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a b s t r a c t

Persistent organic pollutants (POPs) are greatly noxious chemicals in environment, and they can cumu-
late in organisms and transfer between different species. Therefore, it is significant to detect POPs for both
environmental evaluation and further treatment. However, developing facile approach for the detection
of POPs still remains a challenge so far. In this paper, we report an innovative method for facile detection
of POPs using gas sensor for the first time. Porous SnO2 nanostructures with a special tri-walled struc-
eywords:
anostructure
nvironmental monitoring
as sensor
ensitivity

ture prepared via hydrothermal route and annealing process, were employed as gas-sensing materials.
Through gas measurements, it was revealed that the as-fabricated gas sensor exhibited highly sensi-
tive performance towards target POPs, including methoxychlor, mirex, p,p′-DDT, and aldrin. Moreover,
we found that target POPs were distinguishable by extracting characteristics in kinetic curves of gas
adsorption–desorption. As the presented detecting approach is facile without the requirements of com-
plex operations, expensive and bulky instruments, it is expected that it would be developed as a promising
method for the detection of POPs, and thereby showing its significance for environmental monitoring.
. Introduction

Environmental issue has received increasing attention due to
ts great impact on all creatures on the earth. In the past decades,
arious pollutants have been released from industrial manufacture,
gricultural production, and our daily life, leading to the globally
eteriorated environment, especially in some developing countries
1,2]. In this condition, continuable development, species diversity,
ven the fundamental subsistence of animals and plants are threat-
ned seriously. Fortunately, as the cognition on the significance of
nvironment is being deepened in our mind, more and more efforts
ave been devoted to the detection and treatment of environmental
ontaminants [3–5].

Persistent organic pollutants (POPs), e.g., mirex, DDTs, and
ldrin, are greatly noxious chemicals in environment remained
rom pesticides [6,7]. The usage of POPs has been strictly restricted
y the “Stockholm convention on POPs”, which was enacted on
nited Nations Conference in 2001. POPs can cumulate in organism

mong generations and transfer between different species [8,9].
herefore, it is significant to detect POPs for both environmental
valuation and further treatment. In recent years, many approaches
ave been developed to detect POPs, such as gas chromatogra-
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phy [10], electrochemical methods [11,12], and surface-enhanced
Raman scattering [13]. However, developing facile approach with
simple operation, low-cost without the requirements of expen-
sive equipments and high energy, and portable instruments for the
detection of POPs still remains a great challenge.

Gas sensor, as a kind of important electronic device, has been
widely applied in industry and daily life for real-time monitoring
towards gas surroundings, such as ammonia and chlorine monitor-
ing in chemical factory, methane detecting in coal mine, natural
gas monitoring in kitchen, etc. Many conductive polymers and
semiconductors have been developed as gas-sensing materials for
the fabrication of gas sensors [14,15]. Among them, metal oxide
semiconductors, e.g., SnO2, ZnO, Cu2O, and In2O3, are of particular
interests due to their broad responding targets and rapid responses.
However, the performance of such sensors is significantly influ-
enced by the morphology and structure of sensing materials,
resulting in a great obstacle for gas sensors based on bulk materi-
als or thin films to achieve highly sensitive properties. It becomes a
serious problem for further exploring novel applications of gas sen-
sors. In the past few years, great achievements in the preparation
of nanomaterials create new opportunities for developing highly

sensitive gas sensors and further investigating their potential appli-
cations. Previously, we have reported some gas sensors based on
nanoscale metal oxide semiconductors, which exhibited fascinat-
ing gas-sensing performance towards target gases, such as indoor
air contaminants and other poisonous gases [16–18]. These findings
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ake it possible to develop novel approaches for the detection of
OPs using nanomaterial-based gas sensors.

Herein, we report an innovative method for the detection of
OPs using gas sensor. The presented approach, in which target
OPs are distinguishable through recognizing characteristics in gas
dsorption–desorption cycles, is facile without the requirements of
omplex operations, expensive and bulky instruments. Porous tri-
alled SnO2 nanostructures which were employed as gas-sensing
aterials in sensor to achieve a highly sensitive performance were

haracterized. Furthermore, the gas-sensing mechanism towards
OPs was also demonstrated from the aspects of charge transfer
nd kinetic processes of gas adsorption and desorption.

. Experimental

.1. Preparation of porous tri-walled SnO2 nanostructures

All chemicals were analytical grade and used without fur-
her purification as purchased from Shanghai Chemical Reagents
ompany. A hydrothermal route followed by annealing process,
hich was close to the previous reference [19], was employed for

he preparation of SnO2 nanostructures. In a typical procedure,
0 mmol fructose and SnCl4·5H2O were dissolved into deionized
ater to form a homogeneous solution (40 mL) by stirring and
ltrasonication alternately. And then, the solution was transferred

nto a Teflon-lined stainless steel autoclave with a capacity of 50 mL.
he autoclave was sealed and kept in an oven at a constant temper-
ture of 170 ◦C for 12 h. Subsequently, the autoclave was taken out
nd allowed to cool to room temperature naturally. The brown pre-
ipitate was collected by centrifugation and washed with ethanol
nd deionized water for several times. After being dried, the as-
btained samples were further annealed in a furnace at 550 ◦C for
h in air.

.2. Material characterization

Morphology and structure of the as-prepared products were
haracterized by a FEI Sirion 200 field-emission scanning electronic
icroscopy (FESEM), and a Hitachi H-800 transmission electron
icroscope (TEM) at an accelerating voltage of 200 kV. High-

esolution TEM (HRTEM) images, selective area electron diffraction
SAED) pattern, and energy dispersive X-ray spectroscopy (EDX)
pectrum were obtained on a JEOL-2010 transmission electron
icroscope equipped with an Oxford windowless Si (Li) detector.

urface state analysis was carried out on an ESCALab MK II X-ray
hotoelectron spectrometer (XPS) using non-monochromatized
g K� X-ray beams as excitation source. Binding energies in

ll XPS spectra were calibrated using that of C 1s (284.6 eV).
runauer–Emmett–Teller (BET) surface area of the samples was
easured on a Coulter Omnisorp 100CX instrument by using N2

dsorption and desorption.

.3. Fabrication of gas sensor

Structure of the as-fabricated gas sensor based on SnO2 nano-
aterials is shown in Fig. 1. There was a pair of comb-like

old electrodes fixed on the surface of Al2O3 ceramic substrate
5 mm × 2 mm × 0.5 mm) by screen-printing technique. A RuO2
ayer as heater connected by two gold electrodes at each end was
lso coated on the back side. The as-prepared SnO2 nanomaterials

ere dispersed into a certain amount of ethanol under ultrasonica-

ion. And then, the formed suspension was coated onto the surface
f Al2O3 ceramic substrate at the side with comb-like gold elec-
rodes. Finally, it was dried and further welded to fabricate device
or detection.
Fig. 1. Structure of the as-fabricated gas sensor based on porous tri-walled SnO2

nanostructures.

2.4. Construction of gas sensor-based system for POPs detection

The gas sensor-based system for POPs detection was mainly
constructed by three parts, i.e., gas carrier, gasification and detec-
tion chambers. In our study, methoxychlor, mirex, p,p′-DDT, and
aldrin as typical organochlorine pesticides were employed as tar-
get POPs for detection. Methoxychlor and mirex were dissolved in
hexane and benzene in a concentration of 1.0 × 10−4 g L−1, respec-
tively. Similarly, ligroine dissolved with p,p′-DDT or aldrin in a
concentration of 1.0 × 10−3 g L−1 were also prepared. In gas-sensing
detection, the injected volumes of each sample are 1, 2, and 5 �L,
respectively. For comparison, pure hexane, benzene, and ligroine
which served as solvents in POP solutions were also detected. In a
typical operation, firstly, liquid sample was injected into gasifica-
tion chamber to transform into vapor by heating at a temperature
of 200 ◦C. It should be indicated that these compounds would
not be decomposed in this condition due to their characteris-
tic nature. Secondly, the as-formed vapor was transferred into
detection chamber by constant air flow (15 sccm) which served
as gas carrier. Once the target gas contacted with gas-sensing
nanomaterials, responding signal (current) would be recorded by
a computer-controlled gas-detecting system in which a Keithley-
6487 picoameter/voltage sourcemeter was used as both current
recorder and power source. At last, exhaust gases were collected
by a solution at the end of the system.

The sensitivity (S) of gas sensor was defined as the following
equation:

S = Rair

Rgas
=

(
Igas

Iair

)
V

(1)

where Rair is the resistance in gas carrier (pure air) and Rgas is that
in the gas mixture of gas carrier and targets (vapors of POPs and/or
solvents). According to the Ohm’s Law [20], in which current is
inversely proportional to resistance under constant voltage, S can
also be presented by the current in gas carrier (Iair) and in gas mix-
ture (Igas) mentioned above in the condition of constant measuring
voltage.

3. Results and discussion
3.1. Characterizations of SnO2 nanostructures

Typical morphology and structure of the as-prepared materials
are shown in Fig. 2. As can be observed from FESEM images (Fig. 2a
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ig. 2. (a) Low- and (b) high-magnification FESEM images, (c) TEM micrograph, (d)
AED pattern, and (f) EDX spectrum of the as-prepared materials.

nd b), the products exhibit a special tri-walled spherical morphol-
gy with porous and hollow structures, which can be confirmed by
EM image (Fig. 2c). Each porous sphere, which is in a diameter of
a. 2 �m, is consisted of numerous congregated nanoparticles. Seen
rom HRTEM images (Fig. 2d), the thicknesses of external, middle,
nd internal walls are ca. 175, 165, and 125 nm, respectively. The
rofile of internal wall is not so obvious can be ascribed to the large
hickness of multiple walls. In Fig. 2e, it can be observed that the
article-size ranges from 15 to 20 nm approximately. Besides, well-
rranged crystalline lattice fringes in Fig. 2e combined with the
nserted ring-like SAED pattern indicate a well-crystallized poly-
rystalline structure. EDX analysis (Fig. 2f) shows the presence of
n and O elements without impurities (the appearance of copper
ignal results from the copper grid in measurement) in a molar ratio
f ca. 1:1.986, which is in good agreement with the stoichiometry
f SnO2 compound.

The composition and surface state of as-obtained products were
urther investigated by XPS spectra, as shown in Fig. 3. Peaks of

n, O, together with C, can be clearly observed in survey spectrum
Fig. 3a). The signal of C comes mainly from atmospheric contam-
nation due to the exposure of samples to air [21,22]. From the
urvey spectrum, it is revealed that SnO2 products are pretty pure,
hich is consistent with the result of EDX. In Fig. 3b, peaks located
magnification and (e) lattice-resolved HRTEM images inserted with corresponding

at ca. 487.1 and 495.6 eV can be assigned to Sn 3d5/2 and Sn 3d3/2 in
SnO2, respectively [23,24]. As to the XPS spectrum of O 1s (Fig. 3c),
two shoulders can be observed in addition to the main peak at
530.7 eV which is assigned to the lattice oxygen in SnO2 crystals
[25]. The asymmetric O 1s peak was further fitted with three Gaus-
sian functions for comparison. The peak centered at ca. 531.9 eV
can be attributed to Sn–OH groups and chemisorbed oxygen species
(O2

−) [26,27], while the one at 533.4 eV is ascribed to adsorbed H2O
on the surface of products [28]. The existence of numerous func-
tional groups and chemisorbed oxygen species indicates an active
surface of the as-prepared SnO2 nanostructures.

As surface area is another key factor for influencing gas-
sensing performance in addition to the surface state of materials,
surface area was also measured via a BET method (the N2
adsorption–desorption isotherm was not shown here). A type-IV
isotherm with a hysteresis loop ranging from 0.4 to 1.0 (P/P0) was
found, implying a mesoporous structure (pore-size ranges from 2
to 50 nm) [29] of the SnO2 nanostructures which is in agreement

with HRTEM observations. Through BET analysis, it is found that
the surface area of SnO2 samples is 36.5 m2 g−1, indicating a strong
adsorption ability towards gas molecules. Besides, it is revealed
that the SnO2 nanomaterials exhibit a narrow pore-size distribu-
tion centered at ca. 19.6 nm. By combining the large active surface
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Fig. 3. XPS spectra of the as-prepared samples:
hat is significant for surface contact reactions, with porous and
ollow structures which are advantageous for gas adsorption and
esorption, it is indicated that the as-prepared SnO2 nanomateri-
ls could be promisingly applied in gas sensors to achieve a highly
ensitive performance.

ig. 4. Real-time responding curves of gas sensor towards different samples: (a) hexane (
irex/benzene solution (1.0 × 10−4 g L−1); (c) ligroin, and p,p′-DDT/ligroin solution (1.0 ×
rvey spectrum; (b) Sn 3d; and (c) O 1s spectra.
3.2. Gas-sensing detection towards POPs and mechanism
investigation

Fig. 4 shows the real-time responding curves of gas sensor
based on porous tri-walled SnO2 nanomaterials in gas detection.

as solvent), and methoxychlor/hexane solution (1.0 × 10−4 g L−1); (b) benzene, and
10−3 g L−1); (d) ligroine, and aldrin/ligroine solution (1.0 × 10−3 g L−1).
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n all measurements, solvents were injected first, and then the
OP/solvent mixtures were injected later. For the recovery of gas
ensor which will be demonstrated below, air flow (with O2) was
mployed as gas carrier rather than some traditional carriers, such
s Ar and N2. As can be seen in Fig. 4, current increases rapidly after
njecting sample without the consideration of short time for gasi-
cation and vapors transferring, indicating that the resistance of
as sensor decreases while contacting with target gases according
o Ohm’s law. Besides, in Fig. 4, it is revealed that all sensitivities
owards POPs solutions are remarkably higher than that of pure
olvents. As compared with some conventional detecting methods,
he presented approach is fast and facile with simple operation,
ow-cost without the requirements of large and expensive equip-

ents (e.g., gas chromatography/mass spectrometry). The porous
nO2 sensor-based route makes it promising to develop portable
nstruments for the detection of POPs.

In order to demonstrate the gas-sensing mechanism towards
OPs, a tri-leveled variation of potential barrier in addition to a
harge transfer process is proposed, as illustrated in Fig. 5. In air
urroundings, O2 is adsorbed on the surface of SnO2 nanomate-
ials. And then, the adsorbed O2 traps and reacts with electrons
rom SnO2 to produce negative oxygen species, e.g., O2

−and O2−

30], which can be supported by XPS analysis presented above. As
he achievement of equilibrium of such chemical reactions, a space
harge layer which serves as a potential barrier for electron trans-
er is formed [31]. The electrical conductivity � depends on barrier
eight (q|VB|), as shown in Eq. (2) [32],
= e−(q|VB|/kT) (2)

here q, VB, k, and T are elementary electron charge, potential,
oltzmann’s constant, and temperature, respectively. Besides, since

Fig. 5. Illustration of gas-sensing mechanism of porous tri-
(2010) 409–416 413

barrier can be approximately expressed as Eq. (3),

q
∣∣VB

∣∣ ∝ (N−
t )2 (3)

where N−
t can be modified by charge transfer during surface con-

tact reactions with gas molecules, the conductivity can be impacted
greatly by gas surroundings [33]. In our study, a tri-leveled barrier
would be obtained due to the special structure of SnO2 nanoma-
terials with three walls by considering each wall as a whole. It is
indicated that the total potential barrier (Eair) would be remarkably
enhanced by the integration of each barrier of walls, resulting in an
enlarged resistance of SnO2 nanostructure-based gas sensor in air.

By contraries, when gas sensor is exposed to vapors of POPs,
which are reducing gases, reactions between negative oxygen
species and vapors of POPs will occur. In this process, electrons are
released [34], thereby reducing the thickness of space charge layer,
and leading to the decrease of potential barrier (EPOPs). As a result,
the high resistance of SnO2-based gas sensor in air is decreased in
vapors of POPs. Moreover, in our study, the particle-size (15–20 nm)
of SnO2 nanostructures belongs to the case of D ≥ 2L (D and L are
particle-size and thickness of space charge layer, respectively) in
Rothschild’s model [35], in which potential barrier is controlled by
the neck between particles. Therefore, current constriction effect
combined with the effect of grain boundaries would also be poten-
tial explanations for the enhanced sensitivity.

As gas-sensing process is based on surface contact reactions,
the kinetic process of gas adsorption–desorption is also signifi-
cant for understanding gas-sensing mechanism. In our study, the

gas-responding curve was further transformed for the investiga-
tion of gas adsorption–desorption process. Taking the gas detection
towards 1 �L methoxychlor/hexane solution for example, gas-
sensing response (I, i.e., current of gas sensor in our investigation)
was transformed from y-axis to x-axis, while the first derivative

walled SnO2 nanostructures towards vapors of POPs.
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ig. 6. Gas adsorption (above the dashed line)–desorption (below the dashed line)
urve of gas sensor towards 1 �L methoxychlor/hexane solution.

f response towards time was set as y-axis, as shown in Fig. 6. In
ig. 6, it is labeled for the indication of gas adsorption–desorption
rocess corresponding to Fig. 4a. Under a certain working condi-
ion, including temperature, surface state of gas-sensing materials,
mbient gas composition, and measuring voltage, the resistance of
as sensor is fixed, in other words, the current is determined. There-
ore, the current of gas sensor can effectively present the surface

tate of gas-sensing materials in a determined working condition,
nd hence reflecting the gas adsorption–desorption process in gas
etection.

Seen from part a1 in Fig. 6, gas-sensing response increases
apidly due to the adsorption of target gas for contact reactions in

ig. 7. Gas adsorption–desorption curves of gas sensor towards different samples: (a)
enzene, and mirex/benzene solution (1.0 × 10−4 g L−1); (c) ligroin, p,p′-DDT/ligroin solut
 (2010) 409–416

which numerous captured electrons are released. As reactions turn
to be in equilibrium, and target gas passes through the gas sensor
by gas carrier, the increase of response slows down gradually, as
shown in part a2. Accompanying with the gas adsorption process,
the products of gas-sensing reactions are desorbed simultaneously.
However, at the initial stage (part a1 and a2), gas adsorption plays
a dominate role as compared with desorption. In contrast, at late
period (part d1 and d2), gas desorption becomes overwhelming
due to the replacement of adsorbed molecules by gas carrier, lead-
ing to the recovery of gas sensor back to initial state finally. As
gas adsorption–desorption process is reflected by the transformed
gas-responding curve, some characteristics from such curve, e.g.,
sensitivity (S), max(dI/dt), min(dI/dt), can be extracted for the
recognition of target gases via feature extraction method followed
by discriminant analysis [36], which is similar to electronic nose
system with gas sensor array [37]. It is suggested that target POPs
are potentially distinguishable via the presented gas sensor-based
detecting method.

3.3. Preliminary study on distinguishable analysis

As one of the typical metal oxide semiconductors, SnO2 has been
demonstrated to respond to H2 [38], CO [39], H2S [40], ethanol
[41], CH4 [42], and NO2 [43]. In our study, the porous SnO2 sen-
sor responded to both solvents and POPs with increasing current
values in measurements, leading to a challenge for distinguish-

able analysis towards samples. Besides the traditional methods
using sensitivity as distinguishable characteristic, we have inves-
tigated a new approach for potentially distinguishable analysis
using characteristics extracted from the kinetic processes of gas
adsorption–desorption. Fig. 7 shows the comparison on charac-

hexane (pure solvent), and methoxychlor/hexane solution (1.0 × 10−4 g L−1); (b)
ion (1.0 × 10−3 g L−1), and aldrin/ligroin solution (1.0 × 10−3 g L−1).
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Table 1
Typical characteristics in gas adsorption–desorption curves of gas sensor towards p,p′-DDT and aldrin solutions.

Sample volume (�L) Sensitivity, S max(dI/dt) min(dI/dt)

p,p′-DDT solution Aldrin solution p,p′-DDT solution Aldrin solution p,p′-DDT solution Aldrin solution
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[
[

[

[

[

[

1 11.7 15.8 4.1
2 15.4 21.1 5.4
5 21.6 23.8 6.8

eristics in gas adsorption–desorption processes towards different
amples. As can be seen, gas adsorption–desorption curves of POPs
olutions are remarkably different from that of pure solvents. It is
ndicated that POPs solutions are distinguishable from pure sol-
ents due to the significant variation of characteristics in curves,
ncluding sensitivity, max(dI/dt), and min(dI/dt). In addition to the
ifferent values extracted from gas adsorption–desorption curves,
he shapes of curves are also variant with each other. The good
tructural symmetry is not advantage for adsorption–desorption
nd surface contact reactions, leading to a mild change of curve
hapes, such as benzene (Fig. 7b). As for other samples, the struc-
ural polarity would turn the curve shapes to be more acute,
specially during gas adsorption processes, as shown in Fig. 7a.
oreover, the size of molecules would also be a potential factor

or influencing gas adsorption–desorption processes. At the same
oncentration, gas adsorption–desorption processes of gas sensor
owards POPs solutions are also different with each other, like

irex versus methoxychlor, and p,p′-DDT versus aldrin, suggesting
hat target POPs are also potentially recognizable. For comparison,
as adsorption–desorption curves of p,p′-DDT and aldrin solutions
ith the same solvent at a determined concentration are presented

n Fig. 7c. Besides to the difference of curves between POPs solutions
nd pure solvent, the characteristics in gas adsorption–desorption
rocesses towards p,p′-DDT and aldrin solutions are also differ-
nt as mentioned above. It indicates that the selectivity issue of
ome traditional SnO2 sensors could be potentially overcome by
inetic analysis of gas adsorption–desorption, and thereby enables
he presented approach to distinguish different samples effectively.

Typical characteristics obtained from Fig. 7c, including sensitiv-
ty, max(dI/dt), and min(dI/dt), were listed in Table 1 for further
emonstration. It can be found that it is difficult to distinguish
ach sample only by comparing the sensitivities of gas sensor
owards p,p′-DDT and aldrin solutions because of the interlace-

ent of values. For example, the sensitivity of gas sensor towards
�L p,p′-DDT solution (S = 21.6) is close to that for 2 �L aldrin

olution (S = 21.1). However, by combining the values of sensi-
ivity, max(dI/dt), and min(dI/dt), POPs solutions can be feasibly
istinguished with each other. In other words, even with a similar
ensitivity, the distinguishability of target POPs are also achiev-
ble by means of comparing values of max(dI/dt) and min(dI/dt)
n kinetic curves of gas adsorption–desorption simultaneously. It

ould be also feasible for the comparison of POPs solutions at
ifferent concentrations with the same injected volume, which is
n the way of our further exploration. As for the sample of 5 �L
,p′-DDT solution with a similar sensitivity to 2 �L aldrin solu-
ion mentioned above, the values of max(dI/dt) and min(dI/dt)
6.8 and −3.6, respectively) are remarkably different with that
f 2 �L aldrin solution (10.5 and −5.1, respectively), indicating
significant distinguishability between them by the additional

nalysis towards typical characteristics in kinetic process of gas
dsorption–desorption.
. Conclusions

In summary, a facile gas sensor-based approach for the detec-
ion of POPs was developed for the first time. To achieve a highly
ensitive performance, porous SnO2 nanostructures with a spe-

[

[

[

7.3 −3.6 −5.1
10.5 −3.7 −5.1
12.6 −3.6 −5.2

cial tri-walled structure were employed as gas-sensing materials
in sensor. Gas-sensing mechanism towards POPs is demonstrated
from two aspects, i.e., charge transfer and kinetic processes of gas
adsorption and desorption. Through gas detection, it is revealed
that the gas responses and adsorption–desorption processes
towards target POPs, including mirex, methoxychlor, p,p′-DDT,
and aldrin, are remarkably different from that of pure solvents,
and even significantly different among themselves. By comparing
characteristics in gas adsorption–desorption curves, each POP can
be distinguished. As the developed innovative approach, which is
facile without the demands of complex operations, expensive and
bulky instruments, provides new opportunities for the detection of
POPs, it is expected that it could be potentially applied for environ-
mental monitoring.
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