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SnO2-Cu2O core-shell nanofibers (C-S NFs) with various shell thicknesses (15–80 nm) were fabricated for gas (CO
and NO2) sensing applications. SnO2 NFs were produced by electrospinning and then coated with Cu2O by
atomic layer deposition, which allows control of the shell thickness. The role of the Cu2O shell thickness on the
sensing characteristics was investigated systematically. The sensor responses to both CO and NO2 gases exhibited
bell-shaped curves in the range of 15–80 nm, which was related to the radial modulation of the hole-accumulation layer (HAL) in the Cu2O and blocking of the expansion of the HAL because of the existence of the n-p
heterojunction. In addition, the volume fraction of the shell relative to the total volume of C-S has a direct effect
on the total degree of resistance modulation. Furthermore, the effects of SnO2 surface-Cu2O heterojunctions and
Cu2O grain boundaries on the sensing behavior are explained. This study revealed an important aspect of C-S
nanostructures for sensing studies, which is needed to optimize the shell thickness and obtain the strongest
response towards specific hazardous gases.

1. Introduction
Carbon monoxide (CO), which is known as the silent killer, is a

⁎

highly toxic colorless, tasteless, and odorless gas [1]. The gas is generally formed by the incomplete combustion of the carbon-containing
fuels [2] and it is emitted from power plants, vehicles, mines, etc. [3].
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response to oxidizing gases was inferior to that of pristine ZnO NFs. To
continue the studies on n-n and p-n C-S NFs, one remaining combination of n-p C-S NFs needs to be evaluated.
This study examined the influence of the shell thickness on the
sensing behavior of polycrystalline n-p SnO2-Cu2O C-S NFs.
Electrospinning, which is an effective, facile, and low-cost method
using a minimal quantity of materials with the possibility of large-scale
synthesis [23], and atomic layer deposition (ALD) were employed for
the synthesis of SnO2-Cu2O C-S NFs with a range of shell thicknesses
and the sensing behavior was studied in the presence of CO and NO2
gases.
For CO as a reducing gas, sensors with a shell thickness of 30 nm
showed the strongest response, whereas the pristine SnO2 sensors indicated the maximum gas response toward NO2. The mechanism of gas
detection involved is fully described based on the radial modulation
and volume fraction of the Cu2O shell.
Fig. 1. Schematic illustration of the synthesis steps: (a) synthesis of SnO2 NFs
via electrospinning and (b) Cu2O deposition via ALD.

2. Experimental
2.1. Synthesis of SnO2 NFs
Tin (II) chloride dihydrate (SnCl2·2H2O), anhydrous N,N-dimethylformamide (DMF), and polyvinyl acetate (PVAc) were provided
by Sigma-Aldrich. At room temperature, 1.54 g of PVAc and 1 g of SnCl2
were dissolved in a mixed solvent (9.42 g of DMF and 11.7 g of ethanol)
by magnetic stirring for 6 h, generating a homogeneous viscous solution
for electrospinning. In line with previous reports [24,25], 20 m l of a
viscous solution was loaded into a syringe equipped with a 0.51 mm
inner-diameter stainless steel needle. The distance between the needle
tip and the aluminum plate (as a collector) was 20 cm. A voltage
of + 10 kV was connected to the needle while the metal collector was
grounded. The solution feed rate was maintained at 0.5 m l/h during
the process. The electrospun NFs were distributed uniformly over the
SiO2-grown Si substrates attached to the collector. Finally, the aselectrospun NFs were heat-treated at 600 °C at a heating rate of 10 °C/
min for 2 h in air to remove any organic moieties without destroying
the fibrous nanostructures.

CO gas can easily displace oxygen in the blood and cause severe problems associated with the brain, heart and other human organs [4].
Simultaneously, CO can react easily with hemoglobin, leading to suffocation and eventually death [5,6]. Nitrogen dioxide (NO2) is a highly
oxidizing and dangerous gas that is emitted from automotive engines,
or any other combustion processes of fossil fuels, leading to photochemical smog and acid rain [7]. NO2 concentrations above 3 ppm can
cause damage to the lung and nervous systems [8,9], and death at
concentrations above 100 ppm [10]. Accordingly, the development of
gas sensors for the accurate sensing and monitoring of CO and NO2
gases is vital.
Semiconducting metal oxides are one of the most popular sensing
devices because of their high sensitivity, stability, and low price. In
these gas sensors, the surface area is very important because more
target gas adsorbed on the surface of a gas sensor can lead to a stronger
sensing response. Accordingly, sensing materials with a higher surface
area are more efficient. Hence, considerable attention has been directed
toward the synthesis of one-dimensional morphologies, such as nanorods [11], nanowires (NWs) [12], and nanofibers (NFs) [13] with
high surface areas. In addition, composites generally have better sensing properties than pure materials owing to presence of heterojunctions. In this context, core-shell (C-S) nanostructures are a special class
of composite, in which a nanoscale sized thin shell covers a core material, and an important subgroup of nanocomposites for gas sensing
studies [14,15]. These nanostructures are used widely in sensing studies
because of the maximum number of interfaces between the core and
shell and the formation of heterojunctions, which are beneficial for
sensing studies [16–18].
Previous studies investigated the sensing mechanisms in p-n CuOZnO NWs [19], n-p SnO2-Cu2O NWs [20], and n-n SnO2-ZnO C-S NWs
[21] with different ZnO shell thicknesses, in which the radial modulation effects of electron-depleted shells as well as the electric field
smearing effects were responsible for variations in the gas response. In
contrast to C-S NWs, C-S NFs consist of nanosized grains, which may
affect the sensing performance of the C-S NFs significantly. Accordingly, this study examined the sensing properties of polycrystalline n-n
SnO2-ZnO C-S NFs [22] and p-n CuO-ZnO C-S NFs [14] with varying
ZnO shell thicknesses. In both cases, a dependency of the response of
the shell thickness for reducing gases was found. In contrast, the

2.2. Synthesis of SnO2-Cu2O C-S NFs
The synthesized SnO2 NFs were coated with Cu2O using the conventional ALD technique (Lucida D100, NCD Technology, Korea). The
basic ALD principle was similar to that in a previous paper [26]. Bis(1dimethylamino-2-methyl-2-butoxy) copper (C14H32N2O2Cu) and H2O
were used as the precursor and reactant, respectively. C14H32N2O2Cu
vaporized easily at low temperature (80 °C) and was injected into the
ALD chamber by flowing N2 gas (200 sccm). H2O vapor (100 °C)
without a carrier gas was also introduced into the ALD chamber. The
pressure and temperature of the reactor were maintained at ∼ 1 Torr
and 150 °C, respectively. One cycle of the ALD process was as follows:
precursor pulsing (5 s), reactant pulsing (5 s), and purging (10 s). These
processes were repeated and the thickness of the Cu2O shell was set to
15–80 nm by changing the number of ALD cycles. Accordingly, SnO2Cu2O C-S NFs with different shell thicknesses could be fabricated. Fig. 1
presents a scheme showing the synthesis steps used for the preparation
of n-SnO2/p-Cu2O C-S NFs.
2.3. Characterization and sensing tests
The morphology of the synthesized C-S NFs was examined by field
emission scanning electron microscopy (FE-SEM) and transmission
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Fig. 2. FE-SEM images of SnO2-Cu2O C-S NFs with varying Cu2O shell thicknesses: (a) 0 nm (pristine SnO2), (b) 15 nm, (c) 30 nm, (d) 45 nm, (e) 60 nm, and (f) 80 nm.
The insets show higher magnification FE-SEM images. (g) The relationship between the diameter of C-S NFs and the number of ALD cycles and (h) the relationship
between the shell thickness and the number of ALD cycles. The slope is 0.01 nm/cycle.

electron microscopy (TEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) used for chemical characterization of the samples.
Ultraviolet photoelectron spectroscopy (UPS, Thermo Fisher Scientific
Co.) was carried out using HeI 21.2 eV UV light. X-ray photoelectron
spectroscopy (XPS) was used to study the chemical state of the oxygen
species. The gas sensing tests were similar to those reported elsewhere
[27]. SiO2 (200 nm thick)-grown Si substrates were used for the sensing

measurements. Bilayers consisting of 50 nm thick Ti and 200 nm thick
Pt were sputtered onto the NFs using a special metal mask. The sensing
behavior of the gas sensors was explored using CO and NO2 gases. After
determining the optimal sensing temperature (300 °C), sensing tests
were done at 300 °C. For the gas sensing tests, the gas sensor was
connected to a Keithley 2400 source meter interfaced to a computer.
The sensing tests were performed in a horizontal-type tube furnace with

70

Journal of Hazardous Materials 376 (2019) 68–82

J.-H. Kim, et al.

the successful increase in diameter of the Cu2O shell layer by changing
the number of ALD cycles. The magnified images show grainy structures of the synthesized NFs, which are a unique feature of the NFs
prepared by electrospinning. This is in contrast to C-S nanowires [28],
where the surfaces did not show any irregularities or grain structures.
Fig. 2g shows the diameter of the synthesized C-S NFs (obtained
from FE-SEM images) versus the number of ALD cycles. The mean
diameter of the pristine SnO2 NWs based on the FE-SEM images
was ∼ 80 nm. The thickness of the Cu2O shell calculated from Fig. 2g
and h shows that they are a function of the number of ALD cycles. A
linear relationship was observed between the number of ALD cycles and
the thickness of the Cu2O shell. The slope of this diagram which shows a
deposition rate of 0.01 nm/ cycle, indicates that the shell thickness
could be adjusted by controlling the number of ALD cycles.
Fig. 3a–d presents TEM images of C-S NFs with different shell
thicknesses. In particular, Fig. 3b exhibits core and shell parts. Fig. 3e
shows a high-resolution TEM (HRTEM) image of the core region of the
C-S NFs. The space of 0.26 and 0.33 nm between the arrowheads corresponds to the distances between the (101) and (110) planes, respectively, with a tetragonal SnO2 structure (JCPDS File No. 88-0287).
Fig. 3f presents a HRTEM image of the shell region of the C-S NFs, in
which the lattice spacing of 0.24 nm corresponds to the (111) crystal
planes of cubic Cu2O (JCPDS File No. 65-3288). Fig. S1 (supporting
Information) shows a typical HRTEM image of single SnO2-Cu2O C-S
NF, showing the neighboring fringes related to the SnO2 and the Cu2O,
phases, thereby confirming the existence of the SnO2-Cu2O heterojunction in the C-S NF. The inset reveals a lower magnification image.
EDS also supported the thickening of the shell layer with increasing
number of ALD cycles (Fig. 4).
The high-magnification SEM image indicated that the mean grain
size of pristine SnO2 nanofibers was approximately 8 nm (Fig. 5a). In
addition, the mean size of the Cu2O shell with thicknesses of 15, 30, and
60 nm were approximately 25, 23, and 22 nm, respectively, as shown in
Fig. 5b–d. This corresponds to the multiple-layer deposition of smaller
grains, rather than the increased thickness because of the increased
grain size, because the grain size decreases slightly with increasing shell
thickness.
The status of oxygen species was confirmed by XPS, as shown in
Fig. 6(a) and (b) for pristine SnO2 NFs and (b) SnO2-Cu2O C-S NFs,
respectively. The curves were deconvoluted into three fitted peaks. The
lower binding energy components were attributed to lattice oxygen
species (Sn-O and Sn-O/Cu-O). The middle binding energy components
were related to the oxygen vacancy regions within SnO2 and Cu2O, and
the higher binding energy components were related to chemisorbed and
dissociated oxygen species [29]. Fig. 6 shows their center position and
the relative percentage of each peak. The amount of adsorbed oxygen in
SnO2-Cu2O C-S NFs (26.74%) was higher than that of pristine SnO2 NFs
(13.61%). Accordingly, SnO2-Cu2O C-S NFs have higher ability to adsorb ionized oxygen species. Therefore, a stronger sensing response is
expected in the SnO2-Cu2O C-S NF gas sensor.
Fig. 7a and c show the UPS spectra of SnO2 and Cu2O, respectively.
In Fig. 7b and d, cut-off values of 16.96 and 16.33 eV were obtained. In
addition, due to analyzer broadening, 0.1 eV was added to the work
functions obtained [30]. Therefore, the calculated work functions of
SnO2 and Cu2O were 4.34 eV (i.e., 21.2 eV–16.96 eV (+0.1) eV =
4.34 eV and 4.97 eV (i.e., 21.2 eV–13.66 eV + 0.1 eV = 4.97 eV, respectively.
C-S gas sensors with Cu2O shells with different thicknesses were
exposed to 1, 5, and 10 ppm of CO gas at 300 °C and transient resistance
plots are provided in Fig. 8a. Cross-sectional schematic views of the
sensors are also shown in the right part of Fig. 8a. Upon exposure to CO

Fig. 3. TEM images of SnO2-Cu2O C-S NFs with a shell thickness of (a) 15, (b)
30, (c) 60, and (d) 80 nm. (e,f) Lattice-resolved TEM images of SnO2-Cu2O C-S
NFs, in regard to (e) core and (f) shell regions.

the possibility of temperature control. The gas concentration was controlled by changing the mixing ratio of dry air-balanced target gas and
dry air (total flow rate = 500 sccm) through mass flow controllers. The
resistance of the sensor was measured continuously in the presence of
air (Ra) and the target gas (Rg). The sensor response was determined to
be R = Ra/Rg (for CO gas) and R = Rg/Ra (for NO2 gas). The response
time and recovery times were calculated as the time required for the
resistance of the gas sensor to reach 90% of its final value after injecting
and stopping the target gas, respectively.
3. Results and discussion
Fig. 2a presents the morphology of the pristine SnO2 NFs and
Fig. 2b–f shows FE-SEM images of the synthesized C-S NFs prepared
from different ALD cycles. The corresponding insets in Fig. 2a–f show
magnified FE-SEM images of the C-S NFs. The synthesized products
featured a fibrous morphology with long and continuous NFs. The Cu2O
shell covered the surface of the core SnO2 NFs uniformly. In contrast, an
increase in shell thickness could be observed from Fig. 2a–f, confirming
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Fig. 4. EDS spectra od the indicated areas in the TEM images of C-S NFs with the shell thickness of (a) 15, (b) 45, and (c) 80 nm.
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Fig. 5. High-magnification SEM images of (a) pristine SnO2 NFs, and (b–d) SnO2-Cu2O C-S NFs. The shell thickness corresponds to (b) 15, (c) 30, and (d) 60 nm.

Fig. 6. Deconvoluted XPS core-level of O 1s region for (a) pristine SnO2 NFs and (b) SnO2-Cu2O C-S NFs.

gas, the resistance increased in all the sensors with different shell
thicknesses, demonstrating p-type sensor behavior that originated from
the intrinsic p-type nature of Cu2O. Fig. 8b shows the sensor response
towards 1 ppm CO gas as a function of the Cu2O shell thickness. The
sensor response depended strongly on the shell thickness and sensors
with a shell thickness of 30 nm revealed the strongest response; however, the sensors with a shell thickness of 80 nm showed the weakest
response (Table 1). Fig. 8c shows the corresponding calibration curves.
To determine if this trend was also valid for NO2 gas (representative
oxidative gas), the gas sensors were exposed to NO2 gas at 300 °C.
Fig. 9a presents the transient resistance curves along with cross-sectional schematics. As observed in the case with CO gas, all gas sensors

exhibited p-type semiconducting nature with excellent reversibility.
Fig. 9b shows the sensor response towards 1 ppm NO2 gas as a function
of the Cu2O shell thickness; the pristine sensor exhibited the strongest
gas response. In addition, as shown in the case with CO gas, the sensor
with a shell thickness of 30 and 80 nm exhibited the strongest and
weakest response, respectively, in the range of 15–80 nm (Table 1).
Fig. 9c presents the corresponding calibration curves. In addition,
Table 2 and Fig. 10 show the change in response times and recovery
times as a function of the Cu2O shell thickness. NO2 gas at 10 ppm
showed the shortest response time and recovery time at a shell thickness of 30 nm. Similarly, CO gas at 10 ppm showed the shortest response time at a shell thickness of 30 nm. In addition, the recovery time
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Fig. 7. (a) and (c) UPS spectra of SnO2 and Cu2O, respectively. (b) and (d) Corresponding magnified views of the high binding energy part of the UPS spectra.

of the sensor to 10 ppm CO gas at 30 nm was shorter than those of the
thinner (15 nm) and thicker (80 nm) cases. At 5 ppm, both NO2 and CO
gas sensing exhibited the shortest recovery times at a shell thickness of
30 nm in the range of 15–80 nm.
Fig. 11a, shows the repeatability of the gas sensor. After five continuous sensing cycles to 10 ppm CO gas, the response variation was
negligible, demonstrating good repeatability of the gas sensor. The effect of water vapor on the sensing response of SnO2-Cu2O C-S NF gas
sensor to 10 ppm CO gas was also examined, as shown in Fig. 11b. The
response of gas sensor in the presence of 0, 30, and 60% relative humidity (RH) was 4.91, 4.62, and 4.03, respectively. When there is water
vapor was present in the environment, water molecules will be adsorbed on the surface of the gas sensor, decreasing the number of adsorption sites available on the surface of the gas sensor, leading to a
weaker gas response [31].
For an improved analysis of the sensing behavior of the C-S NFs,
please refer to Fig. 8b, where the CO response was plotted as a function
of the shell thickness. The CO gas response revealed a bell-shaped trend
that increased gradually with increasing Cu2O shell thickness. The C-S
NFs sensors with a shell thickness of 30 nm showed the strongest response. On the other hand, sensors with a Cu2O shell layer thinner or
thicker than 30 nm exhibited a much weaker response. This behavior
was in accordance with the initial resistance of the sensors (Fig. 12),
where the highest initial resistance was obtained for a 30 nm thick
Cu2O shell, suggesting that a high resistance modulation in the presence
of CO gas resulted in a strong response. In a previous (n)-SnO2-(n) ZnO
C-S NW sensor study [22], a model was proposed to improve the

sensing capacity to reducing gases. On the other hand, the sensing
mechanisms operating in the present study were different because the
current study involved the use of polycrystalline n-p heterojunctions as
opposed to single crystalline n-n heterojunctions.
The previous section showed that all C-S sensors exhibited p-type
semiconducting behavior, suggesting that the p-Cu2O shell covered the
core n-SnO2 NFs. Therefore, the p-Cu2O shell governed the sensing
characteristics of the C-S NFs. For pristine p-type semiconducting gas
sensors, the sensing mechanism was attributed to the contraction and
expansion of a hole accumulation layer (HAL). Oxygen will be adsorbed
onto Cu2O and by abstracting electrons on the Cu2O surface; it can be
converted to one of various oxygen ions (O2 O and O 2 ), leaving holes
within the valence band of Cu2O [32] (Fig. 13a, b). Therefore, the initial resistance can be determined by the temperature, morphology, and
intrinsic nature of the sensing material because all these parameters can
affect the adsorption of oxygen onto the surface of a sensor. When CO,
as the reducing gas, was introduced to the gas chamber, it interacted
with the pre-adsorbed oxygen, and the released electrons returned to
Cu2O. In the presence of CO gas, the rich-HAL on the Cu2O surface
became thinner due to the liberation of electrons back to the valence
band according to the following reaction [33,34]:

CO + O x (ads )

CO2 + xe

(1)

This thinned HAL on the Cu2O shell surface resulted in an increase
in sensor resistance; consequently, a response could be observed. With
regard to NO2 as an oxidizing gas, thickening of the HAL occurred due
to additional electron abstraction from the Cu2O valence band,
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Fig. 8. (a) Dynamic resistance curves of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses (15–80 nm) towards 1 and 10 ppm of CO gas at 300 °C. (b)
Relationship between the Cu2O shell thickness and the response to CO gas. (c) Calibration curves of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses
(15–80 nm) towards 1 and 10 ppm of CO gas at 300 °C.

resulting in a decrease in sensor resistance and a gas response [20].
Fig. 13a–e proposes the CO mechanism of n-p SnO2-Cu2O C-S NFs
sensors. When Cu2O and SnO2 were in intimate contact, p-n heterojunctions formed owing to the difference between their work functions
(SnO2 = 4.0–5.7 eV [18,35–48], Cu2O = 4.6–5.0 eV) [49–57] that
would result in the flow of electrons and holes between SnO2 and Cu2O.
In particular, according to UPS, the work functions of SnO2 and Cu2O
were 4.34 and 4.97 eV, respectively (Fig. 7). Because of the adsorption
of oxygen, in ambient air, three HAL regions could be distinguished in

the Cu2O shell: (1) a rich-HAL due to the extraction of electrons from
Cu2O, (2) an intrinsic HAL due to an equilibrium hole concentration in
Cu2O, and (3) a deficient-HAL with deficient holes due to compensation
by electrons in the n-p heterojunction [20]. The work function of SnO2
(4.34 eV) is smaller than that of Cu2O (4.97 eV). Accordingly, electrons
would flow from SnO2 to Cu2O and a hole-depletion layer (HDL) will
form on the Cu2O side of the heterojunction.
Basically, the change in sensor response by resistance modulation is
dependent mainly on the initial hole conduction volume or hole
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Table 1
Sensor response of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses (0–80 nm) towards 1 and 10 ppm of CO
and NO2 gas at 300 °C.
Cu2O Shell thickness (nm)

Gas concentration (ppm)

Sensor response for CO (Rg/Ra)

Sensor response for NO2 (Ra/Rg)

0 (Pristine SnO2 NFs)

1
5
10
1
5
10
1
5
10
1
5
10
1
5
10
1
5
10

1.23
1.24
1.25
2.3
2.7
3.2
3.8
4.2
5.0
3.0
3.3
3.5
2.0
2.3
2.8
1.4
1.6
1.8

3.7
4.2
5.3
1.53
1.54
1.45
1.4
1.6
1.8
1.6
1.7
1.8
1.5
1.6
1.7
1.09
1.15
1.21

15
30
45
60
80

concentration. The injection of a reducing gas will decrease the hole
concentration. In contrast, the injection of an oxidizing gas will increase
the hole concentration. Because the sensor response is related to the
relative change in hole resistance, the trend of the change in sensor
response by varying the hole concentration will not be dependent on
the type of gases, i.e. reducing or oxidizing. Moreover, in the case of C-S
NFs, the response will be affected by the shell thickness because the
hole sensor current will flow in the region confined in the shell layer.
Although there are differences in the sensor responses, the responses to
both CO and NO2 gas revealed a bell-shaped dependency with regard to
the shell thickness (Figs. 8b and 9 b), in the range of 15–80 nm. To
explain the bell-shaped dependency, the following mechanisms are
suggested.
First, sensing is affected not only by the initial concentration of
holes in the shell, but also by blocking the expansion of the HALs owing
to the presence of the n-p heterojunction (Fig. 14a). The electrons released eliminate the holes and consequently increase the resistance of
the p-Cu2O shell layer; this radial modulation of the rich-HAL is one
source of the total resistance modulation observed in C-S NFs. In air
ambient, the surface of the SnO2–Cu2O C-S NFs sensors generates a hole
accumulation layer, owing to the adsorbed oxygen. In a thin shell of
15 nm, the entire layer has already become hole-accumulated by the
adsorbed oxygen and thus the further transfer of holes from NO2 gas is
not efficient, i.e. there is no significant decrease in resistance. In addition, the injection of CO gas will remove holes from the fully holeaccumulated layer, not significantly and only increase the resistance
slightly. In the case of 30 nm, a part of the shell has become hole-accumulated by the adsorbed oxygen. The hole accumulation increases up
to the entire thickness by the adsorption of NO2 gas, resulting in a
significant decrease in hole resistance and a stronger sensor response.
Similarly, hole accumulation will be decreased by the adsorption of CO2
gas, resulting in a significant increase in hole resistance and a stronger
sensor response. For the optimal shell thickness (30 nm), it was surmised that the shell layer would be almost hole-depleted by the incorporation of CO gas, during which the change in hole resistance
caused by the incorporation of CO gas would be maximized. Accordingly, the sensor response increased with increasing shell thickness

beyond 15 nm for both CO and NO2 gases. On the other hand, expansion of the rich-HAL layer is limited by the presence of a n-p heterojunction, which acts as a blocking layer to the expansion. Therefore, a
further increase in shell thickness will bring about a weak response to
NO2 and CO gases. In the case of 45 nm, for CO gas, the sensor response
decreased significantly compared to the case of a shell thickness of
30 nm. On the other hand, in the case of 45 nm, for NO2 gas, the response decreased slightly with increasing shell thickness from 30 to
45 nm. At 45 nm, the HAL layer was decreased to less than half the
thickness of the shell layer. Accordingly, the decrease in HAL by CO
injection was not sufficient, whereas the increase in HAL by NO2 injection was sufficient.
Second, the sensing is affected not only by contributions due to the
degree of resistance modulation, but also by contributions due to the
total volume fraction in the C-S NFs (Fig. 14b–d). The modulation of the
resistance because of radial modulation of the rich-HAL varied inversely with the shell thickness (Fig. 14b). Indeed, according to this
mechanism, the degree of resistance modulation was higher in the
thinner shells, but the reverse was true for thicker shells (Fig. 9b). If
only this factor is considered, the thinnest shell would be expected yield
the strongest gas response, but the sensing results revealed a bellshaped dependency of the response to the shell thickness. Therefore,
another contribution to the sensing mechanism, i.e., the fraction of the
Cu2O shell to the total volume of C-S NF that is in proportion to the
shell thickness, should be considered (Fig. 14c). Accordingly, the total
resistance modulation showed a maximum at a specific shell thickness
(Fig. 14d)
A comparison of Fig. 9b with Fig. 8b showed that for pristine SnO2
sensors, the sensor response to NO2 gas was significantly higher than
that to CO gas. Fig. 15 also shows the superior sensing to NO2 gas relative to CO gas at concentrations of 1–10 ppm. The ability of NO2 gas
for electron transfer with SnO2 surface is believed to be superior to that
of CO gas. With regard to NO2 sensing, the C-S NFs exhibited a relatively weaker response to pristine SnO2 sensors, suggesting that SnO2Cu2O C-S NFs sensors were ineffective toward the detection of NO2. The
ability of NO2 gas for electron transfer with Cu2O surface is considerably lower than that to the SnO2 surface.
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Fig. 9. (a) Dynamic resistance curves of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses (15–80 nm) towards 1 and 10 ppm of NO2 gas at 300 °C. (b)
Relationship between the Cu2O shell thickness and the response to NO2 gas. (c) Calibration curves of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses
(15–80 nm) towards 1 and 10 ppm of NO2 gas at 300 °C.

In the present sensor with a SnO2-Cu2O C-S NFs, the modulation of
resistance occurs at both the shell surface and shell grain boundaries
(Fig. 16). Because the resistance modulation in the grain boundaries of
the shell layer will add to that on the shell surface, a stronger sensor
response will be obtained using the SnO2-Cu2O C-S NFs due to the
polycrystalline nature of the shell layer.
Fig. S2a shows dynamic resistance plots of SnO2-Cu2O C-S NFs with
a shell thickness of 30 nm to 1, 5, and 10 ppm of CO, C6H6, NH3, C3H3O,
and HCHO gases, which are all reducing gases. Fig. S2b compares the

response of the gas sensor to 10 ppm of each of the aforementioned gas.
The response to all gases was similar. This is not abnormal based on the
explanation given regarding the sensing mechanism of the gas sensor.
Indeed, all gases mentioned are reducing gas and the same sensing
mechanism can be applied to these gases. On the other hand, for
practical applications, the functionalization of noble metals can provide
selectivity of the gas sensor towards a specific gas.
Based on the obtained results, the sensing mechanism in n-p C-S NFs
was analyzed. The resistance variations were due primarily to
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Table 2
Response and recovery times of SnO2-Cu2O C-S NFs sensors with different Cu2O shell thicknesses (0–80 nm) towards 1 and 10 ppm of
CO and NO2 gas at 300 °C.
Cu2O Shell thickness (nm)

0 (Pristine SnO2 NFs)
15
30
45
60
80

Gas concentration (ppm)

CO gas

1
5
10
1
5
10
1
5
10
1
5
10
1
5
10
1
5
10

Fig. 10. Response times and recovery times of sensors by varying the shell
thickness in the range of 15–80 nm, for (a) CO and (b) NO2 gases, at a concentration of 10 ppm.

NO2 gas

Res. time

Rec. time

Res. time

Rec. time

129
72
66
39
47
36
18
21
14
17
13
17
17
14
15
24
12
20

334
348
359
35
24
21
15
17
14
12
15
15
16
22
12
45
29
18

155
136
148
28
25
26
97
33
11
113
30
21
60
57
62
148
62
61

79
80
82
248
258
265
230
85
36
257
239
105
185
177
157
215
177
177

Fig. 12. Initial sensor resistance derived from Fig. 8.

Fig. 11. (a) Repeatability of SnO2-Cu2O C-S NF gas sensor. (b) Effect of water vapor on the response of SnO2-Cu2O C-S NF gas sensor to 10 ppm CO gas. The inset
shows the variations of the air resistance in the presence of different amounts of water vapor (0–60 % RH).
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Fig. 13. Change in hole behavior within the shell layer of the SnO2-Cu2O C-S NFs sensors. (a) The initial state of the SnO2-Cu2O C-S NFs sensors. (b) Generation of the
HAL on the surface of the Cu2O shell under ambient air. (c) When the SnO2 work function is larger than that of Cu2O, in this case, HDL will be generated on the Cu2O
side of the heterojunction. (d) When the Cu2O work function is larger than that of SnO2, the HAL in Cu2O will be expanded. (e) Upon the incorporation of CO gas, the
shell layer will be almost hole-depleted, guaranteeing the maximal modulation of hole resistance.

variations in the HAL conduction channel along the Cu2O NF length
direction. Accordingly, despite the significant differences between NWs
and NFs due to the existence of large quantities of nanograins in the NF
surfaces, the sensing mechanism was similar to that in n-p C-S NWs
[20]. In the case of the n-SnO2-p-Cu2O core-shell NWs, the sensing
performance to C6H6 and C7H8 gases was examined. With an optimal
shell thickness of 30 nm, the sensor responses to C6H6 and C7H8 gases at
10 ppm were 12.5 and 11.7, respectively [20]. In contrast, in the present work, a sensor response of approximately 4 was obtained with
respect to CO gas at a low concentration of 1 ppm. In addition, compared to Ref. [20], CO gas was used, exhibiting sufficiently high sensitivity at low concentrations.

were synthesized and their gas sensing properties were examined according to the shell thickness. Electrospun SnO2 NFs were coated successfully with a Cu2O shell with different thicknesses by varying of the
number of ALD cycles. The sensing results revealed a bell-shaped response versus the shell thickness to CO and NO2 gases. The underlying
sensing mechanism can be understood by the radial modulation of the
HAL in the Cu2O shell and the relative volume fraction of Cu2O.
Importantly, initial hole concentration of Cu2O, shell grain boundaries,
as well as the blocking to the expansion of HAL due to the presence of
the n-p heterojunctions were also responsible for the observed sensing
behavior. The most important finding in this study was the need for
shell thickness optimization to reach the maximum response to gases,
being similar to the cases of n-p, p-n, or n-n C-S NWs and NFs. Overall,
the real application of more sensitive C-S nanostructure-based gas
sensors is facilitated.

4. Conclusion
n-p SnO2-Cu2O C-S NFs with different shell thicknesses (15–80 nm)
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Fig. 14. Sensing mechanisms of the SnO2-Cu2O
C-S NFs sensors. (a) Concentration profile of
holes. (b–d) Variations in sensor resistance due
to the varying shell thicknesses. (b)
Contributions due to the degree of resistance
modulation. (c) Contributions due to the total
volume fraction in the C-S NFs. (d) Total
modulation of resistance.

Fig. 15. (a) Dynamic resistance curves and (b) sensor responses of SnO2 NFs for CO and NO2 gases at concentrations in the range of 1–10 ppm.

80

Journal of Hazardous Materials 376 (2019) 68–82

J.-H. Kim, et al.

Fig. 16. Change in hole behavior affecting the hole current along
the neighboring shell of the SnO2-Cu2O C-S NFs sensors, at the
initial state, in air ambient, and in CO ambient, respectively. (Left)
Initial state of the two neighboring grains in the shell. (Center)
Generation of the HAL on the surface of the Cu2O shell under
ambient air. (Right) Upon the incorporation of CO gas, the shell
layers will be almost hole-depleted.
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