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Cu@SnO0; spherical nanoreactor with hierarchical structure was prepared through a simple solvothermal
method, the structure and morphology were characterized by X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) showing the materials with extraordinary 3D nanoarchitectures. The gas sensing
properties of the as-prepared pure SnO, and Cu-doped SnO, were tested toward various gases. The results
showed that Cu-doped SnO; sensor displayed an excellent selectivity toward formaldehyde at the oper-

ating temperature 230 °C, which was much lower than most formaldehyde sensor in heater type among
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previous reports. The trec and the Ttrec values of the Cu-doped SnO; to 1000 ppm formaldehyde were 2 s
and 2 s, respectively, demonstrating extraordinary gas sensing properties, while those of the pure SnO,
sensor were relatively long. The enhancement might be attributed to increased oxygen vacancy due to
formation of active centers around doped elements and broad surface of unique mesoporous structure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Unique morphologies involving porous structure have fre-
quently developed. Hierarchical structures composed by low
dimensional blocks and porous oxide structures with well-aligned
pore structures were studied by many reports [1]. Hierarchical
nanostructures are the higher dimensional structures consisted of
low dimensional structure, nanoscale blocks such as 0D nanoparti-
cles, 1D nanofibers, and 2D nanosheets. In addition, hierarchical
nanostructures show well-aligned porous structures with high
surface area and less agglomerated configuration, while the non-
agglomerated form of oxide nanoparticles is extremely difficult to
accomplish. It should be known that beside higher dimensional
morphology, hollow structure also attracts considerable attention
because of their hollow interior architectures, which endow them
not only with high specific areas and abundant inner voids, but
also with controllable physical and chemical microenvironment.
Compared with other techniques, solvothermal method possesses
unique advantages, such as being simple but efficient, adapt-
able and less demanding for processing conditions. What’s more,
solvothermal processes may be used to control shape for fabrication
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of different dimensional nanomaterials [2]. Metal oxide materials
made by these methods can exhibit unique application potential in
microscopic physics and nano-devices [3].

As we all known that SnO; is one of the most important metal
oxides, which has high temperature stability, with a direct bandgap
of 3.6 eV, harsh environment tolerance and high surface reactivity.
It has been widely used as gas sensing materials to detect gases
such as CH50H, CO, NO,, H5S, due to its strong interaction with
gas molecules and well controlled morphology [4]. Productive, low-
cost and effective strategies for fabrication of nanomaterials with
high specific surface area are urgently expected in potential appli-
cations of different applications.

In the past decades, amounts of analytical methods for the detec-
tion of VOCs have been reported, containing spectrophotometry
[5], optical sensor detection [6] and ion chromatography [7]| which
are usually expensive requiring high energy-consumption and
complex operation procedure, and unable to provide VOCs expo-
sure information on a real-time basis. Thus, detection of gaseous
formaldehyde (HCHO) is so difficult, leading to highly challeng-
ing to quantify and monitor. To maintain environmental safety,
gas sensors are required for examining poisonous and hazardous
gases, which have been widely applied in the fields of healthcare,
safety, environmental monitoring and chemical process control
since the introduction of chemical sensors [8-11]. Over the years,
researchers have developed different sensors closely related to
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both species and morphologies. With the rapid development of
nanoscience and technology, considerable efforts have been made
to synthesis of new-type material.

In present work, Cu@SnO, microspheres formed by 2D
nanosheets with mesoporous and hierarchical structure were
successfully fabricated by using elaborately designed experi-
mental scheme of one-step solvothermal method. Their super
formaldehyde sensing properties and response mechanism were
investigated via a convenient and lossless measurement technique
which was reported for the first time. Highly efficient sensing
performance against formaldehyde was observed, which is much
better than published reports, making the fabricated material a
good candidate sensing material for high performance formalde-
hyde sensors.

2. Experimental
2.1. Materials synthesis

All the used chemical reagents in this work were analytical grade
and used as purchased without further purification: SnCl,-2H,0,
CU(N03 )2-3]‘[20, NaOH, Na3;CgH507-2H,0.

In a typical procedure, Cu@SnO, microspheres were synthe-
sized by a typical solvothermal method. Firstly, certain volumes of
ethanol (15 mL) were dissolved in deionized water (15 mL) to form
a clear solution, then SnCl,-2H,0 (0.9 g), NaOH(4 mmol), sodium
citrate(1 mmol) and certain amount of Cu(NOs3),-3H,0 (the molar
ratio of Cuto Snis 0.062) were added into above solution under con-
stant stirring. After stirred vigorously for 5h, the solutions were
transferred into 50 mL Teon-lined stainless steel autoclaves. The
autoclaves were heated at 180°C for 10h, and then cooled down
to room temperature naturally. The precipitates were separated by
centrifugation, washed with distilled water and ethanol 5 times,
and dried at 80°C for 24 h. Finally, microspheres with hierarchical
structure were obtained. We referred to these samples as SO and
S1, representing pure SnO, and the Cu@SnO,, respectively.

2.2. Characterization

X-Ray diffraction (XRD) analysis was conducted on a Scintag
XDS-2000 X-ray diffractometer with Cu Ko radiation (A =1.5418 A)
to analyze the structure of the prepared products. Scanning elec-
tron microscopy (SEM) images were performed on a SHIMADZU
SSX-550 (Japan) instrument to observe the morphology of the pre-
pared products. Transmission electron microscope (TEM) images
were obtained on a JEM-ARM200F microscope to observe detailed
microstructures and detect elements of the prepared products,
respectively.

2.3. Fabrication and measurement of gas sensor

The as-prepared material was mixed with deionized water in a
weight ratio of 4:1 and ground in a mortar for 3 h to form a paste.
The paste was then coated on an Al,03 ceramic tube to form a
sensing film (a thickness of about 300 um) on which a couple of par-
allel Au electrodes was previously printed. Pt lead wires attached
to these Au electrodes were used as electrical contacts. After the
ceramic tube was calcined at 300°C for 2 h, a Ni-Cr heating wire
was inserted into the ceramic tube as a heater for controlling the
operating temperature. The structure of a sensor is shown in Fig. 1.
The details of the sensor fabrication were similar to our previous
works [12].

Gas sensing properties were measured by CGS-8 intelligent gas
sensing analysis system (Beijing Elite Tech Co., Ltd., China) under
laboratory condition (25°C, 40 RH%). The response value (S) was

Fig. 1. Illustration of a gas sensor coated with sensing material.

Fig. 2. XRD patterns of pure SnO, and Cu@SnO,.

defined as S=(Ra — Rg)/Ra x 100%, where R, and Rg denoted the sen-
sor’s resistance in the air and presence of the target gases. The time
taken by the sensor to achieve 90% of the total resistance change
was defined as response time when the target gas was introduced
to the sensor (target gas adsorption) or the recovery time when the
chamber was full of air replacing target gas (target gas desorption)
[13].

3. Results and discussion

3.1. Structural and morphological characteristics

The XRD patterns of SO and S1 are shown in Fig. 2. It can be
observed that all of the diffraction peaks of SO and most peaks of
S1 can be indexed to SnO,, which were consistent with the Joint
Committee on Powder Diffraction Standards card (JCPDS, 41-1445).
The characteristic peak of Cu,0 (JCPDS, 35-1091) was also found,
manifesting the place in lattice atom of Sn** was substituted by
Cu*. Therefore, the required products were successfully prepared.

To get further information about the unique architecture, SEM
analysis was performed. The morphologies and nanostructures of
the as-prepared SO and S1 were characterized using FESEM (field
emission scanning electron microscopy) as shown in Fig. 3. (a) and
(b) displayed SEM images of SO; (c) and (d) displayed the SEM
images of S1 in different magnifications.

Fig. 3(a) is the enlarged FESEM of a single sphere, showing
that the sphere-like architectures consist of many nanosheets, esti-
mated a diametral quotient in 1.8 wm and thickness in 25nm.
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Fig. 3. High (a) and low (b) magnification SEM images of pure SnO; (S0); high (c) and low (d) magnification SEM images of Cu@ SnO,, (S1).

No other morphologies could be detected in Fig. 3(b), and it is
clear from the image that all the 3D structures were sphere-
like architectures, with a diameter range of 2+0.3 wm, which
further confirming to result of Fig. 3(a). The high-magnification
FESEM (Fig. 3(c)) shows the detailed morphological information
of the sample S1, and it reveals diameter and thickness of the
sphere nanostructure are about 1.5 wm and 15 nm. Fig. 3(d) is the
as-prepared hierarchical architectures self-organized spheres of
sample S1.Itreveals all of spheres are of homogeneous dimensions,
implied the overall size of each sphere ranges from 1.3 +0.2 pum
horizontally and 1542 nm vertically, which is well accordance
with estimations of Fig. 3(c), confirming the successful formation
of Cu@SnO,. Moreover, the diameter size and nanosheets thickness
of S1 are obviously smaller than that of SO, which may result in the
better gas sensing performances of S1 compared with SO.

3.2. Gas sensor performance

We all know that the gas response of a semiconductor sensor
is usually dependent on sensor’s operating temperature [13]. The
optimum working temperature is determined by highest response
of the sensor to test gas. As shown in Fig. 4, the responses of the
sensors based on SO and S1 to 100 ppm formaldehyde (HCHO)
were tested to determine the optimum operating temperature.
The preparation of 100 ppm HCHO sample gas was as followed:
0.307 p.L of 37% formaldehyde solution was injected into 1L gas
bottle so as to evaporate into steam formaldehyde, other concentra-
tions of sample gases were obtained by comparing the preparation
of 100 ppm HCHO sample gas to a different volume of formaldehyde
solution. It can be observed that the responses of the tested sensor
varied with operating temperature. According to Fig. 4, 230°C was
suggested to be the optimum operating temperature for formalde-
hyde detection based on SO and S1 sensors, because both sensors
increased rapidly and showed the maximum response of 48.19
and 77.97 at the corresponding temperature and then followed
by decrease with increasing operating temperature. It is appar-
ently that the response of S1 sensor is higher than that of pure SO

Fig. 4. Responses of sensors based on SO and S1 to 100 ppm formaldehyde as a
function of operating temperature.

sensor at same temperature and increased by nearly 162%, showing
abetter gas sensing property. Thus, the temperature 230 °C was cor-
respondingly identified as the optimum operating temperature for
both sensors and applied in all the investigations hereinafter. Fur-
thermore, our gas sensor has a relatively low working temperature
than those formaldehyde sensors based on Fe,03-In,03 nanotube
(250°C) [14], CuO nanocubes (300°C) [15], and ZnO nanocones
(275°C)[16].Operating temperature comparison of various sensors
toward formaldehyde is shown in Table 1.

The reason why the sensor based on S1 shows the highest
response to formaldehyde at 230 °C maybe as follows: The increase
of operating temperature could facilitate the chemical reaction on
the material surface, which will lead to the increase of response
in lower temperature. Moreover, desorption of HCHO molecules
process was accelerated with the rising of temperature, while
adsorption HCHO molecules process was impeded. As the reaction
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Table 1
Operating temperature comparison of various gas sensors toward formaldehyde.

Material Preparation method

Concentration (ppm) Operating temperature (°C)

Sn0,/In, 05 [17]

In,03 [18]

SnO; [19]
Fe304@Co304 [2]
Cu@SnO;, in this paper

Electrospinning

Chemical spray pytolysis
Topological transformation
Hydrothermal
Solvothermal

10 375
80 275
100 330
100 240
100 230

Fig. 5. Sensing transients of SO and S1 sensors to 10-1000 ppm formaldehyde at
230°C.

to be continued, adsorption and desorption of HCHO molecules
achieved dynamic equilibrium, it reached the best working tem-
perature. Thus, the change in resistance would be decreased when
working temperature reached a higher level. Namely, the sensi-
tivity would be reduced. From another perspective, temperature
of maximum response(TM) was gas-species dependent, as well as
depended on the adsorbate(analyte) gas concentration. Further-
more, parameters SM (maximum response) and TM characterise
the sensitivity distributions. The first of these parameters describes
the strength of the analyte gas binding on the metal oxide surface
and the second depicts the kinetic barrier that needs to be overcome
to induce a surface combustion event [20]. Such considerations may
also have an impact on the interpretation of the data compiled in
Table 1.

Response and recovery times are important parameters for
gas sensors. The sensing transients of SO and S1 sensors to
10-1000 ppm formaldehyde at 230°C are given in Fig. 5. It clearly
showed that with the increase of formaldehyde concentration, the
value of real-time response of both sensors increases obviously.
From the curve, we could read out the response time (tres) and
the recovery time (trec) to 1000 ppm formaldehyde were 2 and
2s, respectively, while response and recovery rate of SO were
relatively long. In addition, our Tres and Trec of formaldehyde
sensor is far more rapidly than most reported formaldehyde sen-
sor, such as Li-doped NiO sensor [21] (response time10s, recovery
time 1-2 min), Au@SnO, sensor [22] (response time 80s, recov-
ery time 62 s). Response and Recovery time comparisons of various
formaldehyde sensors are displayed in Table 2. An explanation of
time constants maybe as followed: the response and recovery time
constants to reactive analyte gases conform to a Meyer-Neldel com-
pensation rule behavior. When the gas was injected into gas bottle,
the sensor was exposed to a forced flow condition, and heteroge-
neous catalytic surface interactions were occurred. An influence of
“micro-climate” affected on the MOS (metal oxide semiconductor)
sensor response. Thus, gas response time of nano-scale metal oxide

Fig. 6. Responses of sensors based on SO and S1 at 230°C versus formaldehyde.

Fig. 7. Responses of sensors based on SO and S1 at 230 °C to 200 ppm various gases.

semiconductor gas sensor may also determined by the moving gas
outlet technique [27,28].

The response of sensors using pristine SnO, and hierarchical
Cu-doped SnO, samples versus the formaldehyde concentration
ranging from 10 to 1000 ppm at 230°C is shown in Fig. 6. From
the curve, it is found that the responses of both sensors increased
rapidly with increasing of the formaldehyde concentration and
then gradually tended to saturation (SO sensor) when the formalde-
hyde concentrations reached higher level. Obviously, the sensor
based on S1 exhibited the higher response to formaldehyde at dif-
ferent concentrations compared with that based on SO in the whole
detecting range. Fig. 7 clearly shows that introduction of Cuin SnO,
improved its sensing performance in terms of response, indicating
that S1 possessing a better sensitive property to formaldehyde.

The gas sensing selectivity is another important parameter to
evaluate the sensing ability of semiconductor materials. Fig. 7
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Table 2

Response and recovery time comparisons of various gas sensors toward formaldehyde.

Concentration (ppm)

Response time (s) Recovery time (s)

Material Preparation method

Sn0,/In, 05 [17] Electrospinning 10
Au@ Sn0O; [22] Sol-gel 50
LaFeOs [23] Hydrothermal 500
SnO, [24] Acid-washing 100
Zn0 [25] Thermostat water bath 100
NiO [26] Hydrothermal 100

Cu@SnO; in this paper Solvothermal

1000

20 40
80 62
13 25
13 35
6.5 24
50 150
2 2

Fig. 8. Humidity hysteresis characteristics of the sensor based on Cu@SnO,.

Table 3
Response and Sycho/Sgas comparisons of SO and S1 gas sensors toward various gases.

Gas (Ra _Rg)/Ra (%) SO SHCHO/Sgas SO (Ra - Rg)/Ra (%) S1 SHCHO/Sgas S1

SO, 0.99 57.1 1.961 41.55
CeHs 0.99 57.1 5.66 14.4
CHeO 2534 223 5.66 14.4
NH3 4.58 12.34 7.407 11
CgHio 6.455 8.76 9.091 8.96
C3HeO  9.42 6 13.04 6.25
CHy 14.53 3.89 25.926 3.14
HCHO 56.52 1 81.48 1

shows the cross responses of sensors based on pristine SnO, and
Cu-doped SnO, samples to a variety of gases with the concentration
of 200 ppm, which were tested at their optimum operating temper-
atures of 230°C. It can be observed that the response of S1 sensor
to 200 ppm HCHO at 230°C was 81.48, which was higher than
the response to 200 ppm SO,, CgHg, C2HgO, NH3, CgHyg, C3HgO,
CyH; (1.961-25.926). For the pristine SnO, sensor, the response to
200 ppm HCHO at 230°C was 56.52, while those to most of other
gases decreased (0.99-14.53). The selectivity to target gases was
defined as the ratio of gas response to 200 ppm target gases and that
to other gases Sycho/Sgas. Sucuo/Sgas values of interference gases
were 3.89-57.1 for SO sensor. And most of these values increased
for S1 sensor (as shown in Table 3). Therefore, these results clearly
demonstrated that sensor based on S1 was effective for selectivity
toward formaldehyde. The better sensitivity for formaldehyde than
other gases is considered to be caused by the different optimum
working temperatures of the sensor to different gases. According

to previous reports, the sensor showed selectivity at different oper-
ating temperature due to the distinction of the orbital energy of the
gas molecule. Therefore, the doped mesoporous with hierarchical
structure showed higher sensitivity to HCHO over other gases.
Fig. 8 shows humidity hysteresis characteristics of the sensor
based on Cu@SnO,, and the sensor was measured by DC voltage
at increasing or decreasing RH(Relative Humidity) ranged from 11
to 95% (11, 33, 54, 75, 85, 95) at its optimum operating tempera-
ture 230°C. The ratio of water vapor pressure and the saturated
vapor pressure in the air was defined as the relative humidity.
Our test procedure was as followed: The different RH conditions in
this experiment were firstly prepared at the constant temperature
25°C, and the RHrange of 11-95% was obtained using saturated salt
solutions as the humidity generation sources. After the RH condi-
tions had been prepared, the sensor was placed into the 1L bottle
with different RH conditions to test target gas 200 ppm formalde-
hyde, and the DC power connected to Ni-Cr heating wire was
turned on to provide the sensor’s operating temperature 230 °C. All
of the sensors’ operating temperature were constant 230°C pro-
vided by Ni-Cr heating wire(the length was about 5 mm), which
only contributed to the sensitive material on the ceramic tube(the
size was about 1 mm x 1 mm x 5mm). 230°C was mainly to pro-
vide operating temperature, which has no effect on the humidity in
the whole test environment conditions. It can be observed that the
Cu@SnO, sensor’s response to 200 ppm formaldehyde decreases
with the humidity increasing from 11 to 95% RH (adsorption
process). When the humidity decreases from 95 to 11% RH (des-
orption progress), the sensor’s response increases. The maximum
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Fig.9. Schematicillustration of gases conductive processes in the sensor system: (a)
air atmosphere; (b) oxygen molecules trap electrons; (c) HCHO reacts with absorbed
surface chemisorbed oxygen; (d) electrons reacts with holes.

hysteresis value is less than 1% RH, which shows good reliability
of the sensing material, indicating that the hysteresis effect of the
sensor was not too large to influence the application in real-world
conditions. Thus, we found the fact that the response properties
depended weakly on the amount of H;O.

3.3. Gas sensing mechanism

In typically, the sensing mechanism could be explained through
the change in resistance of the sensor caused by the adsorption
and desorption process of gas molecules on the surface of the oxide
[29-31]. In short, gas sensing process involves followed reactions:
adsorption-oxidation—-desorption. Adsorption mainly occurred on
the surface of sensor. When S1 sensor is surrounded by air,
chemisorbed oxygen species (0, ~,0~, 02~)[32] were generated by
adsorption of oxygen molecules, leading to a decrease in conductiv-
ity and increase in resistance of the sensor. The oxygen molecules
capture electrons from Cu-doped SnO, and transforms into O~
(420-670K), 0%~ (above 670K), and O, (below 420K) at the sur-
face of sensing layer which would lead the holes to spread all over
the surface of Cu-doped SnO, and the resistance increase [2]. When
the sensor is exposed to reducing HCHO gas, HCHO molecules are
adsorbed on the surface of Cu doped SnO-, they are oxidized by
chemisorbed oxygen species (O~) and electrons are released back
to the conduction band of the SnO,, which will increase the car-
rier concentration and electron mobility, resulting in the reducing
of sensor resistance (Schematic illustration is shown in Fig. 9). The
reactions of HCHO with chemisorbed oxygen and lattice oxygen
can be simply described as follows:

0,(gas) + 2e(ads) — 20~ (ads) (1)
HCHO(gas) + 20~ (ads) — CO, +H,0 + 2e~ (2)
e +h* < null (3)

The quick response should be understood in the frame work
of gas diffusion toward the SnO, surface and its reaction with
surface oxygen species. At a stationary temperature, the surface
reaction between HCHO and adsorbed oxygen will not vary sig-
nificantly. Accordingly, gas diffusion could be regarded as the key
factor. When the primary nanosheets are agglomerated to a signif-
icant extent, the target gas begins to interact with the nanosheets
located at the outer part of SnO, sphere. In addition, the diffusion
of the target gas toward the sensing surface of the interior particles
requires a homologous time. On the one hand, the broad surfaces of

nanosheets in hierarchical spherical structure become more reac-
tive and likely to absorb oxygen and form ionized oxygen species,
which can facilitate fast mass transfer of HCHO molecules to and
from the interaction area as well as improve the rate for electrons.
On another hand, the amount of oxygen that can be absorbed and
ionized is increased induced by the increased specific area of the
Cu-doped SnO,. Thus, extraordinary architecture could be consid-
ered as a factor that promotes the device to absorb more HCHO
molecules on the sensor. Moreover, the broad surface of nanosheets
makes the absorption of oxygen and HCHO molecule easier, result-
ing in super-speed response and recovery.

Furthurmore, doping with other elements is one of the effi-
cient ways to modify the physical and chemical properties of SnO,
materials. The improvement of the response of Cu doped SnO-, par-
ticles devices could attribute to the activation of Cu in enhancing
the chemical activity of formaldehyde molecules. When Cu-doped
SnO, spherical nanostructure was introduced to reductive HCHO
atmosphere, substitution of Cu* for Sn** could enhance the active
surface to more generation of surface oxygen vacancies accord-
ing to the solid state chemistry theory, resulting in higher sensor
responses. Furthermore, during adsorption and desorption on the
surface of Cu, some of formaldehyde molecules are chemically more
active. In this way, formaldehyde gas is easier to absorb on and react
with the particles surface. Copper replacement of tin in SnO, lat-
tice may form certain amounts of catalytically active centre [33],
which work effectively as centres of the oxygen chemisorption and
reducing gases oxidation, providing electronic exchange between
absorbed species and the SnO, conduction band. Thus, above
mechanism would lead to optimization of adsorption/desorption
dynamic equilibrium at the SnO, surface, controlling gas sensing
effects, and contributing to changes of gas sensing properties. This
will explained rapid response-recovery speed and increase in the
response of SnO, sensors after Cu doping. In the end, the reason for
the pronounced gas response to formaldehyde maybe as followed:
comparing the gases investigated, the remarkable difference of
formaldehyde with regard to the other ones is that formaldehyde
contains a carbonyl (C=0) bond. The higher reactivity of C=0 dou-
ble bonds as compared to the C—H and N—H bonds in the other
analytes was very likely the main factor to cause the pronounced
gas response to formaldehyde. Certainly, our group is still in the
further research of the mechanism.

4. Conclusions

In summary, pure SnO, and Cu doped SnO, were synthesized
through a solvothermal method and their HCHO sensing properties
were investigated. The results showed that Cu-doping can improve
their HCHO sensing performance greatly compared to pure SnO,.
Sn0, sensor with Cu doping exhibited the highest response and
best selectivity among all the samples. The improvement of sens-
ing properties was attributed to the increase of oxygen vacancy
induced by the Cu doped and extensive surface area of hierarchical
SnO, structure which have been well activated and utilized for gas
sensing.
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