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and fast response/recovery are highly promising for various applications, but remain
challenging to realize. Herein, we demonstrate that SnO, nanofibers after being co-doped with
Cu?" and Au show considerably enhanced sensing performances at an unexpectedly-decreased

operating temperature. A synergistic effect occurs when the two dopants are introduced
together. Co-doping may form a novel strategy to development of ultrasensitive MOCs
working at a low optimal temperature.

Introduction

Metal oxide chemiresistors (MOCs), which can monitor gas
or vapor based on resistance change, often have high
sensitivity, low cost and compatibility with microelectronic
processing. They show promising applications in environment,
health, security and automotive sectors.'” MOCs from a
nanostructured metal oxide are of particular interest because the
large surface-to-volume ratio allows the exposure of as much as
possible sensing sites on the surface, offering cutting-edge
sensing ability (e.g. rapid adsorption/desorption).®'” Most of
the MOCs, however, have to work at a temperature typically
above 200 °C, which consumes large energy. The oxide grains
during working at a high temperature may coalesce,
undermining the sensing performance. High working
temperature also confines the use of MOCs for explosive
detection."!

Efforts to lower the operating temperature of MOCs have
been reported by several groups. Approaches include improving
the conductivity of metal oxides, increasing the amount of
ionosorbed oxygen species on metal oxide surface, or
enhancing interactions between target molecules and
ionosorbed oxygen species of the metal oxide. For examples,
carbon nanotubes '*2! or graphene **?® were added to improve
the conductivity of metal oxides at a low temperature; and
nonstoichiometric metal oxides were employed to increase the
jonosorbed oxygen species on oxide surface.’’* UV-light
irradiation was also reported to reduce MOC operating
temperature because UV-light irradiation could increase not
only the conductivity of metal oxides but also the ionosorbed
oxygen species on the metal oxide.*'* Despite the success in
lowering the operating temperature, the MOCs reported often
had low response and recovery speeds (e.g. larger than 1 min),
which were attributed to weak interactions between target
molecules and metal oxide, leading to inevitable delay in
monitoring of target states.

This journal is © The Royal Society of Chemistry 2013

Doping metal oxide with a noble metal, such as Au, is an
effective route to reduce the activation energy (E,) of reaction
between target molecules and ionosorbed oxygen species,®
which has been widely used to enhance the sensing
performance of MOCs.*”* Nevertheless, Au doping normally
shows finite change in MOC operating temperature. In contrast,
doping with an extrinsic metal ion was reported to considerably
increase ionosorbed oxygen species on metal oxide surface,
which is derived from the increased oxygen vacancies in the
host crystals because of the mismatch between the two metal
ions.*'** However, whether co-doping with both an extrinsic
metal ion and noble metal can increase the sensitivity but
decrease the optimal operating temperature of a MOC has not
been reported in research literature.

Herein, we demonstrate a novel strategy to increase MOC
sensitivity and meanwhile lower the optimal operating
temperature by co-doping metal oxide with metal ions and
noble metal. Electrospinning was employed to prepare SnO,
nanofibers containing both Cu®* and Au. The Cu®"/Au co-doped
SnO, nanofiber MOCs had an optimal operating temperature
(160 °C) to detect acetylene (C,H,), almost 100 °C lower than
those made of pristine SnO, nanofibers or SnO, nanofibers just
doped by Cu®" or Au. The co-doping caused a synergistic effect
which considerably enhanced the sensitivity. Acetylene is
selected because it is often generated in oil-filled power
equipment, such as large power transformers. The detection of
C,H, gas is important for on-site monitoring the working state
and diagnosing the fault of oil-filled power equipment.

Experimental

Materials

SnCl,-2H,0 was acquired from Tianjin Chemical Co. and
Cu(NO3),'3H,0O from Beijing Chemical Co. Ethanol, N, N'-
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dimethylformamide (DMF), poly(vinyl pyrrolidone) (PVP, M,,
= 1,300,000) and gold(IIl) chloride trihydrate were obtained
from Aldrich. All materials were used as received. The solution
for electrospinning was prepared by dissolving SnCl,-2H,0
(0.4 g) in a solvent mixture of DMF (4.4 g) and ethanol (4.4 g)
under vigorous stirring. PVP (0.8 g), Cu(NOs),'3H,0 and
gold(IIT) chloride trihydrate were then added into the solution,
and a homogeneous solution was formed by further stirring
vigorously for 30 min. The Au/Sn atomic ratio in the solution
was kept at 5:100, and Cu/Sn atomic ratio was controlled at
1:100, 2:100, and 3:100. For comparison, solutions without
containing elements Cu and Au were also prepared using the
same procedure.

Preparation of nanofibers

Precursor nanofibers were prepared using a purposed made
electrospinning setup consisting of a high voltage power
supply, a glass syringe (inner diameter, 1 mm) and a metal plate
collector. The solution prepared was placed into the syringe. A
high DC voltage (15 kV) was then applied between the syringe
needle tip and the collector (distance 20 cm). Fibers were
electrospun from the syringe needle and deposited onto the
collector. After electrospinning, the precursor fibers were
peeled off the collector and then calcined at 600 °C in air for 5
hours.

Fabrication and MOC sensor

The nanofibers prepared were mixed with deionized water
at a fiber/water ratio of 100:15 (wt/wt), and the mixture was
ground into a paste, which was spin-coated onto a ceramic tube
on which a pair of gold electrodes was pre-printed. A Pt heating
wire was inserted into the tube to form a side-heated gas sensor.
The sensor device was dried for 2 days at room temperature.
Prior to gas sensing measurement, all the MOC device
(nanofibers with ceramic tube) were aged at 350 °C for 12 h.
During the measurement, all the devices were stabilized at each
testing temperature for at least 6 h.

Characterizations of sensor property

Sensing properties were measured using a static flow
system, which composed a heater, a gas distributor and a data
acquisition system. Resistance change was recorded during
exposing the sensor device to C,H,-containing air, using the
CGS-8 intelligent test system (Beijing Elite Tech Co. Ltd.,
China). When the response reached a constant value, the device
was then recovered by exposing to pure air. The gas sensor
response (R,/R,) was defined as the device resistance ratio in
air (R,) and in testing gas (Rg).44 The test was performed in a
temperature range of 120 °C ~ 300 °C. The response time was
defined as the time taken by the sensor device to achieve 90%
change of the resistance during exposure in the test gas, while
the recovery time was defined as the time required for recovery

of 90% resistance in pure air.*’

Other characterizations

The morphologies and structures of the samples were
investigated by transmission electron microscopy (TEM) on a
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JEOL-2100 with an acceleration voltage of 200 kV and the
scanning electron microscope (SEM Supra 55VP). Crystal
structures were measured by X-ray diffraction (XRD, Scintag
XDS 2000 diffractometer with a Cu Ka radiation). X-ray
photoelectron spectra (XPS) was measured on an ESCLAB
MKII using Al as the exciting source. All peaks in the XPS
survey spectrum were calibrated based on the binding energy of
Cls (284.6 eV). Surface area was measured using the BET
nitrogen adsorption method on Micromeritics ASAP2000. The
pore size distribution was derived by the Barret-Joyner—
Halenda method. To measure the electrical resistance of SnO,
nanofiber sample, a pair of gold electrodes (thickness100 nm)
with 60 pm channel spacing was evaporated onto a SiO, wafer.
Nanofiber sample (1 mg) was dispersed in 200 pL distilled
water. After ultrasonication for 2 minutes, 10 pL nanofiber
dispersion was dropped into the channel spacing, and the
electrode was finally dried.

Results and Discussion

Morphology and crystalline structure

Cu/Au co-doped SnO, nanofibers (CASNFs) were prepared
by electrospinning of a PVP solution containing SnCl,,
Cu(NOy), and gold(IIT) chloride to get precursor nanofibers and
by subsequent calcination of the precursor nanofibers at 600 °C
in air to remove the polymer component and form SnO, crystal
phase. Fig. la shows the typical SEM image of the CASNFs
(molar ratio of Cu/Au/Sn is 1:5:100, also referred to as
1Cu/5Au/Sn0,), indicating a porous structure with lots micro-
pores between the adjacent CASNFs. Nano-pores among the
agglomerated gains throughout the CASNFs can be clearly seen
under the image of higher magnification (inset of Fig. 1a). For
comparison, the SEM images of pristine SnO, nanofibers
without Au and Cu, prepared by the same method, is presented
in Fig. 1b. The pristine SnO, nanofibers showed a similar
morphology to CASNFs. Variation of Cu/Sn ratio in CASNFs
was found to have little effect on the fiber morphology (see
ESIt).
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Fig. 1 a) & b) SEM images of a) CASNFs and b) pristine SnO,
nanofibers, ¢) XPS survey spectrum, d) ~ f) XPS high resolution d)
Sn3d, e) Audf, and f) Cu2p spectra. (CASNFs for b ~ f based on
1Cu/5Au/Sn0y).

The formation of porous nanofibers was derived from
the fibers
crystallization of metal oxides, which was similar to other metal

removal of the PVP component from and
oxide nanofibers prepared by an electrospinning route.*® The
porous fiber structure is preferable to the absorption of target
molecules for gas detection.

X-ray photoelectron spectroscopy (XPS) was used to
examine the surface chemical component of CASNFs. Fig. 1c
shows the survey spectrum of CASNFs (1Cu/5Au/SnO,),
indicating the existence of elements Sn, C, Au, Cu and O on
nanofiber surface. The high resolution XPS Sn3d spectrum in
Fig. 1d shows two symmetric peaks with binding energy at
4949 eV and 486.4 eV, which are assigned to Sn3d;, and
Sn3ds/,. The well separated spin-orbit components between the
two peaks (4= 8.5 eV) indicated that the element Sn was in
Sn*" state.’” The high resolution Au4f spectrum showed two
peaks at 83.4 eV and 87.8 eV, corresponding to Au4f;, and
Audfs),, respectively (Fig. 1e). Since no peaks were located at
around 85.5 eV and 86.3 eV, which are the characteristic
binding energies of oxidized Au, Au in CASNFs was in
metallic state. In contrast to bulk metallic Au (84.1 eV), the Au
in nanofibers had a negative shift (-0.7 eV) in binding energy.
This indicates strong interaction between Au and SnO, (e.g.
electron transfer from SnO, to Au'). For element Cu, the 2p3p
and 2p;, peaks were detected at 932.1 eV and 952.0 eV (Fig.
1f). The satellite peak at higher binding energy confirms the

chemical state of Cu ions is Cu®’ in the final products.*®

Fig. 2 shows the XRD patterns of SnO, nanofibers. SnO, in
CASNFs had the characteristics of tetragonal rutile SnO,
crystal phase (JCPDS 41-1445), while Au was in face centered
cubic crystal phase (JCPDS No. 65-2870). Since no peaks
associated with copper oxide phase was detected, long order
CuO lattice was not formed in the CASNFs.
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Fig. 2 XRD patterns of CASNFs and pure SnO, nanofibers.

Au and Cu®' in SnO, nanofibers were examined by a TEM
EDS mapping technique (see the images in ESI}). It was
interesting to note that Au existed in the form of particles
scattering in the nanofibers, while element Cu distributed
throughout the entire nanofibers. Despite the dispersion state,
“doping” here was still used to specify the effect of Cu*" ion
and Au nanoparticles on SnO, nanofibers.

This journal is © The Royal Society of Chemistry 2012
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High-resolution XRD was employed to examine the effect
of Cu®" on SnO, on Au crystal phase. The SnO, (101) peak was
found to slightly shift to a lower angle when increasing the Cu®*
doping level from 1 at% to 2 at% (see ESI{). Such a shift was
attributed to a substitution mechanism upon incorporation of
Cu*" ions into SnO, lattice network.*” When the Cu”**-doping
level was further increased to 3 at%, the peak recovered a little,
indicating saturation of the Cu*" substitution in SnO, crystal.

By comparing the XRD patterns of S5Au/SnO, and
1Cu/5Au/Sn0O,, we noted that the presence of Cu?" ions in the
Au-doped SnO, nanofibres led to increase of peak at 26=38°,
which corresponded to Au(111) crystal phase. The peak was
higher than that of SnO,(110) and SnO,(101). For the SnO,
nanofibers just doped with Au (i.e. 5Au/Sn0,), however, the
Au(111) peak was lower than that of the SnO,(110) and
Sn0O,(101) (see ESIT). In addition, Au-doping did not affect the
peaks of SnO, (200). These results suggest that Cu®’-doping
facilitates the growth of Au(111) crystal phase, leading to
increase in the catalytic ability.

Sensing properties

Sensing property against C,H, was studied. Fig. 3a shows
the gas sensor response (R,/R,) of the MOC devices in 100 ppm
C,H, at different operating temperatures. For the pristine SnO,,
the response value increased with increasing the operating
temperature until 260 °C. Further increasing the temperature
led to decrease in the response value.*® The response and
recovery curve of the device in 100 ppm C,H, at 260 °C is
shown in Fig. 3b. The response time and recovery time were
both ~7s. Therefore, the optimal operating temperature of the
pristine SnO; nanofiber MOC was 260 °C.
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Fig. 3 a) Sensor response of MOC devices as a function of operating
temperature (C,H, concentration, 100 ppm), b) response/recovery
curves of MOC devices against 100 ppm C;H,, c) effect of C,H,
concentration on sensor response. (in b and c, the working temperature
for the pristine SnO, nanofiber and CASNFs was 260 °C and 160 °C,

respectively).

For CASNF-based MOC devices, the response value
decayed monotonically when the operating temperature
increased from 140 °C to 320 °C. Here, 140 °C was selected as
the lower limit of operating temperature for the reason that the
device resistance became too large to be measured by the test

J. Name., 2012, 00, 1-3 | 3
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system when temperature was below this point. Among the
CASNF devices, the one from 1Cu/5Au/SnO, had the highest
response value. We also found that at 140 °C, CASNF MOCs
exhibited long response/recovery behaviors, which could not be
used to effectively monitor target molecules. When the working
160 °C, the devices showed good
response/recovery behavior. The respond and recovery curves
of the CASNF devices in 100 ppm C,H, at 160 °C are shown in
Fig. 3b. The response/recovery behaviors for CASNF devices
were  5s/13s, 7s/6s, and 7s/6s for 1Cu/5Au/SnO,,
2Cu/5Au/Sn0O,, and 3Cu/5Au/SnO,, respectively. Therefore,
160 °C was identified to be the optimal operating temperature
of the CASNFs. The effect of C,H, concentration on the
response of MOC:s is shown in Fig. 3c. At the optimal operating

temperature reached

temperature, CASNF devices had higher response than pristine
SnO, nanofiber device, although the former worked at a
temperature 100 °C lower than the later.

We also quantitatively compared our results on sensing
performances with those reported by researchers on MOCs for
monitoring C,H, (see ESIt). It is clearly indicated that our
CASNF MOCs exhibit better sensing performance than the
previous reports.

To explore the role of Cu**/Au co-doping in the
SnO,
containing just one dopant were prepared using the same

enhancement of sensing performances, nanofibers
method, and the fiber morphology, crystalline structure, and
sensing performance were examined. SnO, nanofibers doped by
Cu*" or Au showed a similar fiber morphology to CASNFs (see
ESIY). The single dopant had little effect on fiber diameter. The
XRD curves also confirmed that the dopants did not change the
tetragonal rutile crystal characteristic of SnO, (JCPDS 41-
1445) (see ESIY).

Fig. 4a shows the gas response of MOC devices made of
SnO, nanofibers doped by Cu?* or Au. In 100 ppm C,H,, the
Cu*" doped SnO, showed a similar response trend to the
pristine SnO, nanofiber device. Cu**-doping did not change the
optimal operating temperature, but increased the response value
and response/recovery behaviors (Fig. 4b).
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Fig. 4 a) MOC sensitivity of SnO, nanofibers doped by Cu®" or Au (in
100 ppm C,H»), b) response/recovery curves of the MOC devices
against 100 ppm C,H, (the operating temperature was 260 °C for the
Cuz‘—doped SnO,, and 220 °C for the Au-doped SnO,), c¢) cross-
response of MOC device (1Cu/5Au/Sn0Oy).

For the Au-doped SnO; nanofibers, the MOC device had an
optimal operating temperature of 220 °C, which was slightly
lower than that of pristine SnO, nanofiber (260 °C), but higher
than that of CASNF (160 °C). The response and recovery time
of Au-doped device are 6s and 7s (Fig. 4b). The slightly
decreased optimal operating temperature was explained by the
spill-over and electronic (chemistry) sensitization of Au.>%?

The above sensing results clearly indicate that the co-doped
SnO, nanofibers have much higher MOC response value than
those just doped by single Cu?' or single Au. A synergistic
effect on the gas response occurs when SnO; nanofibers are co-
doped by Cu®" and Au.

We also tested the cross-response of our MOC device
(1Cu/5Au/Sn0,) to different gases, including carbon monoxide,
hydrogen, acetone, methane and ethanol. As shown in Fig. 4c,
the MOC device has a good sensing selectivity to acetylene.

To find out the source of the synergetic effect, we also
measured the effect of Cu?” and Au on the electrical resistance,
surface area and pore size of SnO, nanofibers. For pure SnO,
nanofibers, the resistance measured by a two-probe method was
70 kQ. Doping SnO, with Au or Cu considerably increased the
resistance, respectively to 4x10° kQ (Au 5 at%) and 2x10° kQ
(Cu 2 at%). Co-doping further increased the resistance. The
resistance  of Cu**/Au  co-doped  SnO,  nanofibers
(1Cu/5Au/Sn0O,) was too large to be measured by our test
system.

The BET surface area of all nanofiber samples is listed in
Table 1 (see the detail result in ESIT). Cu®*'-doping increased
the surface area, while Au-doping led to a reverse trend. Co-
doped SnO, nanofibers showed slightly lower surface area than
the pure SnO, nanofibers.

Table 1 BET surface area and pore size

Samples Surface area  Pore size 1  Pore size 2
(m’/g) (nm) (nm)
Pure SnO, 333 1.7 21.8
5Au/SnO, 30.5 1.5 25.9
2Cu/Sn0O, 64.8 2.1 20.4
1Cu/5Au/Sn0O, 32.0 1.6 20.7

The pores in the nanofiber samples showed a bimodal and
wide size distribution (see ESI{). Here, the pore size values
centered in the bimodal distribution are also listed in Table 1.
Doping with Cu?’ increased the size of smaller pores, but
decreased the size of the larger pores. Au-doping showed a
reverse change. When SnO, was co-doped with Au and Cu*",
both the large and the small pores were slightly reduced when
compared with those in the pure SnO, nanofiber sample.

This journal is © The Royal Society of Chemistry 2012
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Discussion

With using n-type semiconducting metal oxides as sensor
medium, oxygen vacancies play a critical role in determining
the sensing performance. To approach the stoichiometry of
metal oxide, oxygen molecules are absorbs on the surface. The
oxygen species act as an electron acceptor to withdraw
electrons from the conduction band of the metal oxides.
Tonosorbed oxygen species are thus formed, resulting in an
electron-depleted surface region (also called “space-charge
layer”) and increase in electrical resistance. The ionosorbed
oxygen species are reverted when exposed to reducing gas. In
this way, the electrons trapped by the oxygen species feed back
to the metal oxides, leading to decrease in the resistance. In our
case, the reaction between C,H, and the ionosorbed oxygen
species on SnO, is shown in equation (1).

C2H2 + SO;dS d 2C02 + Hzo + 5e~ (1)
The reaction coefficient (a) is governed by several factors and
can be expressed as:*°

a = agexp(—1%) ©))
Where E, is the activation energy of the reaction, aq is pre-
exponential constant, 7 is reaction temperature and R is gas
constant.

Introducing Au nanoparticles into SnO, nanofibers could
lead to three scenarios: 1) reduction of the £, owing to the
catalytic effect of Au, which improves the reaction efficiency at
a low temperature; 2) increasing the amount of ionosorbed
oxygen species on SnO,,> thus strengthening the interactions
between C,H, and the ionosorbed oxygen species and hence
increasing the sensitivity; 3) increasing the height of space-
charge layer, which also leads to enhanced sensitivity. The last
scenario comes from the band structure. Since the working
function of Au is typically lower than the Femi level of SnO,, a
Schottky barrier forms at Au-SnO, interface, electrons transfer
from SnO, to Au.>

When SnO, is doped with Cu®*, the grain size of SnO,
decreases because of the mismatched atomic radius between
Cu*" (74 pm) and Sn*" (69 pm). The effect of Cu/Sn atomic
ratio on the grain size of SnO, in the nanofibers is shown in
ESI¥, which is similar to previous report.”* The reduction in
SnO, grain size allows more active sites on the surface, which
gives higher gas sensitivity.

The synergetic effect of Cu®**/Au co-doping was proposed.
Cu?" doping increases the active sites on SnO, surface owing to
the reduced SnO, grain size. Au nanoparticles in SnO,
nanofibers also enhance the sensitivity. Since the presence of
Cu2+
Au(111) crystal phase, the catalytic ability against acetylene is

in the Au-doped SnO, nanofiber system also increases

further enhanced considerably. As a result, the MOC devices
show increased sensing performance at a reduced optimal
operating temperature.

For the Cu?'/Au co-doped SnO, MOC devices, the
monotonous decrease of gas response with increasing the
sensor temperature can be explained by the increased Au (111)

This journal is © The Royal Society of Chemistry 2012
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phase and electrical resistance of Cu?'/Au co-doped SnO,
nanofibers.

Conclusions

A simple route to lower the working temperature meanwhile
increase the sensitivity of MOCs has been developed based on
Cu*"/Au co-doped SnO, nanofibers. A synergistic effect was
found between Cu®" and Au, making the co-doped nanofibers
have an unexpectedly high gas sensitivity at low optimal
working temperature. Co-doping may form a novel strategy to
development of ultrasensitive MOCs with low optimal working
temperature.
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SnO, nanofibers after being co-doped with Cu”” and Au show considerably enhanced sensing
performances at an unexpectedly-decreased operating temperature, and a synergistic effect occurs
when the two dopants are introduced together.



