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a  b  s  t  r  a  c  t

In2O3–SnO2 composite  nanofibers  are  synthesized  via an  electrospinning  method  and  coated  with
La0.7Sr0.3FeO3 nanoparticles.  Trimethylamine  sensors  are fabricated  from  the  coated  nanofibers  and  inves-
tigated  at  various  conditions  of  different  humidity.  High  response  and  short  response/recovery  times  are
obtained  at  80 ◦C. The  response  is around  8.1  to  1 ppm  trimethylamine,  and  the  response  and  recovery
times  are about  1 and 6 s, respectively.  Especially,  the  sensors  show  good  humidity-resistant  ability.  The
eywords:
anofibers
lectrospinning
emiconductors

response  only  decreases  to  6.3  for  1 ppm  trimethylamine  at 85%  RH  (25 ◦C).  These  characteristics  would
make  the  sensors  good  candidates  for trimethylamine  detection  in  practical  applications.

© 2014  Elsevier  B.V.  All  rights  reserved.
rimethylamine
as sensors

. Introduction

Trimethylamine (TMA, (CH3)3N) is a colorless, fishlike smell and
oxic gas, which is usually produced during the deterioration pro-
ess of seafood [1–3]. Many research groups have reported that
MA can be used as an effective indicator of seafood quality because
ts amount increases with the decomposition of trimethyl-N-oxide
n seafood after its death [4,5]. Based on the experiential data [6],
he fish is fresh when the concentration of TMA  is in the range
f 0–10 ppm, while it gradually becomes rotten when the concen-
ration of TMA  is above 10 ppm. As decayed seafood is related to
erious health problems, such as septicemia and gastroenteritis, the
etection of TMA  is of great importance to food industry. Several
echniques (such as pH test, liquid chromatography, ion mobility
pectrometry and mass spectrometry) have been employed in the
etection of TMA  [7–9], but the complex and expensive apparatuses
sed in these methods are neither portable nor easily assembled,
hich make them inconvenient for practical application. Accord-
ngly, TMA  sensors with tiny structure, low cost, rapid detection
nd high reliability have received considerable attention in recent
ears [9].

∗ Corresponding author. Tel.: +86 431 85168318; fax: +86 431 85168624.
E-mail addresses: lgd@jlu.edu.cn, lifind@21cn.com (G.-D. Li).
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TMA  sensors are usually fabricated from metal oxide semi-
conductors such as ZnO, TiO2, Fe2O3, SnO2 and In2O3 [7–9].
It is clear that most traditional TMA  sensors have two main
disadvantages. Firstly, they can only be operated at high tem-
perature (around 300 ◦C), which is dangerous [8,9]. Because the
semiconductors used in these sensors are in the form of nanopow-
ders, they need high energy to activate (Table 1) [8,10–12]. The
low responses of these TMA  sensors at low temperature have
restricted their practical applications. Secondly, the employed
semiconductors are also sensitive to H2O, which is ubiquitous in the
environment, thus many TMA  sensors can not work at high humid-
ity conditions [9]. This severely limits their applications, especially
for portable TMA  detection in seafood market.

In this decade, one-dimensional (1D) nanostructures have been
proved to be superior candidates compared with powder mate-
rials in chemical sensors and biosensors for their high surface
energy, effective electron transports and large surface-to-volume
ratio [13,14]. In particular, semiconducting nanofibers synthesized
by electrospinning have exhibited superior sensitive properties
under low temperature [15]. Many low-temperature sensors have
been successfully fabricated from electrospun nanofibers, and their

response values, response and recovery speeds, selectivity and sta-
bility are much better than traditional powder sensors [15–18].

Herein,  we  report high performance TMA  sensors with anti-
humidity ability which are assembled from La0.7Sr0.3FeO3 coated

dx.doi.org/10.1016/j.snb.2014.06.082
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Table  1
Comparison of TMA-sensing properties of some topical sensors.

Materials Operating temperature (◦C) TMA  concentration (ppm) Response References

ZnO nanoparticles 30 50 6 [10]
WO3 films 70 50 70 [11]

50 13.9 [11]
5 373.74 [12]
5 120 [8]
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�-Fe2O3/TiO2 250 

MoO3 nanoplates 300 

ZnO–In2O3 nanofibers 375 

n2O3–SnO2 composite (LISc) nanofibers. In2O3–SnO2 compounds
ave been extensively used in solar cells, organic light emitting
iodes, photocatalysis, physical and chemical sensors [19–21]. 1D

n2O3–SnO2 composite (ISc) nanostructures have been employed
n low-temperature detection for ethanol, H2O and CO [22]. How-
ver, the performances of these materials are often affected by
umid conditions because both SnO2 and In2O3 are humidity
ensing materials [23]. While, La0.7Sr0.3FeO3 nanoparticles, which
re highly sensitive to reducing gas, exhibit excellent anti-humidity
roperties at the same time [24]. By coating La0.7Sr0.3FeO3 on ISc
anofibers, both the TMA  sensing performance and anti-humidity
bility are enhanced. The corresponding mechanism is further dis-
ussed.

. Experimental

.1. Synthesis of materials and fabrication of sensors

Sensor substrates were fabricated by radio-frequency (RF) sput-
ering method, and Pt arrays were formed on SiO2/Si chips as
ignal electrodes. The thickness of SiO2 layer and Pt array were
00 and 100 nm,  respectively. The precursor solution was directly
lectrospun on sensor substrates with interdigitated Pt elec-
rode arrays. The sensor length and width were 3 and 2 mm,
espectively.

All chemicals (analytical grade reagents) were purchased from
eijing Chemicals Co. Ltd. and used as received without further
urification. Deionized water with a resistivity of 18.0 M� cm−1

as used in all experiments.
Nanocrystalline La0.7Sr0.3FeO3 was prepared by a citrate

ethod [25]. According to the formula La0.7Sr0.3FeO3, 0.7 mmol
f La(NO3)3·6H2O, 0.3 mmol  of Sr(NO3)2 and 1.0 mmol  of
e(NO3)3·9H2O were dissolved in 80 mL  of deionized water, and
hen 15 mg  of citric acid was dropped into the mixture. Then,
he mixture was heated at 80 ◦C under stirring for 2 h to obtain a
omogeneous precursory sol of La0.7Sr0.3FeO3. ISc nanofibers were
repared by an electrospinning method [26]. Typically, 0.4 g of

n(NO3)3·4.5H2O and 0.1 g of SnCl2·2H2O were added to 12.8 g of
ixed solvent containing N,N-dimethylformamide (DMF)/ethanol
ith a weight ratio of 1:1 and stirred for 2 h, and then 1.2 g of

VP was added to the above solution under stirring for another
 h. Electrospinning of ISc nanofibers was conducted on a similar
et-up which was  reported in a previous study [27]. The obtained
pinning solution was delivered to a hypodermic syringe and mod-
lated to flow at a constant rate of 1.0 mL/h, and then electrospun
y applying 20 kV at an electrode distance of 25 cm.  A piece of
at aluminum foil was used as the cathode and several sensor
ubstrates were placed on it. After being electrospun for 2 h, the
ensor substrates were calcined at 500 ◦C for 2 h in air and then
a0.7Sr0.3FeO3 sol solution was dropped on them at room tem-
erature. Finally, the sensors were calcined at 600 ◦C for 1 h in

ir followed by annealing at 300 ◦C for 10 min  in hydrogen atmo-
phere to obtain the La0.7Sr0.3FeO3-coated ISc nanofiber sensors
LISc nanofiber sensors). Un-coated sensors (ISc nanofiber sensors)
nd La0.7Sr0.3FeO3 sensors were also fabricated via the same way  for
omparison.
Fig. 1. A photograph of the gas sensing analysis system.

2.2. Characterization of materials and measurement of sensors

X-Ray  diffraction (XRD) analysis was conducted on a
Rigaku D/Max 2550 X-ray diffractometer with Cu K� radiation
(� = 1.5418 Å). Scanning electron microscopy (SEM) images were
performed on a JEOL JSM 6700F. Transmission electron microscope
(TEM) images were obtained on a FEI Tecnai G2S-Twin with a
field emission gun operating at 200 kV. N2 adsorption–desorption
isotherms were measured at 77 K on a Micromeritics ASAP2020 sys-
tem. Surface area was evaluated using a Brunauer–Emmett–Teller
(BET)  method. X-ray photoelectron spectroscopy (XPS) spectra
were determined on an ESCALAB 250 X-ray photoelectron spec-
trometer (Al K� h� = 1486.6 eV). The C 1s at 284.8 eV was used as
the reference of standardization.

Sensing  measurement was  performed on a CGS-1TP (Chem-
ical Gas Sensor-1 Temperature Pressure) intelligent gas sensing
analysis system (Beijing Elite Tech Co., Ltd., China) [28]. The anal-
ysis system offered an external temperature control, which could
adjust the sensor temperature with a precision of 1 ◦C. Two probes
were pressed on sensor electrodes, and the electrical signals were
collected through the probes and analyzed by the system automat-
ically. The gas ambience was  controlled by a DGD-III (Dynamic Gas
Distributing-III) system (Beijing Elite Tech Co., Ltd., China). Dry  TMA
gas with high purity (99.99%) was the target gas to be tested, and
artificially synthesized airs with different relative humidity (RH)
levels were employed as the background. The relative humidity val-
ues were measured at 25 ◦C, and the values were also monitored in
a real time. A photograph of the sensing measurement is shown in
Fig. 1. The sensor response (R) was designated as R = Ra/Rg, where Ra

and Rg were the sensor resistance in air (base resistance) and a mix-
ture of target gas and air, respectively. The time taken by the sensor
resistance to change from Ra to Ra − 90% × (Ra − Rg) was defined as
response time when the target gas was  introduced to the sensor,
and the time taken from Rg to Rg + 90% × (Ra − Rg) was defined as
recovery time when the target gas was replaced by air.
3.  Results and discussion

The  XRD pattern of LISc nanofibers is shown in Fig. 2. Except the
diffraction peaks of SnO2 and In2O3, the diffractions corresponding
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face oxygen species thus decrease its sensing response accordingly
Fig. 2. XRD pattern of LISc nanofibers.

o La0.7Sr0.3FeO3 are also observed. The results suggest that crys-
alline La0.7Sr0.3FeO3 forms on the surface of ISc nanofibers instead
f solid solution, and this may  be resulted from different ther-
al decomposition behaviors between In(NO3)3 4.5H2O/SnCl2/PVP

omposite nanofibers and La(NO3)3/Sr(NO3)2/Fe(NO3)3/citric acid
recursors. Similar phenomena were also found in other reports
29–31]. The phase separation in this process will lead to the for-
ation of heterostructures in the final materials.
La0.7Sr0.3FeO3 nanoparticles show a homogeneous morphology

ontaining nanoparticles with an average size of 20 nm,  as shown in

Fig. 3. SEM images of La0.7Sr0.3FeO3 nanoparticles (a), ISc nanofibers
rs B 203 (2014) 111–117 113

Fig. 3(a). SEM and TEM images of ISc nanofibers are given in Fig. 3(b)
and (c). The ISc nanofibers with length of several tens of micro-
meters and diameter ranging from 40 to 100 nm are composed
of regular nanoparticles with an average diameter of 25 nm.  The
nanofibers form a web-like micro-structure naturally with many
large pores. After the doping process (Fig. 3(d)), the La0.7Sr0.3FeO3
nanoparticles pack tightly on the surface of ISc nanofibers and
therefore more gas-absorbing sites would be formed in the pores
[32].

XPS is an effective technique to investigate the surface composi-
tion and the chemical state of the elements existing in the products.
Fig. 4 (a) shows the In 3d spectrum at 444.6 eV (In 3d5/2) and 452.1
(In 3d3/2). Fig. 4(b) shows the high resolution spectrum of Sn 3d at
495.5 eV (Sn 3d3/2) and 487.1 eV (Sn 3d5/2). High resolution spec-
trum of La 3d5/2 has two binding energy peaks located at 834.7 eV
and 837.9 eV, and the two peaks of La 3d3/2 are located at 851.4 eV
and 854.5 eV (Fig. 4(c)). The lower ones in the doublet of La 3d (5/2)
and La 3d (3/2) can be assigned to shake-up satellite, which results
from the 2p electrons of oxygen transfer to the empty 4f orbit of lan-
thanum [33,34]. The peak located at 719.5 eV is the characteristic
peak of Fe 2p for Fe3+, as shown in Fig. 4(d).

Sensor responses were examined as a function of operating
temperature to determine the optimum working condition. The
testing chamber was  controlled at 30% RH (25 ◦C). As shown in
Fig. 5, La0.7Sr0.3FeO3 sensors do not response to TMA  in the tests
because La0.7Sr0.3FeO3 is quite chemical-stable below 100 ◦C [24].
ISc nanofiber sensors show the highest response of 4 to 1 ppm TMA
at room temperature (25 ◦C). ISc nanofibers are room-temperature
sensing materials, and high temperature will change their sur-
[22]. To LISc nanofiber sensors, the response increases with the
increase of operating temperature and attains a maximum at
80 ◦C, followed by a decrease with a further increase of operating

 (b), and LISc nanofibers (d). A TEM image of ISc nanofibers (c).
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Fig. 4. XPS spectra of (a) In 3d, (b) Sn 3

emperature. Therefore, the optimum operating temperatures of
Sc nanofiber sensors and LISc nanofiber sensors are determined
o be 25 and 80 ◦C, respectively. ISc is a kind of low-temperature-
orking material, and the corresponding nanofibers or thin films

how high responses to many gases (such as ethanol, NH3, NO2 and
2) at room temperature [19]. This is mainly caused by the higher
urface activation energy of ISc than that of binary oxides [21].
oating La0.7Sr0.3FeO3 nanoparticles on ISc nanofibers not only pro-
ides more adsorbing sites on smooth ISc nanofibers (as shown in

ig. 5. Responses of LISc nanofiber sensors, ISc nanofiber sensors, La0.7Sr0.3FeO3

ensors to 1 ppm TMA  at different temperatures.
e 2p, and (d) La 3d for LISc nanofibers.

Fig. 3(d)), but also forms heterojunctions and increases the chemi-
cal reactivity or preference chemical absorbing ability accordingly.
Besides, preference chemisorption of TMA  on La0.7Sr0.3FeO3 by
donating electrons to La0.7Sr0.3FeO3 is also a possible mechanism.

Fig.  6 shows transient response curves of the LISc nanofiber sen-
sors upon the introduction and removal of 50 ppb, 1 ppm and 2 ppm
TMA  at 80 ◦C (30% RH, 25 ◦C). The sensors show the n-type sensing

behavior and reversible sensing performance. The responses are
about 1.3, 8.1 and 10.2 to 50 ppb, 1 ppm and 2 ppm TMA. And the
sensor resistance can go back to the initial value in the continuous

Fig. 6. Response–time curves of LISc nanofiber sensors to 50 ppb, 1 ppm and 2 ppm
TMA at 80 ◦C.
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Fig. 7. Responses of LISc nanofiber sensors to different concentrations of TMA at
80 ◦C.
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60 days to learn the stability of LISc nanofiber sensors. The
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Fig. 8. Responses of LISc nanofiber sensors to 1 ppm different gases at 80 ◦C.

ests. The response time is less than 1 s, and the recovery time is
bout 8 s. Such a rapid response at a relatively low temperature
ainly benefits from the 1D nanostructure of the ISc nanofibers

13]. The high penetrability and oriented signal-transmission make
he response time much shorter than many other ISc nanofiber
ensors. And La0.7Sr0.3FeO3 nanoparticles on the fiber surface can

lso improve the absorption and activation properties of the ISc
anofibers. Those advantages lead to a significant improvement of
he fast response of the as-prepared sensors.

ig. 9. Response–time curves of ISc nanofiber sensors (operating at 25 ◦C) to 1 ppm TMA  at
t 80 ◦C) to 1 ppm TMA  at 30% and 85% RH (b).
rs B 203 (2014) 111–117 115

LISc  nanofiber sensors exhibit extremely high responses to TMA
at 30% RH (25 ◦C), as shown in Fig. 7. For instance, the responses
are 1.2, 2, 8, and 22 to 50 ppb, 100 ppb, 1 ppm, and 10 ppm TMA,
respectively. These values are much higher than those of other
sensing materials reported previously. Especially, the sensors show
a linear response-TMA concentration calibration curve in the range
of 50 ppb–60 ppm. In fact, the response of semiconducting oxide
gas sensitive sensors can usually be empirically represented as
R = A[C]N + B, where A and B are constants and [C] is the concentra-
tion of the target gas. N usually has a value in the range of 0.5–1.0,
depending on the charge species of the surface and the stoichiome-
try of the elementary reactions on the surface [27]. For the current
sensors, N is around 0.72 for TMA  below 60 ppm, suggesting that
the LISc nanofiber sensors are suitable for detecting TMA of low
concentrations.

The responses to 1 ppm different gases are also measured for
LISc nanofiber sensors at 80 ◦C, as shown in Fig. 8. The sensors
exhibit excellent selectivity to these common interference gases
at 30% RH (25 ◦C). The corresponding responses of the sensors to
TMA, CH3COCH3, C2H5OH, NH3, H2, C6H6, H2S, CH4 and CO are
8.1, 2.2, 2, 1.6, 1.2, 1.1, 1.1, 1.0 and 1.0, respectively. This high
selectivity may  be resulted from the changed optimized work-
ing temperature and the heterojunctions brought by La0.7Sr0.3FeO3
coating [8].

TMA  sensors are mainly used to test the quality of seafood, thus
various environments are involved in practice such as supermarket,
storeroom and springhouse, which usually have a high humidity.
Accordingly, the anti-humidity property of TMA sensors is vital.
As shown in Fig. 9, the ISc nanofiber sensors own a response of
4.2 to 1 ppm TMA  at 30% RH, but are insensitive at 85% high RH.
This is because both In2O3 and SnO2 are humidity sensing mate-
rials, and their working temperature is only 25 ◦C. Contrastively,
the LISc nanofiber sensors exhibit much better sensing properties
at high humidity. The responses only decrease from 8.1 to 6.3 at
85% RH. The improved anti-humidity properties are related to the
higher working temperature of LISc nanofiber sensors. The con-
centration of water molecules around the sensors will decrease
under higher working temperatures due to the change of saturated
vapor pressure [21]. And La0.7Sr0.3FeO3 is a highly anti-humidity
material  which has excellent sensing properties even at 95%
RH [22].

The sensing measurements were repeated every 10 days for
sensors show nearly constant responses to the target gases at
30% RH (25 ◦C) in the tests (Fig. 10), confirming their excellent
stabilities.

 30% and 85% RH (a), and response–time curves of LISc nanofiber sensors (operating
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Fig. 10. Stability of LISc nanofiber sensors at 80 ◦C in 60 days.

In the past six decades, metal oxides have been widely selected
or the gas sensing applications. Their sensing mechanism is related
o the oxygen adsorption/on the sensor surface [35]. In this case,
oth In2O3 and SnO2 are typical gas sensing materials. Oxygen
olecules, which are chemisorbed on ISc nanofibers, can gener-

te oxygen species and make the nanofibers less conductive. When
he nanofibers are exposed to TMA, TMA  molecules may  react with
he chemisorbed oxygen species and release the trapped electron
ack to the conduction band. Accordingly, the decreased resis-
ances of the sensors are observed [35,36]. This trend was mainly
ttributed to the reducing nature of TMA  and increasing the charge
arrier concentration as, represented by the following reaction
echanism:

(CH3)3N + 21O2(surf)− → 2N2 + 12CO2 + 18H2O + 21e− (1)

The  addition of SnO2 into In2O3 has been known to be effective
n modifying their electrical properties. In2O3–SnO2 system often
hows low-working temperatures and high responses in many
hemical sensors due to the high catalytic activities coupled with
he enhanced vacant oxygen rates [37]. However, the unsolved
roblems such as low-selectivity and humidity-interference limit
heir practical applications and also puzzle many researchers [38].
a0.7Sr0.3FeO3 nanoparticles have excellent anti-humidity proper-
ies and many commercial gas sensors are fabricated from this
ype of material [38]. Coating La0.7Sr0.3FeO3 nanoparticles on ISc
anofibers can not only decrease the humidity-interference on the
ensors, but also raise the optimized-operating-temperature and
mprove their selectivity accordingly [39]. Thus, the high perfor-

ance of the as-fabricated sensors can be attributed to the co-effect
f the In2O3–SnO2 systems and the La0.7Sr0.3FeO3 coating treat-
ent.

. Conclusions

ISc nanofibers are synthesized via an electrospinning method.
oating La0.7Sr0.3FeO3 nanoparticles on ISc nanofibers can effec-

ively improve their TMA  sensing properties. Sensors with
ptimized-operating-temperature, higher response and better
nti-humidity have been obtained. The response is 8.1 to 1 ppm
MA and the response and recovery times are only 1 and 6 s, respec-
ively. The response only decreases to 6.3 for 1 ppm TMA  at 85% RH
25 ◦C). The results show a possible route to improve the gas sensing
roperties of In2O3–SnO2 sensors.
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