Published on 08 March 2013. Downloaded by Beijing University on 30/08/2013 02:48:25.

Journal of
Materials Chemistry C

RSCPublishing

Synergic effect within n-type inorganic—p-type organic
nano-hybrids in gas sensorst

Cite this: J. Mater. Chem. C, 2013, 1,
3017

Tingting Jiang,+? Zhaojie Wang,1? Zhenyu Li,*®® Wei Wang,? Xiuru Xu,? Xincai Liu,?

Jinfeng Wang® and Ce Wang*®

This paper describes the exploration of a synergic effect within n-type inorganic—p-type organic nano-
hybrids in gas sensors. One-dimensional (1D) n-type SnO,—p-type PPy composite nanofibers were
prepared by combining the electrospinning and polymerization techniques, and taken as models to

explore the synergic effect during the sensing measurement. Outstanding sensing performances, such as

large responses and low detection limits (20 ppb for ammonia) were obtained. A plausible mechanism

for the synergic effect was established by introducing p-n junction theory to the systems. Moreover,
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interfacial metal (Ag) nanoparticles were introduced into the n-type SnO,-p-type PPy nano-hybrids to

further supplement and verify our theory. The generality of this mechanism was further verified using
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1 Introduction

The past several decades have witnessed huge progress in
fabricating diverse functional micro(nano)-devices, such as
transistors,' solar cells,*® photovoltaic devices,”'® memory
elements,"™** diode devices,**® thermosensitive devices,***
pH-sensors,” luminescence devices®* and light-emitting elec-
trochemical cells (LECs),> based on inorganic-organic nano-
hybrids driven by the unique synergic effect between n-type
inorganic and p-type organic structural hybrid materials within
single components. Among those functional devices, gas
sensors have been given special attention owing to their prac-
tical applications in environmental monitoring, industrial
process control, and our daily life. Before now, many sensitive
gas sensors were successfully obtained based on inorganic-
organic nano-hybrids.**® For example, Kimura et al. reported
that TiO, porous films coated with polythiophene layers worked
as highly sensitive sensing interfaces, which can output two
signals for weight and resistance changes upon exposure to
VOC vapor.” Ammam and Easton prepared novel inorganic-
organic hybrid semiconducting nanomaterials formed between
pyrrole and Dawson type polyoxoanions, which exhibited
interesting extended linearity up to 5500 ppm NO,.** Gold
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TiO,—PPy and TiO,-Au—-PPy nano-hybrids. We believe that our results can construct a powerful platform
to better understand the relationship between the microstructures and their gas sensing performances.

nanoparticles stabilised with short w-functionalised ligands
were fabricated by Evans et al., which were sensitive to different
analytes and displayed different conductometric and ellipso-
metric responses depending on the nature of the w-functional
group.®* Pinto et al., reported inorganic-organic hybrid semi-
conductor Schottky nanodiodes by electrospinning polyaniline
nanofibers and an inorganic n-doped semiconductor, making
them attractive candidates for low power, supersensitive, and
rapid response sensors as well.*>

Recently, 1D continuous inorganic-organic nano-hybrids
have been widely investigated in the sensing field due to their
high surface to volume ratios, and special physical and chem-
ical properties.**** Although many successes have been ach-
ieved, the synergic effect between the n-type semiconductors
and p-type conducting polymer and its role in gas sensing
behavior is still not clear. Therefore, here we design and carry
out a series of rational experiments to clarify the synergic effect
in n-type inorganic-p-type organic nano-hybrids during gas
sensing measurements.

In this paper, 1D n-type SnO,-p-type PPy hybrid nanofibers
are prepared through electrospinning followed by in situ vapor
phase polymerization, and used as models to explore the
synergic effect between inorganic and organic nano-hybrids. A
large response and low detection limit (20 ppb) were achieved
during the gas sensing measurement. p-n junction theory has
been used to explain the synergic effect in gas sensing
measurements for NH;. Furthermore, 1D TiO,-PPy and TiO,-
Au-PPy nano-hybrid-structures have also been fabricated to
supplement and verify the generality of our theory. Outstanding
sensing performances have been also achieved. Most impor-
tantly, we believe that our results can construct a powerful
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platform to better understand the relationship between the
microstructures and their gas sensing performances.

2 Experimental
2.1 Chemicals

Ethanol (>95%) and N, N-dimethyl formamide (>95%) were
purchased from Tianjin Chemical Company. Poly (vinyl pyrro-
lidone) (PVP, M,, = 1 300 000), SnCl,-2H,0, and FeCl,-9H,0
were purchased from Aldrich. Pyrrole was purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were used
as received without any further purification.

2.2 Preparation and characterization of PPy-coated
nanofibers

In a typical procedure, equimolar SnCl,-2H,0 and FeCl;-9H,0
were dissolved in 1 : 1 weight ratio of DMF and ethanol mixture
under vigorous stirring for 30 min. Subsequently, 0.8 g of
poly(vinyl pyrrolidone) (PVP) was added to this solution under
vigorous stirring for 6 h. Then, the mixture was loaded into a
glass syringe with a pinhead internal diameter of 0.8 mm. The
pinhead was connected to a high voltage supply that was
capable of generating direct current (DC) voltages of up to
30 kv. In our experiment, a voltage of 12 kV was applied for
electrospinning. An aluminum foil served as the counter elec-
trode, and the distance between the capillary and the substrate
electrode was 20 cm. The as-spun nanofibers collected on the
flat aluminum foil were transferred to a crucible and the
complete removal of PVP was achieved by calcinating at 600 °C
for 4 h in air. The ceramic nanofibers were exposed to HCI and
saturated pyrrole vapor in turn under ambient conditions in a
vacuum drier at room temperature.

Ag nanoparticles were deposited on the surface of Fe,O;-
SnO, nanofibers by dipping the nanofibers into diluted AgNO;
solution and then reducing under UV irradiation. PPy-TiO,
core-shell nanofibers were fabricated according to ref. 62, while
PPy-Au-TiO, core-shell nanofibers were prepared by adding 5
at.% HAuCl,-6H,0 during electrospinning of the TiO, nano-
fibers. The experimental details can be found in the ESL.t

The fibrous mat was characterized using transmission elec-
tron micrographs (TEM, JEX-1200EX microscope), energy
dispersive X-ray (EDX) spectroscopy (SSX-550, Shimadzu), X-ray
diffraction (XRD, Siemens D5005 diffractometer using Cu Ka
radiation).

Fourier transform infrared (FT-IR) spectra of KBr powder-
pressed pellets were recorded on a BRUKER VECTOR22 Spec-
trometer. Thermal gravimetric analysis (TGA) was employed to
evaluate the weight loss of the samples in air at a heating rate of
5°C min~ ' through a thermal analyzer (Perkin-Elmer PYRIS 1).

2.3 I-V measurement

A pair of 100 nm thick gold electrodes with a 60 pm channel
spacing was first evaporated onto the SiO, wafer. The as-
prepared nanofibers (2 mg) were dissolved in 200 pL of distilled
water. After ultrasonication (2 min), uniformly dispersed
nanofibers were obtained. Then 10 pL of nanofiber solution
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(namely, 0.1 mg of the sample) was dipped onto the channel
spacing and the electrodes were dried in shade. The I-V curves
of these devices were measured by a Keithley 2400.

2.4 Preparation of the sensor device

The as-prepared coated composite nanofibers were ground and
mixed with deionized water in a weight ratio of 100 : 25 to form
a dilute paste. The paste was screen-printed onto a ceramic
substrate (10 mm x 5 mm, 0.5 mm thick) with three pairs of
carbon interdigital electrodes (electrode width and distance:
0.15 mm) to form a film with a thickness of around 10 pm, and
then the film was dried in the shade for one day.

Gas sensing properties were measured using a static test
system. The electrical properties of the sensors were measured
by the CGS-8 intelligent gas-sensing analysis system (Beijing
Elite Tech Co. Ltd., China). The source of the voltage used in the
system was AC 220 V and the sensor test voltage supplied by the
system was DC 5 V. When the resistances of all the sensors were
stable, saturated target gas was injected into the test chamber
(20 L in volume) by a microsyringe through a rubber plug. The
saturated target gas was mixed with air (relative humidity was
about 40% and room temperature was about 25 °C) by two fans
in the analysis system. After the sensor resistances reached a
new constant value, the test chamber was opened to recover the
sensors in air. All the measurements were performed in a
laboratory fume hood. The sensor resistance and response
values were acquired by the analysis system automatically.

3 Results and discussion
3.1 1D SnO,-Fe,0; composite nanofibers

Fig. 1a shows a typical TEM image of as-prepared SnO,-Fe,0;
composite nanofibers, indicating that the average diameter is
52 + 3 nm. Additionally, some pores can be observed on the
SnO,-Fe,O; composite nanofibers, which are caused by the
decomposition of PVP during the process of calcination.*® The
samples appear brownish yellow (inset in Fig. 1a). Fig. 1b
displays the XRD patterns of the composite nanofibers. Clear
peaks at 20 = 26.6°, 33.9°, 37.9°, 51.8°, 54.7°, 57.9°, 61.9°, 64.7°,
65.9°,71.3° and 78.8° correspond to the (110), (101), (200), (211),
(220), (002), (310), (112), (301), (202) and (321) crystal planes of
tetragonal rutile SnO, (JCPDS 41-1445). Additionally, six peaks
at 20 = 24.2°, 33.2°, 35.7°, 39.4°, 40.9° and 49.6° corresponding
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Fig. 1 (a) TEM image and (b) XRD pattern of the SnO,—Fe,O3 composite
nanofibers.
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to the (012), (104), (110), (006), (113) and (024) crystal planes of
hexagonal a-Fe,03 (JCPDS 84-0307) can be also detected.

3.2 Synthesis of 1D SnO,-PPy composite nanofibers via
vapor phase polymerization

To fabricate 1D SnO,-PPy composite nanofibers, SnO,-Fe,0;
composite nanofibers were used as a template by exposure to
HCI and saturated pyrrole vapor in turn under ambient condi-
tions in a vacuum drier at room temperature (25 £ 1 °C). During
this process, Fe,0; reacted with HCI vapor to form FeCl;. Then
FeCl; acted as the oxidant to polymerize the PPy layer on the
surface of the SnO, nanofibers.*”*® To track this reaction, XRD
(as shown in Fig. 2) has been used to characterize the SnO,-PPy
composite nanofibers with different PPy layer thicknesses. Four
samples with different PPy layer thicknesses, namely SnO,-PPy-
0.5 h, SnO,-PPy-1 h, SnO,-PPy-2 h, and SnO,-PPy-3 h were
prepared with vapor phase polymerization times of 0.5, 1, 2, and
3 h, respectively. Peaks of hexagonal a-Fe,O; disappeared in the
XRD after exposure to HCI, confirming the interaction between
Fe,0; and HCI vapor. Meanwhile, peaks of the tetragonal rutile
SnO, became broader owing to the coated PPy nanolayer
blocking the contact between SnO, grains. Fig. 3 presents the
TEM images of the SnO,-PPy composite nanofibers. When the
polymerization time was less than or equal to 1 h, the PPy
coating was not clearly observed from the TEM images (as
shown in Fig. 3a and b) for the low speed of vapor phase poly-
merization. However the color of the composite fibers changed
from brownish yellow to black (inset in Fig. 3a and b), con-
firming the formation of the PPy layer on the surface of the SnO,
nanofibers. When the polymerization time was 2 h, a thin PPy
layer with an average thickness of 23 £+ 4 nm could be clearly
observed on the surface of the SnO, nanofibers (Fig. 3c). When
the polymerization time was prolonged from 2 h to 3 h, the PPy
layer thickness increased from 23 & 4 nm to 30 + 2 nm (Fig. 3d).

To further prove the formation of a PPy nanolayer during the
polymerization process, both FT-IR and TGA were used to

0.5h
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Fig. 2 XRD patterns of SnO,—PPy hybrid nanofibers with different polymeriza-
tion times from 0.5 hto 3 h.
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Fig.3 TEM images of SnO,—PPy hybrid nanofibers with different polymerization
times: (@) 0.5 h, (b) 1 h, (c) 2 h, (d) 3 h. The insets show the optical photographs.
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Fig. 4 (a) FT-IR spectra and (b) thermal analysis results of SnO,-PPy hybrid
nanofibers with different polymerization times.

characterize the samples. Fig. 4a shows the FT-IR spectra of the
samples, in which two typical characteristic peaks at 1550 and
1463 cm™ ', corresponding to typical polypyrrole ring vibrations,
can be observed. Additionally, the bands at 1309 and 1049 cm ™"
were assigned to the =C-H in plane vibration. The broad band at
1186 cm ™' was assigned to N-C stretching. The peak observed at
883 cm ' was assigned to the =C-H out of plane vibration
indicating the polymerization of pyrrole.** The PPy content
within the samples was measured by TGA as shown in Fig. 4b.
From the curves, it can be found that the weight loss (wWt%),
caused by the decomposition of PPy, increased gradually as the
polymerization time was prolonged, confirming that the PPy
contents within the samples were ~10 wt%, 15 wt%, 18 wt%, and
20 wt%, for polymerization times of 0.5, 1, 2 and 3 h, respectively.

3.3 Gas sensing performances based on 1D SnO,-PPy
composite nanofibers and the interactions between PPy and
NH,

In our experiments, the response (S) is defined as
g_Re—R

£ % 100 (%), in which R, is the resistance of the device
a

in air and R, is the resistance in a certain concentration of NH;.
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Fig. 5 shows that the response changes as the NH; concentra-
tion changes (20 ppb to 500 ppm). Among the samples, SnO,—
PPy-1 h shows the largest response. The response value of SnO,—
PPy is higher than 3% at 20 ppb of NH; (as shown in Fig. S17),
which surpasses most of the existing gas devices based on PPy-
inorganic nano-hybrid-structures.”***->* The responses of all the
samples increases rapidly as the NH; concentration is increased
and remain unsaturated at 500 ppm of NH;, displaying a very
wide detection range. As shown in the inset of Fig. 5, the
response presents good linearity with the concentration of NH;
when the concentration of NHj; is lower than 1000 ppb.

Fig. 6 shows typical electrical responses of the four devices as
a function of time upon periodic exposure to 20, 100 and 500
ppm of NHj3;, respectively. Air was chosen as the carrier gas in
the experiments in order to simulate the most common sensing
environment. From Fig. 6, it can be clearly seen that the
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Fig.5 Relative change of response as a function of NH3 concentration. The inset
shows the response change as a function of NH3 at low concentration.
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Fig. 6 Response and recovery behavior of SnO,~PPy hybrid nanofibers with
different polymerization times: (a) 0.5 h, (b) 1 h, (c) 2 h, (d) 3 h at 20, 100, and
500 ppm in turn.
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resistance of PPy-coated nanofibers increases rapidly upon
exposure to NH; and then gradually levels off. The response
shows a concentration-dependent behavior. By purging with air,
the sensor response can be recovered quickly. Moreover, the
response at high concentration is much faster than that at low
concentration. This observation is in good agreement with
previous reports of PPy-based NH; sensors.>*>*

Generally, chemical sensors often have cross-sensitivity,
which hinders their practical applications. Herein, anti-inter-
ference performance testing was carried out by injecting
100 ppm of H,, CH,, C,H,, CO and NHj; into the test chamber in
turn, and the results are shown in Fig. 7. It can be seen that the
sensor displayed no response until NH; was injected. The

+ air

(NH; volatilization) +NH; vapor

Scheme 1 Interpretation of the sensitivity and reversibility of the PPy—HCl layer.
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distinctly different responses to different gases were attributed
to the interactions between the sensitive films and the adsorbed
gases. When PPy thin sheath interacts with NHj3;, the electron
transfer between the ammonia molecule and the polymer's
positive hole induces a diminution of the sensitive positive
charge density which leads to a decrease in the conductance
layer. However, the electron donating ability of the other four
gases is different from that of NH;, resulting in the variation in
the response characteristics. The whole process can be found in
Scheme 1.%¢

3.4 Synergic effect within n-type SnO,-p-type PPy nano-
hybrid-structures during the gas sensing measurement and its
verification

In our experiment, the theory of p-n junctions has been intro-
duced into the composite systems to explain the synergic effect
and its role in gas detection. It is well known that once p-type
semiconductors contact with n-type semiconductors, the holes
within the p-type semiconductors will diffuse into the n-type
semiconductors and neutralize the free electrons, resulting in
positive charges being left within the n-type semiconductors.
Likewise, free electrons within the n-type semiconductors
diffuse into the p-type semiconductors to neutralize the holes,
resulting in negative charges left within the p-type semi-
conductors. Thus, a space charge region (depleting layer) will
form for the equilibrium condition of the p-n junction as
shown in Scheme 2.%7%®

Based on the theory of p-n junctions mentioned above, a
novel mechanism involving a synergic effect, within the gas
sensing measurement, between the p-type organic (PPy) and
n-type inorganic (SnO,) materials has been established. It is
well known that when the outer surface of n-type SnO, is coated
by p-type PPy as shown in Scheme 3a and b, a p—n junction will
form between the interface. Holes within the p-type PPy shell,
near the p-n interface, will diffuse into the n-type SnO, core to
neutralize the free electrons and a new region (region C) will
form within the SnO, core. Likewise, free electrons within the
n-type SnO, will diffuse into the PPy shell to neutralize the
holes and a new region (region B) will form within the PPy-
shell. The formation of regions B and C results in the space
charge region (depletion layer) as shown in Scheme 3c. In
equilibrium, the space charge region prevents the further
diffusion of free electrons and holes from SnO, and PPy,

respectively. Thus, the whole SnO,-PPy core-shell
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Scheme 2 Schematic diagram of the formation of a p—n junction.
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Scheme 3  Schematic diagram of the inter-reaction between 1D n-type SnO,—p-
type PPy core-shell nanofibers and NHs.

nanostructure can be divided into 4 regions, namely, region A,
region B, region C and region D.

To further prove the formation of the p-n junction, I-V tests
of SnO,-PPy composite nanofibers with different vapor poly-
merization times from 5 min to 3 h were carried out. We can
discuss two situations as below:

(1) If a p—n junction does not form between the PPy-shell and
the SnO,-core, the resistance of the SnO,-PPy composite
nanofibers will reduce with increasing polymerization time
because the resistance of PPy is much lower than that of SnO,.

(2) On the contrary, if a p—n junction exists between the PPy-
shell and the SnO,-core, the resistance of the SnO,-PPy
composite nanofibers will firstly increase when the polymeri-
zation time is less than 30 min and then reduce when the
polymerization time is longer than 30 min. In the former stage,
the thickness of PPy is thinner than that of region B (as shown
below), thus upon increasing the polymerization time, the
thickness of the PPy-shell will increase and more holes from the
PPy-shell will enter the SnO, to neutralize the free electrons
within the SnO,-core, resulting in the resistance further
improving. In the latter stage, the thickness of the PPy-shell is
thicker than that of region B, thus upon increasing the poly-
merization time, the thickness of region A will increase,
resulting in the reduction in the resistance.

Fig. 8a and b show the forward bias I-V curves on a linear
scale and semilog scale, respectively, which match the p-n
junction theory. When the polymerization time was short (e.g. 5,
10, or 15 min), the resistance of the materials increased as the
polymerization time was prolonged. When the polymerization
time was long (e.g. >30 min), the resistances of our materials
mainly depended on the PPy shells (region A), resulting in
resistances that are orders of magnitude lower. These data
directly prove the formation of the p—n junction.
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Fig. 8 The forward bias -V curves of the as-prepared composite nanofibers on
(a) a linear scale and (b) a semilog scale.

When the materials are exposed to the air, the overall
resistance (R) can be represented as follows:

l — L + L + L + L (])

R Rn Ry Rc Rp
Where, R, Rg, Rc, and Ry, are the resistances of the PPy layer out
space charge region, the PPy layer within the space charge
region, the SnO, layer within the space charge region, and the
SnO, nanofiber out space charge region, respectively. Rc and Rp
within the SnO, are much larger than the corresponding values
for PPy. The overall resistance (R) can be simplified as:

[N o
R~ Ry 'Ry

As the samples were exposed to NHj3, both the holes within
region A and residual holes within region B will react with NH3,
resulting in a reduction in the hole concentrations within
regions A and B, making the resistances R, and Rz become
larger. At this time, the holes within region C will move back to
the whole PPy shell to complement the concentration of holes,
making the thickness of region C become smaller. Most
importantly, for a reduction in the hole concentration within
the whole PPy shell, the thickness of region B must further
expand, resulting in the resistance R, being further increased,
thus, the response has been further amplified as illustrated in
Scheme 3c and d. This amplification effect is the synergic effect
within n-type SnO,-p-type PPy nano-hybrid-structures during
gas sensing measurements.

From our theory, it can be found that the thicknesses of the
whole PPy layer and region B are critical keys to the sensing
performance. Two hyphotheses can be put forward.

(i) Hypothesis 1: Situation 1: The whole PPy layer is thinner or
equal to the thickness of region B. The overall resistance (R) is
dependent on Rg. In this situation, the variation in the response
to the target molecules is relatively small due to the lower
concentration of residual holes within region B. Thus, upon
increasing the thickness of the PPy layer, the concentration of
residual holes will increase, resulting in a larger response.
Situation 2: The whole PPy layer is thicker than region B. The
overall resistance (R) is dependent on R, and Rg. At this time,
both the concentration of residual holes within region B and the
expansion of region B within region A can be regarded as fixed.
Thus, the response to target molecules is mainly dependent on
the thickness of region A. Thus, upon increasing the thickness
of region A, the response will become smaller due to the low
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diffusion rate of the target molecules within the thinner sensing
body (as proven in Fig. 5). Additionally, we can also conclude
that the response in situation 1 is less than that in situation 2.

(ii) Hypothesis 2: The thickness of the whole PPy layer is fixed.
The sensing performance can be further tuned by controlling
the properties of region B. Situation 3: When the thickness of
the whole PPy layer is greater than that of region B, a larger
response can be achieved by improving the diffusion rate of the
holes and free electrons within the space charge region, and
owing to the improved diffusion rate of holes and free electrons
the thickness of region B can be increased, resulting in the
reduction of region A, namely, the sensing body becomes
thinner. Situation 4: If the thickness of the whole PPy layer is
thinner than that of region B, a smaller response will be
obtained by improving the diffusion rate of the holes and free
electrons within the space charge region, and owing to
the improved diffusion rate of holes and free electrons this
can further lower the concentration of residual holes within
region B.

To further verify such p-n heterojunction sensing perfor-
mance, a series of experiments were carried out. As proven in
Fig. 5, it was found that SnO,-PPy-1 h exhibited the highest
response. Meanwhile, the response of SnO,-PPy-0.5 h exhibited
the lowest response. Those results confirm that when the
polymerization time was 1 h, the thickness of the PPy layer was
thicker than that of region B. So we shortened the

Fig. 9 TEM images of the SnO,—PPy hybrid nanofibers with different shortened
polymerization times: (a) 5 min, (b) 10 min, (c) 15 min. The insets show the optical
photographs.
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Fig. 10 Response variation versus NHs concentration of SnO,—PPy hybrid
nanofibers with different shortened polymerization times at room temperature.
The inset shows the response to NHs at low concentrations.
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polymerization time to 15, 10, and 5 min. Fig. 9 presents TEM
images of the SnO,-PPy composite nanofibers with different
shortened polymerization times. In comparison with the SnO,-
Fe,0; composite nanofibers (Fig. 1a), the colors of the samples
(insets in Fig. 9) changed from brownish yellow to dark, proving
the formation of the PPy layer. FT-IR was used to characterize
the formation of PPy (Fig. S27).
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Fig. 11 Comparison of sensing performances of SnO,~PPy and SnO,~Ag-PPy
composite nanofibers with the same polymerization times: (a) 10 min, (b) 1 h.
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Fig. 12 The NH;3 sensing performances of TiO,—PPy and TiO,—Au-PPy core—shell
nanofibers.

Table 1 Comparison of the responses of various PPy based NHs sensors

View Article Online

Fig. 10 shows the response changes of the samples with
different concentrations of NH; (20 ppb to 500 ppm), with other
conditions fixed. From the curves, it can be clearly seen that the
response is increased by prolonging the polymerization time;
such a result can directly prove that the thickness of the whole
PPy layer is thinner than or equal to the thickness of region B.
The overall resistance (R) is dependent on Rg. In this situation,
upon increasing the thickness of the PPy layer, the concentra-
tion of residual holes will increase, resulting in larger response
(as mentioned in situation 1 within hypothesis 1). Furthermore,
we also find that all the responses of the samples with poly-
merization times of less than or equal to 30 min are smaller
than those of the samples with polymerization times of longer
than 1 h as shown in Fig. 5, confirming that the response in
situation 1 is less than that in situation 2 (as mentioned in
hypothesis 1).

To verify the validity of hypothesis 2, interfacial Ag nano-
particles were introduced into the PPy-SnO, composite nano-
fibers (the morphologies of the SnO,-Ag-PPy composite
nanofibers can be found in Fig. S37). The existence of metal (Ag
or Au) nanoparticles could accelerate the electron transition
between the p and n semiconductors due to the modest work
function of metal between that of p and n semiconductors
(further details can be found in the ESI), resulting in a thicker
region B. The sensing performances of SnO,-PPy and SnO,-Ag-
PPy were measured and are shown in Fig. 11. When the poly-
merization time was fixed at 10 min, the SnO,-PPy composite
nanofibers displayed a larger response than that of the SnO,-
Ag-PPy composite nanofibers as shown in Fig. 11a, proving the
validity of situation 4 mentioned in hypothesis 2. When the
polymerization time was 1 h, the SnO,-PPy composite nano-
fibers showed a smaller response than the SnO,-Ag-PPy
composite nanofibers as shown in Fig. 11b, confirming the
validity of situation 3 mentioned in hypothesis 2.

3.5 The generality of our theory and its application in
fabricating sensitive gas sensors

Both TiO,-PPy and TiO,-Au-PPy nano-hybrid-structures with
polymerization times of 2 h were prepared to verify the gener-
ality of our theory (the morphologies and structural character-
izations of the TiO,-PPy-2 h and TiO,-Au-PPy-2 h core-shell

Concentration
Materials 0.02 ppm 0.5 ppm 5 ppm 20 ppm 50 ppm 100 ppm 500 ppm
SnO,-Ag-PPy (in our experiment) 3.15 6.15 68.7 83.2 97.47 131.85 274.7
TiO,-Au-PPy (in our experiment) 3.2 26 33.5 35.6 76.4 98.9
PPy-coated TiO,-ZnO (ref. 45) 2 7 34
PPy-ZnSnO; nanocomposite (ref. 49) 2.5 4.6 6.9
TiO,-PPy thin film (ref. 53) 40 55 85
PPy + Pd composite (ref. 54) 13 18 35
PPy nanowire (ref. 59) 1 3.5 5 9 11
PPy nanowire (ref. 60) 8 12
PPy-polymethylmethacrylate composite 2 3 8
film (ref. 61)
This journal is © The Royal Society of Chemistry 2013 J. Mater. Chem. C, 2013, 1, 3017-3025 | 3023
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nanofibers can be found in Fig. S3 and S47). Fig. 12 shows the
gas sensing performance. It can be clearly seen that the
response of the TiO,-Au-PPy-2 h nanofibers is much larger than
that of the TiO,~PPy-2 h nanofibers, confirming the generality
of our theory. Additionally, the gas sensing performances
obtained from our SnO, core-shell nanofibers are much better
than those of previously reported PPy gas sensors,***%°%345961 g5
summarized in Table 1, which means that the synergic effect
can be used as a powerful tool to fabricate sensitive gas sensors.

4 Conclusions

For the first time, p—n junction theory has been used to eluci-
date the synergic effect in p-n heterojunction gas sensors.
Additionally, the validity and the generality of our hypothesis
for the synergic effect have been verified. We believe that our
results can construct a powerful platform to better understand
and design sensitive gas sensors in the future.
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