relative
humidity is 50% and the operation temperature is room tem-
perature. Finally, the gas-sensing electrode was calcined for
a certain time at 400 °C to obtain ZnO NPs films. To study
the effect of the calcining time, the number of cycles was set
to 2, and the calcining time was set to 30 min, 60 min, and
120 min, hereinafter designated as T-30, T-60, and T-120, re-
spectively. To study the effect of the thickness of the films, the

calcining time was set to 30 min firstly, the number of cycles
was set to 2, 4, and 6, which were denoted as C-2, C-4, and
C-6, respectively.

2.2. Characterizations and gas measurement

The morphologies and microstructure of the ZnO NPs
sensors were examined by a scanning electron microscope
(SEM, SU8010) and high-resolution transmission electron mi-
croscopy (HRTEM, JEOL JEM-2200FS), respectively. The x-
ray diffraction (XRD, Germany BrukerAXS D8 Advance) pat-
tern was used to confirm the crystalline structure of the sam-
ples. The gas-sensing properties were tested using an intel-
ligent gas-sensing analysis system (CGS-4TPS, Ltd, China).
The response value of gas sensors is defined as the ratio of
the resistance of the ZnO NPs sensor exposed to air (R,) and
target gas (R,) atmosphere, which can be expressed as

(Ra—R,)
Response = ————= x100%. (1)
Ry
3. Results and discussion
3.1. Morphology and structure

The morphologies, microstructures, and elemental com-
position distributions of the ZnO NPs films prepared with
different conditions are investigated in Fig. 2. As shown in
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Figs. 2(a) and 2(b), the circuit of the gas-sensing electrode
consists of five pairs of interdigital fingers, where the distance
between the interdigital fingers is about 200 pm. In Figs. 2(c)—
2(e), the morphologies of T-30, T-60, and T-120 are shown. It
can be seen that all samples show relatively regular spheri-
cal particles. As the calcining time increases, the grain size
(diameter) of the ZnO NPs gradually increases. The average
grain sizes of T-30, T-60, and T-120 are about 16 nm, 21 nm,
and 28 nm, respectively. In addition, as the calcining time
increases, the uniformity of the ZnO NPs is weakened. In
particular, a small number of large particles appear in T-120,
which may form by agglomeration of small particles. Fig-
ure 2(f) shows the HRTEM images. Several fringe patterns
can be obviously seen, where the lattice spacings of 0.247 nm,
0.26 nm, and 0.281 nm can correspond to the interplanar dis-
tances of the {101}, {002}, and {100} facets of hexagonal
ZnO (JCPDS No. 36-1451). The EDX elemental mapping im-
ages of the ZnO NPs sensor are shown in Fig. 2(g). Among
them, Al and Ag elements should derive from the gas-sensing
electrode. The sufficient Zn and O elements can further indi-
cate that ZnO NPs have been successfully prepared.

d(101)=
0.247nm

Fig. 2. SEM images of (a), (b) bare gas-sensing electrode, (c) T-30, (d)
T-60, and (e) T-120. (f) HRTEM image of T-30. (g) EDX elemental
mapping images of ZnO NPs sensor.

Figure 3 shows the XRD patterns of the samples with dif-
ferent condition to further confirm the crystalline structure and
study the effect of the calcine time on ZnO. In order to avoid
the interference caused by the high diffraction signal of alu-
mina substrate and Ag circuit, an ordinary amorphous glass
without obvious diffraction peak (black line) was used as the

preparation substrate of ZnO NPs. When ZnO NPs were syn-
thesized on the glass substrate, several obvious characteristic
peaks appear at 31.8°, 34.4° , 36.3°, 47.5°, 56.6°, and 62.9°,
which correspond to (100), (002), (101), (102), (110), and
(103) facets of hexagonal ZnO (JCPDS No. 36-1451), respec-
tively. As the calcine time increases, the position and number
of characteristic diffraction peaks have no change. However,
the intensity and sharpness of the diffraction peaks signifi-
cantly reduce, especially for the sample with 120 min calcine
time. This may be due to the fact that the increase of the grain
size of ZnO NPs causes the spread of full width half maxi-
mum (FWHM) of the diffraction peaks, which corresponds to
the SEM results.
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Fig. 3. The XRD patterns of substrate and ZnO NPs sensors with dif-
ferent calcine time.

3.2. Gas sensing properties and mechanism

The H,S sensing characteristics of the ZnO NPs sensors
with different conditions were measured at room temperature.
As shown in Fig. 4(a), the gas-sensing performance of ZnO
NPs obtained with different calcine time for 750 ppb H»S is
compared. It can be seen that as the calcination time increases,
the response value decreases. The response values of T-30,
T-60, and T-120 are 73.3%, 35.2%, and 6.9%, respectively.
The decrease of the response value should be related to the de-
crease in the specific surface area caused by the larger grain
size. In addition, according to Ahn e al.,[8! the gas-sensing
performance has a positive correlation with the oxygen defect
density. Generally, a calcine process can reduce the defect
density and increase the crystallinity of nanomaterials, which
may further reduce the response values of T-60 and T-120. Ex-
cept for the change of the response value, the response time
and recovery time of T-60 (110 s, 106 s) and T-120 (120 s,
118 s) are longer than those of T-30 (93 s, 90 s). This is be-
cause they are more difficult to reach the stable state compared
to T-30 exposed to H,S at the same time, which may be due
to the fact that the agglomeration of ZnO NPs hinders gas dif-
fusion. Figures 4(c) and 4(e) show the gas-sensing character-
istics of T-30, T-60, and T-120 exposed to different concen-
tration H,S at room temperature. It can be seen that T-30 has
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the highest response value for all concentrations. And the re-
sponse values of all samples show a well linear relationship
with the H,S concentration, which will be beneficial for being
quantified in the practical application. In Figs. 4(b), 4(d), and
4(f), the effect of the thickness of the ZnO NPs films on their
H;,S sensing performance is investigated. Obviously, there is
a negative correlation between the response value and the film

thickness in different concentration H,S. And compared with
C-2, the response time and recovery time of C-4 (95 s, 120 s)
and C-6 (100 s, 123 s) with larger thickness also increase. We
compare our results with the previously reported ones (shown
in Table 1), the ZnO NPs sensor exhibits much higher gas sen-
sitivity and lower operating temperatures. The reason will be
explained in the reaction mechanism below.

Table 1. H,S sensing properties of the different samples in our study and in the literature.

Samples Concentration Sensitivity Working temperature (°C) Ref.
Zn0O quantum dots 68.5 ppm 567 (Ra/Ry) 90°C [29]
ZnO nanowires 20 ppm 1.15 (Ra/Rg) 150 °C [30]
ZnO films 20 ppm 5 (Ra/Rg) 500 °C [31]
ZnO nanorod 100 ppm 122 (Ra/Ry) 150 °C [32]
ZnO NPs 750 ppb 73.3 ((Ra—Rg)/Rax100%) RT this work
80 80
a
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Fig. 4. The gas-sensing characteristics of ZnO NPs sensors with (a), (c), (e) different calcine time and (b), (d), (f) different thickness exposed

to different concentration H,S at room temperature.

The reaction mechanisms between ZnO NPs and H, S will

be explained by electron depletion layer and grain boundaries

33,34

potential barrier theories.>3* As shown in the right panel of

Fig. 5, when ZnO NPs sensors are exposed to air, due to the
fact that ZnO possesses an electron spin resonance signal re-

flecting the concentration of free electrons, and the freely con-
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ducting electrons on ZnO can interact equally with both oxy-
gen nuclei, thus oxygen ions are adsorbed with the molecular
axis parallel to the surface on 7Zn0.35:361 At the same time,
since the suspension bonds on the surface of nanomaterials in-
troduce impurity energy levels in the semiconductor band gap,
which can excite electrons and holes at lower temperatures,
thereby enhancing the adsorption of oxygen and hydrated hy-
droxyl groups.[?”38 The oxygen adsorbed on the surface of
ZnO will trap electrons in the conduction band of ZnO to form
chemically adsorbed oxygen (O ), thereby resulting in the for-
mation of a wide electron depletion layer and the band bending
upwards. Meanwhile, the high potential barrier appears in the
interface of multiple ZnO NPs. Therefore, this process will
make the resistance of ZnO NPs increase gradually and reach
the maximum in dynamic balance. The above process can be
described by[39#11

0, (air) —0; (ads), (2)
0, (ads) +e~—0, (ads). 3)

When ZnO NPs sensors are transferred to the H>S condition,
the chemisorbed O2~ reacts with H,S and returns electrons to
the ZnO NPs. Thereby, the electron density near the surface
of the ZnO NPs is increased (resistance is reduced), and the
depletion layer is narrowed. Meanwhile, at the interfaces, the
height of the grain boundary potential barrier is significantly

(a)

porous layer

reduced, which will reduce the obstruction to the transmis-
sion of electrons. In addition, the hydrated hydroxyl groups
adsorbed on the surface of ZnO can saturate the suspension
bonds on the surface of the ZnO NPs and reduce the elec-
tronic transition barrier, which will further reduce the resis-
tance of the ZnO NPs sensors.*”#?] This process can be de-

scribed by [9,10,17,43,44]

2H,S (g) +30, (ads) — 2H,0 (g) +2S0, (g) +3e™. (4)

According to the above mechanism, the proportion of the
depletion layer in the whole nanoparticle directly affects the
gas-sensing response value. However, the thickness of the de-
pletion layer cannot exceed the Debye length of nanomateri-
als. Thus, the larger grain size caused by longer calcine time
will decrease the proportion of the depletion layer, and thereby
decrease the response value. For the effect of the thickness of
the ZnO NPs sensor, due to the accumulation of particles de-
rived from gravity, except that a small part of the surface is
porous, most of the surface is dense at the bottom (as shown
in Fig. 5(b)), which makes the effective thickness that partici-
pates in the response of ZnO NPs limited. For a similar reason,
the increased thickness obviously decreases the proportion of
the effective thickness in the whole film, finally resulting in
the reduced response value of the ZnO NPs.

Al,O3 substrate

Fig. 5. Schematic diagram and cross-section SEM of (a) C-2 and (b) C-6, as well as their schematic diagram of reaction mechanism in the right.

The selectivity nature of ZnO NPs sensors was also in-
vestigated. As shown in Fig. 6(a), it can be seen that ZnO
exhibits superior response value to H,S even at low concentra-
tions. The response values of above several interference gases
(such as formaldehyde, isopropanol, acetone, ethanol, acetic
acid, methanol, Hy, and NH3) with high concentration are also
obviously lower than that of H,S. The excellent selectivity to

H,S may be ascribed to the extra chemical reaction between
ZnO and H,S, that is, H,S directly reacts with ZnO NPs to
form ZnS. According to the previous researches, the forma-
tion of ZnS will introduce a shallow donor level in the band
gap of ZnO NPs. When ZnO NPs sensors are thermally ex-
cited (above absolute zero), electrons transit from the shallow
donor level to the conduction band of ZnO, further reducing
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the resistance and increasing the sensitivity. The correspond-

ing reaction can be described by (4346

ZnO (s)+HS (g)=ZnS (s) +Hz (g) . ®)

To prove the above reaction and study the degree of reaction,
the H,S sensing tests were carried out in normal air and hy-
poxia environment, respectively, as shown in Fig. 6(b). The
hypoxia environment is realized through advance vacuum and
30 min Ny flushing to exhaust O,. It can be seen that the re-
sponse value to H,S is significantly reduced from 73.3% to
8% in hypoxia environment, which indicates the existence of
the above reaction. Meanwhile, the rationality of the above
mechanism can be confirmed, that is, H,S sensing behavior
mainly relates to its reaction with chemisorbed O, . However,
the response and recovery processes are also different in the
air and hypoxia environment. There is a complete response
and recovery in air, while the response value of ZnO NPs can-
not normally recover. This should due to the below reaction
reported by Wang et al.: 40

27ZnS (s) +30; (g) — 2Zn0 (s) +2S0; (g) . (6)

ZnS will restore to ZnO again with the assistance of O,. Thus,
the reaction between ZnO with H,S is not a simple adsorp-
tion/desorption reaction. And this reaction can ensure repeata-
bility and improve the selectivity of the H,S sensing behavior
in an oxygen-containing environment.

(2) [ M 1-Formaldehyde
100 Il 2-Isopropanol
Il 3-Acetone
B 4-Ethanol
Il 5-Acetic acid
- Il 6-Methanol
I 7-H,
Il 3-NH;
Il 9-H.S

750 ppb

100 ppm

log(Response)
=
o

—
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o
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Time (s)

Fig. 6. (a) The selectivity nature of ZnO NPs sensors; (b) H,S sensing
behaviors in air and hypoxia environment.

4. Conclusion

In summary, we fabricated ZnO NPs sensors based on
gas-sensing electrode by a simple sol-gel method with short-
time calcine process to detect H>S. Under the synergistic effect
of morphology control and device design, the as-prepared ZnO
NPs sensors achieved the room-temperature detection of ppb-
level H,S, the minimum detection limit reached 30 ppb and
the response value was 7.5%. In addition, the effect of calcine
time and thickness of film on H,S sensing behavior were in-
vestigated. The results indicate that shorter calcining time and
thinner film thickness are beneficial to obtain a small particle
size and increasing the effective surface area of the film, and
thereby increase the H, S sensing performance of the ZnO NPs
Sensors.
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