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a  b  s  t  r  a  c  t

Pure  and  Pd-loaded  SnO2 cubic  nanocages  with  hierarchically  nanoparticle-assembled  and  porous
shells  have  been  successfully  fabricated  through  a straightforward  multi-step  route.  The  synthetic  step-
dependent  structure  evolution  and the  formation  mechanism  have  been  discussed.  Furthermore,  the
toluene-sensing  performances  of  these  Pd-loaded  SnO2 nanocages  are  elaborated  and  compared  with
those  of pure  SnO . The  toluene  sensing  results  demonstrate  that  Pd-loaded  SnO nanocages  with  the
eywords:
nO2

onspherical hollow structures
d loading
oluene

2 2

optimal  loading  amount  of  1.0  mol%  show  a  low  detection  limit  (0.1 ppm)  with  response  of  41.4–20  ppm
toluene  at  the working  temperature  of  230 ◦C  with  the fast  response  time  of 0.4  s, and  improved  selectiv-
ity.  The  improvement  of  toluene  sensing  properties  is  not  only  attributed  to  the  effective  utility  of hollow
and  porous  architecture,  but  also  due  to the  dramatic  sensitization  of  the  loaded  Pd  nanoparticles.

©  2016  Elsevier  B.V.  All  rights  reserved.

as sensor

. Introduction

Owing to the increasing concerns of air pollution from harmful
r toxic gases in recent years, research on preparation and engi-
eering of sensing materials for gas monitoring and detection has
ecome a hot topic [1,2]. Toluene (C7H8) is one of the most danger-
us air pollutants from its wide applications as diluents, adhesive
n interior decoration and automotive interior parts, which is very
losely related to our daily lives and eventually leads to severe
amages on human health through long-term high concentration
ontact [3]. Although much progress has been made on toluene
etection, it is endless for researchers to seek higher toluene sens-

ng performances to meet the increasing needs and more complex
pplication circumstances.

Semiconducting oxides such as SnO2, ZnO and TiO2 have been
repared and explored for toluene detection [4–8]. Among the
otential candidates, SnO2, as a versatile wide bandgap semicon-
uctor (Eg = 3.6 eV, T = 300 K), has attracted considerable attention

ue to the low-cost and green synthesis and extensive applica-
ions in detecting many kinds of gases [9–15]. Since the general
ensing principle of semiconducting oxides is decided by the signif-
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E-mail addresses: liangzz@ciomp.ac.cn (Z. Liang), zengyi@jlu.edu.cn (Y. Zeng).

ttp://dx.doi.org/10.1016/j.snb.2016.10.024
925-4005/© 2016 Elsevier B.V. All rights reserved.
icant difference of electrical characteristics when they are exposed
to air or testing gases, maintaining a less-agglomerated config-
uration and high surface area of the oxides is advantageous to
improve the gas-sensing performances [16]. In this respect, hol-
low nanostructures functionalized with shell materials have been
recognized as one type of desirable configurations, which not only
exhibit less-agglomerated structure with outer/inner surfaces for
high specific surface area but also facilitate the fast mass trans-
fer of gas molecules to adsorb and desorb from the surfaces. So
far different hollowing strategies have been successfully applied to
construct various SnO2 hollow particles, which obviously exhibit
the improved sensing properties to different sorts of gases com-
pared with the achievement of their solid counterparts [13–15].

As far as the amelioration of gas-sensing performances is con-
cerned, many efforts have been concentrated on the tailoring of
specific surface area and surface accessibility through controlling
their structure, phase, shape, and size. However, selectivity of pure
SnO2 to different gases, especially those having similar physico-
chemical properties, gets little benefit from high surface areas due
to simultaneous reaction with several gas species. Fortunately, the
intended addition of noble metals or other impurities may  be an

alternative but more effective strategy through dramatically pro-
moting the electrochemical reaction with target gas or introducing
intrinsically different impurity levels into the sensing process [17].
Among various noble metals, Pd is one of the most used catalysts for
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he significant improvement of gas-sensing performances [18–24].
or instance, Yamazoe and Lee et al. [17,20] found that Pd-doped
nO2 nanorod thin films show distinctly enhanced H2 sensing prop-
rties. Korotcenkov et al. [21] reported that surface Pd doping of
nO2 thin films exhibit the improved CO sensing performances.
aishampayan et al. [22] found that the loaded Pd particles pro-
ote response of the sensors based on SnO2 nanospheres towards

iquid petroleum gas (LPG). Zhang et al. [23] reported the enhanced
2 sensing behaviors based on Pd-SnO2 nanofibers. Choi et al. [24]

eported the fast response and recovery capacity of SnO2 nanowires
unctionalized by bimetallic Pd/Pt nanoparticles for NO2 detection.

In this work, we report a low cost and environmental-friendly
ultistep route for pure and Pd-loaded SnO2 cubic nanocages with-

ut employing any additional templates, surfactants or capping
gents. The crystallinity, morphology, and structure characteris-
ics of the as-prepared products are investigated, and the results
emonstrate that pure and Pd-loaded SnO2 products have cubic
hape with hierarchically nanoparticle-assembled and porous
hells. The possible mechanism of these non- spherical hollow
tructures is also discussed via the elaboration of the synthetic
tep-dependent evolution process. Furthermore, the significantly
nhanced toluene sensing properties of Pd-loaded SnO2 nanostruc-
ure are also investigated as a function of the content of Pd.

. Experimental procedures

.1. Synthesis and characterization of pure and Pd-loaded SnO2
ages

All the reagents are of analytical grade and purchased from
hanghai Chemical Reagent Factory, and used without further
urification. Unloaded SnO2 hollow cages were synthesized by fol-

owing our previous strategy with elaborate modification [15]. The
ypical synthetic route involves a three-step procedure. Briefly, (1)
0 mL  of aqueous solution including ZnCl2 (0.025 M),  SnCl4·5H2O
0.025 M),  and NaOH (11 mmol) was prior prepared under vigorous
tirring until a uniform suspension was formed and aging for 2 h.
nother 20 mL  NaOH was  subsequently added dropwise into the
bove solution under vigorous stirring. The white precipitates were
hen centrifuged and washed with absolute ethanol/deionized
ater for several times, prior to drying to get the precursors. (2)

he collected samples were annealed at 850 ◦C for 30 min  to obtain
he annealed samples. (3) The annealed samples (50 mg)  were then
ispensed in HNO3 solution (8 M)  for 8 h and the remainders were
entrifuged, washed and dried in air to get the pure SnO2 products.

For Pd-loaded SnO2 products, 10 mL  of aqueous solution includ-
ng the obtained SnO2 products and appropriate quantity of PdCl2
molar ratio was 0.5 mol%, 1.0 mol%, and 1.5 mol%, respectively) was
repared under incessantly vigorous stirring. Then, ammonia solu-
ion was added dropwise into the above aqueous solution under
igorous stirring until the pH level was controlled to approximately
0. The precipitates were centrifuged, washed for several times,
ried in air. Finally, the dried samples were collected to anneal at
50 ◦C for 1 h and cooled down naturally to obtain the final Pd-

oaded SnO2 products.
The as-prepared products were characterized by powder X-

ay diffraction (XRD, Rigaku D/max-2550) with Cu K� radiation
� = 0.15418 nm), field emission scanning electron microscope
FESEM, FEOL JSM-6700F, 8 kV), transmission electron micro-
cope (TEM), selected-area electron diffraction (SAED), and

igh-resolution TEM (HRTEM, JEOL JEM-2100F, 200 kV), respec-
ively. The surface area properties of sample were measured
hrough measuring nitrogen adsorption-desorption isotherms
ith a Micrometrics ASAP2020 apparatus, and the pore size distri-
Fig. 1. XRD patterns of the obtained products after different treatments: (a) co-
precipitation, (b) anneal, and (c) etching process, respectively.

bution was obtained by Barrett-Joyner-Halenda (BJH) method from
the desorption branch of isotherms.

2.2. Fabrication and measurement of gas sensing properties

The obtained SnO2 products were mixed with deionized water
in a weight ratio of 4:1 to form a slurry, which then was pasted uni-
formly on the surface of a Si-based platform with prefabricated Au
signal electrodes and a heater to form a direct-heated thick sens-
ing film with a thickness of about 0.1 mm.  The schematic structure
of the gas sensor and the detailed fabrication process of Si-based
gas sensor have been described elsewhere [25]. The desired con-
centrations of the testing gases are obtained by the static liquid
gas distribution method and the gas-sensing properties of SnO2
samples are measured with a WS-60A gas-sensing characteriza-
tion system (Weisheng Instruments Co. Ltd. China). The response
(R) of gas sensor is defined as the ratio (Ra/Rg) of the resistance of
the sensor in dry air (Ra) to that in the testing gas (Rg). The response
time (�res) and recovery time (�recov) are defined as the time taken
by the sensor to achieve 90% of the total resistance change in the
case of adsorption and desorption, respectively.

3. Results and discussion

3.1. Structural and morphological characteristics

The crystallinity and phase information of all the obtained
products have been identified by XRD measurements. Firstly, XRD
patterns of products corresponding to different steps before the
Pd-loaded treatment are shown in Fig. 1. XRD pattern of the prod-
ucts obtained via the room-temperature co-precipitation process
is shown in Fig. 1a. All the diffraction peaks agree perfectly with
the corresponding peaks of standard ZnSn(OH)6 (Zinc hydroxystan-
nate, ZHS) phase (JCPDS card no. 73-2384) and no peaks of other
crystalline phases are observed. After the anneal process, all the
diffraction peaks of the middle XRD pattern (Fig. 1b) can be dis-
criminated and indexed to two  sets of standard diffraction patterns,
which are composed of tetragonal rutile SnO2 (JCPDS card No. 41-
1445) and cubic inverse spinel Zn2SnO4 (JCPDS card No. 24-1470).
It suggests that ZHS products are decomposed completely during
the anneal process at 850 ◦C in air. As for the etched products, all the
diffraction peaks can be indexed to tetragonal SnO2 (JCPDS card No.

41-1445), indicating that Zn2SnO4 phase dissolves and finally dis-
appears from the Zn2SnO4/SnO2 hybrids while SnO2 phase remains
(Fig. 1c). Obviously, there is broadening and descending trend in
the intensity of peaks with the advance of experimental proce-
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ig. 2. (a) FESEM, (b) TEM, (c) HRTEM images and the corresponding SAED inset of Z
f  hybrid SnO2/Zn2SnO4 cages; (g) FESEM, (h) TEM, (i) HRTEM images and the corr
mages  of a single box, respectively.

ure, which can be confirmed through the enlargement of (110),
101) and (211) peaks of SnO2 from different synthetic stages. It
emonstrates that the undoped SnO2 products will inherit the com-
osition from SnO2/Zn2SnO4 products and etching decreases the
rystallite size of SnO2.

The typical morphology and microstructures of the products
elonged to different stages are characterized via FESEM and TEM
bservation. As can be seen from Fig. 2a and its inset, it confirms
hat the as-obtained ZHS products are composed of monodisperse
articles with well- shaped cubic appearance and smooth surfaces
nd the general length is in the range of 600–900 nm.  The typi-
al TEM image in Fig. 2b indicates that these ZHS cubes actually
ossess single-shelled hollow structure by the obvious light con-
rast between the dark edges and the relatively pale cavity and
he thickness of the wall is in the range of about 75–95 nm.  The
nserted SAED pattern in Fig. 2b exhibits a set of diffraction spots

ith a square symmetry, which indicates that ZHS cages are com-
osed of six equivalent shells. As shown in Fig. 2c, HRTEM image of
he edge area of one ZHS box reveals the parallel and regular lat-
ice fringes. Combining with the SAED pattern, it can provide direct
vidences for single-crystalline nature of the cubic ZHS cages. As
hown in Fig. 2d, low-magnification FESEM image indicates that
lthough there is a large change in crystalline phases during the

nneal treatment, the shape and size of SnO2/Zn2SnO4 hybrids are
ell inherited from ZHS cages. As shown in the inset of Fig. 2d,

he cubic shape and hollow interior with obvious rough planes
bic cages; (d) FESEM, (e) TEM, (f) HRTEM images and the corresponding SAED inset
ding SAED inset of pure SnO2 cages. Insets of (a), (d) and (g) are the typical FESEM

of SnO2/Zn2SnO4 products can be observed from the individual
box with partly broken edge. Fig. 2e shows a representative TEM
image of Zn2SnO4/SnO2 cages and the single-shelled structure with
hollow interior can be clearly discerned. As shown in the inset
of Fig. 2e, the corresponding SAED pattern exhibits some diffrac-
tion rings with complex features, which can be differentiated to
two sets of polycrystalline structures in nature, including tetrago-
nal SnO2 and cubic inverse spinel Zn2SnO4. Furthermore, from the
HRTEM image (Fig. 2f), it is demonstrated that hybrid cages are
composed of a large quantity of nanometer-sized particles, where
these clear interplanar spacings of 0.306 nm and 0.33 nm corre-
spond to the Zn2SnO4 (220) and SnO2 (110) planes, respectively.
Furthermore, the HRTEM image also shows indistinct Moiré stripes,
which could be ascribed to the overlapping of crystal lattices of
Zn2SnO4 and SnO2 crystallites with different crystallographic direc-
tions. As shown in Fig. 2g, a panoramic view reveals that pure SnO2
products consist of hollow particles with entirely uniform cubic
shape and rougher shells. As shown in inset of Fig. 2g, the detailed
view on an individual SnO2 cube confirms that many neighbor-
ing primary nanoparticles aggregate together to form hierarchical
SnO2 cages with a uniform size of about 10–15 nm. More struc-
tural characteristics of cubic SnO2 particles are further elucidated
by TEM and HRTEM. Fig. 2h gives a typical low-magnification TEM

image and the results not only exhibit a high uniformity of the
cubes, in agreement with the above FESEM observations, but also
show an obvious hierarchical structure with nanoparticles as build-



1 ctuators B 241 (2017) 1121–1129

i
w
s
t
p
F
c
o
f
o
o
t

a
i
c
C
w
c
p
a
t
v
s
∼
u
c
5
o
p
g
o
a
w
p
m
t

w
s
c
a
F
c
c
i
A
i
l
S
i
p
c
F
l
u
d
[
d
s
h
m
r
i
p
r

Fig. 3. (a) XRD patterns of Pd-loaded SnO2 with different Pd loading concentrations,
124 L. Qiao et al. / Sensors and A

ng blocks. After the Zn2SnO4 phase segregation process, SnO2
ould aggregate and further crystallize to form single-crystalline

ubunits while numerous micro- and mesopores remain to form
hree-dimensional network along the high-curvature edges or the
ath of dissolution of Zn2SnO4 phase in the Zn2SnO4/SnO2 hybrids.
urthermore, the lattice interplanar spacing of a subunit nanoparti-
le is determined to be 0.33 nm,  corresponding to the (110) planes
f the rutile SnO2 (Fig. 2i). Combining with the ring-like pattern
rom SAED analysis (inset of Fig. 2h), the short-range order and
verlap of lattice fringes demonstrate that the crystallographic axes
f all particles are randomly oriented, providing direct evidence for
he polycrystalline texture in nature.

In addition, the XRD patterns of Pd-loaded SnO2 with different
mounts (0 mol%, 0.5 mol%, 1.0 mol% and 1.5 mol%) are also shown
n Fig. 3a. From careful examination, one can confirm that no peaks
orresponding to Pd, PdOx or other crystalline phases are observed.
ompared to the diffraction peaks of pure SnO2 being well matched
ith that of standard rutile SnO2 (JCPDS card No. 41-1445), the dis-

ernible shift in the position of the same (101) and (200) diffraction
eaks can be observed in Fig. 3b, exhibiting a trend toward high
ngles with increasing amount of loaded Pd. Typically, the exis-
ence of Pd component in Pd-loaded SnO2 samples is investigated
ia XPS spectrum on the as-prepared 1.0 mol% Pd-loaded SnO2. As
hown in Fig. 3c, the peaks at binding energies of ∼495 eV and
486 eV can be attributed to Sn 3d3/2 and 3d5/2, respectively. The
pper inset of Fig. 3c exhibits the asymmetric O 1s spectra, which
an be fitted by two peaks with binding energies at 531.9 eV and
30.4 eV, respectively. The peak at 531.9 eV can be characteristic
f surface-absorbed oxygen species (i.e, O2

− and O−) and another
eak at 530.4 eV could be regarded as typical surface lattice oxy-
en [26]. In addition, the Pd 3d spectra is shown in the lower inset
f Fig. 3c, and it presents that the peaks at 341.8 eV for Pd 3d3/2
nd 336.6 eV for Pd 3d5/2 are in agreement with the values for PdO,
hich confirm that a majority of Pd atoms in the as- prepared sam-
les are present as PdO surface species [23], and probably small
ole percent results in weak Pd (PdO) peaks of XRD overlapping

he SnO2 peaks.
In addition, FESEM observations of Pd-loaded SnO2 products

ith different loading concentrations are shown in Fig. 4. As
hown in Fig. 4a, we can find that the unloaded SnO2 products are
omposed of monodisperse cages with hierarchical nanoparticle-
ssembled and obvious porous shells. Then Fig. 4b–d show the
ESEM images of Pd-loaded SnO2 products with Pd loading con-
entrations of 0.5 mol%, 1.0 mol%, and 1.5 mol%, respectively. From
areful examination, one can find that all the Pd-loaded SnO2 cages
n fact exhibit the same and uniform shape to the pure SnO2 cages.
lthough they have subtle differences on the stability, meaning the

ncreasing fragments from broken cages with the increase of Pd
oading concentration, the sizes of nanoparticles of these loaded
nO2 cages are almost the same as that of the pure samples. Accord-
ng to the morphological and structural evolution of the as-obtained
roducts, the formation of final Pd-loaded SnO2 cages with hierar-
hical nanoparticle-assembled and porous shells is illustrated in
ig. S1 (Supplementary materials). The rational assembly of Pd-
oaded SnO2 cages for application in gas sensor is inspired by
nderstanding of the key parameters and mechanism for the pro-
uction of double-shelled SnO2 nanocages in our previous work
15]. Obviously, the formation process can be separated into four
istinct purposeful steps. Firstly, ZHS cubic cages with controllable
hell thickness can be constructed via an aging time-dependent
ollowing evolution, where the initial co-precipitation products of
onodisperse ZHS solid cubes serve as not only the starting mate-
ials, but also the site of sacrificial self-templates. As shown, ZHS
s one of perovskite oxides with face-centered-cubic (FCC) closed
acking and the surface energies of different crystal planes show a
elative order as follows: � {111} < � {100} < � {110} [27,28]. ZHS
(b)  the enlarged XRD patterns in the range of 32–40◦ , (c) XPS spectra of 1.0 mol% Pd-
loaded SnO2 sample. The upper and lower insets of Fig. 3c are the corresponding
high-resolution O 1s and Pd 3d spectra, respectively.

particles with specific shape and size can be obtained as a result
of the fast co-precipitation reaction following the intrinsic growth
habit of FCC closed packing and amount of NaOH. In this study, cubic
ZHS crystals are obtained via control of the appropriate amount
of NaOH (11 mmol) and subsequent Ostwald ripening for their
corresponding hollow counterparts. Then the preparation of SnO2
cubic cages with nanoparticle-assembled and porous shells can be
obtained through an anneal-etching strategy, which is related to

the anneal step for phase transition from ZHS to Zn2SnO4/SnO2
hybrids and etching step for selective evacuation of Zn2SnO4 to
obtain pure SnO2 particles. Finally, Pd nanoparticles are formed and
eventually loaded on the porous shells of SnO2 particles through the
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Fig. 4. FESEM images of Pd-loaded SnO2 cages with different loading con
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ig. 5. Response versus operating temperature of Pd-loaded SnO2 cages with dif-
erent Pd concentrations to 20 ppm toluene.

ast purposeful step, which is inspired by the significant improve-
ent of gas-sensing behaviors based on Pd nanoparticles.

.2. Toluene-sensing properties and mechanism

For the sensor based on semiconducting oxides to a given gas
pecies, the appropriate working temperature is an important
actor to obtain the optimal gas-sensing performances, which is
etermined essentially by the dynamic equilibrium between the
peed of the chemisorbed reaction and the diffusion speed of gas
olecules [29]. In order to obtain the optimal working temperature

f our sensors for toluene detection, the responses of sensors based
n unloaded and Pd-loaded SnO2 cages to 20 ppm toluene have

een investigated as a function of working temperature. As shown

n Fig. 5, it can be observed that the response values of sensors
ased on different SnO2 products vary with the operating temper-
ture in the range of 150–330 ◦C. As for unloaded SnO2 sensor, the
centration: (a) 0 mol%, (b) 0.5 mol%, (c) 1.0 mol%, and (d) 1.5 mol%.

varied response values with operating temperature demonstrate
that the response increases with the increasing operating temper-
ature and reaches its maximum, and then gradually decreases with
further increasing temperature from 250 ◦C to 330 ◦C. In addition,
this tendency is commonly observed from other SnO2 sensors, but
the optimum operating temperatures have a slight shift toward
the decreased temperature as Pd addition increases from 0 mol% to
1.5 mol%. Specifically, it can be observed that unloaded SnO2 sensor
exhibits the highest response of 22.1 at 250 ◦C and the maximum
values of Pd-loaded SnO2 with 0.5 mol%, 1.0 mol%, and 1.5 mol%
Pd additions are 24.5, 41.4, and 15.1, respectively. Therefore, Pd-
loaded SnO2 products with the optimal working temperature and
Pd addition will be further applied to all the gas-sensing investiga-
tions hereinafter.

The relationship between response of sensor based on 1.0 mol%
Pd-loaded SnO2 products and toluene concentration is illustrated
in Fig. 6. For comparison, toluene sensing performances of sensor
based on unloaded SnO2 products are exhibited simultaneously.
The results demonstrate that the response values of all sensors
increase with the increased toluene concentration, but the increas-
ing tendency of Pd-loaded SnO2 is obviously faster than that of
unloaded SnO2 until the concentration increases to 400 ppm with
sensors tending to saturation thereafter. Interestingly, response
of Pd-loaded SnO2 sensor is approximately linear as toluene con-
centration is less than 40 ppm. As shown in inset of Fig. 6, the
distinguishable lowest concentration from Pd-loaded SnO2 sensor
is 0.1 ppm with the response value of 1.15 while the lowest detect-
ing concentration of unloaded SnO2 is 1 ppm with the response
value of 1.4, which verifies the promotional effect of Pd nanoparti-
cles.

In order to corroborate the argument that the improved sensing
performance is attributed more to the loaded Pd rather than the
unique hollow configuration, the nitrogen adsorption-desorption

isotherms and pore size distribution curves (inset) of unloaded and
1.0 mol% Pd-loaded SnO2 cages are shown in Fig. 7, respectively. As
shown in Fig. 7a, the unloaded SnO2 nanocages have type IV nitro-
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Fig. 6. Response curves of unloaded and 1.0 mol% Pd-loaded SnO2 products to vari-
ous  toluene concentrations, respectively. The inset shows a quasi-linear dependence
of  the response of different SnO2 on toluene concentration within 0.1–4 ppm.
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Fig. 8. Selectivity of sensors based on pure and Pd-loaded SnO2 to 20 ppm various
ig. 7. Nitrogen adsorption and desorption isotherms of (a) unloaded SnO2

anocages and (b) 1.0 mol% Pd-loaded SnO2 nanocages with their corresponding
ore-size distribution (inset) calculated by BJH method from desorption branch.

en adsorption and desorption isotherms and the corresponding
runauer-Emmett-Teller (BET) specific surface area is calculated to
e 89 m2 g−1. Using the BJH method and the desorption branch of
he nitrogen isotherm, the calculated pore-size distribution indi-
ates that the material contains an average pore size of 12.4 nm

nd a maximum at 3.3 nm,  indicating the highly macro- and meso-
orous nature of shells from unloaded SnO2. As shown in Fig. 7b,
he BET surface area of 1.0 mol% Pd-loaded SnO2 cages is calculated
o be 71.3 m2 g−1, exhibiting a slightly lower surface area than that
testing gases. The inset shows the response of 1.0 mol% Pd-loaded SnO2 cages versus
operating temperature to 20 ppm different gases.

of pure SnO2 cages. Furthermore, the inset pore-size distribution
curve exhibits that Pd-loaded SnO2 cages contain an average pore
size of 24.9 nm with a maximum at 2.8 nm,  which is also bigger
than that of unloaded SnO2 cages. Thus, the results demonstrate
that the loading of Pd nanoparticles has not too much to destroy
the mesoporous structure, indicating that the loaded SnO2 with
optimal Pd addition still maintains the similar local microenvi-
ronment for chemical mixing and mass transport. It also indicates
that the improved sensing properties are further ascribed to the
introduction of Pd.

Furthermore, selective detection of a target gas among different
interfering gases, especially those having similar physicochemical
properties, is very important in the practical applications. There-
fore, the selective histogram of sensors based on unloaded and
Pd-loaded SnO2 has also been tested to different gases. As shown
in Fig. 8, the responses of all the sensors to 20 ppm toluene are
all higher than their responses to other testing gases with the
same concentration. Compared with the sensors based on unloaded
SnO2 and those Pd-loaded SnO2 with Pd additions of 0.5 mol% and
1.5 mol%, the 1.0 mol% Pd-loaded SnO2 exhibit obvious advantages
in selective detection of toluene at low working temperature of
230 ◦C. Specifically, it can be observed that 1.0 mol% Pd-loaded SnO2
sensor exhibits the highest response value of 41.4–20 ppm toluene,
which is almost four times higher than the obtained response
(10.1) of the sensor to benzene and more times higher than that
to other potential interfering volatile organic compounds (VOCs),
such as methanol, acetone, and ethanol. Meanwhile, compared with
the responses of different Pd-loaded SnO2 sensors to these gases
at 230 ◦C, much lower response but similar selective character is
obtained from unloaded SnO2 sensor under the same testing pro-
cess with different operating temperature of 230 ◦C and 250 ◦C. It is
reasonable to conclude that 1.0 mol% Pd addition in SnO2 nanocages
is an efficient route to improve selectivity and response to toluene.
A comparison about the sensing capacity of 1.0 mol% Pd-loaded
SnO2 sensor to these gases is displayed in the inset of Fig. 8. The
results demonstrate that different gases have different optimum
working temperatures, which is in favor of considering the different
potential applications.

The dynamic response and recovery characteristic, as another
important aspect of gas-sensing performance, has also been
investigated. Fig. 9a presents several dynamic and continuous
response-recovery periods of 1.0 mol% Pd-loaded SnO2 sensor to
toluene with the incremental concentration from 1 to 20 ppm. The
response values to 1, 2, 5, 10, and 20 ppm toluene are 3.7, 6.4, 11.8,

21.2, and 41.4, respectively. As shown in insets of Fig. 9a, the typical
�res and �recov of Pd-loaded SnO2 sensor to 20 ppm toluene are 0.4
and 16.5 s, respectively. Fig. 9b presents the �res and �recov of Pd-
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Fig. 9. (a) Dynamic toluene sensing transients of 1.0 mol% Pd-loaded SnO2 cages to toluene with the increasing concentration. The insets show the corresponding response
time  (�res) and recovery time (�recov) of Pd-loaded SnO2 cages to 20 ppm toluene, respectively. (b) Response- recovery time of Pd-loaded SnO2 cages to 0.2–20 ppm toluene.

Table 1
Comparison between Pd-loaded SnO2 cubic cages in the present work and other SnO2-based nanostructures.

Materials Temperature (◦C) Response Detection limit (ppm) Response-recovery times (s) Reference

Pd-loaded Pd-loaded SnO2 cubic cages 230 41.4 (20 ppm) 0.1 0.4 16.5 This work
SnO2-ZnO hollow nanofibers 190 15.6 (50 ppm) 1 6–11 12–23 [6]
Pd-loaded flowerlike SnO2 250 17.4 (10 ppm) 0.08 ∼10 >400 [7]
double-shelled SnO2 cages 250 33.4 (20 ppm) 1 2.3 5.8 [15]
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NiO-SnO2 nanofibers 330 11 (50 

meso-macroporous SnO2 220 3 (100 

SnO2 nanofibers 350 9 (200 

oaded SnO2 sensor to toluene with the concentration in the range
f 0.2–20 ppm. The results indicate that the �res values are dramat-
cally decreased from 13 s (0.2 ppm) to 0.4 s (20 ppm), whereas the
orresponding �recov values are much longer and relatively stable
14.3–16 s) than that of the response time. Compared with toluene
ensing performances of other SnO2-based sensors, as summarized
n Table 1 [6,7,15,30–32], our Pd-loaded SnO2 cages show obvi-
us response to low concentration of toluene and shorten response
ime. The extremely fast response behaviors of 1.0 mol% Pd-loaded
nO2 cages can be attributed to the unique nanoparticle-assembled
nd porous structures and the effects of Pd loading, which not only
rovide diffusion channels for fast mass transfer of gas molecules to
each or leave the sensing surfaces, but also dramatically promote
he electrochemical reaction with target gas or introduce intrinsi-
ally different impurity levels into the sensing process, resulting in
he high response and fast response.

When Pd is brought to an intimate contact with SnO2, a con-
tant Fermi level will be achieved throughout the interface, which
s in thermal equilibrium with respect to the Pd-loaded SnO2 sys-
em (Fig. 10a). As the work function of Pd (ФPd, 5.6 eV) is larger
han that of SnO2 (ФSnO2, 4.5 eV), electrons in SnO2 will transfer
o Pd and there exists a strong tendency for the valence and con-
uction bands of SnO2 to upward bending, especially around the

nterface region of SnO2 with Pd. As a consequence, the modula-
ion of this barrier is beneficial to the formation of depletion zones
round SnO2 and the improved sensing performance is anticipated.
oncerning the sensing process and mechanism of SnO2 nanocages

or toluene, it can be derived from the change of electrical con-
uctance caused by surface- controlled charge transfer in different
mbiences [33,34]. When SnO2 sensor is exposed to air, due to a
tronger electron affinity, oxygen molecules can be adsorbed on the
urface of SnO2 nanostructures and trap electrons from the con-
uction band of SnO2 to form oxygen species (O2

−, O−, or O2−).

his process decreases the electronic concentration to form a thick
epletion layer around the surface regions of SnO2 and eventually
esults in a stable high resistance of sensor (Fig. 10b and d). When
50 11.2 4 [30]
10 5 38 [31]
10 1 5 [32]

SnO2 sensor is exposed to reducing gas ambience (like toluene)
with a feasible temperature, these adsorbed oxygen species would
react with toluene molecules to release the trapped electrons back
to the conduction band. This process decreases the width of the
surface depletion layer and eventually results in a low resistance
of SnO2 sensor (Fig. 10c and e). Subsequently, when SnO2 sensor is
exposed to air again, oxygen molecules can re-adsorb on SnO2 sur-
face and the sensor restores its original high resistance to complete
a whole response-recovery period.

Based on the basic sensing principle, Yamazoe et al. outline
the design principle of high-performance gas sensing materials
[2]. The improved toluene-sensing performances of SnO2 prod-
ucts observed here are most likely to be ascribed to the following
aspects: (i) nonspherical SnO2 hollow nanocages exhibit a reason-
able configuration with the nanoparticle-assembled and porous
hollow architecture, which not only maintains high specific surface
area but also provides penetrable shells with various macropores
and mesopores for surface accessibility [16]. The BET results and
their corresponding pore-size distributions (Fig. 7) explicitly ver-
ify that hollow cubic structures possess a satisfying form without
sacrificing high surface area and surfactivity. (ii) As the build-
ing block size (nanoparticle diameter) of the hierarchically hollow
nanocubes is so thin that reaches a scale comparable with the Debye
length (electron depletion layer thickness), the complete depletion
of electrons will be achieved, meaning that the amount of oxygen
that can be absorbed and ionized is maximized. (iii) Relative to
the traditional point-to- point contacting of neighboring spheri-
cal particles, the high probabilistic face-to-face contacting form of
our nanocages exhibits a broader conductive channel of electrons
between neighboring particles [15], resulting in lowering the con-
tact potential barrier (Fig. S2, Supplementary materials). From this
point of view, the reasonable porous and non-spherically hollow
structure makes SnO2 more efficient to participate in gas detec-

tion. (iv) More importantly, Pd-loaded SnO2 nanocages exhibits
the significantly improved toluene-sensing performances, which
may  be promoted by the additional effects of Pd [17,35–37]. Gen-
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ig. 10. Schematic energy band diagrams of a SnO2 and Pd contact (a) with establis
nd  e) Schematic diagrams of possible gas sensing mechanisms of Pd-loaded SnO2

rally, compared with unloaded SnO2, the loaded Pd nanoparticles
re known to be responsible for enhancement of sensing perfor-
ances through two main aspects. The first aspect is based on

he improved catalytic activity of Pd (PdO) to oxygen dissociation,
hich can greatly increase the molecule-ion conversion rate and

he quantity of adsorbed oxygen ions, resulting in the faster and
reater degree of electron depletion of Pd-loaded SnO2 than that
f unloaded SnO2 and eventually enhancing sensing reaction and
erformances. Another aspect is related with the spillover effect,
hich plays an important role in the interface interactions [17]. The

acant sites for adsorption on PdO will physically adsorb toluene
olecules on PdO and simultaneously spillover onto the surface of

nO2, activating the sensing reaction between toluene molecules
nd oxygen species and eventually improving the response. Thus,
esides the hollow and porous structural merits, the additional
ffects of loaded Pd on the whole sensing process further improve
he sensing performances for gas detection.

. Conclusions

In summary, pure and Pd-loaded SnO2 cubic nanocages have
een successfully prepared via a multi-step route without employ-

ng any additional templates, surface modification or capping
gents. The characteristic results confirm that SnO2 nanocages
xhibit cubic shape and hierarchically hollow structure which con-
ists of nanoparticle-assembled and porous single-layered shells.
he synthetic step- dependent morphology and structure evolution
onfirm that the formation of SnO2 cubic nanocages is addressed in
erms of the phase transition from initial ZHS templates to hybrid
n2SnO4/SnO2 and entire evacuation of Zn2SnO4 phase due to the
ifferential stability in acid etching. Furthermore, the effects of
he Pd-loaded amount on toluene sensing performances have also
een investigated and the results demonstrate that Pd- loaded
nO2 nanocages exhibit low working temperature, low detection
imit, high response, and fast response speed, which can be mainly
scribed to sensitized action of Pd nanoparticles.
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