
E
d
s

P
D
a

C
b

c

d

a

A
R
R
A
A

K
G
O
P
S
A

1

t
e
b
c
m
o
h
r
a
t
w
i
h

h
0

Sensors and Actuators B 224 (2016) 381–390

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo ur nal home page: www.elsev ier .com/ locate /snb

ffective  organic  amine  detection  by  nanoparticle-assembled  tin
ioxide  microspheres:  The  importance  of  interparticle  porosity  on
ensing  properties

an-Pan  Jina,1, Xiaoxi  Huangb,1, Yong-Cun  Zoua, Li-Jing  Zhoua,  Xue  Wanga,  Feng  Zhangc,
ejun  Wangd, Guo-Dong  Lia,∗

State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, International Joint Research Laboratory of Nano-Micro Architecture Chemistry,
ollege  of Chemistry, Jilin University, 2699 Qianjin Street, Changchun 130012, China
Department of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey, Piscataway, NJ 08854, USA
School of Light Industry and Chemical Engineering, Dalian Polytechnic University, Dalian 116034, China
Department of Chemistry, Tsinghua University, Beijing 100084, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 July 2015
eceived  in revised form 12 October 2015
ccepted 17 October 2015
vailable  online 20 October 2015

a  b  s  t  r  a  c  t

Organic  amines  are  a kind of  industrially  important  starting  material  for the  manufacture  of dyes  and
pharmaceuticals.  But  monitoring  low-concentration  amine  vapors,  especially  those  with  a high  molecular
weight,  is  still  a challenging  task  during  industrial  processes  because  the  low  permeability  and  diffusiv-
ity  of amines  largely  limit their  interaction  with the  surface  of  sensing  element.  Herein,  we report  the
template-free  solvothermal  synthesis  of  uniform  nanoparticle-assembled  SnO2 microspheres  with  an
eywords:
as sensor
xide
orous material
nO2 microspheres
mine detection

rich  interparticle  porosity,  and the  thermal-driven  tuning  of  their porosity  structure  with  the sphere-like
morphological  preservation.  This  further  allows  us to  fabricate  a sensing  film  with  a tunable  interparticle
porosity  structure  and  an  optimized  gas  diffusivity  in the  sensing  film.  As  a  result,  the  optimized  SnO2

sensing  film  is  shown  to  have  the  ability  to effectively  detect  low-concentration  amine  vapors  with  short
response  time  and  high  response  value  in  the  testing  range  from  1 to 200  ppm.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Organic amines, classified as a family of organic compounds con-
aining at least one basic nitrogen atom with unbonded lone pair
lectrons, are very important intermediates in organic synthesis
ecause of their high reactivity. These compounds are essential in
hemical and pharmaceutical engineering to make functional poly-
ers, fertilizers, colorful dyes and drugs [1]. However, most of the

rganic amines are hazardous to human and can result in severe
ealth problems such as headaches, skin burns, eye irritation, respi-
atory disease [2]. Furthermore, some amines, like triethylamine,
re inflammable and explosive gases. Hence, the concentration of
hem in the working environment should be controlled properly

ith the help of some reliable sensors to ensure a safe work-

ng environment. In addition, the toxic biogenic amines, such as
istamine and tyramine, are generated via the decarboxylation

∗ Corresponding author.
E-mail address: lgd@jlu.edu.cn (G.-D. Li).

1 The authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.snb.2015.10.063
925-4005/© 2015 Elsevier B.V. All rights reserved.
of amino acids during the decay of food due to the relatively
higher temperature or enzyme conversion [3–6], especially the
protein-rich seafood. Having such unfresh food could cause severe
food poisoning. Therefore, researchers have established plenty of
methodologies to detect organic amines and the methods are sum-
marized here: the first one is to use chromatography instruments
such as high-performance liquid chromatography, gas chromatog-
raphy [7], to separate and detect organic amines. Another technique
is to utilize UV–vis or fluorescence spectroscopy for determination
of organic amine by making specific reagents that exhibit some dif-
ferent spectrums, namely peak wavelength and/or intensity, when
exposing to amines. These kind of reagents include but not limited
to aromatic small molecules [4,8,9], conjugated polymers [10–12],
porous metal organic framework [13], ZnO fluorescent film [14],
etc. The third approach involves oxide semiconductors to serve as
chemiresistors, which show different conductivities upon interac-
ting with the analyte gas. These electrical sensing semiconductor

materials include single metal oxide WO3 [15], MoO3 microrods
[16,17], or mixed metal oxide materials: chromium doped WO3
[18], SnO2–ZnO nanocomposite [19], ZnO–Cr2O3 heterostructure
[20], Cr2O3 decorated SnO2 nanowires [21], thorium incorporated

dx.doi.org/10.1016/j.snb.2015.10.063
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.10.063&domain=pdf
mailto:lgd@jlu.edu.cn
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Scheme 1. (A) Digital image of the sensor composed of different parts: ceramic tube,
82 P.-P. Jin et al. / Sensors and

nO2 [22], ZnO–NiO hetero-nanostructure [2,23]. Except the inor-
anic semiconductors, organic nanofiber has also been employed
s electrical organic amine sensor [24]. Among the aforementioned
echniques and materials required for amine detection, oxide semi-
onductor based chemiresistors have attracted extensive attention
ue to their tremendous advantages: no expensive and complicated

nstruments are required; the semiconductors are stable and can be
ade into a portable device with very low power consumption and

mall size; the most important point is that they show excellent gas
ensing properties.

As  we mentioned above, the chemiresistors can give different
ignals when the amines interact with their surface, so the synthesis
f high surface area materials with appropriate pore size is neces-
ary and plays important roles not only in gas sensing fields, but also
ther applications. This stimulates the exploration of various syn-
hetic approaches to prepare different kinds of such nanomaterials.
erein, we focus on tin dioxide, an important n-type wide-band
ap (3.6 eV at 300 K) semiconductor, to constitute porous amine
ensing material. SnO2 has been prepared by many methods which
an be summarized as three general ways: the first one is hard tem-
late synthesis, during which hexagonal mesoporous silica SBA-15
25–27], cubic KIT-6 [26], or polymer templates [29,30] were used
s sacrificial material to generate porous SnO2; the second method
s soft template synthesis, in which polyvinyl pyrrolidone [31],
leic acid [32], sodium dodecylsulfate and hexadecyl-2-pyridinyl-
ethylamine [33], cetyl trimethylammonium bromide [34], or

odium alginate [35] were employed as pore filling agents to form
orous SnO2 after removal of these templates; the last approach is
he template free synthesis of SnO2 which does not need surfactant
r hard template to create the pores [36–40].

In this work, we have successfully synthesized uniform
anoparticle-assembled SnO2 microspheres with a highly porous
tructure via a template-free route different from aforementioned
ethods, and the formation mechanism of such porous materi-

ls is discussed. The surface area, pore size, nanoparticle size can
e tuned via the thermal treatment of the resulting SnO2 micro-
pheres. After annealing treatment, the materials show excellent
ensing performance toward organic amine and the relationship
etween the sensing properties and interparticle pore structures
re discussed as well.

.  Experimental

.1. Chemicals and reagents

Stannic  chloride pentahydrate (SnCl4·5H2O) was purchased
rom Tianjin Fuchen Chemical Reagent Factory. Glycerol was pur-
hased from Sinopharm Chemical Reagent Co. Ltd. Ethanol and
sopropanol were purchased from Beijing Chemical Factory. Tri-
thylamine with a purity of >99% and a water amount of ∼0.2% was
urchased from Sinopharm Chemical Reagent Co., Ltd. All the above
hemicals were used without further purification. Deionized water
as used through the experiments.

.2. Synthesis of porous SnO2 microspheres

In a typical synthesis, SnCl4·5H2O (0.35 g, 1 mmol) was dis-
ersed in a mixed solution containing glycerol (8 mL)  and

sopropanol (30 mL). The resulting mixture was transferred into a
0 mL  Teflon-Lined autoclave, followed by thermal treatment at
80 ◦C for 12 h. After cooling to room temperature, the resulting

recipitate was centrifuged and washed thoroughly with ethanol
everal times, then dried in an oven overnight at 80 ◦C in air to afford
orous SnO2 microspheres. In order to study the effects of poros-

ty structure on SnO2 materials’ sensing performance, five more
two Au electrode, four Pt wires and a Ni-Cr wire. (B) Schematic illustration of the
electric circuit for the sensing of amine vapor.

samples were prepared by heating the as-synthesized SnO2 micro-
spheres in air at 450, 550, 650, 750, or 850 ◦C for 2 h with a ramping
rate of 2 ◦C/min.

2.3. Material characterizations

The  powder X-ray diffraction (XRD) patterns were performed
with a Rigaku D/Max 2550 X-ray diffractometer using Cu K� radi-
ation (� = 1.5418 Å) operated at 200 mA  and 50 kV. The scanning
electron microscopic (SEM) images were carried out on a JEOL JSM
6700F electron microscope. The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were obtained
on a Philips-FEI Tecnai G2S-Twin. The infrared (IR) spectra were
recorded on a Bruker IFS 66V/S FTIR spectrometer using KBr pellets.
The thermal gravimetric analysis curve was recorded on a NETZSCH
STA 449C TG thermal analyzer from 25 to 800 ◦C at a heating rate
of 10 ◦C min−1 in air. BET surface area and BJH pore diameter were
measured by using a Micromeritics ASAP 2020M system.

2.4.  Sensor fabrication and testing

In order to assemble the gas sensor, viscous slurry of the
obtained sample was put into a ceramic tube with a diameter of
1 mm and a length of 4 mm.  As shown in Scheme 1, the ceramic
tube was constructed with a pair of gold electrodes and four plat-
inum wires on two sides of the tube. The operation temperature of
the sensor was  controlled by the nickel-chromium heating wire
located in the center of the tube. To ensure proper comparison
between different materials, the same method was  used to prepare

the sensors, with the only difference being the SnO2 materials in
the tube. A commercial CGS-8 Gas Sensing Measurement System
(Beijing Elite Tech Company Limited) was  employed to conduct all
the gas sensing evaluation.
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F ined after solvothermal reaction. (C) High resolution TEM image of the SnO2 nanocrystals
w sample. The inset of (A) shows the TEM image of the as-synthesized SnO2 microspheres.
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ig. 1. (A) Low and (B) high magnification SEM images of as-synthesized SnO2 obta
hich constructed the microspheres. (D) XRD patterns of the as-synthesized SnO2

Gas sensing properties were evaluated using a static test system
hich included a 1 L test chamber. In order to prepare the sample

ases, a certain amount of the liquid sample (e.g., triethylamine)
as transferred into the test chamber using a microsyringe and
aintained for >60 min  to give a homogenous atmosphere. In fact,

nvironmental air with a relative humidity of ∼40% was  used as
 diluting gas to obtain the desired concentration of target gases
uring the preparation of the sample gases. Note that the humidity
∼40%) of the environmental air and the sample gases was mea-
ured by a humidometer, and the result showed that there is no
umidity difference between the base air and the sample gases.
or measurement, the sensor was put into the test chamber to get

 stable reading of resistance Rg. To recover the sensor after the
g was stable, the sensor was exposed to fresh air. The resistance
f sensor in environmental air with a relative humidity of ca. 40%
as tested as Ra. Finally, the response was calculated as Ra/Rg. The

esponse time is defined as the time required for the resistance to
ecome [Ra − 90%(Ra − Rg)] upon interacting with the target gas,
imilarly, the recovery time is defined as the time need to allow the
esistance to become [Rg + 90%(Ra − Rg)] after put in the fresh air.
80 ◦C was selected as the optimal operation temperature in our
ensing measurements.

.  Results and discussion

As  illustrated in Scheme 2, the as-synthesized porous SnO2
icrospheres were prepared via a simple one step solvothermal

reatment of SnCl4·5H2O in glycerol and isopropanol. The obtained
aterial was fully characterized by various techniques including

EM, TEM, XRD, BET, TGA and FTIR to study its morphology, struc-
ure and composition. The obtained microspheres have a uniform
article size of 1.5 �m as shown in the SEM images and TEM image
Fig. 1A) and the surface of these particles display wrinkled struc-
ures (Fig. 1B) due to the growth of nanoplate-like SnO2 on the
urface, which is helpful to achieve higher surface area and larger

ores. The thickness of these nanoplates on the microspheres’ sur-
ace are about 100 nm,  and this kind of structure is not observed in
he SnO2 prepared by other methods [25–40]. A closer observation
ia the high resolution TEM image indicates that the microspheres
Scheme 2. Preparation of the as-synthesized porous SnO2 via solvothermal treat-
ment.

are assembled by a lot of tiny individual nanocrystals with an
average diameter of ca. 5 nm (Fig. 1C). The distance between the
parallel lattice fringes are determined to be 0.336 nm,  correspond-
ing to the distance of (1 1 0) planes, in agreement with previous
reports for SnO2 [36,38]. In addition, all of the peaks in XRD patterns
(Fig. 1D) can be indexed to tetragonal rutile SnO2 phase with-
out other unrelated signal, confirming that the obtained product
is SnO2. The nitrogen adsorption–desorption isotherms of the as
synthesized SnO2 microspheres show a similar type-IV isotherm
with an obvious hysteresis loop (Fig. 2) [40], indicating that the
SnO2 materials are highly porous, which is further confirmed by
the BJH pore size distribution with pore diameter ranging from
ca. 1 nm to 20 nm with a peak pore size at 1.7 nm. The resulting
BET surface area for this sample is as high as 204 m2 g−1. This is
expected because the as-synthesized SnO2 are constructed by many
nonporous small nanocrystals, and the micropores/mesopores are
easily formed between the adjacent nanocrystals. Therefore, the
as-synthesized SnO2 microsphere is porous.

Besides the highly porous SnO2 microspheres prepared from
the procedures we mentioned above, another two routes were

attempted at the same time to elucidate the formation mechanism
of such a porous structure. The first one is solvothermal treat-
ment of SnCl4·5H2O in isopropanol without any glycerol, leading to
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spherical morphology with alike particle size inherited from the
ig. 2. Nitrogen adsorption–desorption isotherms of as-synthesized SnO2 micro-
phere. The inset shows the BJH pore size distribution curve.

he material of less porous SnO2 (denoted as SnO2-IPA) nanopar-
icles. The SnO2-IPA has smaller particle size of ca. 100–400 nm
ompared with the as-synthesized SnO2 as seen from the electron
icroscope images (Fig. S1). Similarly, SnO2-IPA nanoparticles are

onstructed by small crystals about 5 nm as shown in the high
esolution TEM image (Fig. S1D). However, it should be noted
hat no wrinkled surface morphology is observed in this sample
rom the high magnification SEM image (Fig. S1B). The nitrogen
dsorption–desorption isotherms was applied to further study the
ore structure of SnO2-IPA, displaying a lower surface area of
50 m2 g−1. The corresponding BJH pore size distribution curve
hifts to smaller pore diameter region (Fig. S2), indicating that the
mall SnO2 crystals are packed more closely with each other in
nO2-IPA and thus lead to reduced surface area and pore size. On
he contrary, another control experiment is the reaction of just
nCl4·5H2O with glycerol, giving no products. These results sug-
est that isopropanol is crucial for the formation of SnO2, while
he glycerol is responsible for the assembling of tiny nanocrystals
nto a highly porous structure. This may  be attributed to the inter

olecular hydrogen bonding generated by the glycerol as well as its
helating ability, which can assist the separation of SnO2 nanocrys-
als and make them pack less closely with each other to create a
igher surface area and larger pore size.

There are some unsaturated bonds on the surface of nanocrys-
als, which help to interact with water molecules under ambient
ondition, and this has been proved by experiments and simulation
42,43]. Thermal gravimetric analysis (TGA) result was  obtained
y heating the sample from room temperature to 800 ◦C in air to
nsure the decomposition of all the organic components. As seen
rom the TGA trace (Fig. 3A), two obvious weight loss stages were
bserved. The first one, from 25 ◦C to 100 ◦C, showed about 6.4%
eight loss, representing the release of water or solvent adsorbed

n the surface. With the temperature continuously increasing, until
50 ◦C, the second stage appeared with a decrease of 26.2 wt%,
ue to the large amount of organic compound located on the sur-
ace. Aside from the above two apparent stages, the samples’ mass
radually reduced from 450 ◦C to 800 ◦C, because of the elimina-
ion of surface OH groups on SnO2 nanocrystals, which cause the
rowth of smaller nanocrystals into bigger ones. The desorption
f O− and O2− from the SnO2 may  also lead to the weight loss
t high temperature [42,44]. The FTIR spectrum (Fig. 3B) revealed
ome significant bands, the peaks at 2925, 2880 cm−1 are related
ith C H bond, the peaks at 3425, 1630 cm−1 are attributed to
he stretching vibration of OH groups and bending vibration of the
dsorbed water molecules, respectively, confirming the presence
f organic compound and water in the SnO2 material, which is
Fig. 3. TGA and FTIR of the as-synthesized SnO2 sample.

consistent with the TGA results. The signal at around 625 cm−1 is
related with the Sn O lattice vibration [44]. Both TGA and FTIR
confirm the presence of large amount of water and organic com-
pounds on the surface of as-synthesized SnO2, indicating that these
molecules may  have participated into the nanoparticles’ growth
and assembling, and this is why such a porous structure would
be achieved. However, as we know, the gas to be detected, like
organic amine, should interact with the surface of SnO2 to stimulate
some resistance alteration and that is how most semiconductors
detect the gas molecules. Thus, the existence of such large amount
of water and organic compounds on the SnO2 surface could greatly
restrict the interaction with the organic amine to be measured. Con-
sequently, the obtained as-synthesized SnO2 were annealed in air
at different temperatures ranging from 450 ◦C to 850 ◦C to remove
the surface adsorbed compounds and investigate the correlation
between gas sensing properties and structures characteristics of
SnO2 at different temperatures. These samples are denoted as S450,
S550, S650, S750, S850, respectively, where the number represent
the pyrolysis temperature.

Electron  microscopy was further employed to study the mor-
phologies of the annealed samples. The low magnification SEM
images (Fig. 4) for the annealed SnO2 demonstrate very similar
as-synthesized SnO2. It should be noted that the annealing does
not lead to coagulated particle, uniform microspheres are observed
in all low magnification SEM images. In addition, it is seen that
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Fig. 4. Low and high magnification SEM images and high resolution T

he surface wrinkled morphology for the samples obtained from
50 ◦C to 750 ◦C maintained, with a thickness of ca. 100 nm,  while
his kind of structure was destructed at the very high tempera-
ure of 850 ◦C. On the other hand, the sizes of the single small
rystals gradually increase with the increasing temperature. All of
he samples show clear (1 1 0) face with a distance of 0.336 nm,
ame with the as-synthesized SnO2. The type IV nitrogen adsorp-
ion/desorption isotherms (Fig. S3) demonstrate clear hysteresis

oops [41], indicating that the materials are porous. The total pore
olume of all the samples are shown in Table S1. The BET surface
rea and pore sizes of these samples are summarized in Table 1,
howing a decreasing tendency of surface area and an increasing

able 1
omparison of the crystal sizes, BET surface areas and pore diameters for samples S450, S

Sample name Crystal sizes (nm) BET surface area (m2 g−1) 

S450 10 44 

S550 13 25 

S650 18 20 

S750 23 13 

S850 32 9 

S750-IPA  25 12 

Com-SnO2 50–800 6 
ages of S450 (A–D), S550 (E–H), S650 (I–L), S750 (M–P), S850 (Q–T).

trend  of interparticle pore size when the pyrolysis temperature
increase. This is because the growth of smaller SnO2 crystals into
larger one when the temperature was  rising, and the bigger crys-
tals will result in smaller surface area. The pores are generated
via the assembling of SnO2 crystals, the bigger the crystals are,
the larger the pore size will be. Hence, we can have a series of
SnO2 samples with tunable surface areas and pore diameters for
the organic amine sensing application. XRD patterns (Fig. 5) of

these samples demonstrate Bragg’s diffraction peaks for SnO2, with
increasing temperature, the peaks become stronger and sharper,
indicating the enhanced crystallinity of SnO2 and the growth of the
nanocrystals.

550, S650, S750, S850, and the corresponding Dk for TEA gas at 180 ◦C.

Pore diameter (nm) Pore radius (nm) Dk × 1012 nm2 s−1

15 7.5 1.54
29 14.5 2.98
46 23 4.72
70 35 7.19
98 49 10.1
50 25 5.0

<25 <12.5 <2.5
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Fig. 5. XRD patterns of S450, S550, S650, S750, S850.

Triethylamine (TEA), an important compound for organic syn-
hesis, was used as a testing gas to evaluate the sensing properties
f SnO2 prepared at different temperatures in our experiment. In
rder to investigate the relationship between the sensing property
nd the material’s microstructure, the possible effects of relative
umidity on the material’s sensing properties must be avoid first,
ecause water molecules can directly interact with SnO2-based
ensor, and correspondingly, relative humidity possibly lead to the
hange of resistance of SnO2-based sensor. In view of the facts
hat the resistance of our sensor only varied with a large change

n relative humidity (please see Fig. S4) and the humidity (∼40%)
f the environmental air and the sample gases was  kept the almost
ame in our experiment, our sensor can be used for the detection
f triethylamine.

ig. 6. (A) Response to 100 ppm TEA at different operation temperature for sensor fabrica
sing  S750 as the sensing material. (C) Dynamic response–recovery curves of the sensor

ogarithm of the concentration for S750.
tors B 224 (2016) 381–390

Because the performance of gas response on semiconductor are
usually related with the operation temperature, the best operation
temperature was  selected via comparison of the response (Ra/Rg),
response time and recovery time at various temperatures in the
presence of 100 ppm TEA using sample S750 as an example. The
response–temperature curve (Fig. 6A) indicate that the highest
response (Ra/Rg = 148) was  obtained at 150 ◦C, and then decrease
slightly (Ra/Rg = 130) when the temperature decrease to 120 ◦C, or
significantly decrease (Ra/Rg = 21) when the temperature increase
to 210 ◦C, after that, the response remain very low, Ra/Rg ≤ 10, until
330 ◦C. This kind of inverse V-shaped relevance between the tem-
perature and sensor response is representative for SnO2-based gas
sensors [35,39]. The response time for S750 is very fast, less than 2 s
for all the temperatures from 150 ◦C to 330 ◦C (Fig. 6B). However,
the recovery time became longer when the temperature decreased.
Considering all the factors mentioned here, 180 ◦C was  selected as
the operation temperature because it has relatively high response
(Ra/Rg = 96), fast response time (ca. 1 s) and acceptable recovery
time (680 s).

Fig. 6C shows the representative dynamic response–recovery
curves of S750 in the presence of increasing TEA concentrations
(from 1 ppm to 200 ppm) at 180 ◦C. It is seen that the sensor has a
wide response range for TEA gas from 1 to 200 ppm. When the sen-
sor is exposed to 1 ppm TEA gas, its resistance rapidly decreases,
and the resistance returns quickly to the original value when the
sensor is exposed to air again. Similar response and recovery behav-
iors are also observed for the detection of TEA gas with a higher
concentration, but a higher TEA concentration results in a lower
resistance. This result, coupled with the recent studies on the inter-

action between oxide semiconductor and organic amine [45–47],
indicates that the decrease of the sensor resistance might originate
from the direct electron transfer from organic amine to SnO2 semi-
conductor. However, this possible scenario beg for further in-depth

ted by S750. (B) Response and recovery time for the determination of 100 ppm TEA
 based on S750 at 180 ◦C. (D) Linear curve between the logarithm of response and



P.-P. Jin et al. / Sensors and Actuators B 224 (2016) 381–390 387

F
f

m
T
r
w
c

s
T
f
t
i
l
o
a
w
p
b
S
(
f
d
S
t
v
e
o
t
t
S
X
m
v
a

s
r
w
s
p
u
s
n
s
p
p
h
i
p

Fig. 8. (A) Relationship between the square of sensor responses to TEA for SnO2 with
different crystal sizes due to the difference in thermal treatment temperature and
the inverse of crystal radius. (B) Simulated sensor response to 200 ppm TEA at 180 ◦C
as a functional of materials’ pore radius. The red data points are the experimental
results  with pore radius of 7.5, 14.5, 23, 35, 49 nm,  respectively. (C) Simulated curve
for concentrations of TEA and the depth from the surface of SnO2 with different pore

target gas. Based on this equation, the D for TEA in S450, S550,
ig. 7. Response comparison in presence of various concentrations of organic amine
or SnO2 prepared at different temperatures.

echanistic investigation. Except the qualitative measurement of
EA, the logarithm of the sensor response reveals a very good linear
elationship on the logarithm of TEA concentration testing range,
ith the R2 equal to 0.99, indicating that it can serve as a good

andidate for quantitative analysis of TEA.
In order to investigate the influence of SnO2 interparticle pore

tructure on their sensing performance, the detection ability for
EA by S450, S550, S650, S850 based sensors was evaluated at dif-
erent concentration of TEA atmosphere. As shown in Figure S5,
he sensing response gradually increase when the concentration
ncrease, and similar with S750, very good linear fitting curves for
ogarithm of the response and that of the TEA concentration are
btained in all the samples. Nevertheless, as summarized in Fig. 7,
ll of these samples display relatively lower response compared
ith S750 sample. In addition, S750-(IPA), obtained from SnO2-IPA
yrolyzed at 750 ◦C, which possess similar surface area (12 m2/g)
ut smaller pore size (Fig. S6) compared with S750, and commercial
nO2 materials were used to test the TEA under the same conditions
Figs. S7 and S8). As compared with the materials annealed at dif-
erent temperatures from as-synthesized SnO2 (Fig. 7), S750-(IPA)
emonstrates worse response compared with S550, S650, S750,
850, only higher response than S450. It is also worth to men-
ion that almost all of the samples show higher response to TEA at
arious concentrations compared with commercial SnO2 material,
xcept S450 exhibit similar response compared with commercial
ne. These results prove the advantages of our template free syn-
hetic approach for synthesis of porous SnO2 materials, as well as
he importance of glycerol during the preparation. The commercial
nO2 sample was characterized by nitrogen adsorption/desorption,
RD and SEM techniques (Fig. S9). The primary property of com-
ercial SnO2 is the relatively small pore size and very small pore

olume (Table S1), which might limit its interaction with organic
mines.

For the materials annealed from 450 ◦C to 850 ◦C using as-
ynthesized SnO2 as precursor, it is very interesting that the best
esponse activity was achieved at 750 ◦C, instead of the sample
ith the highest surface area. It is reported that square of the sen-

or response should be linearly increasing with the reciprocal of
articles size if the entire surface of the sensing materials can be
tilized for the sensor response [48,49]. A plot of square of sen-
or response to the reciprocal of particle size is shown in Fig. 8A,
o linear increasing curve is obtained, indicating that except the
urface area, some other factors must also influence the sensing
erformance. As we know, the target gas has to diffuse into the
orous structure of the sensing material to take advantage of its

igh surface area and the porosity of sensing materials play a very

mportant role in terms of diffusion [50]. The gas diffusion in the
ores with radius from 1 or 2 to 100 nm is known to be governed
sizes. T, L, and k were constant at 180 ◦C, 750 nm and 1.61 × 1010 s−1. (For interpre-
tation  of the references to color in this figure legend, the reader is referred to the
web version of the article.)

by the Knudsen diffusion [51]. In Knudsen diffusion mechanism,
the diffusion coefficient (Dk) can be calculated from the equation
below [51]:

Dk =
(

4r

3

)  (
2RT

�M

)1/2
(1)

in  which r represents the pore radius, R is the gas constant, T is
the surrounding temperature and M is the molecular weight of the
k
S650, S750, S850 was calculated at the operating temperature of
180 ◦C and the results are shown in Table 1. With the increasing
pore radius, the diffusion coefficient also increases and this helps
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Scheme 3. Schematic representative of the gas diffusion in the sensor prepared by
SnO2 materials synthesized via template-free method.
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he TEA to penetrate deep into the sensing materials, increasing the
tilizing factor of the sensing materials, resulting to a better sen-
or response. However, the response becomes worse when the Dk
each the highest value of 10.1 × 1012 nm2 s−1, which may  because
f the decreased surface area, limiting the interaction of target gas
nd SnO2. The pore radius could affect the diffusion coefficient of
as, and further change the resulting sensing response. The func-
ion between Dk and S can be expressed as Eq. (2) below according
o previous theoretical concept [49,51].

 = Ra

Rg
= 1 + A × CA,S

m
×  tanh(m), m = L

(
k

Dk

)1/2

(2)

ome  more parameters are involved in Eq. (2), A is the sensi-
ivity coefficient with a constant value and unit of ppm−1. CA,S
epresents the concentration of target gas on the surface. L is the
lm thickness, which could be equivalent to the radius of SnO2
icrospheres as 750 nm in our experiment. k is the rate constant

or the reaction between adsorbed oxygen species on SnO2 and
educing gas. Dk is the diffusion coefficient, which is related with
ore size as we  mentioned above. By using Eq. (2) and experi-
ental data for S650, S750, an estimated k and A were obtained

s 1.61 × 1010 s−1 and 40.2 ppm−1, respectively. Then a simulated
esult was obtained based on Eq. (2) along with the calculated

 = 1.61 × 1010 s−1, A = 40.2 ppm−1, L = 750 nm,  as the constant val-
es. The result (Fig. 8B) reveals an increasing tendency between
he sensor response and pore radius. Our experimental response
or S450, S550, S650, S750, S850 are also shown in the same fig-
re with red color. It clear that response for S550, S650 and S750
re very well consistent with the simulated curve, the response for
450 also follows the trend that smaller pores give lower response,
nly a little off the curve. The only one S850 displays actual result
uch away from the curve, could be due to its lower surface area

nd larger particle size as we mentioned above. In order to further
xplain the increasing response as a function of the pore radius,
he concentrations of target gas inside the sensing materials were
imulated as well based on the equation below [49,51]:

A = CA,S × cosh(m  − m × x/L)
cosh(m)

, m = L
(

k

Dk

)1/2

(3)

or  the simulation, the calculated k = 1.61 × 1010 s−1, and L = 750,
 = 180 ◦C, CA,S = 200 ppm were used, and different Dk (Table 1) for
nO2 samples annealed at various temperature were used. x value
n Eq. (3) represent the depth from the surface. The results demon-
trate a significant decrease of gas concentration upon going deep
nto the sensing materials. Faster decrease tendency is observed
or smaller pores, for example, at the depth of 40 nm, the S450 only
llow 3.35 ppm TEA to penetrate, while S850 allow 40.4 ppm TEA
o penetrate. These results again confirm that larger pores are more
ffective for TEA to diffuse into and increase the utility percent of all
he sensing materials. Moreover, here we can answer more about
he decreased response for S850. The sensing films we prepared
ere contain two types of diffusions, one is the external diffusion
tilizing the space between the micro clusters, and another one is
he internal diffusion inside the micro cluster involving the pores
reated by the packed SnO2 nanocrystals (Scheme 3). For the former
ne, it is less restricted because the pores assembled via micro-
pheres are very large, so the internal diffusion could govern the
ensor performance more significantly. It is seen that the TEA con-
entrations become negligible until the thickness of the sensing
aterial is ca. 100 nm based on our simulation results. Therefore,

he nanoplates formed wrinkled morphology, possessing a thick-

ess of ca. 100 nm (Fig. 4B, F, J, and N), could be an important
dvantage for the internal diffusion process. However, the wrin-
led structure is no longer exiting in S850 (Fig. 4R), that is why it
evealed lower response. In addition, pore size not only influence
Fig. 9. Selectivity of S750 in the presence of different gases (100 ppm).

the diffusion of target gas, but also increase the electrical resis-
tance because the pores have poor conductivity [48]. The sensor
response for SnO2 are defined as Ra/Rg, in which the increase of Ra

or the decrease of Rg can lead to enhanced response. In fact, the
increasing pore radius does not lead to very significant increase
of electrical resistance when the pore radius less than 23 nm, but
after that the resistance increase a lot both in air and in target gas
atmosphere (Fig. S10). So the final response will be determined by
the one that increase faster, this could be expressed as the slope
between two  points on the graph. In Fig. S9A, the slope 2 is 2.6
times higher than slope 1, while in Fig. S9B, the slope 2 is 4.8 times
higher than slope 1, indicating that the resistance in target gas is
increasing much faster than that in air for S850, that is why the
ratio of Ra/Rg decrease for S850. Based on above discussion, it is
concluded that an optimization of pore size should be conducted
for the sensing material to show the best performance.

We further studied the selectivity of S750 in the presence of
100 ppm different gases at the same operation temperature of
180 ◦C. As shown in Fig. 9, S750 can give significant response for
all kinds of nitrogen containing compounds, except the ethanedi-
amine and ammonia. In terms of primary amine (n-propylamine,
R = 42), secondary amine (dipropylamine, R = 62) and tertiary amine
(TEA, R = 96), the response increase when more alkyl groups are
connected with nitrogen, probably due to the increased elec-
tron donation effect of alkyl groups. The lower response for
ethanediamine (R = 7) could probably be attributed to the heavily
intramolecular and/or intermolecular hydrogen bonding, which
limit the interaction between the nitrogen and sensing materials.

Except the organic amines, S750 can also detect oxygen containing
compounds, such as acetone, ethanol, and methanol. The responses
for hydrocarbon (methane, ethylene, ethane, dimethylmethyane)
and other gases (CO, H2, formaldehyde) are very low. The most
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mportant point is that S750 shows highest response value for
00 ppm of TEA, indicating that it could be a good material for
elective TEA sensing application.

. Conclusions

In summary, uniform nanoparticle-assembled SnO2 were pre-
ared successfully by a template-free route and glycerol was  found
o be significant for the formation of highly porous material. Ther-

al treatment of the as-synthesized SnO2 at different temperatures
ave a series of materials with various surface areas, pore size and
anoparticle size; and the surface adsorbed organic compounds
nd water were removed at the same time. The TEA was used as
he target gas to evaluate the sensing properties of the annealed
amples, moreover, theoretical model was applied to study the gas
iffusion as well as the relevance with their sensing properties.
he SnO2 materials we prepared were proved to be an effective
andidate for organic amine sensing. In addition, the template
ree method also have potential to prepare other porous inorganic

aterials for many other applications.
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