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Figure S1. SEM image of (a) as-grown and (b) H2SO4-surface treated WO3 hydrate nanowire. 

(c) XRD pattern of as-grown WO3 hydrate nanowire. 
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Figure S2. (a) and (b) Dynamic resistance response of As-grown and H2SO4-surface treated 

WO3 nanowire sensor devices to various concentration (from 6.7 ppb to 2.67 ppm) of nonanal 

at 200 °C. (c) Sensing response extracted from (a) and (b). (d) Fitting of 1/S (reciprocal of 

sensor response) vs. 1/C (reciprocal of nonanal concentration) for H2SO4-surface treated WO3 

nanowire sensor devices.

The linear fitting of 1/S vs. 1/C  has shown that the surface coverage of adsorbed molecules 

follows Langmuir isotherm. This suggests that the conductance change of the sensor device is 

related to the surface occupancy of the nonanal molecules binding on WO3 nanowire surface, 

and the effect of electrode-nanowire contact is tiny. 1-3
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Figure S3. (a) – (f) Dynamic resistance response of as-grown and H2SO4-surface treated WO3 

nanowire sensor devices working at different temperatures (25 – 250 oC) to 2.67 ppm nonanal. 

(b) Sensing response and (j) recovery time extracted from (a) to (f). 
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Table S1. Summary of nonanal sensing performance in previous studies and this 

study.

Sensor type Material Sensitivity 
(Rair/N2/Rgas)

Recovery time Operation 
temperature Ref.

Pt, Pd, Au/SnO2
~5

(55 ppb) 102 s 250 oC 4

Pt, Pd, Au/SnO2 
nanoparticles/nanosheet

~3
(55 ppb) 102 s 300 oC 5

Pt, Pd, Au/SnO2 
nanoparticles/nanosheet

~10-20
(55 ppb)

several to tens 
of minutes 250 oC 6

SnO2 nanosheet ~1.38
(100 ppb) - 250 oC 7

WO3 nanowires textile 2.96 
(2.7ppm) 66 s RT 8

Single WO3 nanowire 3.80
(27ppb) 252 s 200 oC 9

58
(6.67ppb) 48.4 s 200 oC

Metal oxide 
semiconductor 

sensor

Single WO3 nanowire
(Acid surface treatment) 104-105

(2.7ppm) >200 s 200 oC
This work

Molecularly 
functionalized gold 

nanoparticles
190ppb

_
RT 10

Polymer and carbon black 3.42 ppm _ Unknown 11Chemiresistive 
sensor

Molecularly 
functionalized gold 

nanoparticles
50 ppb

_
Unknown 12

Field effect 
transistor

DNA-decorated carbon 
nanotubes

0.1% of 
saturated 

vapor

_ RT 13

QCM Molecularly imprinted 
TiO2

Several ppm >1800 s RT 14



6

Figure S4. (a)-(c) Dynamic resistance response of H2SO4-surface treated WO3 nanowire sensor 

device to various volatile molecules (nonanal (2.67 ppm), ethanol (~11.8 ppm), acetone (~48.5 

ppm), isopropanol (~8.7 ppm)). (d) Sensitivity of H2SO4-surface treated WO3 nanowire sensor 

device to various volatile molecules that extracted from (a)-(c). Inset shows the magnified data 

for ethanol, acetone and isopropanol. The sensing measurements are performed at 200 ºC with 

the readout voltage of 1 V under N2 flow in air.
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Figure S5. (a) – (d) Dynamic resistance response of different time (1 – 8 h) treated WO3 

nanowire sensor devices to 2.67 ppm nonanal at 200 oC. 
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Figure S6. The temperature program for desorbed gas analysis by GC-MS: (a) Inlet 

temperature; (b) Column temperature.

The inlet temperature and column temperature were controlled with the program shown in 

Figure S5. The inlet temperature programs were sequentially executed for the condition of 25 

°C, 50 °C, 75 °C, 100 °C, 125 °C, 150 °C, 175 °C, 200 °C, 225 °C, 250 °C, 300 °C, 350 °C and 

400. The same column temperature program (Figure S5b) was used for each inlet-temperature 

condition. 
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Figure S7 The MS fragment pattern of the desorbed molecules from the nonanal-adsorbed WO3 

nanowire (as-grown and H2SO4-surface treated) at (a) retention time: 19.8 min and (b) retention 

time: 31.1 min. The library MS pattern of (c) nonanal and (d) nonanoic acid.
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Figure S8. The MS fragment pattern of the desorbed molecules from the nonanal-adsorbed 

WO3 nanowire (as-grown) at (a) retention time: 25.0 min and (b) retention time: 30.8 min above 

200oC heating. The library MS pattern of (c) 1-Hexadecene and (d) 9-Heptadecanone.
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Figure S9. (a) Nonanal and (b) nonanoic acid concentration calibration by GC-MS. 
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Computational analyses of molecular vibrational infrared spectra

We simulated the infrared spectra of nonanal adsorptions on the W6+ site using density 

functional theory (DFT). A cluster model was used to model the hexagonal WO3 (100) surface. 

The cluster model for the W6+ site model consisted of a single tungsten atom and five oxygen 

atoms. Each oxygen atoms were passivated by a hydrogen atom. Such a capping hydrogen atom 

was positioned 0.96 Å along each a chemical bond between each oxygen atom and the nearest 

tungsten atom which was not included in the cluster model. We fixed the atomic configurations 

of these two cluster models during the geometry optimizations. The vibrational harmonic 

frequency calculations were performed not in the whole systems but in these partially optimized 

systems. We employed four different functionals (ωB97XD, APFD, B3LYP, B3LYP-D3) with 

the def2-SVP basis sets. The Becke and Johnson’s damping function was used with B3LYP-

D3. All the DFT calculations were performed by the Gaussian program package Revision A 03. 

Figure S9 shows the obtained infrared spectrum, where the vibrational frequencies are scaled 

by 0.97 in order to consider the anharmonic effects effectively. 

The characteristic frequency of C=O stretching (str.) at the W6+ site was computed to be 

1687.7, 1682.2, 1657.1, and 1658 cm-1 with ωB97XD, APFD, B3LYP, and B3LYP-D3, 

respectively. The small difference between the B3LYP-D3 and B3LYP functionals shows the 

dispersion force is not crucial to explain the interactions between nonanal’s C=O and the W6+ 

site. On the basis of the harmonic frequency calculations, we assigned the experimentally 

observed peak at 1668 cm-1 to C=O str. on the W6+ site. 
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Figure S10. Simulated infrared spectra of nonanal adsorbed on the W6+ site. The computational 

 level is ωB97XD/def2-SVP. The scaling factor 0.97 was employed.   

Figure S11. (a) and (b) are time-dependent FTIR spectra during the diffusion process of 

nonanal molecules adsorbed on as-grown WO3 hydrate nanowires and H2SO4-surface treated 

WO3 hydrate nanowires surface. (Measurement temperature, 25oC)
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Figure S12. XRD patterns of as-grown and H2SO4-surface treated WO3 hydrate nanowire 
samples.
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Figure S13. The refined crystal structure of hexagonal tungsten hydrates with (a) P6/mmm (as-

grown nanowire) and (b) P63/mcm (H2SO4-surface treated nanowire) space group, viewed along 

a, b and c (O3 oxygen is positioned in the center of the dodecagon aligned with the tungsten, 

while O4 oxygen offsets from the tungsten in the c axis slightly towards the O2 oxygen. The red 

sectors in water “dots” represent the probability of water’s presence at the corresponding sites.
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Figure S14. The structure percentage of hexagonal WO3 hydrate nanowire that varied with the 

H2SO4-surface treatment time. These data are calculated from the Rietveld refinement of X-ray 

diffraction (XRD) patterns.

Table S2 Results of the refinement data of as-grown WO3 hydrate nanowire in the Space Group 
P6/mmm

Space 
Group Atom x y z Occupancy Site Symmetry

1 W1 0.50000 0.00000 0.00000 1.00000 3f mmm
2 O1 0.50000 0.00000 0.50000 1.00000 6l mm2
3 O2 0.20929 0.41865 0.00000 1.00000 3g mmm
4 O3 0.00000 0.00000 0.00000 0.51840 1a 6/mmm

P6/mmm
(100%)

5 O4 0.09350 0.09350 0.31256 0.25144 12n ..m

Table S3 Results of the refinement data of H2SO4-surface treated (4h) WO3 hydrate nanowire 

Space 
Group Atom x y z Occupancy Site Symmetry

1 W1 0.50000 0.00000 0.00000 1.00000 3f mmm
2 O1 0.50000 0.00000 0.50000 1.00000 6l mm2
3 O2 0.20929 0.41865 0.00000 1.00000 3g mmm
4 O3 0.00000 0.00000 0.00000 0.51840 1a 6/mmm

P6/mmm
(79.6%)

5 O4 0.09350 0.09350 0.31256 0.25144 12n ..m
1 W1 0.00000 0.47200 0.250000 1.00000 3f mmm
2 O1 0.18300 0.37500 0.75000 1.00000 6l mm2
3 O2 0.00000 0.44500 0.01600 0.50000 3g mmm
4 O3 0.00000 0.00000 0.00000 0.59856 1a 6/mmm

P63/mcm
(20.4%)

5 O4 0.09350 0.09350 0.31256 -0.30000 12n ..m
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Figure S15. (a) SEM image and (b) XRD patterns of as-grown WO3 hydrate nanowire after 

thermal annealing treatment (400oC) for 1h.
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Figure S16. (a) and (b) are dynamic resistance response of the 400 oC annealed as-grown and 

H2SO4-surface treated WO3 hydrate nanowire sensor devices to 2.67 ppm of nonanal under 

alternating flow of pure N2 and nonanal bubbling gas at 200 °C. (c) Recovery time and sensing 

response of 400 oC annealing treated as-grown WO3 hydrate and H2SO4-surface treated WO3 

hydrate nanowire devices at 200 °C.
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Figure S17. XPS W 4f spectra of as-grown WO3 hydrate nanowire, H2SO4-surface treated (4 

h) WO3 nanowire and thermal annealing treated (400oC air, 1 h) WO3 hydrate nanowire.
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Figure S18. (a) Fourier transformed k3-weighted χ(k)-function of the EXAFS spectra of 

standard W, WO2 and WO3 powder samples. (a) Fourier transformed k3-weighted χ(k)-function 

of the EXAFS spectra of as-grown and H2SO4-surface treated WO3 hydrate nanowire samples. 
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Table S4. EXAFS fitting parameters at the W L-edge various samples（Ѕ0
2=0.67）

Sample Path aC.N. bR (Å)
cσ2×103 

(Å2)
dΔE0 (eV) R 

factor
W-W 8* 2.74±0.01 2.6±1.7 12.0±1.1W std W-W 6* 3.15±0.01 3.1±0.2 11.0±2.0 0.001

As-grown 
WO3 NW W-O1 3.96±0.34 1.77±0.01 4.3±1.2 5.6±2.0 0.007
eTA_WO3 

NW W-O1 4.01±0.57 1.76±0.01 4.0±1.6 5.6±2.5 0.009
fS_WO3 NW

(1h) W-O1 3.42±0.26 1.76±0.02 3.4±1.8 4.9±2.8 0.015

S_WO3 NW
(2h) W-O1 3.45±0.26 1.76±0.02 3.6±1.9 4.8±2.8 0.009

S_WO3 NW
(4h) W-O1 3.48±0.29 1.76±0.02 3.6±1.9 5.0±2.8 0.008

S_WO3 NW
(8h) W-O1 3.42±0.34 1.76±0.02 3.5±2.0 4.8±3.0 0.010

aC.N.: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner 

potential correction; aTA: Thermal annealing treatment (Air, 400oC, 1h); fS: H2SO4-surface 

treatment. R factor: goodness of fit. * the experimental EXAFS fit of standard W powder by 

fixing C.N. as the known crystallographic value.

The obtained XAFS data was processed in Athena (version 0.9.25) for background, pre-edge 

line and post-edge line calibrations. Then Fourier transformed fitting was carried out in Artemis 

(version 0.9.25). The k3 weighting, k-range of 3 - 15 Å-1 and R range of 1 - 1.72 Å for 1 shell 

were used for the fitting. The model of bulk W and WO3 were used to calculate the simulated 

scattering paths. The four parameters, coordination number, bond length, Debye-Waller factor 

and E0 shift (CN, R, σ2, ΔE0) were fitted without anyone was fixed, constrained, or correlated.
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Figure S19. Retention time dependence of FT-IR spectra of H2SO4 surface treated WO3 hydrate 

nanowire catalysis (without thermal annealing treatment). 
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Figure S20. Annealing time dependence of FT-IR spectra of H2SO4 surface treated WO3 

hydrate nanowire catalysis after thermal annealing at (a) 200oC, (b) 300oC, (c) 325oC, (d) 

350oC, (e) 375oC and (f) 400oC.
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Figure S21. Long-term stability of H2SO4 surface treated WO3 hydrate nanowire sensor device 

(working at 200oC, nonanal, 2.67ppm).
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