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ABSTRACT: Here, we demonstrate the impact of tungsten
precursor concentration on anisotropic crystal growth of hydrothermal tungsten oxide (WO3) nanowires. When varying the
tungsten precursor concentration, we found two diﬀerent critical
concentrations for crystal growth on the (001) top plane and (100)
sidewall plane of WO3 nanowires. A (001) plane-selective crystal
growth is achieved by precisely controlling the tungsten precursor
concentration in between these critical concentrations, while a
crystal growth on the (100) plane tends to simultaneously occur
above such a concentration range. Furthermore, the crystal growth
rate on the (001) plane tends to be suppressed when the number
density of nanowires increases due to competitive material supply
between nanowires. The observed concentration dependence on
nanowire growth can be interpreted in terms of a competition between the nucleation in solution and the crystal growth on the
nanowire surface. The suggested mechanism oﬀers a rational way to precisely control the nanowire structure and the number yield of
nanowires. Using a single nanowire device composed of a structurally controlled WO3 nanowire, we demonstrate highly sensitive
electrical molecular sensing of nonanal at 27 ppb.
KEYWORDS: hydrothermal synthesis, hexagonal WO3 nanowires, anisotropic crystal growth, face-selective crystal growth,
molecular sensing
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enhance the anisotropic crystal growth of nanowires.31 Based
on this ﬁnding, the aspect ratio of WO3 nanowires was
successfully increased to ca. 5000.31 As shown in this example,
the understanding of the hydrothermal WO3 nanowire growth
is far from comprehensive due to the complex behaviors of
chemical agents during the nanowire growth. In our previous
studies, we investigated the hydrothermal zinc oxide (ZnO)
nanowire synthesis and successfully explained its anisotropic
crystal growth mechanism by a crystal-plane-dependent critical
concentration for nucleation.32−35 These studies provided lots
of information for understanding the hydrothermal nanowire
growth and also allowed the rational control of the nanowire
structure beyond the conventional chemical approaches. Since
such an analytical approach is independent of the properties of
employed chemical reagents and/or the chemical reactions
during nanowire growth, it may be applicable to understand

INTRODUCTION
Tungsten oxide (WO3) nanowires have gained increasing
attention as an exotic electronic nanomaterial due to a variety
of functionalities such as electrochromism,1−3 photoelectrochemical water splitting,4 catalysis,5,6 molecular sensing,7−9
memristive switching,10 energy storage,11,12 and others.13−15
Since the electrical, optical, and mechanical properties of
nanomaterials strongly depend on their geometry, it is
important to arbitrarily tailor the structure of WO3 nanowires
for designing the performance of these applications. Among
various synthetic approaches,16−22 a hydrothermal method is
the most widely used one for synthesizing WO3 nanowires due
to the low cost, low energy, and mass production process.20−22
To date, many studies have been devoted to understanding the
hydrothermal growth of WO3 nanowires by varying various
parameters such as the pH value,23,24 temperature,25 acid
molecules,26 and chemical capping agents.27−31 However, the
growth mechanism is still under debate, and the precise
structural control of WO3 nanowires (i.e., length and width)
has been a long-standing challenging issue. For example, the
most recent study demonstrated that a monovalent sulfur
oxoanion (HSO−4 ) rather than a divalent sulfur oxoanion
(SO2−
4 ) was found to be a true selective capping reagent to
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Figure 1. (a) Schematic illustration of the hydrothermal synthesis of WO3 nanowires. (b) SEM images of WO3 nanowires grown with various W
precursor concentrations (CW). Upper images show the magniﬁed view and lower images show the overview. The growth time is 24 h for all
samples.

interpreted according to nucleation theory by which CW needs
to exceed a critical concentration for nucleation.36 However,
the length tends to be shorter unexpectedly upon further
increasing CW. Since the width becomes larger by increasing
CW in the same range, the suppression of crystal growth occurs
only in the longitudinal direction. Figure 2a−d shows the
elemental mappings, energy-dispersive X-ray spectroscopy
(EDS) spectra, transmission electron microscopy (TEM)
images and selected area electron diﬀraction (SAED) patterns,
and X-ray diﬀraction (XRD) patterns of WO3 nanowires
grown at CW of 28 mM and 92 mM. EDS analyses identiﬁed
that the fabricated nanowires are composed of W and O
without any other elements (Figure 2a,b). TEM and SAED
analyses revealed that both the nanowires commonly have a
single-crystalline hexagonal WO3 structure and a preferential
growth direction along [001] (Figure 2c). The hexagonal
structure of WO3 nanowires is also conﬁrmed by the XRD
results (Figure 2d) and the SEM observation at nanowire
edges (Supporting Information Figure S1). For the XRD
pattern, the (001) peak intensity of the CW 92 mM sample is
smaller, reﬂecting the suppressed crystal growth on the (001)
plane. These crystallographic features of obtained WO3
nanowires are consistent with previously reported ones
grown via hydrothermal synthesis.20−31 Thus, the results
indicate that the observed suppression of longitudinal crystal
growth at relatively high CW is not caused by the variation of
the crystal phase in WO3 nanowires.
To analyze the crystal growth of WO3 nanowires, we
statistically evaluate the length and width of nanowires. This is
because their longitudinal and lateral crystal growths are
associated with crystal growth events on the WO3 (001) top
plane and the sidewall plane (mainly (100) plane),
respectively. Figure 3a,b shows the length and width of WO3
nanowires as a function of CW. Upon increasing CW, the
nanowires start to grow at CW 23 mM and the length tends to
increase. On the other hand, the width starts to increase above

the hydrothermal growth of WO3 nanowires. These backgrounds motivated us to investigate the hydrothermal WO3
nanowire growth by an analytical approach based on crystal
growth.
Here, we demonstrate the impact of precursor concentration
on anisotropic crystal growth of hydrothermal WO3 nanowires.
We found two diﬀerent critical concentrations for nucleation
on the (001) plane (i.e., top plane) and the (100) plane (i.e.,
sidewall plane) of WO3 nanowires, crucially determining the
anisotropic crystal growth of nanowires. Furthermore, the
crystal growth rate on the (001) plane is strongly inﬂuenced by
the number density of nanowires. The observed concentration
dependence on nanowire growth can be interpreted in terms of
a competition between the nucleation in growth solution and
the crystal growth on the nanowire surface. The suggested
mechanism provides rational controllability of the nanowire
structure and number yield of nanowires. Using a single
nanowire device composed of a structurally controlled WO3
nanowire, we demonstrate highly sensitive electrical molecular
sensing of nonanal at 27 ppb, which is much superior to the
conventional sensor performance.

■

RESULTS AND DISCUSSION
In this study, WO3 nanowires were grown via a hydrothermal
synthesis in an autoclave system as schematically shown in
Figure 1a. WO3 nanowires were grown through a homogeneous reaction in solution without introducing a seeddeposited substrate. To investigate the WO3 nanowire growth
from the viewpoint of crystal growth, we performed the
hydrothermal synthesis with varying W precursor concentrations. Figure 1b shows the scanning electron microscopy
(SEM) images of WO3 nanowires grown with various W
precursor concentrations (CW). The detailed growth condition
is discussed in the Experimental Section. While nanowire
growth is not observable at CW 19 mM, it appears upon
increasing CW above 28 mM. The observed trend can be
10253
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selective crystal growth is substantially narrow because of the
unexpected suppression of longitudinal crystal growth. The
suppression of longitudinal crystal growth (i.e., crystal growth
on the (001) plane) starts to occur above CW 28 mM where it
is below the critical concentration on the (100) plane (i.e., CW
36 mM). This is more clearly seen as a decreasing trend of
aspect ratio in Figure 3c. As such, the suppression of crystal
growth on the (001) plane is irrelevant to the crystal growth
on the (100) plane, although they are together observed in
Figure 1b.
Here, we discuss why the crystal growth on the (001) plane
was suppressed while increasing CW. Although a similar trend
was seen in a previous study, the origin of suppressed crystal
growth was not understood.31 We found that the observed
trend in Figure 3a does not originate from the transient
phenomena at the initial growth stage.37 This is because the
growth rates were almost unchanged even with increasing
growth time, as shown in Figure 3d. Therefore, we consider the
other possible factors that aﬀect the crystal growth in
hydrothermal nanowire synthesis. Previous studies on hydrothermal nanowire syntheses demonstrated that the anisotropic
crystal growth of nanowires is strongly inﬂuenced by various
factors including (i) the variations of ionic precursor species in
aqueous solution and their electrostatic interactions with the
nanowire surface,34,38 (ii) the chemisorption of inorganic and
organic ligands,39,40 and (iii) the electrostatic adsorption of
counter ions.41 To specify the ionic species and their
concentration variations in growth solution, we calculated
the equilibrium concentrations of ionic species with varying
CW (15, 28, 60 mM), as shown in the Supporting Information
Figure S2. Note that the pH value in the growth solution is
almost constant even upon varying CW (Table 1). This
indicates that the surface potential of WO3 nanowires is almost
constant in this study. We found that the major ionic species is
WO3−C2O2−
4 in our growth conditions. The calculation also
conﬁrmed that HSO−4 rather than SO2−
4 is a sidewall capping
agent, consistent with a recent study.31 The concentration of
WO3−C2O2−
4 is systematically changed with varying CW, while
the concentrations of other major ionic species are maintained.
These results indicate that there were no signiﬁcant variations
in the distribution of ionic species, the electrostatic interaction
of ionic species with the nanowire surface, and the other
chemical species in the growth solution. Thus, all suggested
factors in (i)−(iii) cannot explain the observed suppression of
crystal growth on the (001) plane.
Next, we discuss a competitive material supply between
nanowires, which has been usually discussed in seed-assisted
nanowire synthesis.42,43 In such a competition regime, the
precursor concentration near the nanowire surface substantially decreases with increasing number density of nanowires.
The number density of nanowires is supposed to increase
when the degree of supersaturation becomes higher with
increasing precursor concentration. Therefore, the suppression
of crystal growth on the (001) plane by the material
competition regime tends to be enhanced with increasing
CW. To conﬁrm the assumption, we measured the total weight
of the WO3 nanowire product and estimated the number of
produced WO3 nanowires as a function of CW in Figure 3e,f,
respectively. The number of WO3 nanowires was estimated by
the product weight, the average length/width (in Figure 3a,b),
and the density of hexagonal WO3 (6.12 g/cm3).44 Contrary to
the observed trend in the longitudinal crystal growth (Figure
3a), the weight of the nanowire product keeps increasing upon

Figure 2. (a) STEM images and EDS elemental mappings, (b) EDS
spectra, (c) low/high-magniﬁcation TEM images and SAED patterns,
and (d) XRD patterns of WO3 nanowires grown with CW of 28 mM
and 92 mM, respectively. The growth time is 24 h for all samples.

CW 36 mM. These two threshold concentrations at CW 23 mM
and CW 36 mM (marked as triangle symbols in ﬁgures)
represent the critical concentrations for nucleations on the
WO3 (001) and (100) planes, respectively. Since the crystal
growth proceeds without the assistance of seed crystals, the
critical concentration for nucleation on the (001) plane equals
that of nucleation in the growth solution. A (001) planeselective crystal growth is achievable by controlling the
precursor concentration in between these critical concentrations. Such a crystal-plane-dependent critical concentration
for nucleation is consistent with our ﬁnding in solution
synthesis of ZnO nanowires,32−35 implying that it is a common
feature for solution-synthesized metal oxide nanowires. We
found that the concentration range for the (001) plane10254
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Figure 3. (a) Length, (b) width, and (c) aspect ratio of WO3 nanowires with varying CW. (d) The growth time dependence on nanowire length
with various CW (15, 28, 60 mM). The inset shows the magniﬁed data for CW 15 mM and CW 60 mM. (e) Weight of the WO3 nanowire product
with varying CW. (f) Estimated number of WO3 nanowires with varying CW. For experiments in (a)−(c), (e), and (f), the growth time is 24 h.
Triangle markers in (a)−(c) and (f) represent the critical concentration for nucleation on each crystal plane (green: on the (001) plane, violet: on
the (100) plane), and the concentration at the largest aspect ratio (pink), respectively.

Table 1. pH Value of Growth Solution with Varying CW
W concentration CW
pH value

19 mM
1.83

24 mM
1.80

29 mM
1.84

increasing CW above the critical concentration of the (001)
plane. This result conﬁrms that the nanowire growth system
follows the conventional nucleation theory.36 On the other
hand, the number of nanowires strongly depends on CW. The
crystal growth on the (001) plane is suppressed when the
number of nanowires increases. Note that the decrease in
number of nanowires at above the critical concentration on the
(100) plane must be associated with the merging of nanowires
during the crystal growth on the (100) plane.32 Thus, the
results clearly evidence that a competitive material supply
between nanowires is responsible for the observed suppression
of crystal growth on the (001) plane.
Based on the implications in the above results, here we
provide the explanation of the precursor concentration
dependence on the nucleation rate and the crystal growth
rate of hydrothermal WO3 nanowires. As schematically
illustrated in Figure 4, the WO3 nanowire growth is mainly
divided into four regions. In classical nucleation theory, the
nucleation rate in solution J is described as
ij
yz
16γ 3
zz
J ∝ expjjj−
j 3(k T )3 (ln α)2 zz
B
k
{

41 mM
1.85

63 mM
1.93

93 mM
1.83

Figure 4. Schematic illustration for the growth mechanism of
hydrothermal WO3 nanowire synthesis.

(1)

interfacial energy between the (001) plane and the (100) plane
of the WO3 nanowire. On the other hand, the crystal growth
on the (100) plane starts to occur when CW is above the
critical concentration of the (100) plane C(100)
crit (Region IV). In
this condition, the crystal growth occurs on both (001) and
(100) planes. A face-selective crystal growth on the (001)
plane is achievable by controlling CW in between Csol
crit and
C(100)
crit , as shown in Figure 3a,b. For the nanowire growth rate,
precursor diﬀusion is the rate-limiting process in the
framework of the competitive material supply regime. The
rate of crystal growth R is expressed on the basis of Fick’s law
as

where γ is the interfacial energy, kB is the Boltzmann constant,
T is the temperature, and α (=CW/Ceq, CW: precursor
concentration, Ceq: saturated equilibrium concentration) is
the degree of supersaturation, respectively.45 According to eq
1, the nucleation rate is very low at CW < Ceq. In this condition,
the nucleation rate is lower than the dissolution rate and no
nanowire growth occurs (Region I). When CW is above the
critical concentration for nucleation in solution, Csol
crit, the
nucleation rate increases drastically and the nanowire growth
starts to occur (Region II). In this region, the crystal growth
occurs mainly on the (001) plane due to the diﬀerence of
10255
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Figure 5. (a−c) SEM images of single WO3 nanowire sensors with diﬀerent nanowire widths: (a) 50 nm width, (b) 100 nm width, and (c) 165 nm
width. The gap distance between the electrodes is 1 μm. (d−f) Nonanal sensing responses (2.7 ppm) of single WO3 nanowire sensors: (d) 50 nm
width, (e) 100 nm width, and (f) 165 nm width. (g) Sensitivity to 2.7 ppm nonanal and (h) initial resistance of WO3 nanowire sensor devices as a
function of nanowire width. (i) Concentration-dependent nonanal sensing response. (j) Sensitivity of WO3 nanowire sensor devices as a function of
nonanal concentration. The sensing measurements are performed at 200 °C with the readout voltage of 1 V under N2 ﬂow.

R = 4πDr(C b − Ci)

hydrothermal WO3 nanowire growth. For example, the
anisotropic crystal growth of nanowires can be promoted by
controlling CW in Region II. In this condition, the crystal
growth on the (001) plane is enhanced while preventing the
undesired nucleation in the growth solution. On the other
hand, the number yield of WO3 nanowires can be tailored with
suppressing sidewall growth by controlling CW in Region III.
These nanowire growth designs are beneﬁcial for the
development of long-nanowire-based nanotextile devices in
ﬂexible/wearable electronics31,46 and the mass production of
nanowires in solid-phase catalysts.47 The nanowire width can
be tailored by controlling C W at above the critical
concentration for nucleation on the (100) plane. This precise
control of WO3 nanowires had not been achieved by
conventional chemical approaches.20−30 Since the above
mechanism is not dependent on the employed chemical
reagents and various chemical reactions in the growth solution,
the present design concept might be applicable to versatile
hydrothermal nanowire synthesis.
Finally, we demonstrate a molecular sensing application
using a form of a single WO3 nanowire device. In many

(2)

where D is the diﬀusion coeﬃcient of the precursor, r is the
crystal radius, Cb is the bulk concentration of the precursor in
solution, and Ci is the precursor concentration at the liquid−
solid interface.45 Ci is determined by the incorporation rate of
the precursor into the crystal. When the number density of
nanowires is relatively low, the bulk concentration Cb equals
CW. In this condition, the growth rate increases with increasing
CW (Region II). On the contrary, when the number density of
nanowires increases with increasing nucleation rate, competitive material supply between nanowires tends to occur. This
leads to the decrease in bulk concentration Cb near nanowires
and resultant crystal growth rate on the (001) plane (Region
III). Such competitive material supply also occurs between the
(001) plane and the (100) plane; therefore, the crystal growth
rate on the (001) plane further decreases when CW is above
(100)
Ccrit
(Region IV). As such, the observed precursor
concentration dependence can be interpreted in terms of the
competitive events of the nucleation in the growth solution
and the crystal growth on the nanowire surface. The present
mechanism provides us with the rational design concept of
10256
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concentration, we found two diﬀerent critical concentrations
for crystal growth on the (001) top plane and the (100)
sidewall plane of WO3 nanowires, critically determining the
anisotropic crystal growth of nanowires. Furthermore, the
crystal growth rate on the (001) plane tends to be suppressed
when the number density of nanowires increases due to
competitive material supply between nanowires. The observed
concentration dependence on nanowire growth can be
interpreted in terms of a competition between the nucleation
in growth solution and the crystal growth on the nanowire
surface. The clariﬁed growth mechanism oﬀers a rational way
to control the nanowire structure and the number yield of
nanowires beyond the conventional chemical approaches. The
structurally controlled WO3 nanowires exhibited highly
sensitive electrical molecular sensing of nonanal at 27 ppb.
Since the present design concept might be applicable to
versatile hydrothermal nanowire synthesis, it will be helpful to
develop various functional device applications composed of
metal oxide nanowires.

previous studies, a single nanowire device has been utilized for
exploring the intrinsic properties of single-crystalline nanowires
without the inﬂuence of grain boundaries where it is
controversial in a molecular sensing mechanism.48,49 Figure
5a−c shows typical SEM images of single WO3 nanowire
devices with diﬀerent nanowire widths ((a) 50 nm, (b) 100
nm, and (c) 165 nm). The nanowire is placed on a substrate
and the electrodes are deposited on the nanowire for electrical
contact. Ti/Pt electrodes with the Ti contact layer were
utilized for good adhesion to a substrate. The gap size between
the electrodes is 1 μm. Figure 5d−f shows the successive
sensor responses to nonanal for the single WO3 nanowire
devices with diﬀerent nanowire widths ((d) 50 nm, (e) 100
nm, and (f) 165 nm). Nonanal is a component of perfumes
and occurs in natural oils,50 a compound for attracting Culex
mosquitoes,51 and a marker for lipid peroxidation,52 and lung
cancer in exhaled breath.53 The electrical molecular sensing
measurement was conducted at 200 °C under nitrogen (N2)
ﬂow in an air atmosphere and the variation of nanowire
resistance when introducing nonanal 2.7 ppm was monitored
at a readout voltage of 1 V. The sensor response is deﬁned as
RN2/Rgas, where RN2 and Rgas are the initial resistance value
taken under N2 ﬂow and the resistance value under nonanal
ﬂow, respectively. Clear sensor responses are observed in all
devices, showing the reliability of the nonanal sensing property
of the WO3 nanowire device. The sensor response can be
clearly seen even upon changing the carrier gas to dry air
(Supporting Information, Figure S3). We found that the sensor
response tends to increase with decreasing the nanowire width
as shown in Figure 5g. This is plausibly due to the fact that the
background current of the sensor is suppressed by preventing
the sidewall growth of WO3 nanowires (Figure 5h). To
investigate the nonanal sensing mechanism, next we performed
the sensing measurement with various molecules (acetone,
isopropanol, toluene, nonanal, and 1-nonanol; see Supporting
Information Figure S4). The WO3 nanowire sensor exhibits
higher sensitivity to acetone and nonanal than to others. Since
these molecules commonly possess a carbonyl group (C=O),
the coordination of the carbonyl group on the WO3 nanowire
surface might play an important role in the molecular sensing
in the WO3 nanowire sensor. Figure 5i shows the nonanal
concentration-dependent sensing response of the structurally
controlled WO3 nanowire sensor (50 nm width). The reliable
sensor response is still maintained even upon reducing the
nonanal concentration down to 27 ppb. The device sensitivity
as a function of nonanal concentration is summarized in Figure
5j. The sensitivity to 27 ppb nonanal is about 3.80. Note that
the observed nonanal sensing performance of the WO3
nanowire device is comparable in recovery time and superior
in sensitivity to previously reported nonanal sensors as
summarized in Supporting Information Table S1.54−61 Since
the probability of molecular adsorption on single nanowire
devices is much lower than that on bulk-type sensors due to
the limited total surface area, the observed high sensitivity of
nonanal sensing must be associated with the surface
functionality of the WO3 nanowire sensor. Thus, the results
highlight that the structural design of metal oxide nanowires is
of crucial importance for enhancing the device performance.

■

METHODS

The WO3 nanowires were fabricated by a hydrothermal method with
the following chemical reactions.25,62

W + 3H 2O2 → WO4 2 − + 2H+ + 2H 2O

WO4 2 − + 2H+ + nH 2O → H 2WO4 ·nH 2O
H 2WO4 · nH 2O → WO3 + (n + 1)H 2O
First, the metal tungsten (W) (Sigma-Aldrich, 99.9%) was
dissolved in 30% hydrogen peroxide (H2O2) solution (FUJIFILM
Wako Pure Chemical Corp., 30−35.5%) with continuous stirring at
300 rpm for over 12 h in an ice bath. The weight ratio of W and H2O2
was 2:15. Subsequently, the unreacted excess H2O2 was removed
using a Pt catalyst (SANYU electron, 99.99% pure) at 50 °C by
stirring at 300 rpm for 12 h. The concentration of the W precursor
was then controlled by adding deionized (DI) water to the prepared
solution. Next, 125 mM oxalic acid (Sigma-Aldrich, 99.0%) was added
to the solution, and the pH was controlled to be 1.58 by carefully
adding sodium hydroxide solution (Sigma-Aldrich, 97%). Finally, 70
mM sodium sulfate (Sigma-Aldrich, 99.0%), which served as a
capping agent, was added. Then, 35 mL of the prepared growth
solution was transferred to a 50 mL Teﬂon beaker, and it was capped
and mounted in an autoclave system. The hydrothermal nanowire
growth was performed at 200 °C with varying growth time for 12−72
h. After the nanowire growth, the system was cooled down to room
temperature within 12 h. The samples were rinsed with DI water and
collected by ultracentrifugation. The morphology, crystal structure,
and composition of the fabricated WO3 nanowires were characterized
by a ﬁeld emission scanning electron microscope (SEM, JEOL JSM7610F 30 kV), a transmission electron microscope (TEM, JEOL JEM2100F 200kV) equipped with an energy-dispersive X-ray spectroscopy
(EDS) system, and an X-ray diﬀractometer (XRD, PANalytical
Empyrean), respectively. For SEM and TEM observations, the
nanowire suspended solution was dropped and dried on a Si substrate
and/or a Cu grid. The width and length of nanowires were calculated
statistically from 100 nanowires. The calculations for equilibrium
concentrations of ionic species in growth solution were conducted
using Visual MINTEQ ver. 3.1. The single nanowire devices for
molecular sensing were fabricated by conventional electron beam
(EB) lithography at 30 kV. First, the pad electrodes were prepatterned
on a 100 nm SiO2-coated Si (100) substrate. Then, the diluted
nanowire suspension was dropped near the pad electrodes, followed
by checking the nanowire position and angle. After spin-coating the
resist layer, the electrode pattern bridging between the nanowire and
the pad electrodes was drawn by EB lithography. Then, the Ti/Pt ﬁlm
deposition and the lift-oﬀ process were performed. Finally, the single

■

CONCLUSIONS
In conclusion, we demonstrated the signiﬁcant role of
precursor concentration on anisotropic crystal growth of
hydrothermal WO3 nanowires. When varying the precursor
10257
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nanowire devices with electrode gap sizes of 500 nm to 1 μm were
obtained. For electrode deposition, the metal layers consisting of the 1
nm Ti contact layer and 100 nm Pt layer were sequentially deposited
by radio frequency (RF) sputtering at 50 W. Electrical measurements
were carried out by a semiconductor parameter analyzer (Keithley
4200SCS) connected with a probe station under N2 ﬂow in air
conditions. Molecular sensing was conducted at 200 °C with a
readout voltage of 1 V by ﬂowing the nonanal-containing N2 gas on
the sensor with a ﬂow rate of 250 mL/min. The concentration of
nonanal was varied from 27 ppb to 2.7 ppm. For controlling the
nonanal concentration, 2.7 ppm nonanal was ﬁrst obtained by ﬂowing
out the bubbled nonanal liquid in a stainless vessel with N2 at room
temperature. Then, the nonanal vapor was diluted with N2 by
controlling the ﬂow rates of nonanal vapor and N2. By diluting the
nonanal vapor 100 times, 27 ppb nonanal was obtained. The reliability
of nonanal concentration was conﬁrmed by gas chromatograph-mass
spectroscopy (GCMS).31 For the sensing measurement of acetone,
isopropanol, toluene, and 1-nonanol, the concentration was estimated
by the diﬀerence in vapor pressure with nonanal.

■
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