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Graphical Abstract (ToC)

Hierarchical and porous structure of one-dimensional (1D) nonwoven WO; nanofibers
having randomly oriented 1D nanoneedles as well as multiple pores on the surface were
synthesized by electrospinning and controlled two-step heat-treatment, which is

applicable for diabetes diagnostic sensors by selective detection of breath acetone.
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Multiple pore-loaded (1D) WO; nanofibers (NFs) having 1D
nanoneedle branches were successfully synthesized by
polystyrene-colloid-template-assisted electrospinning
followed by a two-step heat-treatment. Randomly branched
WO; nanoneedles and high porosity effectively facilitated the
surface reaction with acetone molecules. In addition, the
hierarchical porous WO; NFs were further functionalized
with catalytic non-oxidized graphene (NOGR) flakes, which
showed dramatically improved acetone sensing performance.
The result demonstrated the high potential for application in
the diagnosis of diabetes by breath acetone analysis.

Human exhaled breath analysis is getting a great deal of attention
since it is a non-invasive and simple diagnostic method. A number
of diseases, such as lung cancer,! asthma,? and halitosis,> can be
diagnosed in breath by detection of biomarkers such as toluene
(CsHs5CH3), nitrogen monoxide (NO), and hydrogen sulfide (H,S).
Moreover, diabetes patients can be diagnosed by measuring breath
acetone (CH;COCHj;) concentration.* The acetone concentration of a
diabetes patient contains over 1.8 ppm, which is 2—6 times higher
than that of a healthy human (300-900 ppb).® Thus far, several types
of exhaled breath sensors have been proposed and have
demonstrated non-invasive diagnosis of diseases by sensitive and
selective detection of biomarkers. Generally, highly sensitive
equipment such as gas chromatography and mass spectroscopy (GC-
MS) is used for the analysis of exhaled breath components.®
However, GC-MS has critical disadvantages such as bulky size, high
cost, and complexity of manipulation, which limits the practical
application for real-time monitoring and portable devices.

Recently, semiconductor metal oxides (SMOs) have received a
great deal of attention for exhaled breath sensors considering the low
cost for material preparation and high potential for portable sensor
by miniaturization.” In addition, the simple measurement principle,
i.e., resistivity changes when exposed to a specific gas ambient,
derives practical application for wide use.® Maximization of the
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specific surface area and porosity of SMO is the foremost criteria to
achieve high sensitivity because the gas reaction mainly occurs on
the surface of SMO. For this reason, nanostructured SMOs such as
one-dimensional (1D) SnO, nanofibers,’” ZnO nanowires,'® WO,
columnar structure,“ and Zn-Ti-O-based nanoﬁbers,12 as well as
three-dimensional (3D) spherical nanostructures of SnO, spheres'*"
and WO; spheres'® were proposed to detect specific gas molecules.
To further improve the sensing characteristics, hierarchical structures
are desired considering the increased surface reaction sites.'” The
hierarchical structures of o-Fe,0y/NiO,'® Zn0,” and CuO?® are
examples of candidates for application in highly sensitive gas
sensing layers. However, the synthetic method of hierarchical
structures often involves complicated chemical solution processes as
well as the addition of chemical additives, which complicates the
synthesis of hierarchical SMO nanostructures. As a facile synthetic
technique for 1D nanowires, heat-treatment in certain ambient was
proposed and produced well-defined nanowires such as CuO,’!
Zn0,” and MgO.23 However, heat-treatment-assisted nanowire
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Scheme 1 (a) Polystyrene colloids embedded as-spun W precursor/PVP
composite nanofibers (NFs), (b) hierarchical and porous WO; (H-WO;) NFs
synthesized by controlled heat-treatment at 700 °C in Ar ambient followed
by subsequent oxidation at 500 °C for in air ambient, and (c) non-oxidized
graphene flake functionalized H-WO; NFs.

J. Name., 2012, 00, 1-3 | 1

Page 2 of 6



Page 3 of 6

COMMUNICATION

Fig. 1 Morphologies and crystal structures of synthesized WO; nanofibers
(NFs) functionalized by non-oxidized graphene (NOGR) flakes: SEM image
of (a) as-spun W precursor/PVP composite NFs, (b) dense WO; NFs after
calcination at 500 °C for 1 h in air, (c) as-spun W precursor/PVP composite
NFs containing polystyrene (PS) colloid templates, (d) porous WO; NFs
synthesized by the PS colloid templating route after calcination at 500 °C for
1 h in air, (e) hierarchical and porous WO; (H-WO;) NFs synthesized by
reduction at 700 °C for 1 h in Ar ambient followed by subsequent oxidation
at 500 °C for 1 h in air, (f) magnified SEM image of (e), (g) TEM image of
H-WO; NF with the selected area electron diffraction (SAED) pattern in the
inset, (h) high-resolution TEM image of a nanoneedle on the surface of an
H-WO; NF with the FFT pattern in the inset, and (i) TEM image of H-WO;
NF functionalized by NOGR flakes (yellow arrows) with the SAED pattern
of NOGR flakes in the inset.

growth was mainly performed on the flat surface, i.e. film or foil,
and the growth on the nanofibrous non-woven structure has never
been demonstrated.

In addition to the structural modification of SMOs, catalytic
nanoparticles, such as Pt, Pd, Au, and Ag, were functionalized to the
nanostructured SMO surface to promote a surface reaction, thereby
improving sensitivity as well as selectivity.”* More recently,
graphene-based catalytic materials were functionalized with SMOs
to induce a catalytic effect.”*” However, functionalization of non-
oxidized graphene flakes as catalytic material has rarely been
attempted or demonstrated.

In this work, we propose a facile and versatile synthetic method
for the hierarchical and porous structure of WO; nanofibers
(hereafter, H-WOj; NFs) functionalized with non-oxidized graphene
(NOGR) flakes for highly sensitive and selective exhaled acetone
sensing layers for potential diagnosis of diabetes. The H-WO; NFs
were prepared by electrospinning of W precursor (ammonium
metatungstate hydrate) /Polyvinylpyrrolidone (PVP) via the
polystyrene (PS) templating route (Scheme la) followed by a two-
steps heat-treatment in reducing Ar and oxidizing air ambient
(Scheme 1b) (see ESIT). As a result, a hierarchical and porous WO;
NF structure having multiple pores as well as 1D nanoneedles on the
surface of WO; NFs was obtained. In addition, highly conductive
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NOGR flakes exfoliated from a graphite intercalation compound
(GIC) were functionalized with the H-WO; NFs to enhance the
sensing performance (Scheme 1c).

Fig. 1 shows the microstructural and morphological observation
of H-WO3; NFs. The electrospun W precursor/PVP composite NFs
exhibited non-woven structure having an average diameter of 800
nm with smooth surface morphology (Fig. 1a). Then, calcination was
performed at 500 °C in air for 1 h to decompose PVP and oxidize the
W precursor. The synthesized WO; NFs exhibited similar non-
woven structure, exhibiting a shrunk average diameter of 700 nm as
compared to the W precursor/PVP composite NFs (Fig. 1b).
However, dense structure composed of aggregated WO; grains was
obtained (see ESIf, Fig. S1). To achieve porous WO; NFs, insoluble
PS colloids with a diameter of 500 nm were introduced in the
electrospinning solution as sacrificial templates (See ESIT). The PS
colloids embedded as-spun W precursor/PVP (hereafter, W
precursor/PVP/PS) composite NFs exhibited rugged surface
morphology, which was attributed to the spherical PS colloid
templates (Fig. 1c). Then, high-temperature calcination was
performed at 500 °C for 1 h in air, which resulted in porous WOj;
(PS-WO;) NFs due to the decomposition of the PS colloid template
(Fig. 1d). Multiple pores were observed on the surface as well as
inside of the PS-WO; NFs (see ESIf, Fig. S1). To achieve H-WO;
NFs, the heat-treatment process was controlled with two steps in
which the as-spun W precursor/PVP/PS composite NFs were
calcined at 700 °C for 1 h in Ar ambient followed by oxidation at
500 °C for 1 h in air atmosphere. The obtained H-WO; NFs
exhibited branched nanoneedles on the surface of WO; NFs (Fig. le).
Moreover, large pores (yellow arrows) formed by the decomposition
of PS colloid templates were observed on the surface of the WO,
NFs (Fig. 1f). TEM analysis was performed with H-WO; NFs to
confirm the detailed morphological and crystal structure (Figs. 1g-i).
As shown in Fig. 1g, open pores on the surface as well as closed
pores in the WO;3; NFs were clearly observed with the randomly-
oriented nanoneedles. In addition, polycrystalline structures of H-
WO; NFs were identified by a selected area electron diffraction
(SAED) pattern exhibiting the crystal plans of (002), (112), and (022)
(Fig. 1g in the inset). High-resolution TEM images and fast Fourier
transform (FFT) patterns revealed that a highly crystalized WO;
nanoneedle was identified with interplanar distances of 3.65 A and
3.75 A, which correspond to the crystal planes of (200) and (020),
respectively, as shown in Fig. 1h. Through energy-dispersive X-ray
spectroscopy (EDS) elemental mapping analysis, it was found that
the nanoneedles were composed of W and O (see ESIf, Fig. S2). X-
ray diffraction (XRD) analysis revealed that highly crystalized
structures of dense WO; NFs and H-WO; NFs having monoclinic
phase were identified (see ESIt, Fig. S3).

To understand the mechanism of nanoneedle growth on the
surface of WO; NFs, we performed SEM and TEM observation with
the sample of as-spun W precursor/PVP/PS composite NFs after
heat-treatment at 700 °C in Ar ambient, which conformed the
formation of WO; nanoneedles (see ESIT, Fig. S4). Typically, an
oxygen-deficient form of tungsten oxide, e.g., WgO4, can be
formed after heat-treatment in Ar ambient.?® However, we found that
the nanoneedles had a WO; phase, which was ascribed to the use of
the W precursor, i.e., (NHy)sH,W1,049-xH,0, containing sufficient
oxygen. The growth mechanism of WO; phase nanoneedles can be
explained by a vapor-solid growth process because the growth

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) Dynamic response (R,i/Rg) transition of the sensors toward
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dependent response characteristics toward acetone at 5 ppm in the
temperature range of 250450 °C, (c) limit of detection characteristic and
(d) selective detection characteristic of NOGR-loaded H-WO; NFs toward
acetone and interfering analytes at 1 ppm.

occurred without a metallic catalyst. In addition, solid phase
diffusion of W atoms in the preference direction, i.e., [010], from the
W precursor/PVP/PS composite NFs, occurred by forming WO;
nanoneedles on the surface, which resulted in the hierarchical
structure of WO;3 NFs after subsequent oxidation. This observation
of nanoneedle formation was in good agreement with previous
reports.”” ** The diameter and length distributions were investigated,
and it was found that WOj; nanoneedles after heat-treatment in
reducing Ar ambient at 700 °C showed the diameter and length in the
ranges of 8-20 nm and 130-700 nm, respectively, whereas the
diameter and length distributions were changed to 15-40 nm and
200 nm-1 pm, respectively, after subsequent heat-treatment in air
ambient at 500 °C. The diameter and the length of the WO,
nanoneedles can be further optimized by controlling the heat-
treatment temperature and time.”'

The synthesized H-WO; NFs were dispersed in ethanol and
functionalized with highly conductive NOGR flakes to further
increase the sensing performance by the catalytic sensitization effect.
A very thin layer of NOGR flakes, which were prepared by
exfoliation from a GIC and dispersed in acetone solution, were
attached to the H-WO; NFs by mixing each dispersed solution as
shown in Fig. 1i (yellow arrows) (See ESIT).>'* The characteristic
SAED pattern of NOGR flakes showed the hexagonal pattern of a
crystallite graphene structure (Fig. 1 in the inset).**

Gas sensing characteristics were investigated in a highly humid
atmosphere (90% RH) to demonstrate their potential use in exhaled
breath analysis for the diagnosis of diabetes (Fig. 2). Fig. 2a shows
the dynamic response (R,i/Rg,s) transition characteristic of dense
WO; NFs, PS-WO; NFs, H-WO; NFs, and NOGR-loaded H-WO;
NFs toward acetone in a concentration range of 1-5 ppm at 350 °C.
The result revealed that the response (R,;/Rg,s = 6.8) of H-WO; NFs
exhibited almost a 3-fold increase compared to that (R,i/Rgss = 2.3)
of dense WO; NFs. Moreover, the response (Rgi/Rgs = 18.5) of
NOGR-loaded WO; NFs showed over an 8-fold and 2.7-fold
increase compared to that of dense WO; NFs (R;;/Rg,s = 2.3) and H-
WO; NFs (Rui/Rgs = 6.8), respectively. The optimum acetone

This journal is © The Royal Society of Chemistry 2012

investigated in the temperature range of 250-450 °C, where all
sensors exhibited highest response at 350 °C (Fig. 2b). For the limit
of detection capability, the NOGR-loaded H-WO; NFs was capable
of detection of 100 ppb of acetone exhibiting a response (Ryi/Ry,) of
2 (see ESIf, Fig. S5). In addition, exponential approximation
identified that 50 ppb of acetone can be measured with a response of
1.5 (Fig. 2¢). The detection selectivity of NOGR-loaded H-WO; NFs
was high enough with a high response of 7.6 toward 1 ppm acetone
at 350 °C with minor response (R,i/Rgs < 1.8) toward interfering
gases such as ethanol (C,HsOH), nitrogen monoxide (NO), toluene
(C¢HsCHs;), pentane (CsH;), ammonia (NH;), and carbon monoxide
(CO), which are known as exhaled breath components. For
application in real-time diagnosis, fast response time is an essential
parameter for exhaled breath sensors. Therefore, the response times
of dense WO; NFs, PS-WO; NFs, H-WO; NFs, and NOGR-loaded
H-WO; NFs were confirmed by measuring the average elapsed time
to reach 90% saturation in response to an acetone concentration
range of 1-5 ppm (Fig. 3a). Very short average response times (12.8
sec) of H-WOj; NFs and NOGR-loaded H-WO; NFs were observed
compared to those of PS-WO; NFs (138.4 sec) and dense WO; NFs
(123.2 sec). The fast response time was also evidently confirmed by
resistivity changes of sensors when 5 ppm of acetone was exposed at
an operating temperature of 350 °C (Figs. 3b-e). The fast responding
speeds as well as high response (large resistance change) of H-WO;
NFs and NOGR-loaded H-WO; NFs demonstrated the potential
application for real-time breath analysis.

The dramatically improved sensing characteristics with H-WO;
NFs and NOGR-loaded H-WO; NFs were investigated. The
dominant factor of the enhanced sensing property was the increased
surface reaction sites and porosity of the H-WO; NFs, which was
attributed to the formation of WOj; nanoneedles and open pores on
the surface of WO; NFs. Effective modulation of surface depletion
layers formed by chemisorbed oxygen species (0%, O, and O,7) can
be achieved on the H-WO; NFs surface due to the increased surface
area. The adsorbed oxygen species attract electrons from the
conduction band of the WO; NFs by thickening the depletion layers.
When the reducing analytes such as acetone are exposed, the
adsorbed oxygen species will be eliminated on the surface while
donating electrons back to the conduction band of the WO; NFs
according to the following reaction: CH;COCH; (gas) + O >
CH;COC'H, + OH™ + ¢ or CH;COCH; (gas) + 20™ = C'H; + CO,
+ CH;0™ + 2¢.* This results in high resistivity changes by thinning
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the depletion layers. For the NOGR-loaded WO; NFs, highly
conductive NOGR flakes enable catalytic (electronic) sensitization
integrated with H-WO; NFs by exchanging electrons during gas
exposure. In other words, the higher work function of NOGR flakes
(@=4.67 eV) (see ESIf, Fig. S6a) compared to that of WO; NFs
(@=4.56 eV) (see ESIf, Fig. S6b) drives effective electron transfer
from WO; NFs to NOGR flakes by forming a Schottky barrier of
0.11 eV, which resulted in large conductivity changes by modulating
the electron concentration in WO3; NFs when a target analyte was
injected.

Conclusions

In summary, a facile and versatile synthetic method of hierarchical
1D-1D nanostructures, i.e., 1D WO; nanoneedles formed on the
surface of porous 1D WO; NFs, were achieved by two-step
annealing, i.e., an initial heat-treatment in reduced atmosphere prior
to the second calcination step in air. It is a great advantage to
synthesize 1D WO; nanoneedles on the fibrous nonwoven WO;

nanostructure by simply controlling the heat-treatment in Ar ambient.

The synthesized 1D WO; NFs exhibited a diameter of 700 nm with
randomly oriented 1D nanoneedles having average diameters of 15—
40 nm and lengths of 200 nm—1 pum, which showed large size
distribution in diameters of 1D WO; nanostructures. The unique
morphology and structure generated enhanced acetone sensing
performance at highly humid ambient (90% RH), which was
attributed to the increased surface reaction sites. In addition,
effective catalytic sensitization of NOGR flakes in the composite of
NOGR-loaded H-WO; NFs resulted in the dramatically improved
acetone sensing performance. The NOGR-loaded H-WO; NFs
exhibited superior sensitivity (R,i/Rgs = 18.5 at 5 ppm), which was
an 8-fold improved response compared to that of dense WO; NFs
toward acetone and remarkable selectivity with minor responses
(Ryi/Rgas < 1.8) toward interfering analytes. In addition, very fast
responding speed (< 12.8 sec) was obtained with H-WO; NFs and
NOGR-loaded H-WO; NFs, which showed high potential for
application in portable and real-time diagnosis of diabetes by
exhaled breath analysis.
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