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Monovalent sulfur oxoanions enable millimeterlong single-crystalline h-WO3 nanowire synthesis†
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Here, we discuss a misunderstanding regarding chemical capping, which has intrinsically hindered the
extension of the length of hexagonal (h)-WO3 nanowires in previous studies. Although divalent sulfate
ions (SO42−) have been strongly believed to be eﬃcient capping ions for directing anisotropic h-WO3
nanowire growth, we have found that the presence of SO42− is highly detrimental to the anisotropic
crystal growth of the h-WO3 nanowires, and a monovalent sulfur oxoanion (HSO4−) rather than SO42−
only substantially promotes the anisotropic h-WO3 nanowire growth. Ab initio electronic structure simulations revealed that the monovalent sulfur oxoanions were preferentially able to cap the sidewall plane
(100) of the h-WO3 nanowires due to the lower hydration energy when compared with SO42−. Based on
this capping strategy, using the monovalent sulfur oxoanion (CH3SO3−), which cannot generate divalent
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sulfur oxoanions, we have successfully fabricated ultra-long h-WO3 nanowires up to the millimeter range
(1.2 mm) for a wider range of precursor concentrations. We have demonstrated the feasibility of these
millimeter-long h-WO3 nanowires for the electrical sensing of molecules (lung cancer biomarker:
nonanal) on ﬂexible substrates, which can be operated at room temperature with mechanical ﬂexibility
with bending cycles up to 104 times due to the enhanced textile eﬀect.

Introduction
Understanding the selectivity of the crystal growth direction
using capping molecules is important for spatially designing
inorganic/organic nanomaterials for various applications
including catalysts,1–5 sensors6–10 and energy devices.11–16 The
chemical capping method usually utilizes structure-directing
agents, which preferentially cap a specific crystal face to obtain
the selectivity of the crystal growth direction.17–24 Since such
chemical capping occurs during a dynamic crystal growth
process under relatively harsh conditions, it is frequently
diﬃcult to obtain the exact physical pictures of capping
behaviors.25–27 For example, hexagonal tungsten oxide (h-WO3)
nanowires are often hydrothermally synthesized by introdua
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cing a capping molecule. Sulfate salts, such as Na2SO4, K2SO4
and (NH4)2SO4, are typically employed as the structuredirecting agents.28–37 During the crystal growth process, SO42−
has been suggested as an eﬃcient capping molecule, which
preferentially caps the sidewall plane (100) of the h-WO3
nanowires.30,31 Indeed, the addition of these sulfate salts
remarkably increases the aspect ratio of the WO3 nanowires up
to 625.35 However, further increase in the SO42− concentration
frequently results in nanowires as well as other complex nanostructures, including bamboo-like structures,36 and even triggers the transformation of the crystal phase into pyrochlorephase microcrystals from hexagonal-phase nanowires.37 The
addition of sulfate ions during WO3 nanowire growth must
cause more complex molecular phenomena, which cannot be
explained by the existing SO42− capping model.30,31
Here, we discuss a long-standing misunderstanding of traditional SO42−-based chemical capping models for h-WO3
hydrothermal nanowire synthesis. We experimentally and
theoretically reveal that the presence of SO42− is detrimental to
h-WO3 hydrothermal nanowire growth, and the monovalent
sulfur oxoanion (HSO4−) rather than SO42− only substantially
promotes the anisotropic h-WO3 nanowire growth. By precisely
controlling the amount of monovalent sulfur oxoanions
during crystal growth, we have successfully fabricated ultra-
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long WO3 nanowires with a length up to 1.2 mm. We also
demonstrated the applicability of these millimeter-long h-WO3
nanowires for the electrical sensing of molecules (biomarker
in breath: nonanal) on flexible substrates. The millimeter-long
WO3 nanowires exhibited superior mechanical flexibility and
durability due to the enhanced textile eﬀect.

Results and discussion
First, we will discuss the eﬀects of both a capping molecule
source Na2SO4 concentration (CNS) and a tungsten precursor
( polytungstic acid) concentration (CW) on WO3 nanowire
growths. The CNS was controlled from 0 mM to 50 mM, and
CW ranged from 0.1 mM to 54.4 mM (the growth results
without capping agent (CNS, 0 mM) are shown in the ESI,
Fig. S1†). Fig. 1a shows the variation map of fabricated nanostructures as a function of both concentrations, respectively.
Detailed SEM images are shown in the ESI, Fig. S2 and S3.†
Here, oxalic acid (H2C2O4) is utilized to guarantee that
suﬃcient amounts of tungsten precursor colloidal particles
can be generated in solution for subsequent hydrothermal
growth (Fig. S4†).30 The other experimental details can be seen
in the Experimental section. The concentration mapping data
can be classified into three regions named “R1” to “R3”. Each
includes (R1) no visible crystals when CW is below 1 mM, (R2)
nanowires and nanorods structures with hexagonal WO3
crystal structures, or (R3) microplate structures with the pyro-
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chlore WO3 crystal phase. The typical capping agent (Na2SO4)
concentration-dependent SEM and XRD data are shown in
Fig. 1b and c (TEM characterizations of the as-grown nanowires are shown in the ESI Fig. S5†). The first type of transition
is from R1 to R2 (type 1), which appears when CW increases.
This transition is not observable above 10 mM of CNS. The
second type of transition is from R1 to R3 (type 2) and
emerges when CW increases with higher CNS. The third type of
transition is from R2 to R3 (type 3), which is observed above
∼1 mM of Cw when CNS is increasing. According to the WO3
nanostructure growth results in Fig. 1a, the h-WO3 nanowire
growth rate mapping data are plotted in Fig. 1d. Interestingly,
we found that long h-WO3 can only be formed near the boundary regions of these three regions. Significantly long WO3
nanowires with lengths of up to 500 μm and a diameter of
100 nm (ESI Fig. S6†), are obtained within this boundary.
Thus, the control of both CNS and CW critically determines the
emergence of fabricated nanostructure forms, crystal phases
(hexagonal or pyrochlore phases), and the fabrication of long
WO3 nanowires. More importantly, traditional SO42−-based
chemical capping models seem to not be appropriate to
explain these experimental trends. Based on a previously proposed model for the mechanism of WO3 nanowire formation,
SO42− must play an important role as a capping molecule for
the sidewall of nanowires.30,31 However, the trend in Fig. 1,
where the increasing CNS is a capping molecule source, is not
consistent with this traditional SO42− capping model.30,31 This
is because the increase in CNS resulted in the transition

Fig. 1 (a) Variation in the morphology and crystal structure (R1: × no visible crystal, R2: ● nanowire, R3: ◇ microplate, and ◈ mixture of nanowires
and microplates). (b) Typical SEM images of Na2SO4 concentration (CNS)-dependent WO3 nanostructures. (c) XRD characterization of the WO3 nanostructures from (b). (d) h-WO3 nanowire growth rate data.
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(type 3) from nanowires to microplates. Thus, this contradictive result demonstrates the inability of the existing conventional model based on SO42− capping only for WO3 anisotropic
nanowire crystal growth.
In order to explain the inconsistency between the experimental trend in Fig. 1 and the existing traditional SO42−
capping model, we considered the presence of HSO4− because
HSO4− rather than SO42− can be the dominant species under
certain conditions (e.g. low pH range), HSO4− ↔ SO42− + H+,
pKa = 1.99.38 Fig. 2b shows the calculated concentrations of
two diﬀerent charged states of sulfur oxoanions (HSO4− and
SO42−) from Na2SO4 when varying CNS with the fixed value
(2.72 mM) of Cw. The calculations were performed by using
commercial software (Visual MINTEQ) (ESI Fig. S7†). For these
simulations, the ion concentrations were calculated by using
experimentally measured values of pH (ESI Fig. S8†) and the
temperature for the crystal growth experiments. With increasing CNS, SO42− tends to be the major species because the
increase in CNS results in an increase in pH to promote the
deprotonation of HSO4− (Fig. 2b). On the other hand, HSO4−
tends to be dominant for the lower CNS concentration range
below 20 mM, as also highlighted in the plotted data of the
concentration diﬀerence data (ΔC = CHSO4− ↔ CSO42−) between
HSO4− and SO42−. ΔC data exhibits a maximum of around
7 mM of CNS. Interestingly, this concentration range is consistent with the appearance of long WO3 nanowires in Fig. 1. At
the higher CNS range where SO42− is the dominant sulfur
anion, pyrochlore WO3 microplates emerge as shown in Fig. 1.
As such, in comparison with the experimental data in Fig. 1,
the calculated data for sulfur oxoanions proposes a model that
explains the experimentally observed anisotropic WO3 nanowire growth in terms of the presence of HSO4− rather than the
previously proposed SO42− as the structure-directing capping
species. This model is based on the experimental results that
long WO3 nanowires can be formed for the HSO4− dominant
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concentration range (i.e. ΔC > 0). In order to further validate
this capping model for the wider range of experiments
employed, we calculated the populations of two sulfur oxoanions via measuring the pH values for the wide ranges of Cw
and CNS. The measured pH values at the growth temperature,
when varying both Cw and CNS, are shown in Fig. S5.† The
increase in Cw results in a decrease in the pH value due to the
increased concentration of tungstic acid (H2WO4). With
increasing CNS, the pH value increases because Na2SO4 acts as
a buﬀer in acidic solution due to its weak basicity.39 Based on
these pH values, we can calculate the populations of two sulfur
oxoanions (ESI Fig. S9†). ΔC/Cw values are plotted in Fig. 2c
because the capping eﬃciency of HSO4− on tungsten oxide
nuclei is related to ΔC/Cw. As can be seen, the calculated ΔC/
Cw data show the maximum concentration range where long
WO3 nanowires were observed in Fig. 1b. Thus, there is a
certain correlation between the presence of HSO4− in a solution and the appearance of long WO3 nanowires.
The results above imply that HSO4−, rather than SO42−,
should be able to preferentially cap a sidewall of h-WO3 (100)
nanowires, enhancing the anisotropic nanowire crystal growth.
To further validate this model, we intentionally changed the
equilibrium concentration of HSO4− by reducing the growth
solution pH from 1.68 to 1.12 with 1 M NaOH. The total
amount of Na2SO4 was controlled at 20 mM. As speculated, the
equilibrium ion concentration of HSO4− increased with the
decreasing pH value via protonation (ESI Fig. S10†). Although
the pH range is relatively narrow, 1.12–1.68, the eﬀect on the
fabricated WO3 nanostructure morphology is significant (ESI
Fig. S11†). At the pH value of 1.68, only the microplate morphology with the pyrochlore WO3 crystal phase (ESI Fig. S12†)
is observable. Decreasing pH values strongly enhance the anisotropic hexagonal WO3 nanowire growth (ESI Fig. S12†).
These results provide further experimental support for a
model based on HSO4− rather than the previously suggested

Fig. 2 (a) Schematic illustration of ionization for Na2SO4 in solution. (b) Calculated concentrations of two diﬀerent charged states of sulfur oxoanions (HSO4− and SO42−) from Na2SO4 when varying CNS. (c) Calculated ΔC/CW data when varying CW and CNS.
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SO42− as an eﬃcient capping species for anisotropic WO3
nanowire crystal growth.
To obtain a better understanding of the selective capping
behaviours of HSO4− or SO42− on WO3 nanostructure surfaces,
we performed ab initio-density functional theory (DFT) simulations. Under gas-phase conditions, the binding energy of a
single HSO4− or SO42− onto the WO3 crystal plane can be estimated by considering the diﬀerence in the total energies of
the combined and the isolated systems with the following
formula:
EBinding ¼ EHSO4  =SO4 2 þWO3  ðEHSO4  =SO4 2 þ EWO3 Þ:
However, in the aqueous solution, HSO4− or SO42− is
strongly hydrated with the surrounding water molecules.40,41
Therefore, the calculations must consider such hydration
eﬀects to compare the capping eﬀect of HSO4− or SO42− on the
WO3 surfaces. As illustrated in Fig. 3a, the competition
between ion adsorption and hydration determines whether the
capping eﬀect of molecules on solid surfaces within an
aqueous solution occurs. Consequently, the net binding
energy of capping molecules (HSO4− or SO42−) may be formulated as follows:
ΔENet

binding

¼ EBinding  αEHydration

where αEHydration is the hydration energy loss after the molecules bind to the WO3 surface (α, hydration energy loss
ratio42). The net binding energy (ΔE) of the capping molecules
(HSO4− or SO42−) on the hexagonal WO3 nanowire top (001)
and sidewall (100) planes are calculated by the method
described in the Experimental section and ESI.† Fig. 3b shows
the calculated net biding energy of both capping molecules
(HSO4− and SO42−) on the sidewall (100) plane of h-WO3 (calculation data of the (001) plane is shown in ESI, Fig. S17†). As
can be seen, the net binding energy for HSO4− on the (100)
plane is negative, whereas SO42− exhibits a positive net

binding energy due to the higher stability of hydration
(Table 1). In addition, the net binding energies of both HSO4−
and SO42− on the (100) plane are positive, indicating that they
are unable to adsorb on the (100) plane in the water phase. As
a result, the nanowire sidewall (100) planes are hindered from
further growth, while the growth of the top (001) planes is
selectively facilitated. These results are also consistent with
previous data, in which the hydration energy of SO42−
(−1080.2 kJ mol−1)43 is reported to be four times higher than
that of HSO4− (−285.1 kJ mol−1).42 These simulations also
indicate that in addition to the hydration eﬀects, the lesser
coulombic repulsion eﬀect of the monovalent sulfur oxoanion
as compared to the divalent sulfate ion might increase the
adsorbed ion surface density, which also promotes a capping
eﬀect. Thus, these ab initio-DFT simulations highlight that
HSO4− preferentially adsorbs onto the (100) plane of h-WO3,
while SO42− is strongly hydrated rather than being on the (100)
plane of h-WO3. This strong hydration eﬀect of SO42− is wellknown as the Hofmeister series.44,45 In addition, this strong
hydration eﬀect can be experimentally confirmed in Fig. 1a,
where the critical nucleation concentration decreases with CNS
increasing above 5 mM of the CNS due to the strong hydration
eﬀect of SO42−. These simulation results give an interpretation

Table 1 Binding energies, ΔEBinding and ΔENet_binding, of diﬀerent
capping species on h-WO3 (001) and (100) planes

Binding energy (kJ mol−1)
In the vapor phase
ΔEBinding

In the water phase
ΔENet_binding

Capping
species

(001)

(100)

(001)

(100)

SO42−
HSO4−

−448.8
−297.7

−618.4
−315.3

74.9
56.1

60.3
−64.9

Fig. 3 (a) Crystal structure of hexagonal WO3. (b) Calculated binding energies of both sulfur oxoanions (HSO4− and SO42−) on the (100) plane of the
hexagonal WO3 in the vapour and water phases. The coordination structures were simulated by DFT calculations.
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for a model based on a HSO4− capping mechanism during the
hexagonal WO3 nanowire growth trend in Fig. 1.
The above experimental and theoretical data consistently
highlight that the presence of monovalent HSO4− rather than
the previously proposed divalent SO42− essentially promotes
anisotropic WO3 nanowire growth. This suggests that suppressing the formation of divalent sulfur oxoanions in a solution
must be able to solve the detrimental eﬀect above due to the
presence of SO42−. However, the controllability of the concentration of HSO4− is substantially limited due to the occurrence
of protonation or deprotonation in solution as long as we
employ sulfate salts including Na2SO4, K2SO4 and (NH4)2SO4.
To overcome this essential diﬃculty, we employed sodium
mesylate (CH3SO3Na) as a capping molecule source instead of
Na2SO4. This is because the corresponding CH3SO3− anion has
a structure in which one of the hydroxyl groups on HSO4− is
replaced by a methyl group,46 and therefore CH3SO3− does not
dissociate further into a divalent anion (Fig. 4a). Fig. 4b shows
the applicability of the present method for the wider concentration range in comparison with Fig. 1b. Interestingly, the
eﬀect of CH3SO3Na is significant, as can be seen in the SEM
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images (Fig. 4c). Note that only at the highest concentration of
CH3SO3Na, the WO3 microplate emerges due to the decomposition of CH3SO3− into SO42− in the temperature range
employed.47 The long nanowire morphology with the hexagonal phase WO3 can be maintained even on increasing the
concentration of CH3SO3Na (CMS) up to 50 mM (ESI Fig. S13
and S14†), which is in sharp contrast to the case for NaSO4,
where the pyrochlore crystal phase WO3 microplates emerge as
shown in Fig. 1a. Since this method using CH3SO3Na does not
suﬀer from the presence of SO42− or varying CMS, the controllability of fabricating long WO3 nanowires is much superior to
that of the conventional Na2SO4-based method. By utilizing
CH3SO3Na as a capping molecule source, the length of the
nanowires reached up to 1.2 mm, as shown in Fig. 4d (the
high-magnification SEM image is shown in Fig. S15†).
Surprisingly, these ultra-long nanowires can be assembled into
centimeter-long nanowire yarn during growth (Fig. 4e and
Video S1†). Compared with the reported WO3 nanowires
obtained through the hydrothermal method, the as-grown
nanowires in this work showed the highest length and aspect
ratio (ESI Table S1 and Fig. S16†). Thus, the charged state of

Fig. 4 (a) Schematic illustration of ionization for CH3SO3Na in a solution. (b) The eﬀect of CH3SO3Na concentration (CMS) on the fabricated WO3
nanostructure morphology (SEM images). (c) Variations in the morphology and crystal structure on varying CW and CMS. (d) Millimeter-long h-WO3
nanowire when controlling CW (2.18 mM) and CMS (6 mM). (e) Manipulation of the as-grown h-WO3 nanowire yarn (assembled from ultra-long
nanowire).
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the capping molecules critically determines the degree of anisotropic WO3 nanowire growth.
Finally, we show the applicability of the fabricated long hexagonal WO3 nanowires towards molecule-sensing devices with
robust mechanical flexibility. We employed nonanal as the
model target molecule (as a lung cancer biomarker in
breath48). Fig. 5a shows photographs of the as-grown ultralong hexagonal WO3 nanowire film and the fabricated flexible
nanowire film sensors on polyethylene naphthalate (PEN) substrate. The details of the fabrication of nanowires and flexible
sensor devices, including the nanowire transfer process, can
be seen in the Experimental section. Note that the WO3 nanowire films strongly stick to the PEN substrate, even
in situations of mechanical bending, for up to 104 cycles (ESI
Fig. S23†). Fig. 5b shows typical data of the sensing response
to 2.67 ppm nonanal (the gas concentration was calibrated by
GC-MS, ESI Fig. S18†) at room temperature. To study the eﬀect
of the nanowire length on the flexible sensor characteristics,
the data for relatively long WO3 nanowires (average ∼200 μm,
containing millimeter-long nanowire) and relatively short WO3
nanowires (average ∼15 μm) with similar diameters (∼100 nm)
are shown in the figure. Both nanowire sensor devices exhibi-
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ted sensing responses to the nonanal molecules, and the long
nanowire-based sensor presented a greater sensing performance as compared with that of the short nanowire. This sensor
response can be recovered to the initial state on removing
nonanal (ESI Fig. S19 and S20†). To the best of our knowledge,
so far, this is the first report of nonanal electrical sensing at
room temperature.49,50 Since the diameter of the WO3 nanowire cannot be fully depleted at room temperature51 and there
are no metal–semiconductor contact barriers formed in the
nanowire sensor device (Fig. S21†), the sensing performance is
predominately controlled by the nanowire junctions.52 As
such, introducing nonanal decreases the nanowire junction resistance of the sensors. Also, ultraviolet–visible absorption
spectra and photoluminescence spectra (Fig. S22†) provide
clear evidence that the long h-WO3 nanowires contain a greater
density of oxygen vacancy defects as compared with the short
nanowire.53 Thus, greater nonanal sensing performance was
observed in the long nanowire-based sensor device before
mechanical bending.
As is known, the implementation of micro- or nanoscale
structural forms of inorganic semiconductor materials in flexible electronics relies critically on their ability to be bent

Fig. 5 (a) Schematic illustration of the h-WO3 nanowire-based molecular sensor for lung cancer biomarker detection (upper), and the structure of
the as-fabricated nanotextile sensor device (lower) (scale bar 2 mm). Response curves of the (b) ultra-long and (c) short h-WO3 nanowire-based
sensors to 2.67 ppm of nonanal, tested with and without mechanical bending at room temperature. (d) and (e) Images of the long and short h-WO3
nanowire-based sensors after 2000/500 cycles of mechanical bending. (f ) The response of the ultra-long h-WO3 nanowire-based sensor to
2.67 ppm of nonanal under diﬀerent bending curvature radii and (g) bending cycles.
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repeatedly without fracturing.54 Herein, we mainly focused on
the bendability of the nanowire-based sensor device. Fig. 5b
and c show that the mechanical bending process strongly inhibits the sensor response only for devices composed of relatively short nanowires but not for those with relatively long
nanowires. It was found that the long WO3 nanowire sensor
device demonstrated only slight sensing performance degradation (8.6% of the initial value) after being subjected to 2000
cycles of bending (Fig. 5b), while the short WO3 nanowire
sensor device showed the rapid degradation of the sensing performance to nonanal, even after bending for 500 cycles
(Fig. 5c). As shown in Fig. 5d and e, the film degradation with
cracks is responsible for this discrepancy between the two
nanowire sensor devices. The mechanical bending process for
over 500 times resulted in a crack within the nanowire films
composed of relatively short nanowires. However, such
mechanically induced film cracks are much less observable for
sensor devices composed of relatively long nanowires. This is
solely due to the enhanced textile eﬀect of longer nanowire
devices when compared with short nanowires. Specifically
speaking, due to the intrinsically high-aspect-ratio and spatial
entanglement of the long nanowires, the constructed nanowire
network can prevent the formation of the cracks when strains
are applied, thereby reducing the dependence of the resistance
change on the strain.55 We further investigated the eﬀects of
the bending strain and the cycle endurance on the sensing performance. Fig. 5f shows the results of bending curvature
radius (strain)-dependent sensing responses, implying that the
sensor performances exhibit slight degradations when the curvature radius is lower than 2.1 mm. Even for bending with a
curvature radius as small as 0.5 mm (high bending strain), the
sensor still retained good sensing properties (36.9% degradation). The short nanowire-based sensor presented dramatic
performance degradation as the curvature radius went lower
than 20 mm, and almost lost all the performance with a curvature radius of 0.5 mm. The bending cycle endurance data is
shown in Fig. 5g. There was no significant sensing performance degradation for the long WO3 nanowire-based flexible
sensor for up to 104 cycles (ESI Fig. S23†). The short nanowirebased sensor showed poor mechanical bending performance.
These results highlight the superior molecule-sensing properties with excellent mechanical flexibility due to the
enhanced textile eﬀects of long WO3 nanowires.

using CH3SO3−, which can generate only monovalent sulfur
oxoanions, we successfully achieved ultra-long of WO3 nanowires up to the millimeter range (1.2 mm). Furthermore, we
demonstrated the feasibility of these millimeter-long WO3
nanowires for the electrical sensing of molecules (lung cancer
biomarker: nonanal) on the flexible substrates, which can be
operated at room temperature with the mechanical flexibility
even bending cycles up to 104 times due to the enhanced
textile eﬀect.

Conclusions

Molecule sensing procedure

In summary, we have found that the monovalent sulfur oxoanions (HSO4− and CH3SO3−), rather than previously proposed
SO42−, substantially enhance the anisotropic nanowire growth
of h-WO3. In fact, the presence of SO42− hinders the anisotropic crystal growth of WO3. The ab initio-density functional
theory (DFT) simulations revealed that the monovalent sulfur
oxoanions are more eﬀectively able to cap the sidewall plane
(100) of hexagonal WO3 nanowires due to the lower hydration
energy as compared with SO42−. Based on this capping strategy
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Experimental
Fabrication of WO3 nanowires
h-WO3 nanowires were fabricated in two steps, which include
the polytungstic acid sol synthesis and nanowire growth. For
the polytungstic acid sol synthesis, 4 g of tungsten powder (W)
was dissolved in 30 g of hydrogen peroxide solution (H2O2,
30 wt% in H2O) in an ice bath under stirring. After the W
powder was completely dissolved, a transparent solution was
obtained. Pt foil was then immersed in the solution to catalytically remove the excess H2O2. When no bubbles were generated, the as-synthesized polytungstic acid sol was diluted with
distilled water to 100 g. Subsequently, 12.5 g of polytungstic
acid sol (2.72 mM W) was transferred into a 100 mL capacity of
autoclave and 37.5 g distilled water was added to further dilute
the solution. Then, 0.5625 g (6.25 mM) oxalic acid (H2C2O4)
was added to the mixture and NaOH solution (1 mol L−1) was
used to adjust the pH of the mixture solution to 1.68. Next,
0.5 g (3.5 mM) of sodium sulfate (Na2SO4) was added to the
growth solution. After the complete dissolution of Na2SO4, the
Teflon-lined high-pressure autoclave was sealed and transferred to the sintering furnace and maintained at 200 °C for
24 hours. WO3 nanowires were finally obtained after centrifugation of the products and washing with distilled water to
remove the excess ions.
Structural characterizations
The structural characterization of the grown WO3 nanowires
was performed using X-ray diﬀraction (Rigaku, SmartLab, 45
kV, 40 mA), field emission scanning electron microscopy
(JEOL, JSM-7610F) equipped with energy-dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (JEOL,
JEM-ARM200F, 200 kV).

The as-grown WO3 nanowires were washed several times with
water and added to the polyethylene naphthalate (PEN) substrate. The residual water was removed By heating the PEN
substrate at 100 °C for 15 min. After the removal of the water,
the WO3 nanowires were stuck to the PEN substrate and
formed a uniform nanowire film. The radiofrequency (RF)
sputtering technique was used to deposit the platinum (Pt)
electrode with a stainless steel mask. To enhance the adhesion
between the substrate and the Pt electrodes, a thin layer
(∼5 nm) of titanium (Ti) was sputtered ahead of the Pt. The
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sensing performance toward nonanal was carried out by a
home-made chamber combined with the Keithley 4200A-SCS
Parameter Analyzer (TEKTRONIX, INC.) at room temperature.
The resistance of the WO3 nanowire device under N2 was
recorded as the baseline (RN2). The resistance upon exposure to
nonanal gas ( produced by bubbling liquid nonanal solution)
was noted as Rgas. Sensitivity (S) was defined as ΔR/RN2, ΔR =
(RN2 − Rgas). Sensitivity degradation (ΔS) was defined as (Sflat −
Sbending)/Sflat. All the sensing tests were carried out under a DC
bias voltage of 1 V. Nonanal gas was produced by bubbling
liquid nonanal solution with high-purity N2, and its concentration was calibrated by gas chromatography-mass spectroscopy (GCMS, Shimadzu GCMS-QP2010 Ultra) with a temperature control system (GL Sciences, OPTIC-4). The flow rates
of the dry air and the nonanal gas were controlled at 200 sccm
during the sensing performance tests.
Ab initio electronic structure simulations
We used density functional theory (DFT) to compute the
adsorption energies of SO42− and HSO4− on the h-WO3 (100)
and (001) planes. Diﬀerent levels of theory were combined via
the ONIOM extrapolation scheme, which allowed us to consider the hydration eﬀects and to refine results from pure DFT
by exact-exchange hybrid DFT calculations.
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