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ABSTRACT: Nanoscale heterostructures based on WO;_, nanoneedles functionalized with Fe,O; nanoparticles are integrated
directly into flexible polymer-based transducing platforms via aerosol-assisted chemical vapor deposition. Results demonstrate
that the incorporation of Fe,O; nanoparticles at the surface of WO;_, nanoneedles enhances the electronic and sensing
properties of WO;_,, providing a 6-fold increase in sensitivity to toluene and low cross-sensitivity to hydrogen and ethanol.
These enhanced-sensing properties are comparable to those obtained via functionalization with precious metal (Pt)
nanoparticles, which are commonly used to enhance sensor performance.
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B INTRODUCTION

Metal oxides (MOXs) have broad applications as their
properties cover the entire range from metals to semi-
conductors and insulators. In particular, nanostructured
semiconducting MOXs have demonstrated exceptional chem-
ical and physical properties, due to their large number of
surface sites, which facilitate surface reactions and electron/
phonon confinement. These characteristics have favored the
use of these materials in different solid-state devices, including
gas sensors."

The optimization of MOXs for gas sensing has been largely
studied, particularly with the aim of improving the functionality
(ie, sensitivity, selectivity, stability, and reproducibility) of
these materials to eliminate false positives and interfering
responses. Consequently, several studies have demonstrated
that MOXs (typically n-type such as SnO,, WO;, and ZnO)
functionalized with second-phase constituents, either nanosized
noble metals (e.g, Au, Pt, and Pd) or other n- (e.g, ZnO,
SnO,, and TiO,) or p-type (e.g, CuO, PdO, and Co;0,)
MOXs, have a drastic effect on sensing performance, often
improving the sensing properties of both the host MOX and
the second-phase constituent when the size of these materials is
within the Debye length (Lp,) of the surface (typically on the
order of 2—100 nm) and the second-phase constituents are
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introduced in small, discrete amounts.”> Hence, various
functionalized MOXs structures (e.g, nanowires (NWs) with
second-phase nanoparticles (NPs) at their surface) have being
investigated with much interest for gas sensing.

The mechanisms leading to the enhanced performance of
these functionalized materials have been attributed to surface-
(chemical sensitization) and/or interface- (electronic sensitiza-
tion) dependent effects.”* To date, there is no clear evidence
of which of these mechanisms is more useful for gas sensing,
although the literature points to the need to combine both
mechanisms to induce an overall better functionality of MOXs.”
Generally a MOX functionalized with another MOX (ie., a
heterostructure) is more likely to experience surface- and
interface-dependent mechanisms during gas detection, while a
MOX functionalized with a noble metal is more likely to be
dominated by a surface-dependent mechanism.”* The
possibility of tuning the sensor performance via these
mechanisms will depend strongly on the characteristics of the
materials (size, shape, distribution, composition, oxidation
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Table 1. Summary of the Synthesis Methods and Utilization of Iron Modified Tungsten Oxide”

material morphology and modification  synthesis method
Fe:WO, TF® VPS
Fe:WO, TE P VPS
Fe,0,@WO, NPs@NPts * WCS
Fe,0;—WO, CBs M WCS
Fe,0,-WO, TEM WCS
Fe,0,-WO, TF M VPS
Fe,0,-WO, NPIs M VPS
Fe:WO, NFks ° WCS
(WO3),.,~(Fe,05), TEM VPS
(WO;),..—(Fe,05), TE M VPS
Fe,0,-WO, Nps M WCS

features, nm properties ref
10—15 2300 ™K Gas sensing (CO) 28
12 2100500 THK Gas sensing (H,, NH;, NO,, N,0) 29
- Gas sensing (H,S) 30
- Photocatalytic 31
- Photocatalytic 32
- Photoelectrochemical 33
100—200 °400—500 “¢ Photoelectrochemical 34
- Photoelectrochemical 35
32-34 2200 ™K Electrochromical 36
- Optical 37

10-15° Magnetic (after reducing to Fe—W alloy) 38

“D: Fe doped film, F: Functionalized (decorated) structures, M: mixture of the two constituents, CBs: cubes, NPls: nanopillars, NPts: nanoplates,
NFks: nanoflakes, TF: thin films, @: diameter of the grain (particles) or the structure (pillars, plates), LG: length, THK: film thickness.

Fe,0;@WO;,, nanoneedles

electrodes

Figure 1. SEM imaging showing the top (a) and section (b) of the microsensor, and schematic view of the layers comprising the flexible gas

microsensors (c). EG represents the electrode gap.

states) forming the composite and the creation of an intimate
electric contact at the interface of these materials.”*°

Various conceptual routes to functionalize MOXs with
second-phase NPs, based on either liquid-phase or vapor-
phase synthesis, are available in the literature. These routes are
normally implemented for the fabrication of microdevices via
the use of post-transfer (indirect) or direct methods.”
Synthesizing nanostructured materials in the vapor phase has
potential advantages, including the growth of materials with
greater purity, higher throughput, and the possibility of
integrating materials directly into devices.” However, its use
for synthesis of nanostructures (e.g, NWs) often requires
catalysts (e.g.,, vapor—liquid—solid approach) and/or relatively
high temperatures (~1000 °C), introducing extra fabrication
steps and limiting its applicability for their integration with
advanced microdevices based either on silicon or on non-
conventional substrates (e.g, flexible materials as polymers,
textiles, or paper).” Against a host of competing enabling
technologies for gas sensing with MOX, resistive-based gas
sensors attract much interest due to their relative simple
architecture, low production cost, and potential to be
miniaturized and integrated in personal portable devices for
real time analysis. Hence, the significance of this technology for
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different areas (e.g., indoor quality control'’ or early disease
detection''), in which portable and real time devices for
monitoring gaseous analytes, such as toluene, has gained
importance.

Traditionally, the sensitivity of MOXs toward aromatic
hydrocarbons in general, and toluene in particular, was reported
to be limited. However, with the development of a new
generation of nanostructured and functionalized MOXs and the
facility of modifying properties such as the concentration of
adsorption sites and the energy levels within the material,
various nonfunctionalized (e.g., WO,,"*7 " Fe203,16_18
$n0,,'"* Zn0,*' Co0,0,”7**) and functionalized MOXs
nanostructures with metal NPs (e.g, Pt,'**° Au*' and
Pd"***) have shown enhanced sensing performance to aromatic
hydrocarbon molecules. From these materials, tungsten oxide
has been largely employed for sensing applications and,
similarly to SnO,, it is already used in commercial resistive
gas sensors in the form of thin or thick film.?® Ferric oxide, in
contrast, has been generally used for its magnetic properties,
although it has also been demonstrated to possess interesting
catalytic properties.”” Particularly, the functionalization of
tungsten oxide with iron or iron oxides has shown potential
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Figure 2. W 4f (a) and Fe 2p (b) XPS core level spectrum recorded on the Fe,0;@WOs;_, films grown on the polymeric foil.

. 28-30 . 31-35
enhanced gas sensing,”* >’ photocatalytic,”’ > electrochrom-

ical,*® optical,”” and magnetic*® properties (Table 1).

Recently, we have developed a methodology for fabricating
flexible functional resistive-based gas microsensors, by combin-
ing polymeric-transducing platforms and tungsten oxide
nanoneedles (NNs) functionalized with gold or platinum
NPs.”” This methodology consists of the formation of
functionalized nanostructures at temperatures compatible with
the flexible device using a direct integration approach via a
vapor-phase synthesis technique based on aerosol assisted
chemical vapor deposition (AACVD).**" Here, we extend this
methodology and tune the synthesis of tungsten oxide NNs
functionalized with ferric oxide NPs (Fe,O;@WO;_,) and their
direct integration into polymeric platforms, by achieving the
AACVD of Fe,O; from FeCl;:6H,0 at 390 °C. In addition, we
compare the functionality of this (Fe,0,@WO;_,) system
based on n-n nanojunctions with a similar (Pt@WO;_,) system
based on n-metal nanojunctions to evaluate the impact
produced on the sensing properties of tungsten oxide, when
it is functionalized with second-phase NPs of a MOX, instead of
a noble metal.

B RESULTS

Characterization of the Heterostructures. SEM imaging
of the device based on nonfunctionalized (WO,_,) or
functionalized (Fe,O;@WO,_, and Pt@WO;_,) films showed
the films were deposited uniformly on the electrodes forming a
mat-like network of nonaligned NN, interconnected across the
electrode gap (EG), with uniform diameters ranging between
50 and 100 nm and lengths of ~10 um, ie., aspect ratios of
~100 to 200 (Figure la,b). A schematic view of the layers
comprising the flexible gas microsensor is shown in Figure lc.

XPS of the films exhibited typical W 4f core level peaks at
35.4 and 37.4 eV (Figure 2a), indicating O/W ratios of 2.8 for
the WO,_, films, and 2.7 and 2.6 for the Fe,O;@WO;_, and
Pt@WO,_, films, respectively (functionalized films showed no
contents of chlorine at the surface). The spectra, corresponding
to the Pt@WO;_, films, displayed Pt 4f core-level peaks at 74.7
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and 71.3 eV with similar characteristics to those observed
earlier in similar Pt-functionalized WO;_, NNs synthesized via
AACVD,**" whereas the spectra recorded on the films
functionalized with Fe,O; displayed Fe 2p core-level peaks at
711.2 and 724.5 eV (Figure 2b), demonstrating the
incorporation of iron.””*~* The atomic percentage of iron
and platinum found in the Fe,O;@WO;_, and Pt@WO,_,
films was 3.9 at. % (3.6 wt %) and 3.7 at. % (10.7 wt %),
respectively (see Experimental section for details on the
adjustment of Fe and Pt content). A comparison of the
metal:tungsten ratio present in the initial precursor solution
(anal. calcd. for Fe:W 9.8%, Pt:W 18.2%) and the that
determined by XPS in the films (found for Fe:W 4.6%, Pt:W
15%) show the incorporation efficiency for iron was 47% and
for platinum 79%. This value is much higher compared to the
efficiency (10%) obtained previously via wavelength dispersive
X-ray (WDX) for the codeposition of Pt@WO;_,,*" likely due
to in XPS (a surface analysis technique) the content of
platinum appears to be greater than in WDX (a bulk analysis
technique).

The presence of satellite peaks for Fe 2p,/, and Fe 2p;,, that
indicate the ionic states of iron are not obvious in the spectrum;
however, the binding energies of the Fe 2p peaks and the shape
of the 2p;/, peak, with apparently no shoulder at lower binding
energies (<710 eV), suggest the absence of Fe?".””** Further
analysis of nonfunctionalized films grown via AACVD with only
FeCl;-6H,0 dissolved in methanol at 390 °C, support this
conclusion, as the Fe 2p core-level peaks of these films (Figure
3a) show a satellite peak at ~719.4 eV corresponding to Fe**
species,””*™* and the XRD patterns (Figure 3b) indicate
diffractions associated with Fe,O; cubic phase (a = 8.351 A;
ICCD card no. 39—1346). These results demonstrate that the
AACVD of FeCl;-6H,0 at 390 °C yields ferric oxide films
(Figure 3¢).

XRD analysis (Figure 4) of the nonfunctionalized and
functionalized films suggested the presence of monoclinic phase
WO; (P21/n space group, a = 7.306 A, b = 7.540 A, ¢ = 7.692
A, and f = 90.88% ICCD card no. 72—0677), consistent with
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Figure 3. XPS (a), XRD (b), and SEM imaging (c) of the Fe,0; films
grown via AACVD on the polymeric foil.

our previous results for nonfunctionalized or functionalized
WO,_, NNs with Au and Pt NPs using either [W(OPh),]*" or
W(CO)s” precursor. Overall, the patterns also exhibit a
characteristic background with broad peaks centered at ~19°
260 and 28.5° 26, coming from the polymeric platform. The
intense diffraction peaks at 23.5° 260 (d = 3.77 A) and 48.2° 20
(d = 1.88 A), corresponding to the (020) and (040) reflections
of the monoclinic phase, indicate a strong preferred orientation
in the [010] direction. Fe,O; or Pt diffraction peaks were not
observed in functionalized films, likely due to the low Fe and Pt
contents used for the AACVD.

STEM (Figure Sa and b) and HRTEM (Figure Sc and d) of
the NN functionalized with Fe,O; and Pt showed the presence
of dispersed NPs along the surface of the NN, in contrast to
nonfunctionalized NNs, which displayed a bare surface without
NPs. EDX of the single functionalized NNs confirmed the
presence of tungsten either with Fe or with Pt. Overall, the
NNs (nonfunctionalized and functionalized) showed marked
planar spacing of approximately 3.55 + 0.16 A, which is in
agreement with the monoclinic phase identified by XRD
(Figure 4) and our prior works on AACVD of W(CO),.*"*
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Figure 4. XRD patterns of nonfunctionalized and functionalized
tungsten oxide NNs deposited on polymeric foil. Diffraction peaks at
23.57° and 48.23° 26 in the data are indexed to a monoclinic phase
(P21/n), ICCD card no. 72—0677.

HRTEM of the particles at the surface of the NNs
functionalized with Fe,O; showed approximately spherical
morphologies (4—15 nm) with certain tendency to form
aggregates (Figure Sa). Higher magnification of these NPs
(Figure Sc) revealed planar spacing of 2.81 =+ 0.15 A, which is
consistent with the internal lattice spacing of the (311) plane of
the cubic Fe,0O; (d = 2953 A, ICCD card no. 39—1346)
identified for the films deposited using only FeCl;-6H,0.

The films functionalized with Pt showed smaller (1—5 nm)
and more disseminated particles, also with approximately
spherical morphologies (Figure Sb), and planar spacing of 2.21
+ 0.11 A, which correspond to the internal lattice spacing of
the (111) plane of face-centered cubic Pt (d = 2.265 A, ICCD
card no. 04—0802) (Figure 5d), consistent with our previous
observations for Pt-functionalized structures.””*'

The XPS valence-band (VB) spectra recorded near the Fermi
level (E; = 0) on the nonfunctionalized (either WO,_, or
Fe,0;) and functionalized (Fe,O,@WO,;_,) films is shown in
Figure 6a. A comparison of the linear extrapolation of the VB
leading edge®™ of these spectra indicates the simultaneous
presence of both WO;_, and Fe,O; induced VB in the Fe,O;@
WOj,_,, with the VB onset for Fe,O; occurring ~0.9 eV (AEy)
above the VB onset for WO;,, This suggests, according to the
literature energy gaps for Fe,O; (2.1 eV) and WO,_, (2.6
eV),"” that the position of the conduction band (CB) of Fe,O,
could be ~0.4 eV (AEy) above the CB of WO,_, (Figure 6b),
producing a staggered type of heterojunction at the interface of
the WO;,, NNs and Fe,O; NPs (Figure 6c). Hence, these
results show that the presence of Fe,O; NPs at the surface of
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Figure 5. STEM and HRTEM of the WO;_, nanoneedles functionalized with Fe,O; (a, c) and Pt (b, d) NPs. Insets in (a) and (b) display the

localized EDX spectra and the dispersion of Fe,O; and Pt NP size.
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Figure 6. XPS valence band spectra of nonfunctionalized (Fe,O; and WO;_,) and functionalized (Fe,O;@WO;_,) films (a), and schematic of the
estimated energy level diagram at the interface of Fe,O; NPs and WO;_, NN (b,c). Ecg represents the conduction band minimum, Ey, is the Fermi

level, and Eyj is the valence band maximum (not to scale).

WO;, NNs leads to new electronic states above the VB
maximum of tungsten oxide, increasing the density of electronic
states near the Fermi energy level, similarly to that observed
previously for Pt@WO,_, films, which also indicated the
formation of new electronic states above the VB maximum of

the tungsten oxide.*!
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The current (I) — voltage (V) characteristic curves of the
films (nonfunctionalized and functionalized), obtained by
measuring the electrodes in a continuous flow of nitrogen or
dry air at temperatures between 100 and 220 °C, indicated
ohmic behavior for each film. As for n-type semiconductors, the
electrical resistance of the films showed a direct dependency of
the conductivity to the temperature, with the measurements

DOI: 10.1021/acsami.5b05081
ACS Appl. Mater. Interfaces 2015, 7, 18638—18649


http://dx.doi.org/10.1021/acsami.5b05081

ACS Applied Materials & Interfaces

Research Article

under dry air showing larger electrical resistance than those
recorded under nitrogen. These resistance changes revealed up
to 3-fold increase in nonfunctionalized films and 6-fold increase
in films functionalized with Fe,O; or Pt NPs (Figure 7 shows

. Fe,0,@WO0,
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0 .
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Figure 7. I=V characteristics in air and N, measured via the
interdigitated electrodes on the polymeric-transducing platform for the
nonfunctionalized and functionalized structures.

an example of the I-V curves recorded at 220 °C). The
activation energy for electrical conduction in air, estimated via
the Arrhenius equation, yielded a value of 026 eV for
nonfunctionalized films, consistent with the apparent energies
in air reported for tungsten oxide,” whereas the films
functionalized with Fe,O; or Pt NPs yielded a value of 0.23
and 0.14 eV, respectively. The energy activation of the films in
nitrogen resulted in apparent higher energies, 0.40 eV for
nonfunctionalized films, 0.29 eV for Fe,O;-functionalized films,
and 0.18 eV for Pt-functionalized films.

Sensor Characterization. Gas sensing tests were carried
out to toluene, by using dc resistance measurements, at various
sensor-operating temperatures from 100 to 250 °C (Figure 8).
The sensors displayed an n-type response with decreasing
resistance in the presence of toluene and a good reproducibility
of the response with little variations of the baseline resistance of

the sensors (~1.3%) during the testing period (ie., 100 h).
Figure 9 displays an example of the response replicates
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Figure 9. Replicates of the sensor resistance changes toward 100 ppm
of toluene at 220 °C.

recorded at 220 °C for toluene. Overall, results indicated
better performance for the sensors based on functionalized
films as opposed to those based on nonfunctionalized films,
with a 2-fold increase in the maximum response recorded
(Figure 8a) and faster responses and recovery times (Figure
8b,c). Surprisingly, we found that Fe,0;@WO,_, based sensors
provided the fastest recovery times.

Further tests of the sensors toward different toluene
concentrations showed typical direct dependences of the
response to analyte concentration for each material, with
closely similar tendencies for sensors based on Fe,O;@WO,_,
and Pt@WO,_, (Figure 10). Tests to various concentrations
(20, 40, 60, 80, 100 ppm) of EtOH and H, showed a similar
tendency of the response. The sensitivity (defined as the ratio
between the change in sensor response for a fixed change in
analyte concentration) for each material and analyte is
presented in Table 2. These results demonstrate that the
functionalization of WO,_, with Fe,O; or Pt NPs improves the
sensitivity of WO;_, to toluene and ethanol nearly to the same
extent (the sensitivity of the functionalized structures to

a b ) c .
) Sensor response, Ra/RE ) Response time, s ) Recovery time, s
100
1(;09‘*? 100 °C 500 -
250°C TN 130°C  250°C 130c  250°C 1130°C
220°c 160°C  220°C 160°c  220°C 160 °C
0 - WO, ,
190 °C 190 °C — Pt@WO,, 1%

—+ Fe,0,@WO0,,

Figure 8. Temperature dependency of the sensor response (a), response time (b), and recovery time (c) for the nonfunctionalized and

functionalized sensors.
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Figure 10. Sensor response in various concentrations of toluene at 220
°C. Inset shows the typical film-resistance changes toward the variation
of toluene concentration.

Table 2. Sensitivity of the Nonfunctionalized and
Functionalized Structures to Toluene, Ethanol, and
Hydrogen at 220 °C

sensitivity (AR/AC)

WO, Pt@WO,_, Fe,0;@WO;_,
Toluene 1.3 6.8 7.6
Ethanol 3.1 4.7 4.2
Hydrogen 4.0 5.6 4.4

toluene and ethanol differs only by 7% and 10%, respectively).
In contrast, results for hydrogen suggest that the sensitivity to
this analyte increases higher when WO;_, is functionalized with
Pt rather than with Fe,O; (the sensitivity of the functionalized
structures to hydrogen differs by 22%).

Analysis of variance (ANOVA) of the response for each
sensor toward the same concentrations of toluene, ethanol, and
hydrogen was performed in order to evaluate the selectivity of
the sensors to these analytes (the data set comprise four
replicates for each type of sensor and analyte). These results,
presented in Figure 11, suggest relatively low cross responses
among analytes for each sensor, particularly for the sensors
based on Fe,0;@WO;_, films, which show a higher difference
of the response to toluene in relation to that in ethanol (AR =
2.7) or hydrogen (AR = 4.2). For comparison, the sensors
based on Pt@WO;_, films have a difference of 2.7 or 1.6 in
relation to ethanol or hydrogen, respectively, whereas the
sensors based on nonfunctionalized WO,_, films have a
difference of 1 or 2. These results indicate that Fe,O;@
WO,_, films have a higher degree of selectivity to toluene in
the presence of ethanol and hydrogen.

Bl DISCUSSION

The synthesis of Fe,O; via AACVD has not been investigated
extensively in the literature, and the few reports related to the
AACVD of this material in its thin film form showed the use of
precursors such as Fe(acac);” or Fe(CsH;),””' and iron
complexes as Feg(PhCOO);,(acac),(0),(OH),,C,H,.>* Here
we have used a simple iron precursor (FeCly-6H,O) not
reported earlier for AACVD, which has been demonstrated to
yield porous Fe,O; films at 390 °C (Figure 3). The formation

BZZ Toluene
9 A ZZZ7] Ethanol
[T Hydrogen

. il

Sensor response
[3,]
1

[zreserss]
34
[ ]
2
14
T T T
wo, PYWO, Fe,0/WO_

Figure 11. Box plots of the sensor response to 100 ppm of toluene,
hydrogen, and ethanol at 220 °C by the nonfunctionalized and
functionalized sensors with Fe,O; or Pt NPs. Each box displays the
median, mean, and upper and lower quartiles (first and third) of the
respective distribution. Box whiskers indicate the standard deviation.

of ferric oxide at this relatively low temperature was appropriate
for the codeposition of WO;_, NNs functionalized with Fe,O;
NPs (ie, Fe,0;@WO,_,) via AACVD and their direct
integration with polymeric-transducing platforms (Figure 1).
The codeposition of nanostructures with a second-phase
constituent via AACVD requires the selection of appropriate
conditions (e.g, temperature, precursors, and solvents) so that
at the same deposition temperature the first precursor
experiences a combination of heterogeneous and homogeneous
reactions to encourage the formation of nanostructures, and the
second precursor nucleates heterogeneously on the support, or
homogeneously in the gas phase with subsequent deposition of
NPs on the nanostructure.”” The present results showed that
onset temperature to achieve these conditions when using
W(CO); and FeCl;-6H,0 as precursors for growing NSs and
NPs, respectively, starts at 390 °C (the formation of either
tungsten oxide or ferric oxide at this temperature is consistent
with the decomposition temperatures of both precursors®>*).
Based on the morphology of the nonfunctionalized ferric oxide
films (Figure 3), it seems that the Fe,O; NPs nucleate
heterogeneously on the WO;_, NNs during the codeposition,
hence their anchored-like appearance at the NNs and their
tendency to form aggregates (Figure S). The differently sized
features of the Fe,O; and Pt NPs at the WO;_, NNs, with
bigger particles observed for Fe,O; despite the lower iron
precursor concentration used in the initial solution compared
to Pt, could be linked in part to the different bulk melting point
of these materials (Fe 1811 K; Pt 2042 K).

The electrical characterization (Figure 7) and gas sensing
tests (Figures 8 and 9) of the microsensors based on Fe,O;@
WO,_, NNs indicated an n-type response, consistent with the
normal behavior of tungsten oxide and ferric oxide, although
transitions from n- to p- type response could also occur for
ferric oxide NPs in oxidative environments, as reported
previously.”*> Due to the differences in the energy bands of
WO;_, and Fe,O; (Figure 6), nanoscale heterojunctions
emerge at the interface of these materials, inducing electron
migration from Fe,0; to WO;_, and the formation of a larger
electron density (accumulation layer) in WO,_,, which
facilitates additional oxygen adsorption at the functionalized
WO,_, NN surface,"** as supported by the larger resistance
changes registered when exposing the Fe,O;@WO;_, films to
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Figure 12. Possible interface-dependent mechanism involved in the gas sensors based on Fe,0;@WO;_,. The left side shows the conduction
channel mechanism in a NN cross-section (a) and the interfacial mechanism in the film comprising a network of NNs (c) when exposed to air. The
right side shows the same mechanisms when the films are exposed to a reducing gas such as toluene, hydrogen, or ethanol (b and d). D, is the
diameter of the nondepleted region available for charge conduction through the core, Ecy represents the conduction band minimum, E, is the Fermi
level, Eyg is the valence band maximum, and Ly, is the Debye length or depth of the depletion region from the surface (not to scale).

N, and air (Figure 7). By subsequent oxygen adsorption during
exposition of the films to air, the accumulation layer at WO;_,
could be depleted, decreasing the conduction channel and as a
consequence reducing the conductivity along the NNs.
Alternatively, when the functionalized NNs are exposed to
reductive analytes, such as toluene, the reductive analyte reacts
with the preadsorbed oxygen and releases electrons into the
conduction band of the structure, which shrinks the depletion
layer, increasing the conduction channel and the conductivity
along the NN, as illustrated in Figure 12. Hence, the nanoscale
heterojunctions formed at the NNs modulate the conduction
channel mechanism of each NN, potentially enhancing the
resistance changes during the gas—solid interactions. It is worth
noting that in networked NNs films, as those analyzed here, the
conductance of the entire film extended across the electrodes of
the device depends also on a second interfacial mechanism
modulated by the potential barriers originated during oxygen
adsorption/desorption at the interface of different NNs (Figure
12c and d). This mechanism is present in nonfunctionalized
and functionalized films, although the height of the potential
barriers formed at the interface of the NNs is also expected to
be influenced by the incorporation of second-phase NPs at the
surface of the NNs. The changes in the energy activation of
conduction noticed for Fe,O;@WO;_, films, in relation to
WO,_, films, may be linked to these interface-dependent
mechanisms.

The functionalization of the WO,_, with Fe,O; NPs also
indicated the presence of a surface-dependent mechanism,
which could coexist with the interfacial mechanism enhancing
the effects at the heterojunction of these functionalized
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material. The surface effects on the Fe,O;@WO,_, films may
include complementary decomposition of the analyte due to
the different redox properties of WO;_, and Fe,05,” with likely
spillover of the gas reaction products, which in the case of
toluene involve molecules such as benzaldehyde (C;H;CHO)
and carbon dioxide (CO,), among other intermediate
products.'®**°® The faster response and recovery times (Figure
8b) recorded for functionalized films compared to the
nonfunctionalized films give evidence of the presence of
surface-dependent mechanisms.

Similar enhancing surface- and interface-dependent mecha-
nisms could also be present in the Pt@WO,_, films, with the
interface mechanisms in this system being dominated by a
metal/semiconductor junction. However, based on our
previous results, which indicated that the Pt NPs introduced
via codeposition could contain platinum oxidized states at the
Pt/WO,_, junction,* the presence of “extra” potential barriers
at the interface of these materials is not ruled out.

In general, we noticed that the gas sensing enhancement
mechanisms discussed above are apparently not influenced by
the size features of the second-phase NPs at the surface, as the
functionality of the sensors based on the Fe,O;@WO;_, and
Pt@WO;_, NNs improves nearly to the same extent, despite
the larger size of the Fe,O; NPs relative to Pt NPs.

From the output characteristics of the flexible gas sensing
devices based on Fe,O;@WO;_, and Pt@WO;_, films, it is
concluded that both materials show good performance for
toluene, particularly at temperature above 220 °C, in which the
sensors showed more stable baseline resistance and faster
response and recovery times. Particularly, it is noticed that the
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Table 3. Summary of the Material, Transducing Platforms, and Testing Conditions Reported for Toluene Sensing”

material morphology and modification method/integration
WO, NNs VPS/direct
Pt@WO, NPs@NNs F
Fe,0,@WO,; NPs@NNs F
WO, NPs VPS/direct
WO, NN
WO, NPs VPS/direct
WO, TF WCS/transfer
Pt—WO, TF M
WO, NFs WCS/transfer
Pd@WO, NPs@NFs *
Fe,O4 NSs ‘WCS/transfer
Fe;0,—NiO Coreshell * WCS/transfer
Fe,0,@NiO NRs@NFls © WCS/transfer
SnO, MC ‘WCS/transfer
SnO, NFs WCS/transfer
Pt@SnO, NPs@NFs *
Pd@SnO, NPs@NFls F WCS/transfer
SnO2 NFls
Au@ZnO NPs@NWs F ‘WCS/transfer
ZnO NWs
Co;0, NPs ‘WCS/transfer
Co;0, NRs WCS/transfer
Co;0, NPs

platform T °C C ppm R./R, ref.

Flex” 250 100 2.2 This work
7
8

Si—uM® 300 200 3.8 12
6.2

Quarz” 300 10 LS 13

Ceramic * 300 2 1 14
1.8

Ceramic” 350 1 1.2 15
3.8

Ceramic’ 440 100 2.3 16

Ceramic” 280 100 13 17

Ceramic’ 300 100 187 18

Ceramic” 280 100 12 19

300 2 1 20

15

Ceramic” 275 100 17.4 25
1

Ceramic” 340 100 8.7 21
6.5

Ceramic’ 150 100 12 22

Ceramic” 200 100 25 23
3

“F: Functionalized (decorated) structures, M: mixture of the two constituents, WCS: Wet-chemical synthesis, VPS: Vapor-phase synthesis, NSs:
nanoshuttles, NFls: nanoflowers, MC: microcubes, P and T: planar and tube architecture, R = R,/R,.

recovery times are further improved when functionalizing the
WO;_, NNs with Fe,O; NPs, instead of Pt NPs which were
also seen to prolong the recovery times in our previous
studies.” We also notice that the use of Fe,0; NPs, for the
functionalization of WO,;_, NNs and detection of toluene,
could bring potential advantages over the use of Pt NPs due to
the lower cross sensitivity to other reductive analytes and the
higher temperature dependency of the sensor response, which
could favor the use of this material in temperature modulated
sensors.”” Generally, it was noticed that at 250 °C the response
of our flexible sensors is higher than those reported in the
literature for conventional sensors based on tungsten oxide or
terric oxide systems, and comparable to other sensors based on
nonfunctionalized or functionalized MOXs (Table 3), although
it is worth mentioning that a comparison of our devices and
those in the literature is complex, as the overall performance of
the devices is not only linked to the sensing material, but also to
other factors including the characteristics of the sensor
transducing platform and the test conditions (e.g,, operating
temperature, flows, and gas concentrations). An interesting
point, also noticed in Table 3, is that the most frequent
methods used for the fabrication of nanomaterial-based devices
typically involve wet-chemical processes assisted by transfer
steps to integrate the structures in the device, despite the fact
that these multistep processes have demonstrated limited
compatibility with architectures desired for multipurpose
microelectronic devices. Currently, the need to use scalable
and industrially relevant techniques for the integration of highly
functional materials and advanced microelectronic devices is
one of the less-considered challenges when studying chemically
based sensors. This reinforces the added value of this work,
which demonstrates the use of a scalable synthesis method that
allows the direct integration of functionalized structures into
nonconventional microdevices via a single-step process.
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In summary, these results demonstrate that the codeposition
method developed previously for incorporating metal NPs at
the surface of a metal oxide nanostructure® can be further
extended for the incorporation of second-phase MOX NPs and
the formation of nanoscale heterojunctions along a MOX
nanostructure. In this work, the incorporation of Fe,O; NPs at
the surface of WO;, NNs has been shown to improve the gas
sensor functionality of WO;,, NNs to various reductive gases,
particularly to toluene, to nearly the same extent as Pt@WO,_,
NNs. The use of Fe,O;@WO;, NNs provides high perform-
ance gas sensing devices avoiding expensive and less abundant
platinum.

B CONCLUSIONS

WO, NNs functionalized with Fe,O; NPs were synthetized
and integrated directly with flexible transducing platforms using
a codeposition method via AACVD at 390 °C. The gas sensing
properties of the flexible gas sensors based on Fe,O;@WO;_,
films demonstrated increased responses to toluene, hydrogen,
and ethanol at 220 °C, with up to 6-fold increase in sensitivity
to toluene, compared to WO, NNs alone, and low cross-
response (AR) to hydrogen (AR = 4.2) and ethanol (AR =
2.7). These output characteristics were similar to those
recorded for sensors based on Pt@WO;_, NNs, demonstrating
that the use of Fe,O; provides almost the same enhancement as
the precious metal Pt. The enhanced gas sensing mechanisms
of the Fe,O;@WO,_, films are linked to surface- and interface-
dependent effects, reflected by the changes in both the apparent
energy activation of conduction and the sensing response times
observed on the Fe,O;@WO;, films, compared to WO,
alone.
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B EXPERIMENTAL SECTION

AACVD of Nanostructures. Briefly, the adjustment of
conditions for growing Fe,O;@WO;_, or Pt@WOj;_, NNs using
a codeposition method via AACVD™ involved a screening of
temperatures (325, 350, 375, and 390 °C) finding the onset
temperature for the formation of tungsten oxide NNs from 350
°C and the effective incorporation of the second-phase NPs
(i, Fe,05 or Pt) at 390 °C. In this context, the structures
studied in this work were synthetized at 390 °C, and due to the
thermal restrictions imposed by the polymeric foils, the
AACVD of these precursors at higher temperatures was not
investigated. Consequently, the tungsten oxide NNs function-
alized with ferric oxide were codeposited via AACVD of a
solution containing tungsten hexacarbonyl (20 mg, W(CO)j),
Sigma-Aldrich, >97%) and ferric chloride hexahydrate (3 mg,
FeCly-6H,0, Sigma-Aldrich, >99.6%) dissolved in methanol (S
mL, Sigma-Aldrich, >99.9%). As these conditions yielded
Fe,0;@WO;,, films with iron atomic percentage below 5%
(found for Fe 3.9 at.% via XPS), consistent with the low
contents recommended to improve the functionality of gas
sensing materials,”*® for comparison purposes, the AACVD of
Pt@WO,;, was adjusted to yield similar platinum atomic
percentage (found for Pt 3.7 at.% via XPS), finding the
appropriate conditions when using a solution of W(CO), (20
mg) and hexachloroplatinic acid hydrate (4 mg, H,PtCly-xH,O,
Sigma-Aldrich, 99.9%) dissolved in methanol (5 mL). Non-
functionalized tungsten oxide NNs (WO;,) or ferric oxide
films (Fe,O;), in contrast, were deposited from a solution
containing only W(CO) (20 mg) or FeCl;:6H,0 (80 mg)
both dissolved in 5 or 10 mL of methanol, respectively. The
aerosol droplets were transported to the heated substrate using
a nitrogen gas flow (200 sscm). The time taken to transport the
entire volume of solution was typically about 45 min for the §
mL solution. Plain polymeric foils (Upilex-S, 125 pm, UBE)
were used for film analysis, whereas flexible transducing
platforms based on the same polymeric foils were used for
gas sensor fabrication (see fabrication process in next section).
Generally, the AACVD of W(CO)4 or W(CO)g4 coreacted with
FeCl;-6H,0 or H,PtClex«H,O resulted in the formation of
adherent uniform films with a blue color as-deposited, but after
annealing at 390 °C for 1 h with a constant flow of air (50
sscm), nonfunctionalized films became pale blue, whereas
functionalized films with Fe,O; and Pt became pale yellow and
gray, respectively.

Flexible Transducing Platforms. The flexible polymeric-
based transducing platforms were fabricated using commercial
high heat resistant polyimide (Upilex-S, 125 ym, UBE). Clean
room processes were carried out at the wafer level and
consisted of the following main technological steps: patterning
of a double loop heater (Ti/Pt, 25 nm/250 nm), deposition
and contact opening of an interlevel polymeric layer (U-
Varnish, 1 ym, UBE), and patterning of the electrodes (Ti/Pt,
25 nm/250 nm) with a gap of S ym. A shadow mask was used
during the AACVD process in order to protect the contacts and
confine the film deposition to the electrode area (Figure 1a).
Bending of the device, before and after AACVD deposition,
showed no visible detachment of the electrode or the sensing
structures indicating the layers comprising the device had
relatively strong adherence to the polymer. More details of the
fabrication process and the thermal and bending properties of
the flexible platforms were reported earlier.””**

Material Analysis. The morphology of the films was
examined using scanning electron microscopy (SEM — Carl
Zeiss, Auriga Series, 3 kV), the film structure using X-ray
Diffraction (XRD — Bruker, AXS D8 Advance, Cu Ka
radiation operated at 40 kV and 40 mA) and the film chemical
composition using X-ray photoelectron spectroscopy (XPS —
Phoibos 150 analyzer — SPECS GmbH, Berlin, Germany — in
ultrahigh vacuum conditions (base pressure 1 X 107'° mbar)
and a monochromatic Ka X-ray source, 1486.74 €V). Scanning
transmission electron microscopy (STEM— FEI Tecnai F20,
200 kV) was performed after removing the film from the
polymeric platform by sonication.

Gas Sensing Tests. Gas sensors were tested in a
continuous flow (50 sccm) test chamber (10 cm® volume).
The system was provided of three mass flow controllers
(Brooks S8SOE), and mixtures of pure synthetic air (3X,
Praxair) and either calibrated toluene (C,Hg, Praxair), hydro-
gen (H,, Praxair), or ethanol (EtOH, Praxair) in synthetic air
were adjusted in order to obtain the desired concentrations, as
described previously.” The sensors were exposed to the
analytes for 10 min and subsequently the chamber was purged
with air until initial baseline resistance was recovered. The
whole testing period comprised 100 h during which sensors
were tested to the analytes at various operating temperatures
(100, 130, 160, 190, 220, and 250 °C) performing up to four
replicates for each condition (ie., analyte, operating temper-
atures, and analyte concentrations). The sensor response (R)
was defined as R = R,/R,, where R, is the sensor resistance in
air at stationary state and R, represents the sensor resistance
after 10 min of analyte exposure. The electrical resistance of the
films were measured using a multimeter (Keithley 2700)
configured with 20-channel relay multiplexer.
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