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Abstract Porous materials, as their high specific surface area, are commonly used
in NH3-sensing. And when NH3-sensing materials are made into the form with
interconnected pore structure, low-dimensional structure or hierarchical structure,
their gas-sensitivity will be improved remarkably. Here, firstly silica aerogel fibers
were prepared by wet spinning. Those fibers do not only preserve high specific
surface area (maximum one is 835.8 m2/g) and network organization, but also have
unique hierarchical structure (macropores in the surface and mesopores in the
middle regions) and regular hollow structure. And then PEDOT was synthesized
and loaded on the net skeletons of silica aerogel fibers by gas phase polymerization.
The specific surface area and pore structure of PEDOT/silica aerogel fibers can be
adjusted by change aging bath. Finally, the results of NH3 sensitivity experiment
showed that all fibers have good gas sensitive, especially A0.5-PEDOT/SAFs
(resistance variation is over 40%).
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Introduction

Ammonia sensors are heavily used in agriculture and chemical industry. And the
NH3-sensing material is the core component of ammonia sensors [1, 2]. As NH3-
sensing materials, conductive polymer materials can be used at room temperature or
even cooler temperatures, so they are perceived to be more universal than inorganic
NH3-sensing materials [3–6]. However, currently all kinds of conductive polymer
NH3-sensing materials have a much lower sensitivity compared to inorganic one.
Therefore, it is the key to make conductive polymer NH3-sensing materials enter
practical and commercialize stage that improving the sensitivity of NH3-sensing
materials [7–10].

PEDOT is a typical conductive polymer materials, and it also has a quite low
sensitivity. But compared to other conductive polymer materials, it has higher
conductivity and better stability. Those properties have important effect on sensors.
In addition, its preparation method is simple. Therefore, PEDOT is one of the
hottest topics in sensing materials.

In the field of NH3-sensing, porous materials often show better sensitivity as
their high specific surface area [11, 12]. And when the porous NH3-sensing
materials are made into the form with interconnected pore structure [13, 14],
low-dimensional structure [15, 16] or hierarchical structure [17, 18], their
gas-sensitivity will be improved remarkably. However, PEDOT with those struc-
tures is hardly prepared directly. Therefore, some materials, which have such
structures, were chosen as substrate to achieve this. At present, most of substrate
materials just have one or two of such structures. Although the sensitivity of
PEDOT on those substrate had significantly improvement, it is much lower than the
sensitivity of polyaniline, let alone inorganic NH3-sensing materials [19–21]. If a
kind of substrate material with all those structures is prepared to load PEDOT, the
sensitivity of PEDOT must be improved further.

Herein, a kind of silica aerogel fibers (SAFs) with high specific surface area,
hierarchical structure and hollow structure were prepared as substrate by simple wet
spinning. The hollow structure could be beneficial to improve sensitivity [22, 23].
Silica aerogel is a kind of porous material with ultra-high specific surface area and
interconnected pore structure. And it is prepared from precursor, for example tet-
raethyl orthosilioate, sodium silicate and water glass, by sol-gel method. In this
work, water glass was selected as precursor and spinning dope, and dilute sulfuric
acid was selected as catalyzer, reactant and coagulating bath to prepare silica
aerogel precursor fibers (SAPFs) by wet spinning. And then the prepared SAPFs
transformed into SAFs by aging and drying. The prepared SAFs do not only
preserve high specific surface area and network organization, but also have unique
hierarchical structure and regular hollow structure. PEDOT was synthesized and
loaded on the net skeletons of silica aerogel fibers by gas phase polymerization,
thus PEDOT/SAFs was prepared. Benefited from gas phase polymerization, the gas
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phase 3,4-ethoxylene dioxy thiophene (EDOT) can enter the pores of SAFs and
form a thin PEDOT film on the skeletons [24–26]. The morphology, structure and
sensing performance of SAFs and PEDOT/SAFs were studied. And the pore sizes
and specific surface area were adjusted to optimize their sensing performance by
change aging bath.

Introduction

Materials. Water glass (Be° = 50, Na2O:SiO2 molar ratio = 1:2.2) was purchased
from Tongxiang Xiangyang water glass mill, China. Sulfuric acid was purchased
from Sinopharm Chemical Reagent Co., Ltd, China. Ethanol was purchased from
Changshu Yangyuan Chemical Co., Ltd, China. Iron(III) p-toluene sulfonate hex-
ahydrate and 3,4-ethoxylene dioxy thiophene (EDOT) were purchased from Energy
Chemical Co., Ltd, China. Silver paste was purchased from Beijing ZhongJingkeyi
Technology Co., Ltd, China. Copper foil was purchased from Dongguan Xinshi
Packing Material Co., Ltd, China.

Preparation of SAFs. A typical procedure for preparing SAFs involves three steps,
spinning, aging and drying. Initially, 10 ml water glass as spinning dope was filled
in an injector. 0.5 mol/L sulfuric acid as coagulating bath was prepared and stored
in a polypropylene sink. The needle (inside diameter is 0.4 mm) of the injector
connected to another needle (inside diameter is 0.4 mm too) in coagulating bath by
a PTFE tube. Water glass was injected into coagulating bath through PTFE tube and
needle by injection pump at a rate of 0.1 ml/min. And glass water was translated
into solid fibrous orthosilicic acid, namely silica aerogel precursor fibers (SAPFs),
rapidly, when it was injected into coagulating bath. The reaction is shown as Eq. 1.
The SAPFs was winded continuously by winder at a rate of 80 mm/s. Then the
SAPFs were soaked in aging bath for 3 days. The aging bath is different concen-
tration of diluted sulfuric acid solution (0.5, 0.1, 0.05, 0.01 and 0 mol/L, namely
pure water). During 3 days aging, the orthosilicic acid fibers would be slowly
translated into silica gel fibers by polycondensation, as shown in Eq. 2. Then the
solution in silica gel fibers was replaced by ethanol. Finally, the silica gel fibers
were further translated into silica aerogel fibers (SAFs) after drying for 2 day at 80°.

SiO3
2-+2H++H2O OH iS OH

OH

OH

ð1Þ
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ð2Þ

Preparation of PEDOT/SAFs. 10 mg Iron(III) p-toluene sulfonate hexahydrate
dissolved in 100 mg ethanol, namely 10 wt% Iron(III) p-toluene sulfonate hex-
ahydrate solution. And then a strand of SAFs were soaked in Iron(III) p-toluene
sulfonate hexahydrate solution for 30 min. Take out SAFs and let them air-dry for
30 min. The colors of SAFs changed from colorless transparent to primrose yellow.
Then put it on the copper mesh in a bottle with about 5 ml EDOT. Tighten the lid of
bottle and put it in oven at 80° for 5 min. During the 5 min, EDOT) can enter the
pores of SAFs, meet Iron(III) p-toluene sulfonate hexahydrate in SAFs, have
polymerization and form a thin PEDOT film on the skeletons. And the colors of
fibers changed from primrose yellow to black. The unreacted EDOT on fibers was
washed with ethanol. In this way the PEDOT/SAFs were prepared.

Fabrication of Sensing Test Samples. 1 mm thick glass plate and PP plate were
cut into uniform rectangle pieces, 2.5 cm � 1.5 cm. And a 0.5 cm � 1.5 cm small
rectangle piece was removed from each PP rectangle pieces along midline of their
short edge. In this way PP U-type baseplates were got. One side of PP U-type
baseplates was pasted with glass rectangle piece and another side was pasted with
two pieces of copper foil on the two legs of PP U-type baseplates respectively. And
then a strand of PEDOT/SAFs was paste with copper foil by silver paste. In this

Fig. 1 Sketch of sensing test
sample
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way the sensing test samples were fabricated. Its sketch is shown as Fig. 1. And all
sample names are listed in Table 1.

Surface Area Analysis. All samples were analyzed for surface area, pore size and
pore volume using N2 adsorption–desorption isotherms (NOVATOUCH LX1,
QUANTACHROME INSTRUMENTS, America). The out gas temperature was
maintained at 120 °C for 5 h.

Scanning Electron Microscope. Scanning electron microscopy (SEM) images of
the samples were all taken to show the morphology with SU8010, Hitachi, Japan.

Fourier-Transform Infra Red (FT-IR) Spectroscopy. Functional groups of
EDOT and PEDOT were identified out using fourier-transform infra red (FT-IR)
spectrometry (Spectrum BXII, Perkin Elmer, USA).

Sensing Test. The conductivity of the samples was measured using a two-point
probe to show the NH3 sensitivity of PEDOT/SAFs by Keithly 2000, USA. The
environment of samples were continuously alternate between air and 1000 ppm
NH3 every 5 min. All sensing measurements were carried out at 25 °C and 60%
relative humidity.

Results and Discussions

Pore Structure and Morphology of SAFs. Figure 2a is the N2 adsorption-
desorption isotherm and pore size distribution of A0.5-SAFs. As silica aerogel
fibers, they have high specific surface area (760.1 m2/g), and a lot of mesopores
(average pore width is 5.29 nm). Further analysis of the results show that the
adsorption isotherm does not have a plateau at high pressure (p/p0 > 0.9). It is
suggested that those fibers also have a number of macroporouses, and it was proven
by SEM (Fig. 2d–g). The predicted macroporouses can be observed in the outside

Table 1 Names of SAFs and PEDOT/SAFs

Sample Aging bath concentration (mol/L) Loading PEDOT or not

A0.5-SAFs 0.5 Not

A0.1-SAFs 0.1 Not

A0.05-SAFs 0.05 Not

A0.01-SAFs 0.01 Not

A0-SAFs 0 Not

A0.5-PEDOT/SAFs 0.5 Loading

A0.1-PEDOT/SAFs 0.1 Loading

A0.05-PEDOT/SAFs 0.05 Loading

A0.01-PEDOT/SAFs 0.01 Loading

A0-PEDOT/SAFs 0 Loading
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surfaces and inside surface. The hollow structure and uniform fiber shape can also
be observed by SEM (Fig. 2b, c). Interesting that the outside surface and inside
surface are loose, but the middle ring regions between outside surface and inside
surface are dense. Those results indicated that the pores in surface are mainly
macroporouses, the pores in he middle ring regions are mainly mesopores. Together
they form a unique hierarchically macro-meso-macroporous structure.

From Fig. 2, we can find all samples have N2 adsorption–desorption isotherms
hysteretic loop and have not plateau at high pressure. Those results suggest that all
samples have hierarchically macro-meso-macroporous structure. Figure 3 and Table 2
show that all samples have high specific surface area, and the specific surface area of
samples prepared under high concentration coagulation bath (0.5, 0.1 and 0.05 mol/L)
are much higher than under low concentration coagulation bath (0.01 and 0 mol/L).
And the mesopore sizes increase first and then decrease with increase of coagulation
bath concentration.

FT-IR Spectroscopy. After the polymerization from EDOT to PEDOT, the C-H
which adjoined sulfur atom will disappear. Therefore, the corresponding absorption
peak (about 890.9 nm−1) of fourier-transform infra red spectroscopy will disappear
too. And this phenomenon was observed from Fig. 4.

Sensing Test. The obtained results of sensing tests are given in Fig. 5. What’s
interesting is that the resistance variations of PEDOT/SAFs based on A0.01-SAFs
and A0-SAFs (about 40 and 70% respectively) are much higher others. However,
their specific surface area is much lower than others. This phenomenon is contrary
to the reports. In order to explore the causes leading to this phenomenon, the pore
structure and morphology of PEDOT/SAFs were studied too.

Fig. 2 a Nitrogen adsorption-desorption isotherms and pore-size distribution curve of
A0.5-SAFs; b, c SEM images of A0.5-SAFs (hollow structure and morphology); d,
e Cross-sectional images near outside surface and inside surface of A0.5-SAFs; f, g SEM images
of outside surface and inside surface of A0.5-SAFs, inserts are images of partial enlargement and
the scale bar is 100 nm
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Pore Structure and Morphology of PEDOT/SAFs. Firstly, the surface mor-
phologies of PEDOT/SAFs were studied by SEM (Fig. 6). There were only a handful
of macropores in the surface of all PEDOT/SAFs except A0-PEDOT/SAFs. And their
macropore sizes were smaller than A0.01-PEDOT/SAFs and A0-PEDOT/SAFs.

Their N2 adsorption-desorption isotherm and pore size distribution shown that
all samples still have mesopores and macropores Fig. 7 and Table 3. But their
specific surface area was much lower than corresponding SAFs. In addition, the
peak heights of dv(log) were all decrease markedly. Those suggest that the pores

Fig. 3 Nitrogen adsorption-desorption isotherms and pore-size distribution curve of SAFs
prepared using different concentrations of sulphuric acid as ageing bath. a A0.5- SAFs;
b A0.1-SAFs; c A0.05-SAFs; d A0.01-SAFs; e A0-SAFs

Table 2 BET data of SAFs prepared using different concentrations of sulphuric acid as ageing
bath

Sample Specific surface area (m2/g) Pore volume (cc/g) Pore width (nm)

A0.5-SAFs 760.1 0.93 5.29

A0.1-SAFs 835.8 0.99 5.88

A0.05-SAFs 731.6 0.74 4.89

A0.01-SAFs 364.8 0.96 10.13

A0-SAFs 333.8 0.96 10.13
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narrows down and even were partly blocked by PEDOT, and this limited access for
NH3 gas. Because A0-SAFs have largest mesopore and macropore sizes, their pores
have enough port area to pass NH3 gas. Especially, there were lots of macropores
retained in the surface of A0-PEDOT/SAFs. This ensures rapid entrance of NH3 gas
through macropores in the surface to mesopores in the middle ring region.
Therefore, A0-PEDOT/SAFs have best gas sensitivity. Based on the analysis, we
can expect the gas sensitivity should further improve, if the pore size of substrate
is larger or the thickness of PEDOT is thinner. And it will be researched in our
next work.

Fig. 4 FTIR spectrum of
EDOT and PEDOT
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Summary

In conclusion, we prepared a kind of silica aerogel fibers (SAFs) with high specific
surface area (maximum one is 835.8 m2/g), hierarchical structure and hollow
structure by wet spinning. Based on SAFs, we further prepared a series of gas
sensor materials, A0.5-PEDOT/SAFs, A0.1-PEDOT/SAFs, A0.05-PEDOT/SAFs,
A0.01-PEDOT/SAFs and A0-PEDOT/SAFs. And A0-PEDOT/SAFs shows the
best gas sensitivity. The reasons were analyzed via pore structure and morphology
of PEDOT/SAFs. Finally, further improvement is put forwarded.

Fig. 6 SEM of surface morphologies of PEDOT/SAFs, a A0.5-PEDOT/SAFs; b A0.1-PEDOT/
SAFs; c A0.05-PEDOT/SAFs; d A0.01-PEDOT/SAFs; e A0-PEDOT/SAFs, inserts are images of
partial enlargement and the scale bar is 100 nm
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Fig. 7 Nitrogen adsorption-desorption isotherms and pore-size distribution curve of SAFs
prepared using different concentrations of sulphuric acid as ageing bath. a A0.5-PEDOT/SAFs;
b A0.1-PEDOT/SAFs; c A0.05-PEDOT/SAFs; d A0.01-PEDOT/SAFs; e A0-PEDOT/SAFs

Table 3 BET data of PEDOT/SAFs prepared using different concentrations of sulphuric acid as
ageing bath

Sample Specific surface area (m2/g) Pore volume (cc/g) Pore width (nm)

A0.5-PEDOT/SAFs 199.7 0.47 5.88

A0.1-PEDOT/SAFs 132.0 0.35 5.88

A0.05-PEDOT/SAFs 105.6 0.40 6.79

A0.01-PEDOT/SAFs 60.1 0.32 12.55

A0-PEDOT/SAFs 82.8 0.36 12.55
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