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A B S T R A C T

Low-cost nitrous oxide (N2O) gas sensor is in great need to provide real-time information to various stakeholders. 
Herein, various gold functionalized tungsten trioxide nanofibers (Au-WO3 NFs) with different composition and 
crystallinity were synthesized by controlling electrospinning solutions and post heat treatment. These sensing 
materials were systematically exposed to various N2O concentrations at different operating temperatures (i.e., 
250 to 450 ◦C). Among different samples, 1 at % gold functionalized WO3 nanofibers (1 at % Au-WO3 NF) 
annealed at 600 ◦C for 24 h shows the highest sensitivity (S = Ra/Ro) of 38.5 toward 100 ppm at 250 ◦C with 
experimentally determined limit of detection (LOD) at 2.5 ppm. Although recovery and recovery time improved, 
the sensitivity reduced with an increase in operating temperatures. The detailed sensing mechanism studies 
indicated that the high N2O sensing was achieved when there were limited adsorbed ionized oxygen species (e.g., 
O-). Moreover, N2O adsorption and desorption activation energy were estimated to be 0.13 and 0.87 eV where 
desorption was more strongly temperature dependent than adsorption.

1. Introduction

Nitrous oxide (N2O) is a colorless gas with a lightly sweet odor which 
used as an anesthetic gas for medical purposes where used gas is released 
to the surroundings without further treatment. Thus, NIOSH set the 
permissible exposure limit (PEL) of 25 part per million (ppm) for a 10- 
hour time weighted average. N2O is also a greenhouse gas with a life-
span of over 100 years and an environmental impact which is 25 times 
greater than CO2 [1]. As a part of the nitrogen cycle, N2O can be pro-
duced both naturally and anthropogenically from wastewater treatment 
and runoff and agricultural biomass [1]. N2O is also used in electronics 
manufacturing, including semiconductors and liquid-crystal display. 
Further, it is utilized as a propellant and foaming agent in the food and 
beverage industry as well as a fuel oxidizer for rockets and racing cars 
[2,3]. Thus, the sensing performance needs to be optimized for different 
applications. For example, greenhouse gas emissions from natural and 
anthropogenic sources require the detection range in part per billion 
(ppb). On other hand, sensors for engineers and technicians working in 
semiconducting industries target a few ppm scales. To ensure the safety 
of workers and minimize climate change, high performance and 
low-cost N2O gas sensors are critically needed to inform various 

stakeholders in a timely manner.
Among several types of gas sensors, chemiresistive sensor is one of 

most cost-effective sensors with high sensitivity, fast response and re-
covery times, and simple-signal acquisition process [1]. Although 
chemiresistive gas sensors are commercially available for many target 
analytes, there is no commercial N2O chemiresistive gas sensor in the 
market due to difficulty in development of extremely sensitive sensor. 
Furthermore, limited works were reported in literature related to N2O 
chemiresistive gas sensors [4]. In general, literature works showed that 
metal oxide functionalized with different dopants had higher sensitivity 
than pristine counterpart [5–8]. Kanazawa et al. systematically studied 
the doping effects on tin oxide (SnO2) for N2O detection. Compared to 
other metal oxides, SnO2 showed the highest sensitivity (S = Ra/Ro) of 
1.7 toward 300 ppm at 450 ◦C among 23 pristine metal oxides. Three 
noble metals and 21 oxides varying from p-type oxides to oxides of al-
kali, alkali earth, rare earth elements were then investigated as dopants. 
While all noble metals at 0.1 wt. % (i.e., gold, palladium, rhodium) 
deteriorated sensitivity, metal oxides at 0.5 wt. % had suppression or 
facilitation on N2O detection. 0.5 wt. % strontium oxide (SrO) increased 
N2O sensitivity by three times at 500 ◦C with a trade-off of response and 
recovery time in compared to the pristine SnO2. With effluent analysis 
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by gas chromatography, the suppression of N2O decomposition to form 
N2 and O2 was claimed to promote sensitivity for only certain metal 
oxides. Since the optimal temperature placed in the high end of testing 
temperature, absorbed oxygen species were suggested to have a pre-
dominant effect on sensitivity over the adsorbed N2O [5,7]. Further-
more, Au nanoparticle decorated MoS2 nano-flakes enhanced the 
sensitivity to 15.8 % in comparison to 10.5 % of pristine one towards 
100 ppm N2O at 22 ◦C [6]. Besides, one-dimensional structures exhibit 
higher sensitivity compared to macro and micro counterparts due to the 
greater surface area-to-volume ratio and the larger charge dispersion 
zone over cross-sectional area [8,9]. Rout et al. reported that reducing 
the diameter of In2O3 nanowires from 200 nm to 20 nm improved the 
sensitivity (Ra/Ro) from 9 to 60 toward 10 ppm N2O and lowered the 
optimal temperature from 175 ◦C to 150 ◦C [10]. Although some sensing 
materials were reported for N2O detection, the interests were falling in 
the scope of sensing performance, such as sensitivity and limit of 
detection. Most of the work lacks quantitative analysis of sensing 
mechanisms.

In our prior work, we demonstrated that sensing performance can be 
significantly improved by synthesizing inorganic and organic nanofibers 
with different composition, morphology, and crystallinity [11–16]. 
Unlike previous published work, this paper focuses on elucidating key 
parameters affecting sensing performance by exposing different gold 
functionalized WO3 nanofibers (Au-WO3 NF) to different concentrations 
of oxygen and N2O at operating temperatures from 250 to 450 ◦C. 
Additionally, the effect of composition and crystallinity on sensing 
performance was systematically examined by fabricating WO3 nano-
fibers with varying gold contents. Crystallinity and morphology were 
also altered by adjusting post-annealing temperature and time.

2. Experimental section

2.1. Nanofiber synthesis

Au-WO3 NFs were synthesized via multi-needle electrospinning 
method, followed by a calcination process. 1.657 g of ammonium met-
atungstate hydrate ((NH4)6H2W12O40⋅xH2O) and 0.8288 g of poly-
vinylpyrrolidone (MW = 1300,000) were added into 12 ml of N,N- 
dimethylformamide (DMF) and stirred overnight to obtain 

homogenous precursor solution. Au-to-W atomic ratio varied from 1, 2, 
and 10 at % by adding different amounts of gold chloride trihydrate 
(HAuCl4⋅3H2O) into as-obtained homogenous precursor solutions. Pre-
cursor solution was then stirred until well mixed. Electrospinning was 
carried out with the setting of 13 kV voltage between needle and drum 
collector with a fixed flow rate of 0.25 mL/h. The temperature and 
relative humidity were also fixed at 40 ◦C and 12 %, respectively. All the 
chemicals were acquired from Sigma-Aldrich Co., Ltd., USA. Subse-
quently, as-spun nanofibers were calcinated in air at 500, 600, and 700 
◦C for 24 h to combust PVP, oxidize the tungsten precursor into tungsten 
oxide, and control the crystallinity.

2.2. Material characterization

X-ray diffraction (XRD, Rigaku MiniFlex 600) with parameters λ of 
1.5406 Å was used in 2θ ranges from 20 to 70◦ with a step size of 2◦⋅min- 
1 to determine crystal structure and average grain size. The morphology 
and nanofiber diameter were analyzed based on scanning electron mi-
croscopy (Prisma E SEM from Thermo Fisher Scientific, USA) images. 
High resolution transmission electron microscopy (HR-TEM) images and 
elemental mapping were acquired using Thermo Fisher Spectra 300. 
Ultra-Violet Visible (UV–Vis) reflectance spectra obtained using Ocean 
Optics DH-2000-BAL.

2.3. Sensor fabrication and sensing measurements

For gas sensors fabrication, as-synthesized nanofibers were dispersed 
in de-ionized water with a fixed concentration of 10 mg/mL and sub-
sequently drop-casted on a microelectromechanical system (MEMS)- 
based micro hotplate with 10-micron gap gold interdigitated electrode 
(Maimaosi, China). Sensors were exposed to various gases (i.e., N2, air, 
N2O) concentration and operating temperatures (250–450 ◦C). The 
electrical resistance values of each gas sensing material were determined 
and acquired using a voltage divider method using ten bits analog digital 
converter (ADC) in Arduino Mega 2560. Gas sensing response is defined 
as S=Ra/Ro, where Ra refers to resistance under analyte and Ro indicates 
resistance in carrier gas. Adsorbed oxygen species were determined by 
varying the operating temperatures in the presence of different oxygen 
concentrations with nitrogen as a carrier gas. Details of procedure are 

Fig. 1. SEM images (1), HAADF images (2), and EDS mapping of tungsten (3), oxygen (4), gold (5) of 1 at% Au-WO3 NF annealed at 500 ◦C (a), 600 ◦C (b), and 700 
◦C (c).
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available in previous works [17,18]. The measured resistance was then 
plotted against the partial pressure of oxygen in a natural logarithmic 
plot following the Eq. (1). The slope or the n value is then employed to 
determine the adsorbed oxygen species. In addition, the potential energy 
barrier (Eb) was determined by the plot of measured resistance versus 
operating temperature as in Eq. (2) **. 
R = aPn or or lnR = c + nlnP (1) 

[19] 

R(T) = Roexp
( Eb

kBT
)

or lnR(T) = lnRo +
Eb

kBT (2) 

[20]
Where P is partial pressure of oxygen, a,n,c are constant, Ro is a 

preexponential factor with the dimension of a resistance, kB is Boltz-
mann constant. T is the operating temperature in Kelvin unit.

3. Result and discussion

3.1. Material characterization and gas sensing performance

3.1.1. Effects of annealing temperatures
After electrospinning and thermal treatment in air to remove poly-

mer, morphology and elemental distribution of gold functionalized WO3 
were characterized using SEM and HR-TEM (Fig. 1). As shown in the 
figure, increasing annealing temperatures from 500 to 600 ◦C results in 
no notable change of nanofibers morphology whose diameters are 
around 65 ± 17 nm. However, the nanofibers which were thermally 
treated at 700 ◦C caused a loss of one-dimensional structure and for-
mation of nano and microparticle mixture. This might be because of the 
fast-burning rate of polymer and/or organic residue at 700 ◦C causing 
the collapse of one-dimensional structure. [21] HAADF images show 
that nanofibers consist of smaller grains aligning in one-dimensional 
structures. Also, EDS mapping indicates the uniform distribution of W 
and O atoms, while Au nanoparticles form on nanofiber surfaces with 
smaller size than WO3 grains.

XRD patterns show the presence of monoclinic WO3 (JCPDS # 
83–0951) and cubic Au (JCPDS # 04–0784) whose peaks are marked in 

Fig. 2. XRD patterns (a) and Tau plot (b) of 1 at % Au-WO3 NF at different annealing temperatures. Calculated average grain size and band gap (c) as a function of 
annealing temperature.

Fig. 3. Annealing temperature dependent real-time sensing response (a-c) and normalized response (d-f) toward different N2O concentration at various operating 
temperatures. 500 (a,d), 600 (b,e), and 700 ◦C (c,f). Gold content was fixed at 1 at % for all samples.
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black square and blue circle respectively (Fig. 2). [18,22,23] Moreover, 
the peak shape becomes sharper at higher annealing temperatures due to 
grain growth. Peak shifts of 0.05◦ to the larger 2Θ and of 0.04◦ to smaller 
2Θ in comparison to 500 ◦C sample were observed for 600 ◦C and 700 ◦C 
samples respectively as in Fig. S1. This indicates the unit cell of WO3 
gets smaller at 600 ◦C and larger at 700 ◦C. The non-monotonic change 
of unit cell with increasing temperature might be ascribed to the loss of 
morphology at elevated temperature of 700 ◦C. In other words, more 
gold atoms might be trapped in the WO3 lattice structure at 700 ◦C when 
the polymer and organic residue are burnt quickly, and the 1-D structure 
collapses. By using the Scherrer equation, average grain sizes are 
calculated to be in the range of 25–40 nm (Fig. 2c). Since grain growth is 
expected with an increase in annealing temperature, a larger grain size is 
observed at 600 ◦C. However, this trend does not occur at 700 ◦C, and 
the grain becomes smaller than that of sample annealed at 600 ◦C. This 
observation might be attributed to more gold atoms which act as im-
purity at the grain boundary and suppress grain migration of WO3. [22,
24,25] In contrast, the materials become more electrically conductive 
with narrower band gaps with higher annealing temperature. As shown 
in Fig. 2c, the band gaps which reduce from 2.55 to 2.33 eV, are 
consistent with reported values for noble metal functionalized WO3. [18,
26,27]

Fig. 3 shows the real-time normalized sensor response upon exposure 
to different concentrations of N2O (i.e., 1 to 100 ppm) at five different 
operating temperatures (i.e., 250, 300, 350, 400, and 450 ◦C). Among 

different nanofibers, 1at. % Au-WO3 NF annealed at 600 ◦C shows the 
highest sensitivity at 250 ◦C with the detection limit as low as 2.5 ppm. 
Lower operating temperatures lead to higher sensitivity and lower 
detection limit but slower recovery. Moreover, signal saturation occurs 
at higher operating temperatures. These findings are consistent for all 
nanofibers annealed at different temperatures. The optimal temperature 
in the lower range was also observed for other one-dimensional metal 
oxides. [10]

The sensing responses as shown in Fig. 3d-f were also extracted from 
normalized resistance at the end of the analyte exposure and fitted using 
power law in Eq. (3) to obtain K and β constants to understand the 
sensing mechanism at different operating temperatures [17,19]. K is 
determined by the operating conditions and sensing materials, and β is 
derived from the interaction between analytes and adsorbed oxygen or 
sensing materials [19]. While β reaches the maximum values at the 
optimal temperatures, K becomes the minimum as shown in Fig. 4a-b. 
Also, higher annealing temperatures shifts the optimal temperatures to 
smaller values. In other words, 300 ◦C leads to the highest sensitivity for 
nanofibers annealed at 500 ◦C, but the samples annealed at 600 and 700 
◦C are the most sensitive at 250 ◦C. Nonetheless, the variation of K and β 

among three samples became indifferent at 350 ◦C or higher, implying 
that adsorption/desorption of N2O became less dependent on material 
properties and morphology at higher operating temperatures. On the 
other hand, this is consistent with the changes of oxygen ionic species 
with operating temperatures in Fig. 4c-d. The adsorbed oxygen species 

Fig. 4. Annealing temperature dependent Κ (a) and β (b) toward N2O, and n (c) as a function of operating temperature. Potential energy barrier (Eb) in N2, air and 
the difference (ΔEb) between them (d) as a function of annealing temperature. 1 at % Au-WO3 NF were annealed at 500, 600, and 700 ◦C.
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at different temperatures are estimated by the slope (n value) of sensor 
resistance at different oxygen concentrations. n values of 1, 0.5, 0.25 
correspond to the presence of O2- , O- and O2- respectively, and values in 
between suggest mixtures of species. [19,28] In general, the n values 
decrease at higher operating temperatures, implying that adsorbed ox-
ygen species have higher valence states or more charges are transferred 
between sensing materials and oxygen as shown in equations 4–6 [8,29,
30]. Fig. 4c shows that 1 at % Au-WO3 NF annealed at 500 ◦C and 700 ◦C 
have mixtures of O2- and O-, whereas O- is predominant for the sample at 
600 ◦C. To quantify the effects of oxygen adsorption on potential energy 
barriers, Eb in N2 (Eb,N2_) and air (Eb,air) as well as the difference between 
them (ΔEb) were calculated and correlated in Fig. 4d. Higher annealing 
temperatures cause lower Eb,N2 which is attributed to the lower band 
gap. The smallest Eb in the presence of air and ΔEb are observed at the 
annealing temperature of 600 ◦C. The smaller ΔEb corresponds to the 
smaller amount of adsorbed oxygen or smaller amount of electron 
withdrawn from sensing material. The depletion layer is thereby 
thinner, resulting in a smaller potential energy barrier. The smaller 
amount of adsorbed oxygen species might come from the smaller 
number of active sites for oxygen adsorption and/or surface charge 
carriers (electrons) available to transfer to adsorbed oxygen. Since both 
oxygen and N2O withdraw electrons from sensing materials, the highest 
sensitivity from sample annealed at 600 ◦C suggests that surface charge 
carrier might not be the main reason for the smallest Eb and ΔEb. In other 
words, oxygen and N2O adsorption requires distinct types of active sites, 
and the number of active sites for oxygen adsorption is smallest on the 

sample with highest N2O sensitivity. Moreover, larger grain size, which 
results in fewer grain boundary and thereby depletion layer, corre-
sponds to lower Eb upon exposure to air for different annealing tem-
peratures as shown in Fig. 2c & 4d. The N2O sensitivity would be 
enhanced with smaller grain size and more and less active sites for N2O 
and O2 respectively theoretically. However, the Au functionalized WO3 
with highest sensitivity towards N2O corresponds to the largest grain 
size and least number of active sites for oxygen, indicating the grain size 
has less effects of the sensing performance. 

Sensing response (S) = Ra
Ro

= K × [N2O]β (3) 

where Ra is the electrical resistance of sensor upon exposure to analyte 
or N2O, Ro is the electrical resistance of sensor upon exposure to dry air 
(baseline), [N2O] is the concentration of N2O. 
O2,gas + e− ↔ O−

2 ads (4) 

O2,gas + 2e− ↔ 2O−
ads (5) 

O2,gas + 2e− ↔ O−2
ads (6) 

3.1.2. Effects of gold content
Since thermally treated 1 at % Au-WO3 NF at 600 ◦C showed a better 

sensing performance, Au-WO3 NF with different gold contents were 
synthesized and thermally treated at the same temperature. Following 

Fig. 5. SEM images of pristine (a), 2 (b), and 10 (c) at.% Au-WO3 NF. Calculated average grain size and band gap (d) as a function of Au content. All Au-WO3 NF were 
annealed at 600 ◦C.
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Fig. 6. Gold content dependent real-time sensing response (a-c) and normalized response (d-f) toward different N2O concentrations at various operating temper-
atures (250 to 450 ◦C): Pristine (a,d), 2 (b,e), and 10 at % (c,e) Au-WO3 NF. All samples were annealed at 600 ◦C for 24 h.

Fig. 7. Gold content dependent Κ (a) and β (b) toward N2O, and n (c) as a function of operating temperature. Potential energy barrier in N2, air and the difference 
(ΔEb) between them (d) of Au-WO3 NF. All samples were annealed at 600 ◦C.
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the same procedure, material characterization of WO3 functionalized 
with different gold content was conducted. SEM images in Fig. 5a-c 
show insignificant differences in nanofiber diameter, while the length 
became shorter without gold. XRD patterns in Fig. S2a also confirm the 
monoclinic and cubic structures of WO3 (JCPDS # 83–0951) and Au 
(JCPDS # 04–0784) respectively. Gold peaks labeled in blue become 
more pronounced at higher gold content. Moreover, increasing gold 
content reduces grain size and band gap as shown in Fig. 5d. The smaller 
grain size might be caused by the grain boundary pinning effect of gold 
atoms [22,24,25]. Functionalized with gold also introduces an inter-
mediate energy level between the valence and conduction band of the 
WO3, resulting in smaller band gaps at higher gold contents [31,32]. 
Tauc plot of Au-WO3 NF with different gold content is available in the 
Supplemental Information (Fig. S2b).

Gold content has effects on material properties and thereby sensing 
performance as shown in Fig. 6. The optimal gold content is found at 1 at 
% above which the sensitivity towards N2O is lower, and pristine WO3 
showed no response. Rahman et al. also reported an optimal Au content 
of 25 nM in the range of 0–200 nM for Au nanoparticle decorated MoS2 
without further study of Au content effects [6]. Kanazawa et al. reported 
that 0.1 wt.% noble metal (e.g., Au, Pd, Rh) doped SnO2 deteriorated 
N2O sensing, suggesting noble metal content plays a critical role in N2O 
sensing performance [5]. Operating temperature has a similar effect on 
different gold content in comparison to samples annealed at different 
temperatures. All samples reach their highest sensitivity at 250 ◦C. 
Although 1 at % Au-WO3 NF sample has higher sensitivity than 2 and 10 
at % Au sample at lower operating temperatures, no significant differ-
ence is observed at 350 ◦C and higher. This finding is also seen when 
fitted K and β values are correlated with operating temperatures in 
Fig. 7a-b. K and β have similar values at higher temperatures (i.e., 350 ◦C 
and above). Furthermore, increasing gold content reduces the variation 
of K and β with operating temperatures, implying that higher Au content 
does not directly affect N2O oxidation.

The attempts to deconvolute the Au content effect was conducted by 
determining the adsorbed oxygen species and the potential energy 
barrier caused by them. In Fig. 7c, ionic oxygen species with higher 
valence states or smaller n values are formed at lower gold contents. O2- 

and O- ions are predominantly formed on pristine WO3 NF and 1 at % 
Au-WO3 NF respectively. On the other hand, mixtures of O2- and O- form 
on 2 and 10 at % Au-WO3 NF. Among four samples, the effects of oxygen 
adsorption on potential energy barriers are higher at higher Au contents 
(2 and 10 at %) while insignificant impacts are found at 0 and 1 at % 
content as shown in Fig. 7d. This implies that gold might facilitate or 
catalyze the oxygen adsorption and dissociation and thereby higher 
fraction of adsorbed oxygen species on surface of sensing materials [33,
34]. On the other hand, higher valence state adsorbed oxygen species 
were formed at 0 and 1 at % Au with less active sites for adsorption. This 
finding explains the observed effect of gold contents on adsorbed oxygen 
species and ΔEb. A higher fraction of surface area occupied by the 
absorbed oxygen species might lead to smaller absorbed N2O and lower 
sensitivity. This is consistent with the small variation of K and β with 
operating temperatures at higher gold contents. The correlation between 
sensing performance and Eb, ΔEb of pristine WO3 and 1at. % Au-WO3 NF 
suggests a significant role of gold content on N2O detection. Further-
more, N2O sensing experiments in N2 carrier gas were conducted for 1at 
% and 10at% Au-WO3 NF to understand the effects of Au content. As 
shown in Fig. S3, N2O sensitivity in N2 environment is higher than that 
in air environment for the 10 at % while no significant enhancement in 
sensitivity is observed for the 1 at% Au-WO3. In both environments, 1 at 
% Au-WO3 shows higher sensitivity toward N2O. Using the single crys-
talline monoclinic WO3 nanowires, Rout et al. reported a sensitivity of 
24 for 100 ppm N2O at 250 ◦C. [10] This indicates that crystallinity or 
defects control the competition between oxygen and N2O adsorption 
besides gold content. Further study is required to understand the 
mechanism of such a low gold content as 1 at.%.

Among six samples, 1 at % Au-WO3 NF annealed at 600 ◦C has the 

highest sensitivity of 38.5 toward 100 ppm N2O at 250 ◦C. This sample 
also shows good selectivity over different analytes, including ammonia, 
methane, carbon monoxide, and hydrogen, at the concentration of 50 
ppm and 250 ◦C as shown in Fig. S3 1 at % Au-WO3 NF has low sensi-
tivity towards CO and no response to CH4. On the other hand, responses 
of three were observed for NH3 and H2. Besides selectivity, the repro-
ducibility of this sample in Fig. S4 shows negligible change at lower 
tested concentration and small reduction at higher concentration range. 
Before investigating the sensing mechanism of this Au-WO3 NF, the 
performance of 6 samples was compared with other literature works as 
shown in Table 1. Au-WO3 NF in this work is in the higher end of 
sensitivity range and lower end of operating temperature range in 
comparison with other reported works. The discussion has focused on 
studying the effects of annealing temperature and gold content on the 
sensing performance by correlating material properties with K, β, oxy-
gen adsorption species, and potential energy barrier. Besides thermo-
dynamics, kinetics is investigated for the best sample (i.e., 1 at % Au- 
WO3 NF annealed at 600 ◦C) to explain its performance.

3.1.3. Gas sensing mechanisms
Adsorbed oxygen is generally accepted to have a key role in metal 

oxide-based chemiresistive gas sensors. As an oxidizing gas, N2O mole-
cules compete with oxygen molecules for electrons from the conduction 
band of sensing materials as shown in equations 5a, 7 [5,33,37]. As 
adsorbed oxygen species are determined to be O- predominantly, 
equation 5a is considered for oxygen adsorption only. 

Table 1 
N2O sensing performance of different metal oxides.

Sens. 
mat.

Mor. N2O 
conc. 
(ppm)

Oper. 
temp. 
( ◦C)

Sensitivity LOD 
(ppm) 
*

Carr- 
ier 
gas

Ref.

WO3 – 300 450 1.30 – Air [7]
ZnO – 1.20 –

In2O3 – 1.10 –

SnO2 – 1.70 –

0.5 wt% 
SrO- 
SnO2

– 4.50 ​

SnO2 ​ 100 500 1.10 – Air [5]
0.5 wt% 

SrO- 
SnO2

– 100 500 2.40 –

0.5 wt% 
Bi2O3- 
SnO2

– 100 500 1.60 –

0.5 wt% 
CaO- 
SnO2

– 100 500 1.70 –

0.5 wt% 
Sm2O3- 
SnO2

– 100 500 1.80 35

SnO2 Thin 
film

100 210 11.5 10 Air [35]

In2O3 200 
nm- 
NW

100 150 12.5 0.1 Air [10]

In2O3 20 
nm- 
NW

100 150 80.0 0.1

WO3 200 
nm- 
NW

100 250 24.0 0.1

MoS2 Flake- 
like

100 22 1.10 – N2 [6]

Au-MoS2 Flake- 
like

100 22 1.16 10

H-plasma 
SnO2

Thin 
film

100 RT 1.55 – Air [36]

Au-WO3 
NF

NF 100 250 38.5 2.5 Air This 
work

* Experimentally determined: Sensitivity = Ra/Ro.
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O2,gas + 2e− ↔
k+1
k−1 2O−

ads (5a) 

N2Ogas + e− ↔
k+2
k−2 N2,gas + O−

ads (7) 
To correlate the receptor (adsorption/desorption kinetics) and 

transduction (resistance/conductance changes) functions of materials, 
Langmuir adsorption model is utilized to determine rate constants from 
gas sensing performance. Fitting changes of resistance over time (data 
not shown) indicates that analyte adsorption follows first-order reaction 
process which is used to derive the relationship between oxygen- 
occupied sites, reaction rate constants and conductance. The details of 
derivation are discussed in the work by Vuong et al. [38] The competi-
tion between N2O and O2 is deconvoluted by studying the adsorption 
and desorption of oxygen in N2 as carrier gas and those of N2O in air 
subsequently. Before exposure to analytes (i.e., oxygen and N2O), sen-
sors were purged with carrier gases to achieve stable resistance. In other 
words, the adsorption of carrier gases reaches their equilibrium, and any 
changes in resistance upon analyte exposures come from analyte 
adsorption. Considering Ni(t) as the analyte-occupied sites at time t (i =
1 and 2 for oxygen and N2O respectively), the rates of change of Ni(t) in 
the response and recovery cycles are as shown in Eqs. (8) and (9)
respectively. 
dNi(t)

dt = k+
i [N−Ni(t)]Ci + k−

i Ni(t) (8) 

dNi(t)
dt = − k−

i Ni(t) (9) 

Where k+
i and k−i represent adsorption and desorption rate constant of 

analyte i whereas Ci represent the concentration of analyte i.
Eqs. (8) and (9) can be solved to an exponential decay curve and then 

combined with Poisson’s equation for conductance of nanowire to 
obtain time-dependent conductance change (ΔG(t)) in response and 
recovery cycles as shown in Eqs. (10) and (11) respectively. [38] 
Adsorption and desorption time constants, which can be achieved by 
fitting the conductance changes over time, are used to determine 
adsorption and desorption rate constants via Eqs. (12) and (13). Details 
on conversion between conductance and resistance and plots of 
conductance change over time are in Supplemental Information and 
Fig. S6–7. 

ΔG(t) = ΔGmax

[

1 − exp
(

−
t

τ+i

)]

(10) 

ΔG(t) = ΔGmax exp
(

−
t

τ−i

)

(11) 

τ+1 =
1

k+
i Ci + k−

i
(12) 

τ−i =
1
k−

i
(13) 

Fig. 8. Adsorption rate constant of O2 (a) and N2O (b) at operating temperature of 250 ◦C. Activation energy for adsorption/desorption of O2 (c) and N2O (d) of 1at% 
Au-WO3 NF annealed at 600 ◦C.
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where ΔG(t) = G(0) – G(t) 
ΔGmax = G(0) − Gmax 

τ+i , τ
−
i : adsorption and desorption time constants of analyte i

G(0) and Gmax: conductance at time 0 and highest conductance of 
response/recovery cycle of interest

After determining the adsorption and desorption time constants, the 
adsorption rate constants were determined by linear fitting 1/τ vs oxy-
gen concentration as shown in Fig. 8a-b. As shown, N2O has a much 
higher adsorption affinity than O2 toward Au-WO3 NF at 250 ◦C. 
Moreover, the desorption rate constant of N2O is about 105 times lower 
than adsorption rate constant, which explains the long recovery time. 
Besides rate constant, activation energy for adsorption and desorption 
was determined by linear fitting the natural log of 1/τ and 1/kT. 20 % v/ 
v O2 in N2 (i.e., air) and 100 ppm were selected to study the temperature 
effects. As shown in Fig. 8c-d, activation energy for adsorption of N2O is 
smaller than that of O2. As expected, the activation energy for desorp-
tion is larger than that for adsorption. Moreover, the desorption acti-
vation energy of N2O is significantly larger and more temperature- 
dependent than that of O2. Increasing temperature from 250 to 450 
◦C, the time constant reduces about 3 times as in Fig. 8d. This is 
consistent with changes of resistance in the response and recovery cycles 
in Fig. 3b.

4. Conclusion

Gold functionalized WO3 nanofibers with varied gold content (0–10 
at%) were electrospun and sequentially post-thermal treated at different 
temperatures (500–700 ◦C). All fibers have similar diameters. Poly-
crystalline gold functionalized WO3 consists of cubic Au and monoclinic 
WO3 with grain size <50 nm. Nanofibers with smaller band gaps were 
observed at higher annealing temperatures and higher gold concentra-
tion. The nanofibers were employed as sensing materials for N2O 
detection at different operating temperatures. Sweet spots for both 
synthesis parameters were observed at 1 at % Au and 600 ◦C, which 
resulted in highest sensitivity of 38.5 at 100 ppm N2O and limit of 
detection of 2.5 ppm. Optimal operating temperature for most samples 
occurs at 250 ◦C. Using power law fitting to correlate the sensing per-
formance and analyte concentration, smallest K and largest β occur at 
optimal temperature. Moreover, K and β of samples with different 
annealing temperatures are more operating temperature dependent than 
those of different Au contents. Analyses of adsorbed oxygen species and 
potential energy barriers imply that oxygen and N2O adsorption occur 
on different active sites. Moreover, gold acts as catalyst for oxygen 
adsorption and dissociation and thereby suppressing N2O interaction 
with sensing materials. While most samples form a mixture of O2- and O- 

with more active sites, 1 at % Au-WO3 NF annealed at 600 ◦C has fewer 
active sites for predominant formation of O-. The best sample for N2O 
detection has 105 times more affinity to N2O than O2. Furthermore, 
activation energy for N2O adsorption is smaller than that for O2. In 
contrast, activation energy for O2 desorption is lower and less 
temperature-dependent than that for N2O. This work highlights that 
morphology and crystallinity need to be optimized with noble metal 
content to maximize the sensing performance.
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