Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Dalton Transactions

ARTICLE

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Dalton Transactions

RSCPublishing

Room temperature high sensitive H,S gas sensor
based on SnO, multi-tubes arrays bio-templated from
insect bristles

Junlong Tian,” Feng Pan, Ruiyang Xue,” Wang Zhang,”” Xiaotian Fang,” Qinglei
Liu, Yuhua Wang’, Zhijian Zhang® and Di Zhang *"

A tin oxide multi-tubes arrays (SMTA) with a parallel effect was fabricated through a simple
and promising method that combines chemosynthesis with biomimetic techniques which the
biomimetic template derived from the bristles on the wings of the Alpine Black Swallowtail
butterfly (Papilio maackii). The SnO, tubes are hollow and porous structure with micro-pores
regularly distributed on the wall. The morphology, delicate microstructure and the crystal
structure of this SMTA were characterized by super resolution digital microscope, scanning
electron microscope, transmission electron microscope and X-ray diffraction. The SMTA
exhibit a high sensitivity for H,S gas at room temperature. It also exhibits a short
response/recovery time, with an average value of 14/30 s at 5 ppm. Especially, it does not need
to heat for the SMTA under the gas sensitivity measure process. On the basis of these results,
SMTN is proposed as a suitable new material for the design and fabrication of room-

temperature H,S gas sensors.

1. Introduction

Hydrogen sulfide (H,S) is a toxic gas" ? that is often generated
by organic waste, or as a byproduct of the oil and food industry.
Its low threshold limit for humans of 20 ppb™ * means that there
is a very real need for gas sensor materials that can be used to

fabricate an electronic nose which can help ensure public safety.

Of the materials currently available, the 3.6 eV band gap of the
n-type semiconductor tin oxide (SnO,) has been extensively
studied and applied in the field of gas sensors.>” Through this,
SnO, has been successfully applied to the detection of a number
of different gases, such as CO, SO,, NO,, CH,, and H,S.8
However, work is still needed to improve it sensitivity, as well
as improving its temperature stability. In addition, most gas
sensing detections of the sensing materials (not only for SnO,)
were performed under the operating temperature needed heating
the sensing material.* 713

In principle, gas sensing by SnO, (semiconducting metal
oxide) is based on the semiconductor surface, which causes a
significant resistance change in proportion to the gas
concentration and a certain work temperature.'*'® In addition,
the sensor performance depends on the doping or surface
modification, exposed crystal planes, grain size, surface
morphology, the working temperature, and so on. However,
although doping or mixing is an efficient way to improve the
sensor properties of SnO,,'” ¥ the methods to make the
materials homogeneous are too difficult to control® ' 2 (i.e.
reactive sputtering, pulsed laser deposition, electrochemical
deposition). Encouragingly, along with the development of
nanomaterials technology, the nanomaterials gas sensors with

This journal is © The Royal Society of Chemistry 2013

various morphologies were fabricated showed an excellent
performance for gas sensing due to the small size effect’’ and a
high absorption surface area'":'> ¥, Preparing SnO, with nano-
or micro-sized structure materials become another method to
improve the gas sensor properties.””?’ Many researches made
some progresses and innovations in fabricating SnO,
nanotubes®*°, due to the nanotubes or micro-tubes with high
surface-to-volume ratios displayed enhanced and unexpected
responses to the chemical molecules. But, limited by the
currently technologies, it is difficult to fabricate the more
effective nanomaterials gas sensors with more effective sub-
micron functional morphologies.

Based on our previous work that a gas sensor was fabricated
by single bio-inspired architectures porous micro-tube,! in this
work, we combined the chemosynthesis with biomimetic
techniques to assemble inorganic nanomaterials into multi-
tubes arrays, which achieved the integration among the small
size effect of the nanomaterials, the bio-inspired sub-micron
architectures porous micro-tubes arrays with a high absorption
surface area and parallel effect of the multi-tubes arrays. The
biomimetic template derives from the bristles on the wings of
the Alpine Black Swallowtail butterfly (ABSB) (Papilio
maackii). The resultant SnO, multi-tubes array (SMTA)
exhibits a high sensitivity for H,S gas at room temperature and
a short response/recovery time. Here, the first report on a H,S
gas sensor fabricated by singe component SnO, without any
doping or composite, which does not need to heat for the
SMTA under the gas sensitivity measure process, is presented.
The method is facile and low-cost compared to other traditional
techniques, and the fabrication process is very simple and easy
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for practical applications. Especially, it does not need to heat
for the SMTA under the gas sensitivity measure process, which
exhibits a more obvious advantages for practical applications.
Consequently, this work presents new insight to take advantage
of the SnO, to fabricate the room temperature H,S gas sensor.

2. Experimental section

2.1 preparation of SMTA

The method to fabricate the MTA was modified with our
previous work.?! Fig. 1 illustrates the strategy employed for
fabricating the SMTA. The fabrication route escribed herein
consists of three steps: 1) Pretreatment of the chitin-matrix
surface; 2) After the same pretreatment with our previous
work,?! the bristles were dipped in prepared SnCl, ethanol
solution for 36 hours at 30 °C in sealed vessel; 3) Afterwards,

and dried at 30 °C

Pretreatment

2.3 Material characterization techniques and measurements

SnO, microtubes were characterized by X-ray diffraction (XRD,
Rigaku Dmax-2600/pc, Cu K radiation, A = 0.1542 nm, 40 KV,
150 mA). The microstructure and morphology of the resultant
products were investigated by field-emission scanning electron
microscope (SEM) which was operated under 5.0 kV (Acc.V).
Transmission electron microscope (TEM) images, selected area
electron diffraction (SAED) patterns and high resolution
transmission electron microscope (HRTEM) were obtained on a
JEOL JEM-2100F instrument operated at an acceleration
voltage of 200 KV (Acc.V).

The gas-sensing properties test was operated in a commercial
measuring system of HW-30A (Hanwei Electronics Co., Ltd.,
China) and the details of testing measurement is also showed in
a current paper.'" 732 The circuit voltage (V,) was set at 5 V,
and the output voltage (V, ) as the terminal voltage of the load
resistor. The working temperature of a sensor was at room
temperature (25 °C). The gas response of the sensor (S) in this
paper was defined as R,/R,, where R, is the resistance in air and
R, is the resistance in sample gas for reducing gases. The

2| J. Name., 2012, 00, 1-3

the bristles were dried and heated in muffle furnace by the rate
of 1 °C/min to 550 °C and kept for 2 hours (the chitin were
burned off and left with crystallized SnO,). Then, the SnO,
bristles were cooled down to room temperature. Fig. 1 also
exhibits that the sub-micron architectures porous micro-tube
structure (SAPTS) was inherited and the structures of the
bristles of ABSB were perfectly transferred to the SnO, bristles.

2.2 preparation of SMTA gas sensor

About 100 SnO, bristles as a parallel array that were in good
condition were chosen, and then putted them together by a
small needle. Following, painted silver paste onto the both ends
of the SnO, bristles under the microscope as electrodes without
any treatment. Finally, the samples were put in dried room
(humility was under 70%) at 20 °C.

Rinsed
—
and dried at 50 °C

Dipping in
Sn-colloid impregnant
Fig. 1 Schematic view of the fabrication SMTA.

Heated at 550 °C

response or recovery time was expressed as the time taken for
the sensor output to reach 90% of its saturation after applying
or switching off the gas in a step function. It does not need to
heat for the SMTA under the gas sensitivity measure process.

3. Results and discussion

Fig. 2(a) is the SEM images of the SMTA gas sensor, which
exhibits that the main component of the multi-tubes is
approximate parallel and forms the multi-tubes arrays. Both
ends of the SnO, multi-tubes were painted with silver paste as
electrodes. Consequently, the SnO, multi-tubes combine with
silver electrodes formed an approximate parallel circuit. As
shown in Fig. 2(b) and (c), the quasi-order pores and
longitudinal ridges are regularly distributed on the wall of the
SnO, tubes. From the inset of Fig. 2(c), we can observe that the
longitudinal center hole and microribs also are inherited. These
figures also clearly show that the SnO, nanoparticles (NPs)
deposited onto the surface and assembled into a film that
successfully inherited the SAPTS of the bristle of ABSB.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) SEM image of the SMTA as sensor) and (c)
cross-section images of the SnO, microtube.

Further observation was made under TEM (Fig. 3(a)-(d)). Fig.

3(a) and (b) also shows the morphology of porous wall. The
SAED pattern demonstrates the polycrystalline of SnO,, and
rings indexed to (211), (110), (101) and (310) crystal planes,
respectively. Moreover, SnO, NPs are attached to the wall of
porous microtubes (Fig. 3(c)), which provides further
supporting evidence that the SnO, NPs deposited onto the
surface of the SAPTS of the bristle of ABSB. The HRTEM
images of SnO, microtube (Fig. 3(d)) obviously exhibits that
the NPs, which deposited on the surface of the SAPTS of the
bristle of ABSB, are SnO, NPs. The lattice fringes with

= .';.:il\\\\ L
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Fig. 3 (a)-(c) TEM images of SnO, microtube.
microtube. (¢) XRD pattern of SnO, microtube.

This journal is © The Royal Society of Chemistry 2013

SEM images of the SnO, microtubes.
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interplanar Sn0,(110)
dg,0, 1oy =0.263nm are exhibited in Fig. 3(d). The results of
nt

XRD (Fig. 3(e)) shows that all the diffraction peak of the
powders is matched to the standard tin oxide, PDF card (#41-
1445), which demonstrate that the NPs are tetragonal phase
Sn0O,, and the lattice parameters are marked. The clear rings of
the SAED image match well with the XRD result.
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The inset of Fig. 1(a) is the SAED image. (d) The HRTEM images of SnO,

J. Name., 2013, 00, 1-3 | 3



Dalton Transactions

Dalton Transactions

ARTICLE

The SMTA showed high sensitivity for H,S gases at room
temperature (Fig. 4(a)), and V,, was showed as a function of
time. When we tested reducing gases (H,S), the load resistance
was set as 4700 kQ. As shown in Fig. 4(a), the sensor showed a
significant response, when H,S (100 ppm) was injected into the
tested chamber. The response to H,S was extremely high, the
response time was below 10 s, and the recovery time was
almost 40 s. Under the gas sensitivity measure process, it does

RSCPublishing

not need to heat for the SMTA. The resistances changes are
also significant when different concentrations (5, 10, 30, 50 and
100 ppm) H,S was injected was injected (Fig. 4(b)). The S in
100 ppm H,S is 5.21 and the high selectivity of H,S gas sensor
which would be useful in making a device to detect H,S at
room temperature without any heating device.

1.6
(a)l 4 ;i' o —*—H,S 100ppm| (b)160000- 100ppm :S=5.21 [~ " — Sppm
N H 140000-3’"‘ —4— 10ppm
kI E & 120000- o= 30prini
- : A T
2 1.0 ] \ §100000- 3 —v— 50ppm
w e co—
& 0.8 ! S 80000 . +—100ppm
S 0.6 , 2 60000+ g P PR
el &‘”a 40000-
0.41] 20000
0.2 : , ‘ ' al
0 50 100 150 200 250 0 10 20" 30 ‘!0 30760 70" 80 90 100
Time (s) Time (s)

Fig. 4 (a) The V, response and recovery curve of SMTA in 100 ppm H,S gases. (b) The resistances change of SMTA in different

concentrations (5, 10, 30, 50 and 100 ppm) H,S.

Further experiments show the sensitivity of the SMTA
precisely. The dynamic electrical response of the SMTA to
different concentration of H,S gas (from Sppm to 50 ppm) is
shown in Fig. 5(a), which shows the behaviour of the voltage
signal (response) as a function of the time. As the H,S gases
with different concentrations were injected into the tested
chamber, the response of gas sensor rapidly increased. After
gas off, the response can almost recover to its initial value,
rapidly. The result demonstrates that the H,S gas sensor based
on the SMTA possesses a good reversibility. Even in 5 ppm
H,S, the sensor also show a response time about 14 s and
recovery time was 30 s. The high sensitivity and short

This journal is © The Royal Society of Chemistry 2013

response/recovery time are much better than many other H,S
gas-sensing SnO, microtubes reported previously.”® 3% 33 The
sensor exhibits high response to thin H,S and the response
increase rapidly with the growth of the gas concentration. The
relative resistance is defined as R,/R, (Fig. 5(b)), and the
S;=AR/AC is defined as the sensitivity when concentration
increased, where AR represents R,/R,. The sensors also showed
obvious changes when concentration changed. The high density
of bristles amplified the signal of H,S, and the S was ~4.84x10"
2. which was 3 times more than some other tubes.>

J. Name., 2013, 00, 1-3 | 4
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Fig. 5 (a) Vo, of SMTA in different concentrations (5, 10, 30 and 50 ppm) of H,S; (b) relative resistance response of SMTA in
different concentrations (5, 10, 30 and 50 ppm) of H,S (three different colors represent to three different batches of samples with

same process).

Table 1 shows a development in gas sensors of nanotubes or
microtubes made by tin oxide in recent five years. This table
shows that the SMTA with the SAPTS has significantly
improved the gas sensor properties in H,S. Many researchers
before used heating, doping or compositing as the methods to
improve the sensitivity of gas sensors, the operating
temperature was usually over 100 °C.* % ' 3% Unlike those
sensors, the SMTA gas sensors with SAPTS also have an
excellent sensitivity at room temperature, reducing the
operating costs and hardware bulk, while improving the device
reliability through the simplification of the operating

requirements. Moreover, the sensor shows a good response low
to 5 ppm. Although some reports have shown really low
concentration (even down to ppb level) detection for H,S gas
sensors,”” *° the response and recovery time to H,S are longer
at room temperature due to the low operating temperature,
which are difficult to be fabricated and to be widely used in
practical application. However, the SMTA gas sensors with
high sensitivity and short response/recovery time could be
easily fabricated and in good use in the detection of H,S.

Table 1 Summary of the development of gas sensors of H,S based on SnO, microtubes (R-T, room temperature).

Years Low detection limit Response time  Recovery time Operating Sensor
(ppm) temperature (°C) response (S)
2011%° ~20 ~10 min ~1 min 30-90 0.35
2013 ~0.5 >10 min >10 min R-T <0.1
2014 ~9 ~30's ~30's R-T ~1
This work ~5 ~14s ~30s R-T ~1.45

We now turn to discussion of the dynamic electrical response
of the SMTA to H,S gas, referring to the scheme of Fig. 6. The
dynamic electrical response on the SMTA commonly involves
the interaction between H,S gas and the chemisorbed oxygen
ions on the surface. In ambient air, there is a lot of chemisorbed

oxygen 02’ (ads) on the SMTA surface at room temperature,

and electrons from SnO, are trapped by chemisorbed oxygen

species, as shown in Egs. (1) and (2).'%
0,(g) < O, (ads) (1
O,(ads)+e~ — O, (ads) 2

Thereupon, the chemisorbed oxygen causes electron depletion
formed a space-charge layer in the SMTA surface and results in
the building up of a Schottky surface barrier, which results in
the electrical conductance of the SMTA decreased to

minimum.*® When injected into H,S gas the tested chamber, the

chemisorbed oxygen O, (ads) react with H,S gas, and the

This journal is © The Royal Society of Chemistry 2012

response to H,S at room temperature can be explained as Eqgs.
3)."

HZS(g)+%02’(ads)—>HZO(g)+S02(g)+%e )
With this reaction, many extracted electrons are released to the
SMTA surface, leading to the Schottky surface barrier decrease
and the space-charge layer thinner. Therefore, the electrical
conductivity of SMTA increases. Consequently, the
chemisorbed oxygen causes the electrical conductance of the
SMTA decreased and the chemisorbed reducing gas causes the
electrical conductivity of SMTA increased which resulted in the
dynamic electrical response of the SMTA to H,S gas. For
SMTA, the H,S gas sensor exhibits high response, firstly, the
crystallite size should be comparable to 2 L, (the thickness of
surface electron depletion layer denotes L;). For SnO, in air, L,
is about 3 nm.?' From the TME results and the XRD results
(Fig. 3), we can find that the SnO, grains are high crystalline
and the sizes are about 7.0 nm. Moreover, the SAPTS of SnO,

J. Name., 2012, 00, 1-3 | 5
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micro-tube bio-templated from ABSB with quasi-order pores
regularly distributed on the wall and a longitudinal center hole
located in the center of the micro-rib. These structures provide
lots of channels to facilitate the H,S gas diffusion into such the
SAPTS, making the H,S gas contact with inner SnO, grain
easily on the reduction reaction process and degas easily on the
recovery process. The SAPTS provide abundant gas absorption
surface, and more gas would be absorbed at relatively low
temperature which cause that the H,S gas sensitivity was
enhanced and the sensing temperature zone was moved to room
temperature.'® Consequently, the SAPTS also play a crucial
role on the fast response/recovery. Simultaneously, the high
crystalline framework'' and the longitudinal ridges structure
provide fast transport of charge carriers from one end of micro-
tube to other end. In addition, the multi-tubes are approximate
parallel formed parallel circuit which reduces the resistance
compared with single tube and facilitates dynamic electrical
response. Hence, the resultant SMTA exhibits a high sensitivity
for H,S gas at room temperature and a short response/recovery
time.

Fig. 6 Schematic of the SMTA gas sensors which generates
response as the H,S gases were injected into the tested chamber

Conclusions

In this work, we fabricate the SMTA with SAPTS through a
simple and promising method that combines chemosynthesis
with biomimetic techniques. The biomimetic template derived
from the bristles on the wings of the Alpine Black Swallowtail
butterfly. The SMTA with electrodes contacted on two ends
was assembled into the gas sensor devices. Due to the high
crystalline small size SnO, grain integrated with the SAPTS, as
well as combined with the parallel effect of the multi-tubes
arrays, the SMTA H,S gas sensor exhibits a high sensitivity for
H,S gas at room temperature and a short response/recovery
time. All of these properties indicate that the SMTA has the
potential that could be applied to make devices, which could
detect H,S at room temperature to ensure the safety of human
and animals. And this work opens a novel way to fabricate the
room temperature gas sensor.
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