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Both  response  and  selectivity  are key  issues  for a gas  sensing  material.  Here, we  presented  a  porous
Ag/Ag2O–SnO2 composite  with excellent  sensing  performance  towards  hydrogen.  The  optimal  weight
ratio  of  Ag  to SnO2 was  3  wt%  in  the Ag/Ag2O–SnO2 composite,  which  gave  the  highest  response  of
40–200  ppm  hydrogen  at 170 ◦C. And  what  is  more,  it was  nearly  insensitive  to carbon  monoxide  and
methane  at this  temperature.  The  porous  microspheres  composite  exhibited  high  response  and  rapid
eywords:
g/Ag2O–SnO2

omposite
orous
ydrogen

response  (less  than  5 s)  to trace  amount  of hydrogen.  The  high  response  and excellent  selectivity  of  this
composite  could  be attributed  to the high  catalytic  activity  of  Ag/Ag2O  nanoparticles  built  on  the  surface
of  SnO2 microspheres,  the  Schottky  barrier  and  low  working  temperature.

©  2016  Elsevier  B.V.  All  rights  reserved.
as sensor

. Introduction

To deal with the challenge brought by the ever growing energy
risis, tremendous efforts have been made on the exploitation
f alternative energy sources and the efficient utilization of all
inds of fossil fuels [1]. Coal and petroleum, the most important
ossil energy carrier, are widely used in the world. While, hydro-
en (H2) accompanied with carbon monoxide (CO), derived from
oal gasification and steam methane reformation (SMR), can not
nly be used as energy carrier, but also the important reactant
or chemical works [2–4]. Especially, hydrogen has been widely
sed in various industries including petroleum refining processes,
he synthesis of ammonia and methanol, biological systems, trans-
ortation, aerospace, fuel cells and automotive industries [5–8].
urthermore, H2 and CO can also be used in metallurgical indus-
ry due to their high reducing activity at suitable temperature
9–13]. However, hydrogen will form explosive mixture with air
n a wide volume range of 4–75% [14]. And what’s more, the diffu-
ion and permeability rate of hydrogen is also very high. To prevent
xplosive accidents, it is necessary to detect hydrogen at low con-

entration. However, it is still a challenge to selectively detect
ydrogen and carbon monoxide/methane due to their remarkable
imilarity in react activity [15,16].

∗ Corresponding author.
E-mail addresses: lgd@jlu.edu.cn, lifind@21cn.com (G.-D. Li).

ttp://dx.doi.org/10.1016/j.snb.2016.01.078
925-4005/© 2016 Elsevier B.V. All rights reserved.
In recent years, metal oxide semiconductors (MOS), including
cuprous oxide (Cu2O), tungsten oxide (WO3), indium oxide (In2O3),
zinc oxide (ZnO), titanium oxide (TiO2) and tin oxide (SnO2),
are considered as promising materials for efficient gas detection
because of the convenience, simplicity, cost-economy, reliability
and structural diversity [17–34]. In particular, SnO2, an impor-
tant n-type semiconductor with wide direct band gap (Eg = 3.6 eV,
at 300 K), exhibits high conductivity, tunable structure and good
chemical stability. It has been widely used to detect reducing gases,
such as CH4, CO and H2 [16,35–37]. For example, SnO2 nanowires
based sensors show response to both H2 and CO at room tempera-
ture accompanied with long response and recovery time [16]. Wang
et al. reported a p-NiO/n-SnO2 heterojunction nanofiber composite
for the detection of hydrogen at 320 ◦C [35]. Kunitake et al. synthe-
sized a nanotubular SnO2 gas sensor exhibiting superior response
toward H2 and CO at high working temperature (i.e., 450 ◦C) [36].
However, most of the previous SnO2 based gas sensors worked at
relatively high temperature and showed poor selectivity to H2, CO
and methane. Furthermore, the lower the working temperature is,
the less energy will be consumed, and the longer the sensor life will
be.

Although some works have been reported using Ag as a catalytic
dopant on the surface of SnO2 to improve its hydrogen detect-

ing performance [38–40], the working temperature is rather high.
Here, we  report Ag/Ag2O decorated porous SnO2 microsphere com-
posites with good selectivity to H2 at a relatively low working
temperature (i.e., 170 ◦C). The sensors fabricated by the above com-

dx.doi.org/10.1016/j.snb.2016.01.078
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
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Fig. 1. The XRD patterns of porous SnO2, Ag/Ag2O–SnO2—1 wt%,
Ag/Ag2O–SnO2—3 wt%, Ag/Ag2O–SnO2—6 wt% and Ag/Ag2O–SnO2—9 wt%. The
16 H.-H. Li et al. / Sensors and 

osites showed high response and short response time (less than
 s) towards H2 and nearly insensitive to CO and CH4 at the same
ondition. A sensing mechanism was also proposed for its high
esponse, good selectivity and low working temperature.

. Experimental

.1. Chemicals and reagents

Stannic  chloride pentahydrate (SnCl4·5H2O) was purchased
rom Tianjin Fuchen Chemical Reagent Factory. Isopropanol, silver
itrate (AgNO3) and ethanol were purchased from Beijing Chemical
orks. Glycerol was purchased from Sinopharm Chemical Reagent

o., Ltd. All the above chemicals were of analytical grade and used
ithout further purification. Deionized water (18.2 M�·cm) was
sed for all the experiments.

.2.  Synthesis and characterizations of porous Ag/Ag2O–SnO2
omposite

Porous SnO2 microspheres were prepared by a solvothermal
ethod. In a typical synthesis procedure, 350 mg  of SnCl4·5H2O

1 mmol) was dispersed in a mixed solution containing 8 mL
lycerol and 30 mL  isopropanol. The mixture was transferred
nto a 60 mL  Teflon-lined autoclave, which was then heated at
80 ◦C for 12 h. After cooling to room temperature naturally,
he resulting precipitate was centrifuged and washed thoroughly
ith ethanol several times. The precipitate was  then dried at

0 ◦C in air, leading to the formation of porous SnO2 precur-
or. Porous Ag/Ag2O–SnO2 composites were prepared by an
mpregnation method [41]. Typically, 134 mg  of the obtained
orous SnO2 was added in 2 mL  ethanol containing different
mount of AgNO3 (2.2, 6.7, 13.4 and 18.9 mg)  and stirred at
oom temperature for 2 h. The mixture was dried at 80 ◦C,
nd then calcined at 500 ◦C for 2 h. The resulting products
ere denoted as Ag/Ag2O–SnO2—1 wt%, Ag/Ag2O–SnO2—3 wt%,
g/Ag2O–SnO2—6 wt% and Ag/Ag2O–SnO2—9 wt%, where the num-
er meant the weight percent of Ag species to SnO2.

The  structure and morphology of the final products were char-
cterized with an X-ray diffractometer (XRD, Rigaku D/Max 2550
-ray diffractometer using Cu K� radiation operated at 200 mA
nd 50 kV), a field-emission scanning electron microscope (FE-
EM, JEOL JSM 6700F electron microscope) and a field-emission
ransmission electron microscope (FE-TEM, Philips-FEI Tecnai G2S-
win). The composition and chemical state of these composites
ere obtained on an X-ray photoelectron Spectroscopy (XPS,

SCALAB 250 X-ray photoelectron spectrometer). BET surface area
nd the corresponding Barrett–Joyner–Halenda (BJH) pore diame-
er were measured by using a Micromeritics ASAP 2020M system.
nd the work function was  measured by using the Scanning Kelvin
robe (SKP 5050).

.3.  Sensor fabrication and testing

The sensors were fabricated by pasting viscous slurry, composed
f the composites and small amount of ethanol, onto a ceramic tube
hich was positioned with a pair of Au electrodes and four Pt wires

n both ends of the tube. The operating temperature of the sensor
as controlled by the nickel–chromium heating wire located in the

enter of the tube (as shown in Scheme 1A and C). All the sensors
ere fabricated in exactly the same manner except the compos-

te. To ensure the good contact between the sensing material and

he Au electrodes, the as-fabricated sensors were aged at 200 ◦C
or 12 h. Gas sensing tests were performed on a commercial CGS-

 Gas Sensing Measurement System (Beijing Elite Tech Company
imited).
peaks  corresponding to SnO2 are marked with “∗”, to Ag are marked with “�” and
to Ag2O are marked with “#”.

Gas sensing performances were evaluated by a static test sys-
tem including a one-liter chamber with a few pieces of aluminum
foil. In the testing system (Scheme 1B), a load resistor with a known
resistance (RL) is connected in series with the sensor to determine
the resistance variation of the sensor. And the sensor response
is defined as Ra/Rg, where Ra is the sensor resistance in air and
Rg is that in target gas at the same operating temperature. Dur-
ing the sensing test, the operating temperature is in the range of
130–260 ◦C, and the relative humidity is around 25% at room tem-
perature (27 ◦C). A typical testing procedure was  as follow: to obtain
200 ppm hydrogen in air, 200 �L hydrogen was injected into the
testing chamber containing fresh air (∼1 L) with a stopper by a
microsyringe and shaken for about 10 min. Then, the sensor accom-
panied with a stopper was  put into the testing chamber to get Rg.
Then the sensor was  exposed to fresh air again for recovery.

3.  Results and discussion

As  illustrated in Scheme 2, the porous Ag/Ag2O–SnO2 micro-
spheres were prepared by an impregnation method using porous
SnO2 as precursor. The structure and composition of the precursor
and Ag/Ag2O-loaded porous SnO2 microsphere composites were
determined by XRD (Fig. 1). The diffraction peaks can be well
indexed to tetragonal rutile SnO2 (JCPDS card No. 41-1445), reveal-
ing the good crystallinity of the obtained products. No peaks related
to Ag species present in the XRD patterns of Ag/Ag2O–SnO2—1 wt%
and Ag/Ag2O–SnO2—3 wt% due to the trace amount of Ag in the
composites. Further increasing the amount of Ag, the peaks related
to Ag2O (JCPDS No. 42-0874) can be observed, indicating the for-
mation of crystallized Ag2O on the surface of porous SnO2. The
diffraction peak of Ag is not appeared in the XRD pattern for the
overlap between SnO2 and Ag. In order to further confirm the
chemical state of Ag species in the composites, XPS analysis was
conducted for the final products. XPS survey spectrum of porous
Ag/Ag2O–SnO2—3 wt% indicates the existence of Ag and Sn in the
final product (Fig. S2). Although the distribution of the oxidation
state of Ag is quite complicated due to the slight difference and
other factors [42–44], it is clear that Ag◦ and Ag+ coexisted in the
product after carefully fitting the BE peak of Ag 3d5/2 in the high-
resolution XPS spectra of Ag (Fig. 3). The peaks located at 368.2 eV
and 367.7 eV can be attributed to the Ag◦ and Ag+, respectively. In

addition, Ag and Ag2O nanoparticles with a size around 5 nanome-
ters are also observed by HRTEM (Fig. 2D). The fringes with distance
of 0.231 nm and 0.261 nm can be assigned to (1 1 1) plane of Ag
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Scheme 1. (A) A diagram of the sensor composed of ceramic tube, two Au electrode, four Pt wires and a Ni–Cr wire. (B) A schematic diagram of the measurement circuit. (C)
A  photograph of a typical gas sensor.
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Scheme 2. Schematic representation for th

45] and (0 0 3) plane of Ag2O [46], while the interplanar spacing of
.338 nm is related to the (1 1 0) plane of SnO2 [47].

As shown in Figs. 2(A and B) and S1 (A and B), the diameter of
he spheres is about 1 �m for Ag/Ag2O–SnO2—3 wt% and SnO2. The
orous Ag/Ag2O–SnO2 composites are mainly composed of SnO2
anoparticles with sizes of around 10 nm according to the TEM

mage (Fig. 2C) and Sherrer equation based on XRD analysis.
Generally, surface area, one of the most important parameters

or a porous material, is also responsible for the enhanced sens-
ng performance of a gas sensor [48–50]. In this work, the porous
tructure and surface area of the products were studied by N2

dsorption/desorption isotherm. As shown in Fig. 4, it is a typical
ype-IV isotherm with an H3-type hysteresis loop. The correspond-
ng BJH pore-size distribution derived from the N2 desorption
sotherm is in the range of 2–50 nm,  indicating the formation of
ation of porous Ag/Ag2O–SnO2 composite.

mesoporous  materials. The BET surface area of all the samples is
as high as 34 m2 g−1 (Table S1). Owing to the large surface area
and porous structure which favored gas molecular adsorption and
diffusion, these materials give enhanced gas-sensing performance.

The H2 sensing characters of these porous Ag/Ag2O–SnO2 com-
posites and SnO2 were evaluated systematically. The optimal
operation temperature was determined according to the sensing
response (Ra/Rg), response time and recovery time to 200 ppm H2.
As shown in Fig. 5A, although Ag/Ag2O–SnO2—6 wt%  composite
gave the highest response (Ra/Rg = 90) at 230 ◦C, it took much longer
recovery time than Ag/Ag2O–SnO2—3 wt% (Fig. S3). What is more,

it also shows remarkable response to CO at 230 ◦C (Fig. S6). Fur-
ther increasing the amount of silver to about 9 wt%, the response
is much lower than that of Ag/Ag2O–SnO2—3 wt% and other com-
posites, indicating the optimal Ag content is 3 wt%. In order to
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Fig. 2. SEM images of (A) porous SnO2 and (B) Ag/Ag2O–SnO2—3 wt%  composite, (C) TEM
composite.
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ig. 3. High-resolution Ag 3d5/2 XPS spectra of Ag/Ag2O–SnO2—3 wt% composite.
nvestigate the relation between responses and the concentra-
ion of hydrogen, the responses of SnO2, Ag/Ag2O–SnO2—3 wt%
nd Ag/Ag2O–SnO2—6 wt% to various concentrations of hydrogen
ere recorded at 170 ◦C (Fig. 5B). It is obvious that the response of

Fig. 4. (A) N2 adsorption–desorption isotherm and (B) the corresponding 
 images, (D) HRTEM image and inset of (D) SAED pattern of Ag/Ag2O–SnO2—3 wt%

Ag/Ag2O–SnO2—3 wt% and Ag/Ag2O–SnO2—6 wt%  are much higher
than that of porous SnO2 spheres. While, as shown in Fig. S3A and
B, with the increase of the Ag NPs content, the recovery time would
be prolonged. Taking the lower silver content and lower working
temperature into consideration, Ag/Ag2O–SnO2—3 wt%  composite
was studied in details. The response time for Ag/Ag2O–SnO2—3 wt%
composite gas sensor is less than 5 s in the temperature range
of 130–260 ◦C. Considering all the factors mentioned above, the
optimal working temperature was determined as 170 ◦C due to
the relatively high response (Ra/Rg = 40, 200 ppm hydrogen), rapid
response (<5 s) and acceptable recovery time (93 s).

To further investigate the selectivity of this composite, the
sensing responses towards 1–200 ppm CO and CH4 were also
obtained at 170 ◦C, respectively. As demonstrated in Fig. 6,
Ag/Ag2O–SnO2—3 wt% composite exhibits the highest response
of 40–200 ppm hydrogen, and nearly insensitive to CO and CH4.
To further confirm the good selectivity, the responses towards
100 ppm hydrogen, 100 ppm hydrogen together with 2000 ppm CO,

2000 ppm methane or both 2000 ppm CO and methane were mea-
sured at the same condition (Fig. S4). The responses are nearly the
same, indicating the good selectivity towards hydrogen. Whereas,
the response time and recovery time increase obviously in the pres-

BJH pore size distribution plot of Ag/Ag2O–SnO2—3 wt% composite.
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Fig. 5. (A) Response to 200 ppm hydrogen at different operating temperature for SnO2 and Ag/Ag2O–SnO2 composites sensors. (B) Response to elevated concentrations of
hydrogen for SnO2, Ag/Ag2O–SnO2—3 wt% and Ag/Ag2O–SnO2—6 wt% sensors at 170 ◦C.

Fig. 6. Response of sensors fabricated from Ag/Ag2O–SnO2—3 wt% to 200 ppm dif-
ferent  gases at 170 ◦C.
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ig. 7. Dynamic resistance curve of Ag/Ag2O–SnO2—3 wt% sensor to various con-
entrations  of hydrogen at 170 ◦C.

nce of CO and methane due to the adsorption of these two gases
n the surface of the sensing material. In this sense, this material
an be used for the detection of trace hydrogen in the presence of
ither methane or CO or both.

The dynamic resistance of Ag/Ag2O–SnO2—3 wt% composite
ased sensor to various concentration of hydrogen (from 1 to
00 ppm) are presented in Fig. 7. The resistance decreases upon

nteraction with increased hydrogen concentration which is in

ccordance with the typical gas sensing behaviors of n-type metal
xide semiconductors [34,51].

The reproducibility and repeatability are other important fac-
ors for a gas sensing material. The reproducibility of the above
Fig. 8. The cycling performance of Ag/Ag2O–SnO2—3 wt% sensor at 170 ◦C.

sensor was studied in details. As shown in Fig. 8, the change of the
resistance is identical to 20 ppm hydrogen at 170 ◦C for 10 times,
indicating the excellent reproducibility. Furthermore, the long term
stability of Ag/Ag2O–SnO2—3 wt%  composite based gas sensor was
also studied (Fig. S5). The response values were recorded every ten
days for 100 days. And the responses are nearly the same, demon-
strating the good stability of the material.

Ag/Ag2O NPs functionalized porous SnO2 exhibits high response
and good selectivity at relatively low operating temperature. Both
Ag/Ag2O and SnO2 play key roles in the enhanced gas-sensing per-
formance. Porous SnO2 acts as the good sensing substrate and
Ag/Ag2O further decreases the electron density on the surface of
SnO2 and improved the sensing ability. Generally, SnO2 presents a
resistance change related to a depletion layer of which the thickness
is highly dependent on the adsorption and desorption of oxygen
species. When SnO2 gas senor is exposed to air, oxygen molecules
can be adsorbed on the sensor surface and capture electrons from
the conduction band of SnO2 to form chemisorbed oxygen ions (O−,
O2

− and O2−). Eventually, the chemisorption process will lead to
the generation of the depletion layers on the surface of sensing
material, resulting in the increase of resistance. When the SnO2 gas
sensor was  exposed to H2, the chemisorbed oxygen species could
react with H2 molecules and release the electrons captured by oxy-
gen back to SnO2, decreasing the resistance of SnO2 gas sensor.
Furthermore, when Ag nanoparticles were decorated on the surface
of the porous Ag/Ag2O–SnO2 microsphere, the electron transfer

between Ag nanoparticles and SnO2 microsphere should be taken
into account. As we  all know, the work function of Ag (�s 4.72 eV) is
higher than that of SnO2 (�t 4.60 eV), electrons would be favored to
transfer from SnO2 to Ag until the system reached thermodynamic
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Scheme 3. Schematic illustration for the band diagram of (A) Ag and

quilibrium, which results in the formation of Schottky barrier at
he interface between metal and semiconductor. Thus, a depletion
egion would be formed in SnO2 near the interface of Ag and SnO2
Scheme 3B) [52–54], where Ef, Ec, Ev and �bi are Fermi level, con-
uction band, valence band and work function of Ag/SnO2 binary,
espectively.

The decoration of Ag nanoparticles can further extend the
lectron depletion layer of SnO2 by the electronic sensitization
echanism [55,56]. In addition, Ag2O is a kind of p type semi-

onductor that will further extract electrons from SnO2. And what
s more, Ag/Ag2O nanoparticles can act as active site to reduce
he reaction barrier between hydrogen and the adsorbed oxy-
en species due to its good catalytic ability [57,58]. Generally,
he Langmuir–Hinshelwood (L–H) mechanism or the Mars-van-
revelen (MvK) mechanism or a combination of the two  is usually

nvolved in the reduction or oxidation process over the metal oxide-
ased materials [44,59]. In this case, the H2 oxidation presented
ere should be followed a combination of L–H mechanism and
vK pathway due to the formation of Ag/Ag2O redox couple on

he surface of SnO2. When the sensor was exposed to hydrogen,
he deep electron depletion layer underneath the Ag nanoparti-
les would be changed into a shallow layer due to the reduction
f adsorbed oxygen species, leading to a significantly enhanced
as response [55–58,60–63]. On the other hand, heavy Ag deco-
ating would cause the electrons to conduct along the metallic Ag
anoparticles, depressing the gas sensing response [64].

At  a low temperature of 170 ◦C, the oxidation of both CO and H2
s hardly occurred on the surface of SnO2 due to the high reaction
arrier. Even with the help of Ag species, CO and methane can barely
eact with oxygen species at this temperature. In addition, CO can
e absorbed on the surface of semiconductors, inactivating the sen-
or [65]. Thus, the porous Ag/Ag2O–SnO2—3 wt% composite sensor
ave a response of 1.5–200 ppm CO at 170 ◦C (Fig. 6). And it reached

 ppm at 250 ◦C (Fig. S6). With the help of Ag/Ag2O, hydrogen could
e activated on the surface of the composite, leading to the high
esponse to hydrogen at this temperature. We  believed that the
roper amount of Ag species is responsible for its high response
t a lower temperature. This composite material is a promising
andidate for H2 detection against CO and methane.

. Conclusion
A  composite sensing material with high response, short
esponse time, excellent stability and good selectivity to
race hydrogen had been obtained by decorating Ag/Ag2O

[

[

separately and (B) Ag decorated on SnO2 and reached equilibrium.

nanoparticles  on the surface of porous SnO2. The as obtained
Ag/Ag2O–SnO2—3 wt% composite gave the best hydrogen sensing
performance at a relatively low working temperature of 170 ◦C. The
enhanced sensing response and selectivity of this material could be
attributed to the formation of Schottky barrier, the catalytic ability
of Ag/Ag2O nanoparticles and the low working temperature.
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