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a  b  s  t  r  a  c  t

Pd-loaded  SnO2 hollow  microspheres  have  been  successfully  prepared  via a facile  one-pot  hydrother-
mal  route  and  subsequent  Pd-loaded  treatment  without  involving  any  templates,  surfactants,  or  capping
agents.  The  morphological  and structural  characterization  confirms  that  Pd-loaded  SnO2 hollow  micro-
spheres  are  hierarchically  constructed  of  numerous  well-aligned  rodlike  SnO2 subunits  with  ultrathin
diameter  of about  5–10  nm  and  monodisperse  Pd particles  with  several  nanometers  in  size.  The time-
dependent  investigation  demonstrates  that  the  formation  of  hierarchical  SnO2 hollow  spheres  is driven  by
eywords:
nO2

ollow nanostructures
d loading
oluene
as sensor

Ostwald-ripening  mechanism.  Furthermore,  gas  sensors  based  on  pure  and  Pd-loaded  SnO2 have  been
fabricated.  The  Pd-loaded  SnO2 hollow  microspheres  exhibit  relatively  lower  operating  temperature,
higher  response  and selectivity  to  toluene  in  comparison  with that  of  pure  SnO2. Besides  structural  mer-
its  of ultrathin  nanorod-assembled  hollow  and  porous  structure,  the  promotion  of  sensing  performances
can  also  be  attributed  to  the  contribution  of  catalytic  Pd particles.

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

Owing to a growing preoccupation with the deterioration of
nvironments and air qualities in recent decades, there exists a
remendous demand for high-performance detecting and moni-
oring device. Gas sensors based on semiconducting oxides have
rought forth a wide application prospect for various toxic, harmful,
r explosive gases due to their straightforward principle, low cost,
imple structure and easy manufacture [1,2]. The current tendency
f semiconducting oxides in gas-sensing field is focused on the
esign and construction of oxides with various nanostructures on
ccount of the fact that the structural merits of less-agglomerated
onfiguration can guarantee a high specific surface area and surface
ccessibility [3]. In this regard, hollow architectures combined with
ensitive functionality of permeable shells, especially the subunit-
ssembled hierarchical porous shells, perhaps possess obvious

dvantages for constructing high-performance sensors as these
tructures can provide accessible and high-activated shells for fast
iffusion of gas molecules. To meet the requirements, several hol-

∗ Corresponding authors.
E-mail addresses: zhangkan@jlu.edu.cn (K. Zhang), zengyi@jlu.edu.cn (Y. Zeng).

ttp://dx.doi.org/10.1016/j.snb.2016.11.153
925-4005/© 2016 Elsevier B.V. All rights reserved.
lowing principles have been successfully developed to fabricate
various hollow particles of diverse materials [3–7]. However, most
available approaches are based on template-engaged routes, which
often encounter disadvantages related to the increasing cost or
complex operating steps, and the resulting hollow products are
mostly built up from random aggregation of granular subunits but
rarely from well-aligned rod-/sheetlike subunits. Rod-/sheetlike
subunit-assembled hollow architectures represent a unique class
of hollow structures characterized by their unique merits, such as
primary building blocks with tunable shape, anisotropic texture
correlated with exposed facets, and well-aligned porosity. There
exists a fast growing interest on the engineering of hollow spheres
with designable rod-/sheetlike subunits for further exploration of
the widespread applications. Despite of considerable efforts being
devoted to the preparation of these hollow structures, the explo-
ration of a facile and economical one-pot route for the self-assembly
of rod-/sheetlike subunits to form hollow particles remains chal-
lenging yet highly desirable.

Rutile SnO2, as one of the most typical n-type semiconducting

oxides for applications in gas sensors, has been generally applied for
detecting different gases. Great efforts around the construction of
novel nanostructures have successfully accomplished the intention
on the improvement of sensing performances, because the sens-

dx.doi.org/10.1016/j.snb.2016.11.153
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.11.153&domain=pdf
mailto:zhangkan@jlu.edu.cn
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ng behaviors of oxides can be tuned via adjusting the intrinsical
ensing reaction kinetics [8–14]. In this context, the establishment
f SnO2 hollow nanostructures has been widely acknowledged
s a simple and effective approach to achieve high sensing per-
ormances [12–14]. Due to the special exposed facets and the
ossibility to achieve rod-/sheetlike subunits with fully depleted
arriers, these hollow SnO2 architectures supply a new opportunity
or further improving the gas sensing performances. In addition,
o meet the continuously improved demand for higher sensing
haracteristics, the decoration of noble metal or transition metal
as been proved to be another effective strategy to dramatically
meliorate the sensing behaviors of SnO2 via introducing intrinsi-
ally different reaction course [2]. For instance, Ramgir et al. have
eported that the gas sensor based on Ru-doped SnO2 nanowires
hows better gas sensing performances to NO2 compared with
he pure homogeneity [15]. Kolmakov et al. have reported that
he Pd-doped SnO2 nanowires prepared by thermal evaporation

ethod show distinctly enhanced H2 sensing properties [16]. Lee
t al. also found that Pd-doped SnO2 nanorod thin films show dis-
inctly enhanced H2 sensing properties [17]. Korotcenkov et al.
18] reported that Pd doping SnO2 thin films exhibit improved
O sensing performances. Vaishampayan et al. [19] found that the

oaded Pd particles promote response of the sensors based on SnO2
anospheres towards liquid petroleum gas (LPG). The remarkable

mprovements in sensing behaviors based on the reported works
bout the doped SnO2 nanostructures so far have put forward an
xciting opportunity for further enhancing the performance of rod-
sheetlike subunit-assembled hollow nanostructures.

In this work, we report one-pot hydrothermal synthesis and
ubsequent Pd loading for Pd-loaded SnO2 hollow microspheres,
hich are hierarchically constructed of numerous rodlike subunits
ith ultrathin diameter of 5–10 nm without the usage of any surfac-

ant or capping agent. In particular, the crystallinity, structure, and
orphology of pure and Pd-loaded SnO2 hollow microspheres are

laborated. The formation process has been investigated through
racing the structural evolution with hydrothermal time, and

 possible formation mechanism is discussed. Furthermore, the
ignificant improvement of toluene sensing performances of Pd-
oaded SnO2 hollow microspheres can be anticipated on account of
he ultrathin nanorod-assembled hollow structure and the catalytic
ffect of additional Pd particles.

. Experimental procedures

.1. Synthesis and characterization of pure and Pd-loaded SnO2
ollow microspheres

All the chemicals are analytical grade and used without fur-
her purification. The typical synthetic procedure of the hierarchical
nO2 hollow microspheres was as follows: 3 mmol  of tin tetrachlo-
ide (SnCl4·5H2O) was firstly dissolved in 30 ml  distilling water at
oom temperature, then 18 mmol  NaOH solution was slowly added
nto the above mixed solution under vigorous stirring. The uniform
queous solution was transferred to a Teflon-lined stainless steel
utoclave and heated to 180 ◦C for 2 h. The resultant precipitate was
hen centrifuged, washed by distilled water and absolute ethanol,
nd finally dried at 60 ◦C in the air for the collection of final product.

For Pd sensitization, ethanol solution of palladium chloride
PdCl2) with a concentration of 2.5 × 10−3 mol/L was mixed with
he as-prepared SnO2 products (50 mg), where the weight ratio of

d to SnO2 is 2:100. The mixed solution was treated in an ultra-
onic facility for 1 h to obtain a uniform solution, then the mixed
recipitate was centrifuged, washed by absolute ethanol and dried
t 60 ◦C for the collection of a gray precipitate, finally the mixture
tors B 243 (2017) 465–474

was annealed at 350 ◦C for 30 min  in air atmosphere for collecting
the Pd-doped SnO2 microspheres.

The as-prepared products were characterized by powder X-
ray 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-
scope (TEM), selected-area electron diffraction (SAED), and
high-resolution TEM (HRTEM, JEOL JEM-2100F, 200 kV), respec-
tively. The surface area properties of sample were measured
through measuring nitrogen adsorption-desorption isotherms
with a Micrometrics ASAP2020 apparatus based on Brunauer-
Emmett-Teller (BET) equation, and the pore size distribution was
obtained by Barrett-Joyner-Halenda (BJH) method from the desorp-
tion branch of isotherms. X-ray photoelectron spectroscopy (XPS)
measurement was  carried out on a Scienta ESCA200 spectrometer
equipped with a standard Al K� excitation source.

2.2. Fabrication and measurement of gas sensing properties

The fabrication process of gas sensor based on our SnO2 products
can be described as follows: briefly, a certain amount of the final
SnO2 products were mixed with deionized water in a weight ratio of
4:1 to form a slurry, which then was  pasted uniformly on ceramic
tube with prefabricated gold electrodes to drying in air at room
temperature. Then, a Ni–Cr alloy coil was placed inside the tube as
a heater to control the operating temperature of the sensor devices.
Finally, the sensor was constructed by connecting the correspond-
ing junctions to the socket of the sensor. The schematic structure
of the gas sensor is shown in Fig. S1 (Supplementary Materials) and
the detailed fabrication process of gas sensor has been described
elsewhere [20]. Sensing behavior measurements under the desired
concentrations of testing gases were obtained via the static liquid
gas distribution method in our previous report [21]. 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 sensor to achieve 90% of the total response change in the case of
adsorption and desorption, respectively.

3. Results and discussion

3.1. Structural and morphological characteristics

As shown in Fig. 1, XRD patterns reveal the phase purity and
crystal structure of pure and Pd-loaded SnO2 products. All the
diffraction peaks in Fig. 1a can be well matched with the corre-
sponding standard pattern of SnO2 crystal with rutile structure in
standard data file (JCPDS card No. 41-1445), although these dis-
cernable peaks possess broadening shape. No peaks from any other
intermediates or crystalline phases are detected to confirm the high
purity of the as-prepared SnO2 products. As for Pd-loaded SnO2
products, all the diffraction peaks can still be indexed to the stan-
dard rutile SnO2 (Fig. 1b). Compared with the diffraction pattern
of unloaded SnO2 products, there exists a downward tendency for
the peak intensity of Pd-loaded SnO2. XRD analysis indicates that
the loading of Pd particles decreases the crystallinity and structural
integrity of SnO2. Simultaneously, no obvious peaks corresponding
to the loaded Pd or PdOx can be discernible, which may be ascribed
to the fact that the Pd content is much lower in the Pd-doped SnO2,
compared to Sn or O.

The morphological and structural characteristics of the as-

prepared unloaded SnO2 products are illustrated by FESEM and
TEM observations. From a panoramic FESEM image in Fig. 2a, it
can be observed that the unloaded SnO2 products are composed of
numerous spherical aggregates, which exhibit rough surface with
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ig. 1. The typical XRD patterns of the as-obtained (a) unloaded and (b) Pd-loaded
nO2 products, respectively.

eneral size in the range of 500–800 nm.  From the enlarged FESEM
mages in Fig. 2b, it can present the obvious superposition and
ggregation of many similar homogenous rods from these SnO2
icrospheres, indicating that SnO2 spheres exhibit a hierarchi-

al structure with thin nanorods as the primary building blocks
inset of Fig. 2b). Further careful examination from some spheres
ith broken surface and their interior cavities, it confirms that the
entioned SnO2 spheres are in fact hollow structures, as illus-

rated by arrows in Fig. 2b. The nanorod-assembled SnO2 hollow
pheres are further examined by TEM and HRTEM. The typical low-

agnification TEM image in Fig. 2c shows that the size and shape

f SnO2 products are similar to the findings from the above FESEM
bservation. The shell of these hollow spheres is relatively uniform
ith a thickness of about 100 nm.  Additionally, Fig. 2c and the corre-

ig. 2. (a) Low-magnification and (b) enlarged FESEM images, (c) TEM, and (d) HRTEM 

ESEM  image and SAED pattern of SnO2 sample, respectively.
tors B 243 (2017) 465–474 467

sponding ring-like SAED pattern further confirm that SnO2 hollow
spheres actually are polycrystalline texture and built up from many
well-aligned rodlike subunits. HRTEM observation demonstrates
that these SnO2 rodlike subunits possess a small diameter of about
5–10 nm (Fig. 2d). The interplanar spacing of a single-crystalline
SnO2 nanorod is about 0.27 nm,  corresponding to the (101) lattice
planes of the tetragonal rutile crystal structure of SnO2.

Furthermore, detailed structural analysis of Pd-loaded SnO2
products has also been performed. As shown in Fig. 3a, the low-
magnification TEM observation confirms that Pd-loaded SnO2
products in fact exhibit the same spherical and hollow struc-
ture with uniform size. Further careful examination in Fig. 3a
and b, a few dark spots can be observed on the tips of some
rodlike subunits. The corresponding SAED pattern of Pd-loaded
SnO2 hollow spheres exhibits complex features, including poly-
crystalline diffraction rings of SnO2 crystals and some ruleless
diffraction spots, which may  come from the PdO nanoparticles
(inset of Fig. 3c). The typical high-magnification TEM image from
one part of nanorod-assembled SnO2 reveals that some additional
nanoparticles with diameter of about 10 nm are well dispersed
on SnO2 nanorods, which are related to individual PdO particles
and illustrated by dashed frames (Fig. 3b–c). The HRTEM image of
the selected area in Fig. 3c exhibits two  sets of well-resolved two-
dimensional lattice fringes, which can be assigned to SnO2 and PdO,
respectively. As shown in Fig. 3d, the lattice spacing value from
the rodlike object is about 0.274 nm,  which is matched with the
(101) planes of rutile SnO2, and another marked spacing value of
the particle is found to be 0.221 nm,  corresponding to (110) planes
of PdO. Notably, as for the Pd-loaded SnO2 sample, the observa-
tions demonstrate that these monodisperse PdO nanoparticles have
formed through randomly locating and growing during the Pd load-
ing and subsequent anneal treatment. Thus, the less-agglomerated

PdO particles on the SnO2 nanorods may  be very suitable for gas-
sensing applications due to the high catalytic activity and large
contact areas.

images of pure SnO2 products. The insets of (b) and (c) show high-magnification
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ig. 3. (a,b) TEM images of Pd-loaded SnO2 hollow microspheres and (c,d) HRTEM 

XPS analysis has also been performed to study the surface
hemical composition and electronic states of the elements in the
s-prepared Pd-loaded SnO2. Clearly, the panoramic XPS spectrum
hown in Fig. 4a reveals that two major sharp peaks in the range
f 450–500 eV have binding energies of 495 eV and 486 eV. These
eaks can be assigned to Sn 3d3/2 and 3d5/2, which are in good
greement with the values for the oxidation state of tin from SnO2,
espectively [22]. Among these sharp peaks, peak at binding energy
f ∼532 eV is in good accordance with O 1 s and the correspond-
ng high-resolution spectra are shown in the upper inset of Fig. 4a.
bviously, it can be observed that the peak shows asymmetric

hape, which can be separated to two major fitting peaks with
inding energies of 531.9 eV and 530.5 eV, respectively. The peak at
31.9 eV can be characterized as surface-absorbed oxygen species
ie, O2

− and O−) and other peak at 530.5 eV could be regarded as
ypical surface lattice oxygen [23]. In addition, the high-resolution
pectrum of Pd 3d is shown in the lower inset of Fig. 4a. The peaks
ith binding energies at 341.9 eV for Pd 3d3/2 and 336.8 eV for Pd

d5/2 are in agreement with the values for PdO, respectively. Thus,
PS analysis confirms that a majority of Pd atoms in the as-prepared
amples are present as PdO surface species [24], and probably small
ole percent of PdO results in weak PdO peaks of XRD overlapping

he SnO2 peaks.
The BET specific surface area and pore size distribution of Pd-
oaded SnO2 hollow spheres are subsequently estimated through
he nitrogen adsorption/desorption isotherms. As shown in Fig. 4b,
here exists a typical type IV curve with a type H4 hysteresis loop
rom the nitrogen isotherms and the corresponding BET specific
s of a typical Pd-loaded SnO2 nanorod. The inset of (c) is a typical SAED pattern.

surface area is calculated to be 85.03 m2g−1. Using the BJH method
and the desorption branch of the nitrogen isotherms, the calculated
pore-size distribution indicates that the material contains an aver-
age pore size of 6.9 nm and a maximum at 1.9–2.2 nm,  indicating the
porous nature of Pd-loaded SnO2 hollow nanostructures. Thus, the
characteristic results demonstrate that the Pd-loaded SnO2 hollow
microspheres well inherit the local microenvironment including
the interior cavities and penetrable high-activated shells for fast
diffusion and transfer of gas molecules to reach or leave their sur-
faces.

According to the above-described experimental process, the for-
mation of SnO2 hollow microspheres in the present study does not
involve any additional templates, surface modification or capping
agents. It is obviously different from the general templating-
engaged strategy, which always involves hard or soft templates
with specific size in the first step and subsequently attracts metal
complexes for their resulting nanoparticles near the hydrophilic
shell of these templates [3]. To gain an insight into the formation
mechanism of hierarchical SnO2 hollow spheres, the hollow-
ing evolution is traced with hydrothermal time. Fig. 5a–e show
the time-dependent structural investigation before and after the
hydrothermal treatment, and the results reveal that the final for-
mation process can be separated into two distinct stages. Firstly,
a large amount of metastable Sn(OH)4 precursors are formed and

aggregated at the initial moment as a result of the fast precipi-
tation reaction with the presence of high feedstock concentration
(Sn4+ and OH−) [25]. It is energetically and structurally favorable
that these aggregates subsequently undergo self-transformation to
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Fig. 4. (a) XPS spectra and (b) nitrogen adsorption and desorption isotherms of
PdO-decorated SnO2 hollow spheres. The upper and lower insets of Fig. 4a are the
corresponding high-resolution O 1 s and Pd 3d spectra, respectively. The inset of
Fig. 4b is the corresponding pore-size distribution calculated by BJH method from
desorption branch.

Fig. 5. The representative TEM images for hollowing evolution of SnO2 samples prepared
4  h. (f) Schematic illustration of the possible formation process for nanorod-assembled Sn
tors B 243 (2017) 465–474 469

form bigger but relatively more stable SnO2 solid spheres by greatly
reducing the interfacial energy of primary nanocrystals [26], as
shown in Fig. 5a. As the hydrothermal reaction proceeds, the surface
feature and hollow structure gradually change with the hydrother-
mal  time from 10 min  to 4 h, revealing that the dimension of hollow
SnO2 spheres is relevant to the reaction time (Fig. 5b–e). Specifi-
cally, during the early stage of hydrothermal process (10 min), some
thin and small nanorods grow on the surface of the solid spheres,
and there is no obvious clue that the small voids emerge inside the
spheres (Fig. 5b). As the time is prolonged to 30 min, besides inte-
rior voids, outer nanorods can be observed with an increase in both
the thickness and size (Fig. 5c). Simultaneously, the interior voids
gradually become larger and eventually evolve to the well-defined
spherical cavity after the reaction increasing to 1 h (Fig. 5d). When
the hydrothermal process is allowed to proceed for a longer time
of 4 h, the hollow structure still remains largely unaltered despite
the severe aggregate of nanorods on the surface (Fig. 5e).

On the basis of the above mentioned investigation, the forma-
tion of nanorod-assembled hollow structure can be understood on
account of the fact that the solid spherical interiors dissolve and
redeposit to the outer surface. Firstly, solid spherical aggregates are
formed at the initial stage due to the hydrolysis of tin precursors
under hydrothermal conditions. With increasing hydrothermal
time, the outer surface of solid aggregates begins to crystallize
and form a thermodynamically stable thin shell of well-crystallized
SnO2, which is in equilibrium with respect to the hydrothermal sur-
rounding and the corresponding reaction can be expressed in Eq.
(1). However, unlike the outer crystalline shell, the interior of aggre-
gates still remains out of equilibrium with the surrounding due to
the rapid spontaneous nucleation and insufficient crystallization.
Hence, the inner amorphous SnO2 has a strong tendency to dis-
solve and outward diffuse, followed by recrystallization. The newly
reproduced SnO2 crystallites will preferentially deposit onto the
crystalline outer shell, serving as the lattice-matched templates, to
increase its thickness rather than to generally form additional self-
aggregated particles, since the former seems to be a more effective
way to reduce the total system energy [27].

Sn4+ + 4OH- ↔ Sn(OH)4↔ SnO2 + 2H2O (1)

Sn(OH)4 + 2OH- ↔ [Sn(OH)6]2- ↔ SnO2 + 2H2O + 2OH- (2)
On the other hand, the anisotropic growth habit of recrystallized
SnO2 is restrained during the early stage of hydrothermal pro-
cess because of the shortage of growth complexes Sn(OH)6

2- [28],

 with different hydrothermal time: (a) 0 min, (b) 10 min, (c) 30 min, (d) 1 h, and (e)
O2 hollow spheres.
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Fig. 7. Response curves of pure and Pd-loaded SnO2 microspheres to various toluene

ig. 6. Response versus operating temperature of sensors based on pure and Pd-
oaded SnO2 nanostructures to 20 ppm toluene, respectively.

hich can be attributed to the fast consumption of Sn4+ in the ini-
ial precipitation reaction. As the hydrothermal time increases, the
nceasing outward diffusion of free Sn4+ not only recrystallizes to

ncrease the thickness of crystalline shell, but also recombines with
H- to form a large number of growth complexes Sn(OH)6

2-, which
romote the anisotropic growth of crystalline SnO2 to form rodlike
tructure according to Eq. (2). Further prolonging the hydrother-
al  time, the continuous dissolution of core materials accelerates

he radial growth of crystalline SnO2, eventually leading to the for-
ation of well-developed spherical cavity and nanorod-aggregated

uter shell. This process is driven by the localized Ostwald-ripening
r chemically induced self-transformation [4], as schematically
llustrated in Fig. 5f.

.2. Toluene sensing properties

Benefiting from the above-mentioned less agglomerated con-
guration, the Pd-loaded SnO2 hollow spheres can guarantee a
igh-activated contacting surface and numerous diffusion chan-
els for the efficient mass transfer of gas molecules to accomplish
he fast adsorption and desorption. Thus, excellent gas-sensing per-
ormances of sensor based on our Pd-loaded SnO2 nanostructures
an be anticipated. For the comparison of gas sensing performances,
ensors based on different SnO2 products obtained with hydrother-
al  time of 0 h, 2 h, and 4 h are also fabricated, respectively, and the

arget gas is focused on the toxic and inflammable toluene (C7H8).
Due to the high dependence of gas sensing characteristics on

perating temperature, the variation of responses to toluene with
 typical concentration of 20 ppm has firstly been investigated to
etermine the optimal working temperature of our SnO2 sensors.
s shown in Fig. 6, it can be revealed that the sensors based on pure
nd Pd-loaded SnO2 samples to toluene with the same concentra-
ion have similar sensing curves with parabolic shape, indicating
hat the response gradually increases with the improved operating
emperature to reach its maximum and then decreases with further
aising the temperature. This behavior can be ascribed to the subtle
ynamic balance between the adsorption and desorption process of
as molecules under the control of the operating temperature. For
he pure SnO2 sensors, the obvious discrepancy of responses can
e attributed to the organization of SnO2 nanostructures depicted
n Fig. 5, indicating that hollow structure with thin rodlike sub-
nits is very beneficial for high response character. Specifically,
he response of sensor based on pure SnO2 hollow spheres (2 h) to
0 ppm toluene reaches its maximum of 26.1 at 250 ◦C. As for sensor
concentrations, respectively. The inset shows a quasi-linear dependence of the
response of different SnO2 on toluene concentration within 0.1–4 ppm.

based on Pd-loaded SnO2, it exhibits higher responses during the
whole testing temperature range and the significant improvement
of the highest response is about 52.9 at a slightly lower operating
temperature of 230 ◦C. The notable difference of responses between
pure and Pd-loaded SnO2 can be attributed to the catalytic activity
of additional Pd. In view of maximizing performance, the optimal
working temperature would be set at 230 ◦C and applied in all the
sensing investigations hereinafter.

Response variation of sensors based on pure and Pd-loaded
SnO2 hollow microspheres along with toluene concentration is
subsequently studied at their corresponding optimal operating
temperature. As shown in Fig. 7, it demonstrates that responses of
all sensors are sharply increasing with the increase of toluene con-
centration at relatively low range, then show a gradual slowdown
of the increasing tendency, and finally are close to certain equilib-
rium, indicating that gas sensors become more or less saturated.
Obviously, the response of Pd-loaded SnO2 has a faster increas-
ing tendency than that of unloaded SnO2 until the concentration is
increasing up to 400 ppm. There is an approximate linear relation
between the response and toluene concentration within 40 ppm.
As shown in the inset of Fig. 7, it exhibits the relationship between
the responses of different sensors and toluene concentration with
the concentration in the range of 0.1–4 ppm. The distinguishable
lowest concentration of Pd-loaded SnO2 sensor is 0.1 ppm with the
response value of 1.29 while the lowest detecting concentration of
pure SnO2 is 0.5 ppm with the response value of 1.32. The results
confirm that the limitation of pure SnO2 hollow spheres for toluene
detection can be further extended via the promotional effect of Pd
nanoparticles.

Since selectivity for a target gas among different interfering
gases, especially those having similar physicochemical properties,
is an important aspect of sensing performance in the practical
applications, the selective histogram of sensors based on pure and
Pd-loaded SnO2 has also been investigated to various kinds of gases.
As shown in Fig. 8, it can be evident that sensor based on Pd-loaded
SnO2 exhibits relatively higher responses to all the testing gases
than that of pure SnO2 sensor at different operating temperatures.
Specifically, Pd-loaded SnO2 sensor exhibits the highest response
value of 52.9–20 ppm toluene, which is over four times higher than
the obtained response (12.3) to benzene and more times higher

than that to other potential interfering volatile organic compounds
(VOCs), such as acetone, ethanol, and methanol. The results confirm
that Pd-loaded SnO2 sensor displays a good selectivity to toluene at
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Fig. 8. Selectivity of sensors based on pure and Pd-loaded SnO2 to 20 ppm various
testing gases.

Fig. 9. Dynamic toluene sensing transients of Pd-loaded SnO2 hollow spheres to
toluene with the increasing concentration. The insets show the corresponding
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ε = 9.0 × 8.85 × 10−12 F m−1, kB = 1.38 × 10−23 J K−1, T = 523 K (opti-
−19
esponse time (�res) and recovery time (�recov) of Pd-loaded SnO2 to 20 ppm toluene,
espectively.

ts optimal operating temperature of 230 ◦C. Meanwhile, compared
ith the response of Pd-loaded SnO2 sensor to these gases, much

ower responses but similar selective characters are obtained from
ure SnO2 sensor under the same testing process at different oper-
ting temperature of 230 ◦C and 250 ◦C. The improved selectivity of
d-loaded SnO2 compared to pure SnO2 seems to be attributed to
he catalytic discrepancy between the sensing materials and vari-
us gases.

The response and recovery time, as another important aspect
f gas-sensing characteristics, has also been investigated. Fig. 9
resents six dynamic and continuous response periods of sensor
ased on Pd-loaded SnO2 to toluene with the incremental con-
entration from 1 to 50 ppm. Apparently, the sensor exhibits the
xcellent response capability and recovery capability with respect
o different toluene concentrations. As shown in insets of Fig. 9, the
ypical response time (�res) and recovery time (�recov) of Pd-loaded
nO2 to 20 ppm toluene are about 0.48 s and 5.5 s, respectively.
ompared with toluene sensing performances of other SnO2-based
ensors, as summarized in Table 1 [14,29–33], our Pd-loaded SnO2

ollow spheres show remarkably enhanced response and short-
ned response time at relatively low toluene concentration. The
mproved sensing performances of our Pd-loaded SnO2 can be
tors B 243 (2017) 465–474 471

attributed to the ultrathin nanorod-assembled hollow structure
and the effect of loaded Pd particles.

3.3. Gas sensing mechanism

As one of the most typical n-type semiconducting oxides for
gas detection, the widely accepted sensing mechanism for SnO2
nanostructures can be understood via space-charge model [34],
which involves two  reverse charge transfer behaviors when SnO2
is exposed to air and testing gas ambiences, respectively. When
SnO2-based sensor is exposed to air ambience, oxygen molecules
can firstly be physically adsorbed on the surface of SnO2 sample and
subsequently trap the free electrons (carriers) from the conduction
band of SnO2 sample due to its stronger electron affinity to form
chemisorbed oxygen species (O2

-, O-, or O2-). After the continuous
chemisorption of oxygen molecules to reach certain equilibrium,
the unceasing outward flow of free electrons eventually leads to
the formation of thick electron depletion layer on SnO2 surface and
stable high resistance, as schematically illustrated in Fig. 10a. When
the SnO2 sensor is exposed to the reducing gas of toluene, these
chemisorbed oxygen species can take part in the desorption reac-
tion with toluene molecules and release the trapped electrons back
into the conduction band of SnO2 sample. Conversely, the returned
free electrons eventually result in a decrease of the thickness of
the surface depletion layer and stable low resistance through con-
tinuous desorption of the surface oxygen species to reach another
equilibrium, as illustrated in Fig. 10b. Based on this understanding,
the variation of characteristic resistance can be discerned to estab-
lish the one-to-one correspondence between the sensing behaviors
and characteristics.

Based on the basic sensing principle and the design strategies
of high-performance gas sensing materials proposed by Yamazoe
et al. [2,35], the enhanced toluene sensing performances of our
Pd-loaded SnO2 products are most likely to be ascribed to the fol-
lowing several aspects: (i) The first aspect can be attributed to the
reasonable configuration of SnO2 hollow spheres. The BET result
and the corresponding pore-size distribution (Fig. 4b) explicitly
verify that the as-obtained SnO2 spheres show hollow interiors
and well-aligned porous structures without scarifying high sur-
face area [36]. The nanorod-assembled porous SnO2 hollow spheres
provide numerous well-aligned channels for the unhampered dif-
fusion of gas molecules to reach or leave the sensing surface.
Simultaneously, this less-agglomerated configuration guarantees
a high contact area for the efficient absorption and subsequent
interaction between oxygen species and target gas. (ii) Relative to
the traditional point-to-point contact of neighboring nanoparticle-
assembled spheres, the multipoint contact form of our spheres
means a broader conductive channel of electrons transfer between
neighboring spheres (Fig. 10c), meaning an improving probability
for the decreased thickness and height of the contacting potential
barrier. The multipoint contact form also has a positive impact on
the improvement of gas sensing performances [14]. (iii) According
to the space charge model [37], Ld (Debye length) can be expressed
by:

Ld = (
εkBT

q2nc
)
1/2

(3)

where ε is the static dielectric constant, kB is the Boltzmann’s con-
stant, T is the absolute temperature, nc is the carrier concentration,
and q is the electrical charge of the carrier. These parameters, which
are used to represent typical values for SnO2-based sensors, are
mal  temperature), and q = 1.6 × 10 C. The electron density of
SnO2 is normally about 1015–1018 cm−3. According to Eq. (3) with
the introduction of nc = 5.1 × 1017 cm−3, the calculated Ld is about
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Table  1
Comparison between Pd-loaded SnO2 hollow spheres in the present work and other SnO2-based nanostructures.

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

Pd-loaded SnO2 hollow spheres 230 52.9 (20 ppm) 0.1 0.48 5.5 This work
double-shelled SnO2 cages 250 33.4 (20 ppm) 1 2.3 5.8 [14]
SnO2-ZnO hollow nanofibers 190 15.6 (50 ppm) 1 6–11 12–23 [29]
Pd-loaded flowerlike SnO2 250 17.4 (10 ppm) 0.08 ∼10 >400 [30]
NiO-SnO2 nanofibers 330 11 (50 ppm) 50 11.2 4 [31]
meso-macroporous SnO2 220 3 (100 ppm) 10 5 38 [32]
SnO2@SnO2 cuboctahedra 250 28.6 (20 ppm) 1 1.8 4.1 [33]
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ig. 10. Schematic views of possible sensing mechanism and surface processes of na
xygen  and (b) testing toluene, (c) energy band representation of the interface region
iew  of depletion layer on the cross section from nanorods with different diameter

.6 nm.  Thus, because the nanorod diameter of nanorod subunits
s so thin that reaches a scale comparable with the Debye length
electron depletion layer thickness, D ∼ 2Ld), the complete deple-
ion of electrons will be achieved, and the amount of oxygen that
an be adsorbed and ionized is maximized (Fig. 10d). From these
oints of view, the reasonable porous and hollow structure makes
ure SnO2 more efficient to participate in gas detection.

(iv) The toluene-sensing performances of pure SnO2 spheres can
urther be promoted by the additional effects of Pd/PdO [2,38]. The
rst aspect is based on catalytic activity of PdO due to the improved
apability of oxygen dissociation. The surface Pd atoms are easily
onded with oxygen molecules to form PdO in air ambience, and
he resulting complexes are readily dissociated and release oxygen
toms at a relatively low temperature. Compared with unloaded
nO2, PdO can catalytically activate the dissociation process of
xygen molecules and increase the quantity of adsorbed oxygen
ons, resulting in faster and greater degree of electron depletion
t the interface regions than that of unloaded SnO2 and eventu-

lly enhancing sensing reaction and performances. Another aspect
s related to the spillover effect, which plays an important role
n the interface interactions [2]. The surface PdO can change its
xidation state to facilitate the generation of surface Pd phase in
-assembled SnO2 hollow spheres associated with sensing reaction with (a) ambient
iated with the point-to-point (left) and multipoint contacts (right), and (d) schematic

the reducing toluene ambient and be reoxidized in air ambiance
[39]. The vacant sites for adsorption on PdO/Pd will physically
adsorb oxygen/toluene molecules onto the surfaces and simulta-
neously spillover onto the surface of SnO2, activating the sensing
reaction between toluene molecules and oxygen species and even-
tually improving the response. In this work, besides the hollow and
porous structural merits, the additional effects of loaded Pd/PdO
on the whole sensing process further improve the sensing perfor-
mances for gas detection.

4. Conclusions

In summary, Pd-doped SnO2 hollow spheres have been suc-
cessfully prepared via a facile one-pot hydrothermal process and
subsequent Pd-loaded treatment. The pure and Pd-loaded SnO2
hollow spheres exhibit interior cavities and porous shells, which
are hierarchically constructed of numerous rodlike SnO2 primary
building blocks with the ultrathin diameter of about 5–10 nm.

The synthetic time-dependent morphology and structure evolu-
tion confirm that the formation of nanorod-assembled SnO2 hollow
spheres is addressed in terms of the Ostwald ripening in the
hydrothermal process. The gas-sensing results confirm that the
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oping Pd particles can significantly enhance the toluene sensing
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