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ARTICLE INFO ABSTRACT

A series of WO3/multiwalled carbon nanotube (MWCNT) nanocomposite sensors was fabricated by bar-coating
slurries using different ratios of MWCNTs to WO3 nanoparticles. The morphology, composition, and structure of
the fabricated nanocomposites were examined using electron microscopy, X-ray diffraction, ultraviolet and X-ray
photoelectron spectroscopy, Raman spectroscopy, and nitrogen adsorption-desorption measurements, with the
aim of completely identifying the physical and electronic structures of the nanocomposites. The effects of the
different ratios of the nanocomposites on the electrical conductance and NO, gas sensing properties were ex-
amined and compared with the morphological investigation results. The synergetic properties of the nano-
composite sensors were a result of the combined effect of low-doped semiconducting WO3; and metallic
MWCNTs. Because nanoscale sensors exhibit a maximal response on the scale of their depletion depth, individual
components with conductivities that are either too low or too high cannot meet the condition. Meanwhile, their
mixture can establish the required condition for the maximal response which appears as a synergetic effect.
Based on this effect, the optimal nanocomposite sensor (0.5 wt% MWCNT) showed a response of ~18 for 5 ppm
NO, at 150 °C with short response/recovery times (~87 s /~300 s). The synergetic effect in nanocomposite
sensors cannot be explained by the interfacial Schottky barrier model, which has been used for sensors of ag-
glomerated particles.
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1. Introduction

Multiwalled carbon nanotube (MWCNT) is one of the popular
structural morphologies of carbon nanotubes [1,2]. MWCNTs, as other
carbon-based materials such as graphite, graphene and reduced gra-
phene oxide, carbon dots, etc, exhibit interesting and unique properties,
such as high electrical conductivity, high mechanical strength, and
large specific surface area [3-5]. As an important parameter of MWCNT
for use in gas sensors, the specific surface area, which strongly depends
on the layer number and diameter, was shown to be in the range of
50-800 m?/g for the layer number of 2-40 layers [4]. In addition,
MWCNTs can be easily produced with an industrial-scale by various
methods [6-9]; thus, researchers have explored MWCNTs for diverse
applications [10-13]. MWCNTs as nanomaterials are also attractive for
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use in chemoresistive gas sensors owing to their large surface area;
however, thus far, their performance has been relatively poor (weak
response), apart from the advantage of low operation temperatures
[14].

However, when MWCNTSs are combined with metal oxides to form
composites for use as gas sensors, enhanced gas sensing performance is
observed owing to a synergetic effect, compared with sensors that are
made of individual components (i.e., oxide or MWCNT sensors)
[15-20]. To explain the observed enhanced sensing performance, var-
ious aspects of nanomorphological and electronic properties of the
composites, related to the MWCNT mixing, have been suggested.
Among the most frequently provided explanations are the large surface
area of MWCNTs (leading to enhanced molecular adsorption) [18-20],
enhanced structural porosity that promotes gas penetration for
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enhanced adsorption [18-21], high electrical conductivity of MWCNTSs
that increases the carrier supply rate to the receptors’ surfaces (and vice
versa) [17,20], formation of the p—n junction depletion layer [16,18]
and related conductivity changes [20], and formation of the Schottky
junction and related interfacial potential barrier modulation [19,21].
Although they all relate to the important characteristics of carbon na-
notube (CNT) composites, the above-listed proposals do not explain
how in fact the listed mechanisms alter the sensing performance of
nanocomposites. To the best of our knowledge, only a few systematic
investigations have been performed to provide quantitative and/or lo-
gical evidence for the above-mentioned claims.

We have examined several CNT-oxide nanocomposite sensor struc-
tures [7,22]. The investigated parameters were the nanostructural
morphologies related to the synthesis methods, the doping types and
concentrations of the oxides, the oxide/CNT ratio modifying the con-
duction type and transport mechanism in the nanocomposites, transport
kinetics and quantitative evaluation of charge exchange upon gas ad-
sorption/desorption. In this article, we summarize our previous studies
using a series of WO3/MWCNT nanocomposite structures with different
WO3/MWCNT ratios. In particular, we elucidate the general operational
principle in the nanocomposite sensors of CNTs and metal oxide upon
the adsorption of NO, gas molecules. We quantitatively examine the
origin of the synergetic sensing effect in various CNT/oxide composites.

2. Experiments
2.1. Materials

The reagents, sodium tungstate dihydrate (Na;WO,42H,0, = 99 %),
nickel (II) chloride hexahydrate (NiCly'6H50), = 97 %), nitric acid
(HNO3, 70 %), and dimethylformamide (HCON(CHs),, 99.8%), were
purchased from Sigma-Aldrich Co., Ltd (USA). MWCNTs were pur-
chased from NanoKarbon Co., Ltd (Korea). All received reagents were
used without further purification.

2.2. Fabrication of WO3/MWCNT nanocomposites

WO3; powder was synthesized using a conventional hydrothermal
method [23]. Na,WO42H,0 (0.025 M) and NiCl,-6H,0 (0.025 M) were
each dissolved in 60 ml H,O and stirred for 30 min to form homo-
geneous solutions. The two solutions were combined using vigorous
stirring for 10 min to produce a uniform green solution. The mixture
was transferred to a Teflon-lined stainless steel autoclave and heated at
160 °C for 24 h. The reaction can be described as following [24,25]:

Na,WO,4 + NiCl, — NiwWO, + 2NaCl + H,0 D

A precipitate of NIWO, was obtained after the autoclave cooled to
room temperature (~25 °C) and was thoroughly cleaned in water and
absolute ethanol using the centrifugation method. The precipitate was
dried at 70 °C for 24 h to obtain a green powder product. The green
powder product was immersed in 4 M HNO;3 and stirred at room tem-
perature for 24 h until the color of corresponding suspension com-
pletely changed from green to yellow. The formation of WO3 can be
described by reactions [26]:

NiwO, + HNO —H,;WO, + NiNOj (2)
H2WO4 d WO3 + H20 (3)

The yellow WO3; powder obtained via the centrifugation of the
suspension was rinsed thoroughly with deionized water and absolute
ethanol to remove any contaminants. Finally, the powder was dried at
80 °C for 24 h, followed by annealing at 550 °C for 2 h in air, to obtain a
yellow WO3 powder.

WO3/MWCNT nanocomposite materials were prepared by mixing
the synthesized WO; powder and commercial MWCNTs in a di-
methylformamide solvent using different WO3/MWCNT ratios. The
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Fig. 1. (a) Schematic of the sensor fabrication process and (b) the setup for gas
sensing property measurements.

mixture slurries were sonicated for 30 min to disperse the MWCNTs in
the slurries. To fabricate WO3/MWCNT nanocomposite sensors, the
slurries were bar-coated onto alumina substrates patterned with gold
electrodes, followed by drying at 120 °C for 2 h to remove the solvent,
as illustrated in Fig. 1a. Finally, the sensor structures were calcined at
400 °C in air for 2 h to eliminate amorphous carbon and enhance the
contact between WO3; and MWCNTs. For reference, pure WO3; and
MWCNT sensors were also fabricated using similar processes. The
amounts of MWCNTs in the fabricated sensors were zero (WO sensor),
0.25, 0.5, 1, 5, and 100 wt% (MWCNT sensors). The weight percent
values correspond to volume percentage values of 4.6, 8.8, 16.3, and
50.4, respectively, which were calculated by assuming a molecular
weight of 231.84 for WO3 and 12.01 for C. The fabricated composite
sensors were labeled W, S1, S2, S3, S4, and M, respectively (Fig. S1,
Supporting Information).

2.3. Characterization

The morphologies and crystalline structures of the fabricated gas
sensing structures were investigated using a field-emission scanning
electron microscopy (FESEM) (JSM-700F JEOL, Japan), transmission
electron microscopy (TEM) (JEM-ARM 200F, JEOL, Japan), and an X-
ray diffraction (XRD) (X'pert PRO-MPD, PANalytical, Netherlands) with
Cu-Ka radiation source (A = 0.15406 nm). The compositions of the
samples were examined by energy dispersive spectroscopy (EDS) in-
tegrated with the scanning electron microscopy (SEM). The structures
of the samples were investigated using Raman spectroscopy with an
excitation wavelength of 532 nm at room temperature. In addition, X-
ray photoelectron spectroscopy (XPS) (VG Multilab 2000, ThermoVG
Scientific, UK) measurements were also obtained to determine the
chemical state of W in WO3; and the WO3/MWCNT nanocomposites.
The binding energy of C 1s from adventitious carbon (284.8 eV) was
used for calibrating the XPS binding energies. The
Brunauer-Emmett-Teller (BET) specific surface areas of the composite
structures were calculated from the N, adsorption-desorption curves
using the BET theory. All the studied samples were outgassed at 200 °C
for 5 h before the BET measurements were obtained. The work
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functions of WO3; and MWCNTSs were measured using ultraviolet pho-
toelectron spectroscopy (UPS) (K-Alpha, Thermo Fisher Scientific
Solutions Co., Ltd.) with a He I source with an excitation energy of
21.22 eV. To observe the cutoff regions of secondary electrons in the
UPS spectra, bias voltages of 5 and 10 V were applied for MWCNTSs and
WOs, respectively. For each of the studied samples, the work function
(@) was calculated from the binding energy of the Fermi edge (Er) and
from the cutoff energy level of secondary electrons (E. o) using the
following equation:

@ =21.22 — |Eqy o — El @

The values of Er and E.; . were determined directly from the re-
spective UPS spectra using the UPS equipment. All the related analyses
were performed on the W and S2 samples, unless otherwise specified.

2.4. Gas sensing property measurements

The setup for gas sensing measurements is shown schematically in
Fig. 1b [27-29]. The sensors were placed on a substrate plate in an
ambient controllable chamber. The sensor temperature was controlled
by a resistance heater inserted in the substrate plate. The flow rates of
the gases flowing into the chamber were controlled by mass flow con-
trollers. To ensure the gas pressure stability in the chamber, the total
gas flux was fixed at 400 sccm, while the target gas concentration, C
(ppm), was determined using the formula C (ppm) = C, (ppm) X f/
(f + F), where C, is the concentration of the target gas in the cylinder,
and f and F are the flow rates of the target gas and dry air, respectively.
The response of the sensor (S) was calculated as Rg/R, for oxidizing
gases or Ry/Ry for reducing gases, where R, is the resistance of the
sensor in dry air and Ry is that under the target gas flow. In order to
evaluate the effect of humidity on the sensor, water-saturated air flow
(wet air) was prepared with a bubbler. Each desired relative humidity
(RH) value can be formed by mixing the wet air and dry air flows with
suitable ratios using MFCs. The real value of RH in the measuring
chamber was confirmed by a commercial humidity sensor -Testo 635.

3. Results and discussion
3.1. Morphology and structure

The synthesized WO3 powder exhibited a morphology of uniform
100-nm-size thick flakes, with the average edge length of a few mi-
crometers and smooth surfaces (Fig. 2a). However, the synthesized
WO; flakes broke into tiny particles and much smaller flakes after so-
nication (Fig. 2b-f). SEM images also indicated that MWCNTs were
well-dispersed throughout the WO3; matrix, to form random composite
structures. The color of the composite slurries changed from yellow to
black as the MWCNTs concentration increased (Fig. S1, Supporting
Information). The morphology of raw MWCNTs is shown in Fig. S2,
suggesting the 30-100 nm range of diameters, with lengths of up to a
few micrometers (Fig. 2g). The EDS spectrum of S2 (Fig. 2h) further
illustrates the constituents in the WO3/MWCNT composites.

The TEM images presented in Fig. 3a and b were obtained for the
WO3/MWCNT composites (S2) fabricated by coating the solution mixed
in an ultrasonicator for 30 min. These images show that WO3 particles
attached well to the MWCNTs. In addition, the high-resolution TEM
(HRTEM) images of MWCNTs reveal stacked wavy nanotube walls,
indicating an imperfect distorted layered structure (Fig. 3c). The re-
spective fast Fourier transform (FFT) plots, revealing wide blurry dots
(Fig. 3d), are characteristic of MWCNTSs with numerous defects [30].
For MWCNTs, defects can be divided into two groups, namely sp? and
non-sp? defects [30,31]. The sp? defects reflect the existence of penta-
gons, heptagons, and/or octagons in the MWCNT lattices. Bond-rota-
tion-based defects, such as 5-7-7-5 defects and heptagon-pentagon
pairs, also belong to the category of sp® defects. They correspond to the
distorted MWCNT lattices in Fig. 3c. Moreover, these defects can cause
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nanotubes to bend into different shapes and are always associated with
the curved and/or entangled morphologies of MWCNTs. The non-sp*
defects in MWCNTs correspond to reactive carbon atoms, such as va-
cancies, interstitial atoms, and edges in open nanotubes. We posit that
many non-sp> defects in our MWCNTSs caused WO5 particles to attach
firmly to the MWCNT surfaces. The HRTEM images of WO3 particles
suggest good crystallinity, as exhibited by the FFT images of clear and
strong dots (Fig. 3e and f). The planar distance of 0.263 nm is ascribed
to the (202) plane of the monoclinic WO3 structure, as confirmed by
XRD measurements.

Fig. 4a shows the XRD spectra of MWCNTs (yellow, also magnified
in the inset), WO3 (black), and WO3/MWCNT composites (cyan). The
strong and sharp diffraction peaks suggest the high crystallinity of WO,
and these observations agree well with the TEM and FFT results in
Fig. 3e and f. The diffraction peaks in Fig. 4a can be attributed to the
monoclinic WO3 crystalline structure (JCPDS No. 43-1035) [32], and
no other impurity-related peaks are detected for this resolution. The
XRD spectrum of MWCNTs, shown in the inset, exhibits the char-
acteristic diffraction peak of (002) at 25.6°, which is in a good agree-
ment with previous findings [33,34]. A small peak at 42.5° is ascribed
to the (100) lattice plane, while its broadness illustrates the disorder
associated with the MWCNTs. The MWCNTSs peak was not observed for
the WO3/MWCNT composites, mainly owing to the small amount of
MWCNTs.

Fig. 4b shows the Raman spectra of WO3, WO3/MWCNT composite,
and MWCNTs. The Raman spectrum of MWCNTs shows the so-called D-
band and G-band peaks at 1350 cm™ and 1576 cm™?, respectively. The
G-band peak is attributed to the C-C vibration with the sp> hybridized
orbital in graphene structures, whereas the D-band peak is attributed to
disordered sp? and non-sp® carbon defects in graphitic sheets [30]. The
D-band peak intensity, compared with that of the G-band peak, is a
measure of the crystallinity of MWCNTSs. The weak peak at 1638 cm™ is
caused by intercalated graphite compounds and strain in the C-C bond
[30]. Fig. 4b also shows the Raman spectrum of WO3, with four peaks at
261, 321, 704, and 803 cm™’. The former two peaks are attributed to the
W-O-W bending vibration modes, while the latter two peaks are at-
tributed to the W—O-W stretching vibration mode in WO; [35]. Fig. 4c
shows the ratio of the D-band to G-band intensities (Ip/Ig) for the WO3/
MWCNT composite, which is higher than that for pristine MWCNTs,
indicating that more defects were generated in the MWCNTs after
mixing [34,36,37]. In addition to the breaking up of the MWCNTs
during the mixing, the attachment of the WO3 particles to the surfaces
of the MWCNTs could increase the I/Ig ratio.

3.2. Electrical properties

For understanding and discussing the electrical and gas detection
characteristics of the fabricated WO3/MWCNT composites, the band
parameters of MWCNTs and WO3; were determined by UPS measure-
ments (Fig. 5a and b). The contact properties of the WO3/MWCNT
composites were further examined by XPS, and the results are sum-
marized in Fig. 5c. The work functions determined for MWCNTs and
WO; by the UPS measurements were 4.66 eV and 4.45 eV, respectively.
These values are slightly smaller than those that were previously de-
termined using other methods [38-41], and the chirality and diameter
may alter the properties of MWCNTs [42]. The MWCNTs in this study
exhibited p-type doping behavior, but the small bandgap energy [43]
led to a very low resistance of a metallic conductivity (~43 Q as will be
shown below). This suggests that a p*n MWCNT/WOs3 high-low het-
erojunction can be formed, as illustrated in Fig. 5d, where the depletion
layer is effectively formed in WO3; with a built-in potential (@) of
0.21 V. This heterojunction property was further confirmed by the XPS
measurements in Fig. 5¢c. While XPS survey spectrum confirmed neither
contaminants nor Ni doping in WO3 (Fig. S3), the high-resolution XPS
spectra of W 4f for the pristine WO3 revealed the binding energies of
35.47 eV and 37.66 eV, which were respectively ascribed to the W 4f; ,
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Fig. 2. SEM images of (a) as-synthesized WOj; flakes, (b) WO3 sensor (W), (c-f) WO3/MWCNT sensors with different weight percentages of MWCNTs, that is S1
(0.25 wt%), S2 (0.5 wt%), S3 (1 wt%), and S4 (5 wt%), respectively, and (g) MWCNT sensor (M). (h) EDS spectrum of the WO3/MWCNT sensor S2.

and W 4fs,, orbitals of the W®™ state in WO5 [44]. However, the
binding energies slightly increased, to 35.71 eV and 37.9 eV, for the
WO3/MWCNT composites. The upward shift can be explained by the
transfer of electrons from WO3 to MWCNTs, and positive ions that are
left behind in WO; retard photoelectrons causing the peaks to appear at
higher binding energies [44]. This result supports the band diagram for
the WO3/MWCNT heterojunction shown in Fig. 5d.

Fig. 6a shows the transient response curves measured of the sensor
structures, in 5 ppm NO, at 150 °C. First, note that the base resistance
(R,), measured in dry air, decreases with increasing the MWCNT con-
tent. The pure WO5 (W) structure exhibits R, of ~2 x 108 Q, while the
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pure MWCNT (M) structure exhibits the resistance of ~43.2 Q; the
conductivity difference is more than six orders of magnitude, assuming
the same thickness. Second, the sensing response curves reveal that
WO3 is an n-type semiconductor while MWCNT is a p-type semi-
conductor, as shown in Fig. 6a and b. The conductivity o is the product
of the carrier concentration and mobility, as captured by the relation-
ship o = e, n+ ep,p (where p is the mobility, and n and p are the
electron and hole concentrations, respectively). Taking the WO3 elec-
tron mobility as 10" — 10! em?/V-s [45,46] and taking the CNT hole
mobility as 10% — 10* em?/V-s [47-49], as given in the literature, the
hole concentration in MWCNTs is on the order of 10>-10° times the
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Fig. 3. (a, b) TEM images at different magnifications, showing that WO particles firmly attach to MWCNTs. The respective HRTEM and FFT images of (c, d)

MWCNTSs and (e, f) WOs.
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electron concentration in WO3. However, we may consider MWCNTs as
a metallic conductor, owing to a very high concentration of carriers in
MWCNTs, compared with WOs. Thus, MWCNTs provide the main
conduction mechanism in MWCNT/WO3; composites.

We also considered the electrical properties of the structures at
150 °C in dry air. The W sample is a thin film of agglomerated WO3
nanoparticles, as shown schematically in Fig. 7a:W. For uniform

ferred to the Web version of this ar-

Raman shift (cm™) ticle.)

particle size and film thickness, this thin film may be approximated as a
one-dimensional collection of WO3; nanoparticles connected in series, as
shown in Fig. 7b:W, where not only the structural network but also the
number of NO, molecules adsorbed is shown, according to the modu-
lated charge. The equivalent circuit for this pure WO3 thin film is shown
by Fig. 7c:W. Similar schematics, for the n-type S1-S3 composites, p-
type S4 composite, and pure MWCNT sensor, are shown in Fig. 7.
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Fig. 6. (a) Base resistances and transient response curves of the composite
sensor structures, in 5 ppm NO, at 150 °C. (b) Magnified views for the S4 and M
Sensors.
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under external biasing. (c) Conduction band edge profiles for WO3/WO3 and
WO3/MWCNT/WO3 junctions in the thermal equilibrium (dashed curve) and
under biasing (solid curve). Potential drops at the junctions different between
the structures are shown. (d) Conductance vs. 1/T plots, exhibiting barrier
energies for transport variation in the structures.

When an external bias of V, is applied on the electrodes of the W
structure (Fig. 8a:W), in the macroscopic view, the nanoparticles act as
an equipotential body, as shown in Fig. 8b:W. On the other hand, the
potential drop for one particle is AV = V,/n if n particles are connected
in series. In the microscopic view of the particles, the potential drop
mainly occurs through the carrier-depleted junction of high resistivity.
This is the generally accepted back-to-back Schottky contact formed at
the particle-to-particle interface, which originates from the surface
states including oxygen adsorption in the air. The conduction band edge

(C) Fig. 7. (a) Schematics of the sensor structures
(W03, WO3/MWCNT, and MWCNT), (b) corre-
sponding schematics for the adsorption of NO,
molecules (red dots), the number of which increases
with increasing the MWCNT content in the compo-
sites and (c) equivalent circuits. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Table 1
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The BET measurement results for the composites with different MWCNT contents. The results were converted to per volume units (m?/cm?®), using the molecular
weights of 231.84 and 12.01 for WO3; and MWCNTSs, respectively. R(meas) values are from Fig. 6a and R(parallel calc) values were calculated assuming the current

transport along the parallel circuit of MWCNT and WOj resistors.

w S1 S2 S3 S4 M
MWCNT(wt%; vol%) 0 0.25; 4.6 0.5; 8.8 1.0; 16.3 5.0; 50.4 100
BET(m?/g) 19.4 23.9 26.0 29.3 40.8 96.5
BET(m?/cm®) 139 140 140 141 150 218
R(meas) 2.1 x 10° 1.2 x 108 1.1 x 108 9.7 x 107 1.1 x 10° 43
R(parallel calc) 2.1 x 10® 5.5 x 10° 2.7 x 10° 1.4 x 10° 3.0 x 10? 43

profile under bias is shown in Fig. 8c:W, which signifies the potential
drop AV that is effectively applied through the electron depleted
Schottky junction. The conduction band edge profile should be com-
pared with that at the contact in the thermal equilibrium (dashed
curve) showing the barrier height of AE,. The external bias of AV lowers
the barrier energy to AE;, generating an electron flux over the barrier,
given by

J « exp(—AE/kT) 5)

This electron flux determines the resistance Ry, as shown in the
equivalent circuit diagram in Fig. 7c:W.

Meanwhile, in the n-type WO3/MWCNT composites of S1-S3 fab-
ricated for higher MWCNT content, the MWCNT short wires serve as a
preferential path for the flow of electrons. However, since the MWCNT
content is not sufficiently high for forming continuous networks in
these structures, the gaps between the MWCNT wires are bridged by
WO; particles. These structures are schematically shown in
Fig. 7a:S1-S3 and 7b:S1-S3, depicting the alternating arrangement of
MWCNTs and WOs particles in these structures. The equivalent elec-
trical circuit is an in series connection of Ry and Ry (Fig. 7¢c:S1-S3).
Note that the resistance of these structures is mainly determined by the
volume ratio of WO3; and MWCNTs in the composites, but the de-
termining factor is high-resistivity Ry.

The S1-S3 structures with an alternative arrangement of MWCNTs
and WO3 are shown again in Fig. 8a:S1-S3. Accordingly, the potential
drop occurs effectively only in WO3, as shown in Fig. 8b:S1-S3, where
the bias potential is applied effectively to WO3 particles. Thus, the
potential that is applied to an individual WO3 particle is higher than
that in Fig. 8a:W. The potential drop over an individual WO5 particle
increases with increasing MWCNT content in the composites, de-
creasing the resistance of the sample. This trend is clearly seen in
Fig. 6a. The alternating WO3/MWCNT contacts can be approximated by
short-circuited back-to-back WO3/WO3 Schottky contacts, as marked in
Fig. 8¢:S1-S3 by the dashed curve in the thermal equilibrium.

Compared with the W sample, the higher potential applied to WO
particles (AV’ > AV) lowers the barrier energy for electron transfer
(AE, < AE;), as shown in Fig. 8c:S1-S3, resulting in a higher current
flow, that is, a lower resistance in the structures. The barrier energies
measured for the structures are summarized in Fig. 8d, in which the
conductance of the samples was measured at different temperatures
(Fig. S4, Supporting Information). The barrier energy AE; = 0.57 eV
measured for W decreased to AE, = 0.45 eV for S2 when MWCNTSs
were added, which explains the difference observed in Fig. 8c. The
continuously decreasing resistance from W to S1 to S3 (Fig. 6a) coin-
cides with the continuously decreasing slopes in Fig. 8d. The S1-S3
composites are denoted by the same equivalent circuit as in
Fig. 7c:S1-S3, namely a series connection of resistances Ry + Ry, but
with different component values. As the MWCNT content in the com-
posites increased, Ry decreased as Ry, increased. However, the reduc-
tion in ARy was greater than the increase in ARy; thus, the overall
resistance decreased. The decrease in Ry with increasing MWCNT vo-
lume ratio in the composites is explained in Fig. 8b, which shows a
higher potential drop at individual WO3 particles for smaller WO3 vo-
lume ratios in the composites, which in turn results in a smaller AE, in

Fig. 8c. Therefore, the overall current in the S1-S3 structures is de-
termined by the electron transport through the n-type WO; particles
short-circuited via the metallic MWCNTs, and thus, the structures ex-
hibit the n-type behavior.

The steep decrease in resistance for S4 (compared with the W and
S1-S3 samples) originated from high-conduction paths formed by the
percolation of MWCNTs in the composite film. When MWCNT wires
formed a continuously connected network in high-MWCNT-content
composites (Fig. 7a:S4); the equivalent circuit is a parallel circuit of Ry
and Ry (Fig. 7c:S4). Most of the current flows through the MWCNTSs
because Ry < Ry, which is also supported by the observations of the
dramatically shallower slope for S4 (0.03 eV), as shown in Fig. 8d. To
present a complete picture, the schematic and the equivalent circuit for
the M sample for the percolation structure of pure MWCNTs is shown in
Fig. 7:M.

The BET measurements (Fig. S5), summarized in Table 1, also
support the conclusions of the above discussion. To correlate the BET
results with the sample conductance results, the weight % values for the
MWCNTs in the composites were converted to volume % using the
molecular weights of 231.84 and 12.01 for WO3 and MWCNTs, re-
spectively. The conversion results are also listed in Table 1. Owing to
the strong difference between the two molecular weights, the 5 wt%
MWCNTs were converted to ~50 vol% MWCNTs for the S4 sample. The
BET values measured per weight were accordingly converted to those
per volume, because the current density was measured per the cross-
sectional area of the current path. Note also that the measured total
surface area for MWCNTs was ~1.5 (=218/139) times greater than
that for WOs3. The ratio also indicates that WO5 particles are ~1.5 times
larger than MWCNTs.

Based on the basic characteristics of the studied nanoparticles, an
interesting observation is that the BET per volume barely changed until
the MWCNT content increased to 16.3 vol% (S1-S3). The results in-
dicate that the surface area of the composites did not strongly change
following the mixing with MWCNTs at relatively low concentrations.
Even with 1:1 vol ratio for S4, the surface area increased owing to the
MWCNTSs not as much as the incorporated volume in the composite.
Therefore, the surface area for interaction with gases did not strongly
vary across the different composite structures. This may be explained
by the similar BET values per volume for MWCNTs and WOs3. The BET
measurements were further correlated to the structures’ resistance. The
R(meas) values in the table list the base resistance values of the
structures, measured at 150 °C in dry air (Fig. 6a). The R(parallel calc)
values were calculated assuming that both the electrical conduction
paths of MWCNTs and WO3 nanoparticles run in parallel in the struc-
tures. This assumption is rather arbitrary, because MWCNTs in smaller-
content structures (S1 to S3) are not likely to form continuous net-
works. However, our calculations showed that the resistance of the
composite must decrease to ~10° Q, even if a path is formed that
consists of thin MWCNTSs. The fact that the actually measured values
(~10% Q) were very much different from the calculation results suggests
that no such continuous MWCNT paths were actually formed in the
composites S1-S3. This analysis supports the interpretation of an in
series connection of WO3; and MWCNTs in the samples S1-S3. On the
other hand, a strong reduction in the value of R(meas) (approaching R
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Fig. 9. (a) G,, Gg, and AG values extracted from Fig. 6a. (b) Dependence of the
sensor response on the MWCNT content, for composite sensor structures.

(parallel calc)) for S4 suggests MWCNT-mediated percolation and es-
tablishment of a parallel path of WO3; and MWCNTs in this composite.
This explanation is consistent with the measured very small barrier
energy, AE = 0.03 eV, for S4. Therefore, we can safely confirm the
electrical structures for the samples that were postulated in Fig. 7.

3.3. NO, adsorption properties

The response curves in Fig. 6a were converted and are shown in
Fig. 9a, where the baseline conductance (G, = 1/R,), the conductance
under exposure to 5 ppm NO; (G = 1/Ry), and their difference
AG = |G, — Gy are plotted. The conversion from resistance to con-
ductance is useful for discussing the concentration of carriers in the
structures of interest. Because the sensor's G value is proportional to the
concentration of free carriers in the corresponding structure, AG re-
presents the charge modulation in the transducer owing to the supply of
electrons to the receptor surface for adsorption of NO, molecules. There
are two remarkable results to be noted in Fig. 9a in relation to the
sensing mechanism in composite sensors. First, AG monotonically in-
creases with the MWCNTSs content, meaning that the number of ad-
sorbed NO, molecules continuously increases with increasing the
number of MWCNTs in the composite. The AG value for a structure with
MWCNTs was almost 10° times that for the structure with WO,
(Fig. 9a). Second, the ratios of the charge modulation to the initial
charge (AG/G,) were very different for the n-type and p-type sensors:
AG/G, = 1 and AG = G, > Gy for W and S1-S3 n-type sensors, while
AG/G, = 0 and AG <« G, = G for S4 and M p-type sensors. The re-
sultant sensing response levels are summarized in Fig. 9b. The maximal
response was observed for the n-type composite sensor S2. The lower
and higher MWCNT contents in the composites degraded the sensing
performance. In particular, p-type sensors with excess MWCNTs ex-
hibited negligible responses.

The n-type composites (W and S1-S3) exhibited strong charge
modulation upon NO, adsorption, with most of the electrons in the
sensors transported to the surface (AG = G,). For example, the pure
WOs; thin film exhibited G, = 4.8 nS and G; = 0.8 nS, resulting in
AG = 4.0 nS, which corresponded to AG/G, = 0.83 or to ~83% of the
electrons in the film being at the WO3 surface for NO, ionosorption. The
composite S2 that exhibited the maximal response (Fig. 9b) had
G, = 89 nS, G; = 4.5nS, and AG = 84 nS, corresponding to ~94% of
the electrons in the sample being at the surface. Thus, the number of
adsorbed NO, molecules for S2 was ~21 times higher than that for the
pure WO3. The two structures had nearly the same specific surface
areas, as shown in Table 1. The results for the number of adsorbed NO,
molecules for the two structures are shown in Fig. 7b:W and 7b:S1-S3
with red dots, and the relation of these results to the sensors’ response
characteristics can be explained as follows.

The giga-ohm range resistance of WOj3 can be attributed to the small
sizes of WO3 particles, which are almost depleted of electrons. The
electrons for NO, ionosorption must be supplied from the interior of the
WO; particles, but the number of electrons is not sufficient for ac-
commodating all of the surface adsorption sites; thus, only some ad-
sorption sites can be occupied by NO,. However, in the WO3/MWCNT
composites, MWCNTSs serve as a reservoir of electrons that are scattered
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throughout the composites, and supply electrons to impinging NO,
molecules for ionosorption on WO3 particles and MWCNTs. Considering
the volume of MWCNTSs, which was typically below 10% for the studied
composites, this explains the observed 21-fold increase in the number of
electrons supplied for adsorption on WOj3 receptors. We also showed
that, with hematite/single-wall CNT composites, high-conductance
single-wall CNTs supply holes to oxide receptors, increasing the ad-
sorption of ammonia gas molecules [22]. Therefore, MWCNTs dis-
tributed in oxide nanoparticles agglomerate can play the role of a re-
servoir that supplies electrons for NO, adsorption on the oxide
nanoparticles’ surfaces.

The charges transported between WO3; and MWCNTSs in a minute, as
shown by the response curves in Fig. 6a. Further increasing the MWCNT
content of S3 increased the electron supply (G, = 1.1 pS) and the
number of NO, adsorptions (AG = 1.0 pS) by more than 10-fold for S2,
but the response decreased because a relatively large number of elec-
trons remained in the MWCNTs (G, = 80 nS), which slightly decreased
the response G,/G;. In conclusion, in the n-type WO3/MWCNT com-
posite sensors, both WO3; and MWCNTs serve as receptors for NO,, but
the required electrons for ionosorption are mostly supplied by the
metallic MWCNTs scattered throughout the film. The p-type but me-
tallic nature of MWCNT can be explained in terms of the small bandgap
energy. The n-type sensing behavior of the sensor films can be ex-
plained by a continuous network of n-WO3; nanoparticles, while p-
MWCNTs form a discontinuous network. Response enhancement of the
composites was driven by increasing AG, through the expression S = G,
/(Go — AG).

When the MWCNT content was further increased, a percolating, or
continuous, network of MWCNTs was formed. This condition was rea-
lized with the composite S4 and the network of pure MWCNTs re-
presenting p-type high-conductance transduction (G, = 0.99 mS). A
continuous network of WO3 could also form in parallel, as shown in
Fig. 7c:S4, but its contribution to the current flow would be negligibly
small. The number of adsorbed NO, molecules significantly increased
with increasing the number of MWCNTs with high specific surface area
(AG = 74 pS; Fig. 7b:S4), but AG was very small compared with G,,
exhibiting a very small response approaching ~1, owing to S =
(G, + AG) /G, (S4 in Figs. 6b and 9b). The ultimate extreme case was
provided by the pure MWCNT sensor, which exhibited the highest AG
and G,, but again exhibited a poor response. Therefore, the observed
relatively poor response of CNT-based sensors could be attributed to the
excess of CNTs in the films [18,19].

The discussion of the sensing characteristics of the composites is
based on the transconductance modulation that is caused by the de-
pletion depth modulation on the receptors' surfaces. This model has
been repeatedly confirmed by these researchers for various nanos-
tructured gas sensors [7,50-52]. The model claims that the maximal
response of a nanostructured one-component sensor is obtained when
the sensor's dimensions approach the depletion depth scale; a further
size reduction will negatively affect the sensor's response. Therefore,
the ultimate gas sensing performance is already determined by the
sensor's dimensions and by the doping level, for a given gas-material
system. However, composites can overcome the limitation of one-
component sensor structures. As we have discussed so far, the receptor
and transducer roles can be separated in composites. Given a compo-
site, the optimal ratio of its constituents emerges as a synergetic effect,
and can be determined by considering a range of ratios. In addition, the
back-to-back Schottky barrier model cannot consistently explain the
results observed for a series of nanostructured composite sensors.

The NO, sensing performances of the studied sensors were mea-
sured at different temperatures (Fig. S6, Supporting Information), and
the response levels are summarized in Fig. S7a. As the temperature
increases, the carrier concentrations in WO; and MWCNTs increase,
and the depletion depth decreases, in accord with the semiconductor
junction theory. The peak response at 200 °C for the W sensor is the
intrinsic response of WO3 toward the adsorption of NO,, and the peak
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Fig. 10. (a) The sensing curves of S2 sensor measured at 150 °C for 5 ppm NO, with varying RH. (b) The base resistances and responses plotted from (a).

temperature decrease in the n-type composites is the MWCNT effect. A
reduction in the optimal sensing temperature with CNT mixing has
been often observed [14]. While the response of S2 at 100 °C increased,
the response-recovery kinetics were very slow and highly irreversible
for practical use (Fig. S6f). As the temperature increased to 300 °C, a
strong increase in the concentration of carriers in the transducer low-
ered the response, for all of the studied composite structures. Fig. S7b
shows the gas concentration dependence of the W and S2 sensor re-
sponses. The S2 composite sensor also exhibited good selectivity, high
repeatability, and short response/recovery times (87 s /300 s), as
shown in Fig. S7c, 7d, and 7e which suggests that commercial NO,
sensors can be developed by utilizing these insights.

The effect of humidity examined at the operation temperature
150 °C with the S2 sensor is shown in Fig. 10. The resistance of the
sensor decreased continuously with increasing of relative humidity
(RH). This change can be explained by electron donation from water
molecules to the sensor, as was also observed with other oxide sensors
fabricated in this lab [22,27,28,53]. Since the humidity effect is not
negligible, a parallel use of humidity sensor is required for humidity
calibration [27]. The sensing performance of several metal oxide/
carbon material-based nanosensors are compared in Table 2
[15,16,18,19,54-59]. Our sensor showed similar or better performance
among different types of oxide composites, and in particular, exhibited
superior response/recovery kinetics to other sensors.

4. Conclusions

A series of WO3/MWCNT composite sensors with different WO3/
MWCNT ratios were fabricated, and their electrical and gas sensing
properties were scrutinized for determining their correlation with the
sensors' morphologies. The cornerstone assumption of this study was
conduction-mediated gas sensor; that is, the difference between the
conductance values before and after the exposure to gaseous NO, re-
sulted from its ionosorption, and involved charge exchange. The spe-
cific surface areas of the WO; and MWCNT components, measured

using the BET method, did not differ significantly. However, the den-
sities of NO, adsorption (more precisely the modulated charges) on the
components' surfaces were very different for MWCNTs and WO3. The
WO3 nanoparticles were relatively lightly doped and almost depleted of
electrons; consequently, the electrons supplied for NO, adsorption were
not sufficient for occupying the allowed adsorption sites on the sur-
faces. The other extreme was observed for metallic MWCNTs, which
can supply a sufficient number of electrons for fully occupying the NO,
adsorption sites on the surfaces, but the supplied electrons were only a
small fraction of the electrons in MWCNTs. Owing to different reasons,
both pure WO3; and MWCNT sensors exhibited poor NO, sensing per-
formance. However, composites of WO; and MWCNTs demonstrated
much better sensing performance. The optimal combination was ob-
tained for the composite in which the number of adsorption sites on the
receptors’ surfaces (WO3; and MWCNTs) was equal to the number of
electrons in the transducer (approximately to that of MWCNTs). This
condition was satisfied for sample S2 when: i) WO3 particles were
connected in series with MWCNTs and ii) the carrier transport across
the interface was rather free. Therefore, mixtures of low-doped oxides
with reservoirs of carriers can exhibit synergetic effects yielding con-
duction-type gas sensors by: i) maximizing the number of adsorption
sites and adsorption gas molecules and ii) providing marginally suffi-
cient numbers of carriers for ionosorption. We further showed that the
Schottky barrier model frequently employed in sensors for explaining
the responses of thick-film sensors of agglomerated nanoparticles
cannot be used for explaining the operation of nanocomposite sensor
structures.
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Table 2

Performance of several metal oxide/carbon material-based NO, gas sensors.
Materials [NO2]/ppm T/oC Response (Rg/Ra) tres/trec Reference
rGO-loaded SnO, 5 200 100 —-/- [59]
CuO-ZnO/rGO 40 RT %62.9 % /= [58]
CNTs/SnO, 50 ppb RT “59 % 15 min /3 min [57]
rGO/ZnO composite 5 250 7700 % -/= [56]
ZnO/SWCNT composite 50 150 5 70s /100 s [15]
SnO,/Graphene composite 5 150 72.6 250 s /500 s [55]
WO3/rGO composite 10 RT 4769 % 9 min /18 min [54]
WO3/MWCNT composite 2.5 200 ~5 200 s /400 s [19]
WO3/MWCNT composite 5 150 1.05 5 min/- [18]
WO3/CNT composite 5 200 3.8 —-/= [16]
WO3/MWCNT composite 5 150 18 87 s /300 s This study

RT: room temperature.
@ Response = (Rg-Ra)/Ra * 100 %.
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