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a b s t r a c t

Urchin-like hierarchical Zn doped CdS powders were successfully synthesized via simple one-pot hy-
drothermal process. Their SEM and TEM images indicated that the hierarchical structure were assembled
by single crystal nanorods with the hexagonal wurtzite phase. EDS element mapping verified that Zn
ions were homogeneously distributed among the hierarchical microstructure. The performances of gas
sensors based on pure and Zn doped CdS were measured and compared. The results indicated that Zn
doping could enhance their responses to some volatile organic compounds and improve its selectivity to
ethanol and toluene as well. The possible reasons for this enhancement were investigated. In addition,
the sensor based on Zn doped CdS exhibited the ultrafast response and recovery to ethanol (tresponse <1;

trecovery ¼ 8s), indicating that the Zn doped CdS could be a promising gas sensing candidate for online
monitoring of ethanol.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Gas sensors are playing more and more vital roles on the air-
quality monitoring and medical diagnosis. Chemiresistive gas
sensors, based on semiconductor oxides, are widely investigated in
the past few decades because of their superior gas sensing prop-
erties, low cost and ease for operation [1e7]. Gas sensing relies on
the surface chemical reaction between target gas and chemical
absorbed oxygen on the surface of sensing material. The micro-
structure of sensing materials embody their comprehensive prop-
erties related with surface activity, gas transportation etc.
Therefore, their sensing properties can be further adjusted and
optimized by controlling their microstructure [8,9]. Compared with
low dimension nanomaterials such as one-dimensional(1D) and
two-dimensional(2D) building blocks, three-dimensional(3D) hi-
erarchical sensing materials may present more fascinating sensing
properties owing to large surface area, favorable gas diffusion and
well-defined morphology. Consequently, simple and efficient ways
to synthesize the 3D hierarchical nanomaterials are highly
expected to explore gas sensor with excellent performance. For the
resistance-type gas sensor, semiconductor oxides, such as ZnO
[10e12], a-Fe2O3 [13], In2O3 [14,15], WO3 [16e19], SnO2 [20,21], are
dominantly be studied. However, research reports on the metal
chalcogenides in the field of gas sensor have rarely been reported in
the past years [22e24], in spite of their extraordinary optoelec-
tronic properties in visible-light detector, sensors, waveguide
photodetectors, lasers, field-effect transistors, solar cell and pho-
tocatalysis etc. Ruan et al. [25] reported that Zn1-xCdxS nanowire
had response of 12 toward 50 ppm ethanol. Ma et al. [26] verified
that CdS microparticle could response to 30 ppm NO with sensi-
tivity of 65.8 at the operating temperature of 180 �C. Thus it can be
seen that CdS is a potential good sensing material. Its sensing
performance is worthy of further investigation. In order to improve
the sensing performance, several effective methods such as doping,
noble metal loading and construction of heterojunction have been
adopted. Doping is a simple and effective method. Zn2þ ion was
selected to be doped in the CdS because of the similar crystal
structure of ZnS and CdS. In our work, unique urchin-like hierar-
chical CdS assembled by a large number of nanorods firstly pre-
pared by one-step hydrothermal route. The gas sensors based on
the as-synthesized CdS were fabricated and their gas sensing per-
formances were investigated and compared. The results showed
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Fig. 1. a XRD patterns of pure and Zn doped CdS (S1)samples. b Enlarged XRD patterns
between the range of 20 and 35 degree.

Z. Huang et al. / Journal of Alloys and Compounds 773 (2019) 299e304300
that Zn doped CdS exhibited high response sensitivity and fast
response-recovery property to ethanol at 225 �C.

2. Experimental

2.1. Synthesis of urchin-like hierarchical CdS

All the reagents in the experiment were purchased from Beijing
Chemical Reagent and used as received without further purifica-
tion. 0.1M cadmium nitrate and thiourea solutions were prepared
for the cadmium and sulfide precursors, respectively. In a typical
experiment, 0.05 g ZnO was added in 40ml mixture of deionized
water and ethylenediamine (1:2 v/v) with vigorous stirring till it
was solved completely. Then appropriate amounts of cadmium
nitrate and thiourea solution (1:1 v/v) were mixed with the above
solution. Being stirred for 20min, the mixed solution was trans-
ferred into a 45ml Teflon-lined stainless autoclave and maintained
at 180 �C for 12 h. On cooling down, the precipitates were collected
by centrifugation, repeatedly washed with distilled water and ab-
solute ethanol for several times, and dried at 80 �C in air. Different
amounts of cadmium nitrate (0.25ml, 0.50ml, 0.75ml) were added
in the hydrothermal procedure, and the corresponding products
were labeled as S1, S2 and S3, respectively. They were classified as
Zn doped CdS. If the above hydrothermal process was repeated
with the fixed 0.25ml cadmium nitrate and no addition of ZnO, the
obtained sample was labeled as pure CdS.

2.2. Characterization

The phase structures of the as-synthesized products were
analyzed by a Rigaku TTRIII X-ray diffractometer with Cu Ka1 ra-
diation (l¼ 1.5406�A). The surface morphology and microstructure
of the prepared samples were observed by field emission scanning
electron microscope (SEM, JEOL JSM-7500F) at an acceleration
voltage of 15 kV and transmission electron microscopy (TEM, JEOL
JEM-3010) at 200 kV. The energy dispersive X-ray spectroscopic
(EDS) elemental mappings were investigated by the TEM
attachment.

2.3. Fabrication and measurement of gas sensor

The gas sensor was fabricated as follows: the as-synthesized
powder was first dispersed in deionized water in volume ratio of
5:1 to form homogeneous slurry. Subsequently, it was coated onto
an alumina tube (4mm in length, 1.2mm in external diameter, and
0.8mm in internal diameter, attached with a pair of gold elec-
trodes) with a brush to form a thick sensing film. Being baked for
10min under an infrared lamp, it was sintered at 300 �C for 2 h to
improve its thermal stability. Then a Ni-Cr alloy coil was inserted
into the alumina tube as a heater in order to control the operating
temperature of the sensor. A RQ-2 series Intelligent Test Meter
(made in China) was applied to investigate the sensing perfor-
mance of the sensor. The measurement was carried out by a static
process, that is to say, the sensor was alternately placed into the test
chambers full of air and a kind of target gas with certain concen-
tration and the corresponding resistance (Ra or Rg) was measured
respectively. The resistance ratio of Rg/Ra in an oxidative target gas
was defined as response value. On the contrary, in a reductive gas,
the response was expressed as Ra/Rg.

3. Results and discussion

3.1. Structural and morphological characteristics

Fig. 1a shows the X-ray diffraction (XRD) patterns of pure and Zn
doped CdS (S1) products. As seen in Fig. 1a, all the diffraction peaks
can be indexed to those of hexagonal wurtzite CdS (JCPDS card No.
89-2944) (a¼ 4.14 Å, c¼ 6.715 Å). No extra diffraction peaks are
observed. To further differentiate the corresponding peak positions
for pure and Zn doped CdS, their enlarged diffraction patterns in the
range of 20e35� (shown in Fig. 1b) are evaluated. Compared with
pure CdS, the peak positions for Zn doped CdS shift slightly towards
large diffraction angle, confirming that Zn2þ ions with smaller ion
radii than Cd2þ are doped into the CdS lattice (Rzn:74pm,
RCd:95pm). The morphologies and microstructures of the as-
prepared products were illustrated by FESEM photographs
(shown in Fig. 2). It is observed that both Zn-doped and pure CdS
exhibit urchin-like hierarchical structure, with the former having
more regular and homogenous structure. The urchin-like hierar-
chical structures are assembled by a lot of nanorods with the
diameter between 30 and 50 nm and length between 0.5 and
0.8 mm. Moreover, HRTEM and TEM elemental mapping were
employed to further analyze the lattice structure and the elemental
distribution of the as-prepared Zn doped CdS hierarchical structure.
Fig. 3a, b, f display the TEM imagines of Zn doped CdS micro-
structure, showing that urchin-like hierarchical structure consists
of numerous nanorods. The clear lattice fringes in a single nanorod



Fig. 2. SEM images of CdS: (a, b, c) Zn doped CdS (S1), (d, e, f) pure CdS.

Fig. 3. (a, b, f) TEM images patterns of Zn doped CdS (S1); (c, d, e) HRTEM images of selected areas; (g)e(i) EDS elemental maps.
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shown in Fig. 3e suggest that a whole nanorod is single crystalline.
The d spacing of 0.168 nm (Fig. 3d) can be matched to (004) planes
of hexagonal wurtzite CdS. The high aspect ratio of the nanorods
means that they predominately grow in 〈001〉 direction. The
elemental mapping images (Fig. 3gei) confirm the composition of
as-synthesized materials and the spatial distribution of the ele-
ments. Obviously, the element distributions of Cd and S are coin-
cident with urchin-like hierarchical shape. Zn can also be detected
in the whole hierarchical structure in consistence with the result of
XRD.



Fig. 5. Responses of the as-fabricated three gas sensors (S1, S2, S3) to 100 ppm ethanol
as a function of operating temperature.

Fig. 6. Responses of pure and Zn doped CdS sample towards various gas (100 ppm) at
225 �C.
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3.2. Gas sensing properties

In General, the performance of the gas sensor is working tem-
perature dependent. The working temperature can significantly
affects the states of chemisorbed oxygen ions absorbed on the
surface, as well as the activity of surface chemical reaction and
consequent sensing properties. Therefore, to evaluate the sensing
performance, the optimal working temperature for gas sensor
should be tested firstly [27e29]. Fig. 4 describes the gas responses
to 100 ppm ethanol for the gas sensors based on pure and Zn doped
CdS (S1) at various temperatures. The sensitivity increases with the
testing temperature till 225 �C. Further increased temperature re-
sults in a decreased response. This phenomenal may be attributed
to the balance between surface chemical reaction and surface ab-
sorption/desorption process. Though the surface chemical reaction
reactivity can improve with the temperature, at high temperature
the desorption prevails to the absorption and consequently less
target gas molecules can take part in the surface chemical reaction.
Therefore, the optimal operating temperature is 225 �C. Both the
pure and Zn doped CdS sensors have the highest responses at
225 �C. The sensitivity of S1 is 4.2 times higher than that of pure
CdS. To further explore the effect of Zn doping, more amount of ZnO
should be added in the synthesis process. But ZnOmicrocrystallines
were apt to precipitate, forming uneven mixture of CdS and ZnO.
Thus, in order to change the concentration of Zn doped in the final
products, not the amounts of ZnO but Cd(NO3)2 were adjusted.
Different volume of 0.1M Cd(NO3)2 precursor (0.25ml, 0.50ml,
0.75ml) was added in the hydrothermal reaction mixture, the
prepared products are labeled as S1, S2 and S3 respectively. The
more Cd(NO3)2 there is, the smaller ratio of Zn ions in the final
products is. Fig. 5 indicates that the sensitivity increases with the
added ZnO quantity. Among the three samples, S1 has the highest
sensitivity. Thus S1 was representatively selected for further
measurements.

Besides ethanol, responses to other typical VOCs, including
acetone, methanol, formaldehyde, toluene were shown in Fig. 6. As
seen from it, Zn doping could improve the sensitivity for all the five
target gases. Enhancement factors for toluene, ethanol, acetone,
methanol and formaldehyde were 6.5, 4.2, 2, 2, 2, respectively.
Obviously, its responses to ethanol are larger than those toward
other alkyl-carbon oxygen compounds. Zn doped CdS showed good
selectivity toward ethanol against other target gas with similar
chemical structure. Furthermore, Zn doped CdS has good sensitivity
Fig. 4. Responses to 100 ppm ethanol for the gas sensors based on pure and Zn doped
CdS (S1) at various temperatures.
of 15 toward 100 ppm toluene. The response/recovery behavior of a
sensor is a vital parameter in practical applications, especially in
online monitoring systems. Fig. 7 exhibited the curves of dynamic
response and recovery to 50 ppm ethanol at 225 �C for S1 sample. It
displays extremely fast response and recovery, with the tresponse
and trecovery of 1 and 8 s, respectively. This rapid response/recovery
is beneficial to real-time monitoring for target gas. The response
transients for various ethanol concentrations are presented in
Fig. 8a. The sensitivity increased gradually with ethanol concen-
tration (shown in Fig. 8b). In addition, upon increasing the ethanol
concentration, the increasing rate of gas response improved. The
reason for it is under investigation. Fig. 9 displayed 6 repetitive
sensing transients to 50 ppm ethanol at 225 �C for Zn doped CdS
(S1), indicating that the sensor based Zn doped CdS had good
repeatability.
3.3. Gas sensing mechanism

The sensing mechanism for CdS could be clarified by the widely



Fig. 7. Response and recovery curves t of the Zn doped CdS (S1)sensor to 50 ppm
ethanol at 225 �C.

Fig. 8. (a) Dynamic response transients of Zn doped CdS sample to different concen-
trations of ethanol at 225 �C (b) Sensitivity (Ra/Rg) towards ethanol at various ethanol
concentration.

Fig. 9. Six repetitive transients to 50 ppm ethanol at 225 �C for Zn-doped CdS (S1).
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accepted sensing theory for chemiresistive gas sensor. CdS is a
typical n-type semiconductor with vacancy of S as donor. In the air,
large amount of oxygen molecules can be adsorbed on the active
sites at the surface of CdS. As a strong oxidant, absorbed oxygen
molecules may capture free electrons from the conduction band of
CdS to be transformed to chemisorbed oxygen ions, such as O2

�, O�,
O2�. Meanwhile, a depletion layer on the surface of CdS is formed,
resulting in the increased resistance for CdS [30e32]. This progress
can be expressed as the followings:

O2(gas) / O2(ads) (1)

O2(ads) þ e� / O2
�
(ads) (2)

O2
�
(ads) þ e� / 2O�

(ads) (3)

O�
(ads) þ e� / O2�

(ads) (4)

At the temperature of above 200 �C, O�
(ads) was believed to be

dominant [33]. Upon exposure to reductive target gas, chemisorbed
oxygen ions can oxidizing it, releasing electrons to the conduction
band of CdS. These free electrons make depletion layer thin and the
whole resistance of CdS decreased [34]. Taking ethanol gas as
example, its reaction with chemisorbed oxygen ions is as follows:

C2H6O þ 7O�
(ads) / 2CO2 þ 3H2O þ 7e� (5)

Zn doping can greatly enhance the sensing response to reduc-
tive gases. Carrier concentration may be one important factor for it.
Due to the smaller radium of Zn2þ, Zn2þ doping can makes bond
length short, as confirmed by the XRD results of Zn doped CdS. The
short bond length means that valence strength is strong and the
formation of S vacancy is getting difficult. Correspondingly, the
concentration of S vacancy, which acts as donor, is decreased. As
suggested by Kim etc [35], the low carrier concentration suggests
that high ratio of free carriers can take part in the surface reaction
and high response to reductive gases can be obtained. However,
enhancement factors for different tested gas are different. Partic-
ularly, the responses to ethanol and toluenemarkedly increasewith
Zn doping. This supposes that not only carrier concentration but
also surface activity are main factors for the improvement of the
sensitivity.
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4. Conclusions

In summary, unique and well-dispersed 3D urchin-like hierar-
chical CdS powders were synthesized via a simple one-step hy-
drothermal route. The performance of the gas sensors indicated Zn
doped CdS-based sensor exhibited remarkable response and fast
response-recovery speed to ethanol and toluene. The decreased
carrier concentration and increased surface activity may the main
factors for the improved sensing properties. The excellent sensing
performance makes urchin-like hierarchical Zn doped CdS a po-
tential sensing material.
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