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Detection  of  chlorobenzene  is a challenge  for  metal  oxide  gas  sensors  because  of  its stable  molecule  struc-
ture.  In  this  work,  Pt-decorated  porous  single-crystalline  ZnO  nanosheets  (PSC  ZnO  NSs)  were  successfully
synthesized  via  a  one-pot  hydrothermal  method  followed  by a  liquid  phase  reduction  process.  The  mor-
phology  and  structure  of  the  as-prepared  sample  were  well  characterized  by X-ray  diffraction  (XRD),
field-emission  scanning  electron  microscopy  (FE-SEM),  transmission  electron  microscopy  (TEM),  energy
eywords:
hlorobenzene
ensor
t
orous single-crystalline
nO nanosheet

dispersive  spectrum  (EDS)  and  ICP-MS  analysis.  From  gas-sensing  test,  it can  be found  that  the decora-
tion  of  Pt  nanoparticles  largely  enhanced  the  sensing  performance  of  the  PSC  ZnO  NSs.  The  Pt-decorated
PSC  ZnO  NSs  showed  good  response  to  low  concentrations  of chlorobenzene  from  10  to  500  ppb.  In
contrast,  the  Au  and  Ag-decorated  PSC  ZnO NSs  had  still no  response  to 500  ppb  of chlorobenzene.  The
enhancement  sensing  mechanism  of Pt nanoparticle  decoration  has  also  been  discussed  in  detail.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chlorobenzene is a kind of toxic chemical, which has been
idely used as a raw material, intermediate and solvent in chemi-

al, agrochemical and pharmaceutical industries [1]. The existence
n the environment will largely threaten human health because of
ts high toxicity and long-term persistence [2]. Therefore, effective
etection of chlorobenzene is necessary for strengthening environ-
ental regulations and treatments.
Gas chromatography is currently a widely used method to detect

hlorobenzene because of its extremely versatile, sensitive and
elective. However, the complicated, time-consumed operation,
nd expensive cost largely restrict its application in field test. On-
ine process monitoring or low-cost alternative technologies are all
mportant for the determination of chlorobenzene. As we know, the
pplication of metal oxide gas sensors has triggered much attention
ecause of their low cost, easy production, compact size and simple

easuring electronics [3,4]. There have been significant advances

n the field of metal oxide gas sensors to detect chlorobenzene. For
xample, Tang et al. reported a chlorobenzene sensor with good

∗ Corresponding author.
E-mail address: flmeng@iim.ac.cn (F. Meng).

ttp://dx.doi.org/10.1016/j.sna.2016.11.004
924-4247/© 2016 Elsevier B.V. All rights reserved.
sensing properties using single crystalline In2O3 nanorods as the
active material [5]. Jing et al. fabricated a novel gas sensor based
on porous ZnO nanoplates which exhibited good sensing proper-
ties to chlorobenzene at low operating temperatures [6]. However,
a critical problem is that the metal oxide gas sensors usually show
poor response and selectivity towards chlorobenzene because of
its stable molecule structure.

As an n-type semiconducting oxide, zinc oxide (ZnO) is con-
sidered to be one of the most popular sensing materials because
of its large excitation energy, excellent electronic and photonic
properties [7–9]. Many efforts have been devoted to obtain high
sensing performance for ZnO sensing materials. In the past decade,
ZnO nanomaterials with various morphologies have been syn-
thesized, such as nanowires [10], nanotubes [11], nanobelts [12],
microspheres [13], hierarchical nanostructures [14], etc. because
the morphology and structure can largely affect the performances
of the sensing materials [15–19]. Among those nanostructures,
porous ZnO nanomaterials were proved with better sensing per-
formance because of the larger surface area and more active sites
[20]. Zhang et al. found that the porous ZnO nanosheets show supe-
rior sensing response to ethanol, with the detection limit of as low

as 10 ppb [21]. Thus, rational design the structure of the ZnO nano-
material can largely enhance its sensing property.

dx.doi.org/10.1016/j.sna.2016.11.004
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2016.11.004&domain=pdf
mailto:flmeng@iim.ac.cn
dx.doi.org/10.1016/j.sna.2016.11.004
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Noble metal modification is another effective method to
mprove the sensing performance. It is known that noble metal
anoparticles, such as Au [22], Ag [23] and Pt [24] nanoparti-
les, are high-effective oxidation catalysts. Therefore, the modified
oble metal nanoparticles would greatly improve the response and
elective properties of the ZnO materials for their exceptional cat-
lytic activities. Wang et al. found that the sensing performance of
he 3D hierarchically porous ZnO structures increase more than 3
imes by Au modification [25]. We  also found that the Ag-decorated
orous ZnO nanosheets exhibit dramatically sensing performance

n ethanol detection and the lowest detection concentration was
 ppb [26]. The Au-modified hierarchical ZnO structures could
etect acetone with the lowest detection concentration of 0.5 ppb
27].

However, the Ag and Au modification showed little response to
hlorobenzene, here. Therefore, Pt nanoparticles were decorated
n the surfaces of porous single-crystalline ZnO nanosheets (PSC
nO NSs) through a liquid phase reducing method. Because of the
xcellent catalytic performace of Pt nanoparticles, the obtained
t-decorated PSC ZnO NSs exhibit excellent sensing response and
electivity towards chlorobenzene. The detection limit was down
o 10 ppb.

. Experimental

.1. Materials and materials characterization

All reagents were commercially available from Sinopharm
hemical Reagent Co., Ltd. (China) with analytical grade and were
sed without further purification.

The morphologies were characterized by field-emission scan-
ing electron microscopy (FE-SEM, FEI Sirion-200) and transmis-
ion electron microscopy (TEM, JEOL JEM-2010). Moreover, the
rystal structure of the as-prepared samples was determined by X-
ay diffraction (XRD, Philips X’pert PRO) with Cu K radiation. Energy
ispersive spectroscopy (EDS) was measured by Oxford INCA X-
ax  50. Inductively coupled plasma mass spectrometry (ICP-MS)
as measured by Thermofisher Scientific iCAP Qc.

.2. Preparation of the Pt-decorated PSC ZnO NSs

The PSC ZnO NSs were synthesized by a one-pot hydrothermal
ethod followed by an annealing treatment [28]. For loading Pt

anoparticles by a liquid phase reducing method, the preprepared
SC ZnO NSs (20 mg)  and 250 �L of sodium chloroplatinate solu-
ion (Na2PtCl6, 2 wt%) were first dispersed in 10 mL  of deionized
ater in a glass vessel. The mixture solution was  stirred for 30 min

n ice bath. And then, desired amount of 0.01 M NaBH4 solution
ere dropwisely added into the mixture solution. Four samples (Pt-

nO-1, Pt-ZnO-2, Pt-ZnO-3 and Pt-ZnO-4) were prepared by adding
ifferent amount of NaBH4 solutions, i.e. 10 �L, 300 �L 500 �L and
000 �L, respectively. When the color of the solution turns to gray,
he Pt-decorated PSC ZnO NSs were obtained. The precipitate was
ollected by centrifugation, then cleaned with deionized water and
thanol several times, and dried at 60 ◦C in a vacuum oven. At last
he resulting powder was annealed at 300 ◦C in air for 2 h.

.3. Fabrication of the gas sensor and the gas sensing
easurement system

The as-prepared sensing films were applied for the measure-

ent of gas sensing properties following the fabrication process

f the gas sensor as shown in Fig. 1. The structure of the sen-
or is shown in Fig. 1a. The sensing materials were dispersed in
thanol and then coated onto the ceramic tube of the sensor. After
Fig. 1. Schematic diagram of the fabrication process of the gas sensor.

annealing at 300 ◦C in air for 1 h, the sensing materials were com-
bined with the ceramic tube and the gas sensors were obtained.

The illustration of the measurement system was shown in our
previous work [29]. Briefly, the gas sensing tests were performed
using a Keithley 6487 Source/Measure Unit (SMU) measurement
system in a closed test chamber with a volume of about 1000 mL
equipped with appropriate an inlet and an outlet for gas flow. The
gas sensing properties were evaluated at various operation temper-
atures from 100 to 400 ◦C by measuring the changes of resistance
of the sensor in air. The target gases were prepared by drawing out
the headspace vapor into a microsyringe at room temperature. The
response of the sensor is defined as:

Response = Ra

Rg
= Ig

Ia
(1)

Here, Ra and Rg are the electric resistance of the sensor in the air
and target gas, respectively. Ia and Ig are the electric currents of the
sensor in the air and target gas, respectively. The response time is
defined as the time when the change of current reaches 90% of the
balanced current on exposure to a target gas. Similarly, the recovery
time is defined as the time reached a 90% reversal of the current.

3. Results and discussion

3.1. Characterization of the Pt-decorated PSC ZnO NSs

The crystal structures of the un-decorated and the Pt-decorated
PSC ZnO NSs were characterized by XRD, and the corresponding
diffraction patterns were shown in Fig. 2. For PSC ZnO NSs, all of the
diffraction peaks of the pure ZnO can be indexed to wurtzite ZnO
(JCPDS 36-1451) [28]. However, after Pt decoration, an additional
weak peak at 40.5◦ can be observed, which is corresponding to the
Pt (111) plane.

Fig. 3a and b present the SEM and TEM image of the PSC ZnO NSs,

respectively. It can be seen that the nanosheet is quite thin, and full
of nanoholes with the size of tens nanometers. The inset in Fig. 3b is
the SAED pattern of the PSC ZnO NSs, the well-ordered diffraction
dots indicating the single crystalline structure of nanosheets. The
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3.2. Formation process of the Pt-decorated PSC ZnO NSs

F
d

Fig. 2. XRD patterns of the un-decorated and the Pt-decorated PSC ZnO NSs.

ig. 3c presents the TEM image of the Pt-decorated PSC ZnO NSs.
t can be clearly seen that the Pt NPs are uniformly distributed on

he PSC ZnO NSs. Fig. 3d is the EDS spectrum from which a obvi-
us Pt peak can be observed, indicating the modification of the Pt

ig. 3. (a) SEM and (b) TEM images of the PSC ZnO NSs inserted with corresponding SA
ecorated PSC ZnO NSs (Pt-ZnO-3).
ors A 252 (2016) 96–103

nanoparticle on PSC ZnO NSs. The amount of Pt is calculated to be
8.96 wt%.

As a high performance sensing material, the decoration amount
of Pt nanoparticles can largely affect its sensing property. Thus, the
precise control of the modification amount of Pt nanoparticles was
done by adjusting the amount of NaBH4 solution. When the amount
of NaBH4 solution is 10 �L (Pt-ZnO-1), it can be seen from Fig. 4a
that the Pt nanoparticles were sporadically distributed on the sur-
face of the PSC ZnO NSs. When the amount of NaBH4 solution is
300 �L (Pt-ZnO-2), as shown in Fig. 4b, more Pt nanoparticles can
be easily observed. As the amount increased to 500 �L (Pt-ZnO-3),
the loading amount of the Pt nanoparticles clearly increased. And
the size of the Pt nanoparticles became larger, and the density also
further increased (Fig. 4c). When the amount of NaBH4 solution
increased to 1000 �L (Pt-ZnO-4), it can be seen that the nanopar-
ticles becomes greatly larger (Fig. 4d), which may be caused by
Ostwald ripening. According to the ICP-MS analysis, the decora-
tion amount of Pt nanoparticles is 0.93 wt%, 5.89 wt%, 8.82 wt%,
13.63 wt%, respectively, which is also agreement with the analysis
of EDS spectrum.
In order to obtain the Pt-decorated PSC ZnO NSs, the ZnO
nanosheets were firstly dispersed into the Na2PtCl6 solution.

ED pattern in the white circle area. (c) TEM image and (d) EDS spectrum of the Pt
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Fig. 4. TEM images of the samples: (a) Pt-Zn

ecause of the porous structure and large surface area, certain
mount of PtCl62− ions would adsorbed on the surface of PSC ZnO
Ss. As well known, NaBH4 is a strong reducing agent. Thus, when
aBH4 added into the Na2PtCl6 solution, the adsorbed PtCl62− ions
ould be reduced as follow process:

PtCl62− + BH4
− + 4H2O → 2Pt + B(OH)4

− + 8H+ + 12Cl− (2)

In this way, Pt nanoparticles would form on the surface of the
SC ZnO NSs. When the amount of NaBH4 increased, more PtCl62−

an be reduced, and consequently, the Pt nanoparticles could act as
he nucleation center and grown up. However, when the amount of
aBH4 continues increased, the size of Pt nanoparticles would keep
rowing and several closed nanoparticles would merge together
o form a larger nanoparticle. This would be the reason why the
t nanoparticles aggregated when the added amount of NaBH4
eaches to 500 �L.

.3. Operating temperature of the Pt-decorated PSC ZnO NSs
ased sensor

Operating temperature is very important for the sensing per-
ormance of metal oxide gas sensors. Therefore, we  systematically
nvestigated that the responses of the Pt-decorated PSC ZnO NSs to
00 ppb of chlorobenzene at different operating temperatures as
hown in Fig. 5. It can be seen that the responses increase firstly
nd then present a turning point at 300 ◦C with increasing operat-
ng temperature, indicating the optimal operating temperature was
00 ◦C. Thus, the following tests were carried out at 300 ◦C. Accord-
ng to Wolkenstein’s model for semiconductors [30], the surface
eactions of the target gases is usually highly dependent on the
ctivity of the adsorbed oxygen species. Generally speaking, the
olecular (O2

−) form works mostly below 150 ◦C, while the atomic
b) Pt-ZnO-2, (c) Pt-ZnO-3 and (d) Pt-ZnO-4.

species (O−,O2−) play a dominant role at the temperature higher
than 150 ◦C [31]. In our cases, the optimal operating temperature
of 300 ◦C suggests that the atomic species mostly dominates the
gas sensor, which is more active for reaction with target gas. How-
ever, desorption will dominate the adsorption balance between the
sensing material and the target gas when the temperature increase
higher. Therefore, there is an optimal operating temperature.
Fig. 5. Responses of the Pt-ZnO-3 to 500 ppb of chlorobenzene at different operating
temperatures.
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 ZnO NSs with different Pt contents to 30 ppb of chlorobenzene at 300 ◦C.
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Fig. 7. Real-time responses of the Pt-ZnO-3 to different concentrations of chloroben-
zene at 300 ◦C.
Fig. 6. (a) Real-time responses and (b) responses of Pt-decorated PSC

.4. Gas sensing properties of the Pt-decorated PSC ZnO NSs
ased sensor

The sensing properties of the PSC ZnO NSs with different Pt
ecorated amount were analyzed. Fig. 6a shows that the real-time
esponses of the Pt-decorated PSC ZnO NSs with different Pt load-
ng amount to 30 ppb of chlorobenzene at 300 ◦C. It can be seen
hat the response of the Pt-decorated PSC ZnO NSs (Pt-ZnO) grad-
ally increased as the decoration amount of the Pt nanoparticles

ncreased from Pt-ZnO-1 to Pt-ZnO-3. However, when the deco-
ation amount of the Pt nanoparticles continuously increased to
t-ZnO-4, the responses of the sample decreased. Fig. 6b summa-
ized the responses of the Pt-decorated PSC ZnO NSs based sensors
ith different Pt decoration amount. It can be seen that the un-
ecorated PSC ZnO showed no response to 30 ppb of chlorobenzene.
hen the decoration amounts of Pt nanoparticles are different

n the surfaces of Pt-ZnO-1, Pt-ZnO-2, Pt-ZnO-3, Pt-ZnO-4, the
esponses towards chlorobenzene are 1.5, 1.8, 6.1 and 2.6, respec-
ively. Obviously, it can be seen that the Pt-ZnO-3 possess the
ighest performance. Pt-ZnO-3 also shows the shortest response
nd recovery times among the four samples, which are 20 s and 10 s,
espectively. In the same way, the response and recovery times are
5 s and 26 s for Pt-ZnO-1, 41 s and 16 s for Pt-ZnO-2, 43 s and 16 s
or Pt-ZnO-4, respectively. The sensing performance of the Pt-ZnO-

 decreases because the Pt nanoparticles grew larger by Ostwald
ipening as shown in Fig. 4d, which makes the exposed Pt atoms
ecrease.

The gas sensing properties of the Pt-ZnO-3 to different concen-
rations of chlorobenzene have also been investigated as shown
n Fig. 7. It is obviously observed that the responses of the Pt-
ecorated PSC ZnO NSs increased as the concentration increased
rom 10 to 500 ppb. It can also be observed from the response
urves that the Pt-decorated PSC ZnO NSs possess low electric noise
nd high signal-to-noise ratio (S/N), which can be attributed to the
ingle-crystalline structure of the ZnO nanosheets. Fig. 8 summa-
ized the corresponding plots of the response vs concentration of
he Pt-decorated PSC ZnO NSs. In order to further illustrate the
ffect of the decorated noble metals, the responses of the pure PSC
nO NSs, Au-decorated PSC ZnO NSs (Au-ZnO), and Ag-decorated
SC ZnO NSs (Ag-ZnO) towards chlorobenzene were also present,
hich were reported in our previous works [26,27]. It can be seen
hat, the approximately linear relationships between response and
as concentration suggest that the Pt decorated ZnO NSs exhibits

 good sensing performance to chlorobenzene. However, the pure
Fig. 8. Responses of the un-decorated and different noble metal-decorated PSC ZnO
NCs to chlorobenzene at 300 ◦C.



C. Gu et al. / Sensors and Actuators A 252 (2016) 96–103 101

F
t

P
c
n
o
t

3
s

s
a
b
a
a
i
o
o
m
c
b
t
f
T
t
c
o
i
i
s
c
i
i
c
[
A

3
b

e
P
t
o
t
r
e
r
N

s
s

Fig. 10. Response curves of the Pt-ZnO-3 to 300 ppb chlorobenzene after 5 cycles of
gas  on and off at 300 ◦C.
ig. 9. Sensing mechanism of the Pt-decorated PSC ZnO NCs (a) before and (b) after
arget gas is introduced.

SC ZnO NSs only have a small responsive sensitivity of 1.2–500 ppb
hlorobenzene, while, the Au and Ag-decorated PSC ZnO NSs have
o response to 500 ppb chlorobenzene. The obvious enhancement
f Pt-decorated ZnO NSs in response to chlorobenzene may due to
he great catalytic activity of Pt particles [32].

.5. Sensing mechanism of the Pt-decorated PSC ZnO NSs based
ensor

The sensing mechanism of the Pt-decorated PSC ZnO NCs is
hown in Fig. 9. Noble metals such as Pt, Au and Ag usually act
s electron traps to enhance the charge separation at the interface
etween the metal particles and ZnO. Generally, the sensing mech-
nism of noble metal-decoration is to enhance catalytic activity
nd adjust electrical resistance of the intrinsic metal oxide [33]. It
s accordingly considered that the enhanced sensing performance
f noble metal-decorated sensors originates from a combination
f electronic sensitization mechanisms and chemical sensitization
echanisms [34]. The electronic sensitization caused by interfa-

ial electronic redistribution and the chemical sensitization caused
y interfacial atom transport. For Pt nanoparticle-decorated ZnO,
he oxygen molecules react preferentially with the Pt nanoparticle
orming oxygen anions in air and then spill over to the ZnO matrix.
here may  be two reaction paths for sensing process. When the
arget gases are adsorbed on to the surface of the Pt nanoparti-
le, they are activated by Pt nanoparticle and then migrate to the
xide surface to react with surface oxygen species thereby increas-
ng the surface conductivity (chemical sensitization). Another path
s to react with surface oxygen species directly to increase the
urface conductivity (electronic sensitization). The electronic and
hemical sensitization effects of Pt nanoparticles are pronounced
n the sensing of Pt-ZnO to chlorobenzene, thereby resulting in
ts enhanced performance, compared to bare ZnO. In contrast, the
hemical sensitization effects are weak for Au or Ag nanoparticles
35], which may  cause that the sensing properties of Au-ZnO and
g-ZnO showed worse to Pt-ZnO.

.6. Stability and selectivity of the Pt-decorated PSC ZnO NSs
ased sensor

The stability of the sensor device is a very important param-
ter for practical applications. Thus, the reproducibility of the
t-decorated PSC ZnO NS based sensor has been investigated by
he response curves of the Pt-decorated PSC ZnO NSs to 300 ppb
f chlorobenzene after 5 cycles. From Fig. 10, it can be seen that
he Pt-decorated PSC ZnO NSs exhibits rather good stability and
epeatability, and the maximum deviation was an acceptable range
nsuring relatively high stability. Because of their high sensitivity,
apid response, and good repeatability, the Pt-decorated PSC ZnO

Ss based gas sensors have promising industrial applications.

Selectivity is another key parameter for gas sensor. High
electivity of the gas sensors is beneficial for application. ZnO nano-
tructure based sensors were reported to show responses to many
Fig. 11. Response of the Pt-ZnO-3 to 500 ppb of chlorobenzene and 100 ppm of other
VOCs at 300 ◦C.

gases, including ethanol, benzene, toluene, etc. [36]. However, in
our case, as shown in Fig. 11, it can be found that the response of
the Pt decorated PSC ZnO NSs to 500 ppb of chlorobenzene is much
higher than that to 100 ppm of other VOC gases. This result indi-
cated that the Pt decorated PSC ZnO NSs exhibit excellent selectivity
to chlorobenzene. It is believed that the Pt-decorated PSC ZnO NSs
will enable us to provide a new pathway for designing novel trace
chlorobenzene sensors.

4. Conclusions

In summary, Pt-decorated PSC ZnO NSs were synthesized
through a one-pot hydrothermal method followed by a liquid phase
reducing method. The vapors of chlorobenzene have been detected
by the Pt-decorated PSC ZnO NSs sensors. Because of the excel-
lent catalytic activity of Pt particles, the Pt-decorated PSC ZnO NSs
showed distinctly greater response. The influence of the Pt deco-
rated amount was also studied. We  found that when the amount
of NaBH4 (0.01 M)  is 500 �L, it showed best sensing performance
towards chlorobenzene, and the detection limit reaches 10 ppb.

What’s more, the Pt-decorated PSC ZnO NSs exhibit good sensing
selectivity towards chlorobenzene, indicating its potential applica-
tion as a novel trace chlorobenzene sensor.
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