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Pore-loaded WOQO; nanofibers (NFs) functionalized by
spherical catalyst films were achieved via electrospinning
combined by the sacrificial templating route using layer-by-
layer (LbL) catalyst assembled polystyrene (PS) colloids. The
catalyst-loaded porous WO; NFs exhibited significantly
improved toluene and acetone detection capability for
potential application in exhaled breath analysis.

Breath analysis is receiving great attention for non-invasive
diagnosis of diseases and daily health monitoring. A number of
breath biomarkers such as toluene (C4HsCH3), acetone (CH;COCH3),
carbon monoxide (CO), nitrogen monoxide (NO), and hydrogen
sulfide (H,S) have been identified for diagnosis of lung cancer,"
diabetes,’ chronic obstructive pulmonary disease (COPD),* asthma,’
and halitosis,® respectively. These components are exhaled through
breath with concentrations ranging from part per billion (ppb) to sub-
part per million (ppm) levels. Generally, patient breath contains
higher concentrations of biomarker molecules compared to the
concentrations in the breath of healthy people. For example, toluene
concentration is increased to 10—100 ppb in the breath of lung cancer
patients compared to that (1-20 ppb) of healthy people.”  Several
promising studies demonstrated the potential diagnosis of lung
cancer using breath analysis,®® exhibiting the critical advantages of
a non-invasive screening method compared to the conventional
invasive screening techniques such as computed tomography and
bronchoscopy.

Recently, semiconducting metal oxide (SMO)-based sensing
layers are receiving intensive attention for potential application in
the early diagnosis of diseases by breath analysis due to the low cost
for preparation, simple operating principle, and capability of portable
use with real-time diagnosis.'® To achieve highly sensitive detection
of sub-ppm level breath molecules, a high surface-to-volume ratio
and large porosity are essential for SMO-based sensors, considering
that the reaction occurs on the surface. In addition, catalytic
functionalization of noble metallic nanoparticles should be
indispensably accompanied for selective detection of SMO-based
sensors. Thus far, a number of promising results have demonstrated
the potential analysis of breath biomarkers such as H,S and acetone
for diagnosis of halitosis and diabetes using Au-SnO, hollow
spheres,!!  Si-doped WO, nanoparticles,'”” and graphene-WOj;
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hemitubes,'® which showed high porosity as well as catalytic activity,
thereby exhibiting remarkable sensitivity and selectivity.
Electrospinning has been distinguished as an effective synthetic
method to produce one-dimensional (1D) nanofibrous structures
with high porosity."* '> For example, highly porous non-woven
structures of NiO'® and ZnO nanotubes'” were demonstrated using
electrospinning. In addition, several catalyst functionalizations on
metal-oxide NFs have been proposed. They include the simple
mixing between polyol-synthesized catalytic nanoparticles and
electrospun  SMO nanofibers (NFs), as well as solution
electrospinning including catalytic precursors. Pt-SnO, NFs,'s Pd-
SnO, NFs,' and Pd-WO; NFs* are examples of catalyst-decorated
SMO NF composite sensing layers. However, catalytic
functionalization of pore-loaded SMO NFs using metallic films
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Scheme 1 Schematic illustration of synthesis process for catalyst-loaded
porous WO; nanofibers (NFs) assisted by catalyst-decorated colloid
templates: (a) cationic and anionic polymer-coated polystyrene (PS) colloid,
(b) catalyst-decorated PS colloid templates, (c) catalyst-decorated PS colloid
templates embedded as-spun W precursor/PVP composite NF, and (d)

catalyst-loaded porous WO; NFs after calcination at 500 °C for 1 h.
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orphological and structural observation of Pd-loaded porous
electrospun WOj; nanofibers (NFs) assisted by Pd-decorated polystyrene (PS)
colloid templates in electrospinning: SEM images of (a) PS colloid templates,
(b) Pd-decorated PS colloids using layer-by-layer (LbL) assembly, (c) as-
spun W precursor/PVP composite NFs containing Pd-decorated PS colloids,
(d) Pd-loaded WO; NFs after calcination at 500 °C for 1 h, and (¢) magnified
SEM image of (d) at open pores. (f) TEM image, (g) scanning TEM (STEM)
image, (h) high-resolution (HR) TEM image, and (i) selected area electron
diffraction (SAED) pattern of Pd-loaded porous WO; NF.

In this work, we propose a new catalyst functionalization method
for selectively embedding thin-walled catalysts, which are formed at
the pore sites, in electrospun metal oxide NFs. Catalyst-decorated
polystyrene (PS) colloid templates assisted by layer-by-layer (LbL)
assembl 2 were utilized to uniformly functionalize catalytic
particles and generate pores on electrospun SMO NFs. Firstly, PS
colloids were coated by ionic polymers, ie., cationic
poly(diallyldimethylammonium chloride) (PDADMAC) and anionic
poly(styrenesulfonate) (PSS), to form PDADMAC/PSS/PDADMAC
multi-stacked layers (Scheme 1a). Then, catalytic precursors such as
K,PdCl, and K,PtCl, were decorated on the ionic polymer-coated PS
colloids (Scheme 1b). The synthesized catalyst-decorated PS
colloids were introduced in electrospinning solution to form catalyst-
decorated PS colloid-embedded W precursor/poly(vinylpyrrolidone)
(PVP) composite NFs (Scheme 1c). Finally, catalyst-loaded WO,
NFs having spherical or crater-like shape pores with size distribution
ranging 200-300 nm were achieved after calcination at 500 °C for 1
h (Scheme 1d).

Fig. 1 presents morphological and structural observations of
catalyst-decorated PS colloid templates and locally Pd-loaded porous
WO; NFs. Spherical structures of pristine PS colloids having an
average diameter of 500 nm exhibited smooth surface morphology
before catalyst decoration (Fig. 1a). Catalytic precursor of K,PdCl,
was coated on the PS colloid surface modified by LbL assembly of
ionic PDADMAC/PSS/PDADMAC multilayer (see ESIt), which
resulted in a rough surface of PS colloids (hereafter, Pd-decorated
PS colloids referred to Pd-PS colloids) (Fig. 1b). Energy-dispersive
X-ray spectroscopy (EDS) analysis revealed the assembled Pd
catalysts on the surface of PS colloids (see ESIf, Fig. S1). The
synthesized Pd-PS colloids were introduced in electrospinning
solution, which results in W precursor/PVP composite NFs including
well-distributed Pd-PS colloids (white arrows) embedded W
precursor/PVP composite NFs (Fig. 1c). The Pd-PS colloids were
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converted into pores after calcination at 500 ‘C for 1 h, leaving
catalytic Pd particles at the pore sites (Figs. 1d and le) (see ESIt).
To confirm the Pd particles after calcination, EDS analysis using
SEM was performed, which reveals the functionalization of Pd at the
open pore sites (see ESIT, Fig. S2). Different types of pore structures
were formed after the calcination, e.g. closed pores exhibiting an
extruded structure and open pores exhibiting a crater-like structure
on the surface of WO; NFs (Fig. le), which were attributed to the
decomposition of the randomly distributed PS colloid templates
within the W precursor/PVP composite NFs. The detailed pore
structure as well as crystallographic structure of Pd-loaded porous
WO; NFs were identified by TEM analysis (Figs. 1f-i). TEM
analysis revealed that dense WO; NFs contain multiple pores on the
surface (Fig. 1f). Scanning TEM (STEM) analysis also demonstrated
that the aggregated pores were observed on the surface of WO; NFs,
which was attributed to the decomposition of the aggregated Pd-PS
colloid templates (Fig. 1g). The high-resolution TEM (HRTEM)
analysis illustrated highly crystallized WO; and Pd that exhibited
crystal planes of WO; (020), WO; (202), and Pd (111), which
correspond to interplanar distances of 3.7 A, 2.6 A, and 2.3 A,
respectively (Fig. 1h). Selected area electron diffraction (SAED)
pattern analysis revealed the polycrystalline characteristic of WO,
NFs exhibiting crystal planes of (020), (112), and (202) (Fig. 1i),
which were partially identified in HRTEM analysis. In addition, a
blur electron diffraction pattern of Pd was observed with the crystal
plane of (111), corresponding to an interplanar distance of 2.2 A (Fig.
1i). For further confirmation of Pd particles, EDS elemental mapping
analysis using TEM was performed so that concentrated Pd
decoration was observed at the pore sites (see ESIf, Fig. S3). The
minor Pd-decorated spots across the WO; NFs in the EDS mapping
image were attributed to the detached Pd particles from the Pd-
decorated PS colloid templates during the vigorous stirring in the
preparation of the electrospinning solution. The obtained pore
structures as well as catalyst decoration can enhance gas sensing
performance by facilitating gas penetration and catalytic effect.”®

The gas sensing performances of dense WO; NFs, porous WOj;
NFs synthesized by PS colloid templates without Pd decoration
(referred to PS-WO; NFs), and Pd-loaded porous WO; NFs
synthesized by Pd-PS colloid templates (referred to Pd-PS-WO,
NFs) were demonstrated at highly humid ambient (90% RH) for
potential application in breath analysis (Fig. 2). The dynamic
response characteristic toward toluene was investigated at a
concentration range of 0.1-5 ppm at 350 °C (Fig. 2a). A 4.5-fold and
7.6-fold improved response (R,i/Rg,s = 12.1 at 5 ppm) was observed
with Pd-PS-WO; NFs compared to those of PS-WO; NFs (Rir/Rgs =
2.7 at 5 ppm) and dense WO;3 NFs (R,i/Rgs = 1.6 at 5 ppm). The
measured minimum concentration of Pd-PS-WO; NFs was 100 ppb
with a high response of 2.1 (Fig. 2a). The limit of detection
capability toward toluene was investigated by exponential plotting
based on the measured response values in the concentration range of
0.1-5 ppm. The result demonstrated that 50 ppb of toluene can be
detected with a response of 1.5 (see ESIf, Fig. S4). The temperature-
dependent response characteristic was revealed that the improved
toluene response properties were observed within a temperature
range of 300—450 °C, exhibiting optimum sensing performance at
350 °C with a response of 12.1 at 5 ppm (Fig. 2b). In order to
understand the improved response characteristics of PS-WO; NFs
(Rgi/Ryges = 2.7 at 5 ppm) to toluene compared with those of the
dense WO;3 NFs (R,;i/R,, = 1.6 at 5 ppm), the nitrogen adsorption
and desorption isotherms, Brunauer-Emmett-Teller (BET) surface
areas, and Barrett-Joyner-Halenda (BJH) desorption average pore
diameters were characterized (see ESIT, Fig. S5). The results
revealed that the improved toluene response was attributed to the
increased BET surface area (18.6 m*/g) and average pore diameter (9
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Fig. 2 Toluene molecule sensing characteristics of dense WO; NFs, porous
WO; NFs synthesized by PS colloid templates (PS-WO; NFs), and Pd-loaded
porous WO; NFs (Pd-PS-WO; NFs) synthesized by Pd-decorated PS colloid
templates: (a) dynamic toluene sensing transition in a concentration range of
0.1-5 ppm at 350 °C, (b) temperature-dependent toluene response
characteristic at 5 ppm in a temperature range of 300450 °C, (c) response
time evaluation in a concentration range of 1-5 ppm at 350 °C, and (d)
multiple analyte detection capability of Pd-PS-WO; NFs comparing the
responses at a concentration of 1 ppm at 350 °C.

nm) of the PS-WO; NFs compared with the BET surface area (17
m?/g) and average pore diameter (8.3 nm) of the dense WO; NFs. An
important parameter to accomplish real-time breath analysis,
response time was measured for Pd-PS-WO; NFs, which showed
very fast response times (< 32 sec) in a concentration range of 1-5
ppm compared to those (100-250 sec) of dense WO; NFs and PS-
WO; NFs (Fig. 2¢). Multiple analytes detection characteristic of Pd-
PS-WO; NFs was investigated with Pd-PS-WO; NFs at a gas
concentration of 1 ppm with operating temperature of 350 °C (Fig.
2d). High toluene response (Ri/Rgs = 5.4 at 1 ppm) as well as
comparable acetone response (R,i/Rgs = 5.1 at 1 ppm) properties
were confirmed with minor cross response characteristics (Rgi/Rgas <
2.7 at 1 ppm) toward other interfering analytes such as CO, ethanol,
H,S, NO, pentane, and NH3.

The electrospinning method combined by catalyst-decorated PS
colloid templating route is highly advantageous considering that the
sensing performances can be further optimized by controlling the
concentration and density of catalyst-decorated PS colloid templates
on SMO NFs. For example, increased content of Pd-PS colloid
templates generated more pores and Pd functionalization on WO;
NFs, which resulted in an enhanced toluene response (R,i/Rgs =
18.8 at 5 ppm) as well as selectivity (see ESIT, Fig. S6). Furthermore,
one would expect that diverse catalytic materials can be coated on
the PS colloids using LbL assembly. To demonstrate the robustness
of the catalyst-PS colloid templating route for exploring different
types of catalyst-loaded porous SMO composite sensing layers, Pt-
decorated PS colloid templates were prepared by simply changing
the catalytic Pd precursor (K,PdCl,) into K,PtCl, and utilized in
electrospinning to form Pt-loaded porous WO; NFs (hereafter, Pt-
PS-WO; NFs) (see ESIT). Then, the different sensing performances
were investigated using Pt-PS-WO; NFs compared with dense WO,
NFs and PS-WO; NFs (Fig. 3). Catalytic Pt layers were successfully
formed on the surface of PS colloid templates by LbL assembly (in
the inset of Fig. 3a). In addition, Pt-PS-WO; NFs were obtained by
introducing the synthesized Pt-decorated PS colloid templates in
electrospinning followed by calcination at the same temperature (Fig.
3a). Similarly, closed and open pore structures (white arrows in Fig.
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Fig. 3 (a) SEM image of Pt-loaded porous WO; NFs (Pt-PS-WO; NFs)
synthesized by Pt-decorated PS colloid templates (in the inset) and (b)
dynamic acetone sensing transition of dense WO; NFs, PS-WO; NFs, and Pt-
PS-WO; NFs in a concentration range of 1-5 ppm at 350 °C.

3a) were formed after decomposition of Pt-decorated PS colloid
templates. EDS elemental mapping analysis using TEM revealed the
well-distributed Pt functionalization at the pore sites of the porous
WO; NFs (see ESIf, Fig. S3). The gas sensing measurement
demonstrated that dramatically improved acetone sensing
performance was observed with Pt-PS-WO; NFs, which was 43-fold
and 52.4-fold higher response (Rgi/Rgs = 120.5 at 5 ppm) compared
to those of PS-WO; NFs (R;;/Rg,s = 2.8 at 5 ppm) and dense WO;
NFs (Rui/Rges = 2.3 at 5 ppm) at 350 °C (Fig. 3b). The highly
acetone sensitive sensing layer of Pt-PS-WO; NFs can be applied for
the monitoring of diabetes since the increased concentration (> 1.8
ppm) of acetone is generated in the breath of the diabetics compared
to the concentration (200-900 ppb) in the breath of healthy people.?*
The results envision that diverse catalysts can be decorated on the PS
colloid templates and utilized as sacrificial templates to form
multiple pores on the surface of SMO simultaneously with the
functionalization of catalytic materials at the pore sites, thereby
optimizing the biomarker sensing performances for potential
diagnostic application by breath analysis.

The mechanism of the improved toluene and acetone sensing
performances of the catalyst-loaded WO; NFs was investigated. The
basic sensing principle of SMOs is that resistivity changes are
caused by the exposure of analyte molecules, which is attributed to
the surface reaction between analyte molecules and chemisorbed
oxygen species (i.e., O, 0%, and O,). To further enhance the
sensitivity and selectivity of the SMO-based sensors, noble metal
catalysts were introduced to the SMO surface to induce catalytic
effect activating the surface reaction.® Generally, catalytic effects
are categorized into chemical and electronic sensitization.”® In the
composite of Pd-PS-WO; NFs, catalytic Pd behaves as an electronic
sensitizer by attracting and donating electrons in WO; NFs, which
resulted in the modulation of a surface space charged layer. In other
words, Pd can be oxidized to PdO (Ref. 20) in air ambient by
thickening the space charged layer at the surface of WO3; NFs. PdO
is then reduced to Pd by donating electrons back to the WO; NFs
when reducing gases such as toluene and acetone are exposed to the
sensor, which results in thinning of the space charged layer, thereby
inducing large resistivity changes of the Pd-PS-WO; NF composite
sensor. The catalytic effect of Pd on WO; NFs can activate surface
reactions with the following reactions: C¢HsCH; (g) + 20° >
C¢HsCH;0™ + H,0 + ¢ for toluene sensing®’ and CH;COCH; (gas)
+ O > CH;COC'H, + OH™ + ¢ or CH;COCH; (gas) + 20° >
C'H; + CO, + CH;0 + 2¢ for acetone sensing,28 which contribute
to the improved selective sensing properties. In the case of Pt-PS-
WO; NF composite, a chemical sensitizer of Pt can activate
dissociation of gas analytes and spill-over of the dissociated analytes
to the surface of WO; NFs by facilitating a chemical reaction with
the chemisorbed oxygen species. The origin of the resistive changes
in the chemical sensitization is, thus, related to the concentration of
chemisorbed oxygen species on the surface of WO; NFs. Both
electronic and chemical sensitizations are reported to enhance the
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gas response, selectivity, and response time properties,” which are
also demonstrated in this work. We expect that further optimization
of catalyst loading amount on PS colloid templates can generate
optimal sensing performances as a result of the catalytic sensitization
effect and facile penetration of analytes through the pores.

In this work, a new catalyst functionalization method was
successfully proposed via the electrospinning route using catalytic
Pd- and Pt-decorated PS colloid templates, particularly for the
synthesis of Pd- and Pt-loaded porous WO; NFs. Catalyst-decorated
PS colloid templates were prepared by well-established LbL
assembly. Highly porous nanofibrous WO; structure simultaneously
with catalyst decoration at the pore sites were achieved by the
catalyst-decorated PS  colloid templating route  during
electrospinning. As a result, catalytic Pd- and Pt-loaded porous WO,
NFs exhibited dramatically improved toluene (R,i/Rgas = 12.1 at 5
ppm) and acetone (R,;i/Ryy = 120.5 at 5 ppm) sensing performances.
The proposed LbL-assisted catalyst assembled templates are
promising to develop diverse catalyst-porous SMO composite sensor
arrays for highly sensitive and selective sensing of biomarker
molecules in breath for diagnostic applications.

This work was supported by the Center for Integrated Smart
Sensors funded by the Ministry of Science, ICT & Future Planning
as Global Frontier Project (CISS-2011-0031870).
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