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ABSTRACT

A gas-sensitive hybrid material consisting of Cu20 nanoparticle-decorated WO3 nanoneedles is
successfully grown for the first time in a single step via aerosol assisted chemical vapor
deposition. The morphological, structural, and composition analysis show that our method is
effective for growing single crystalline, n-type WOs3 nanoneedles decorated with p-type Cu20
nanoparticles at moderate temperatures (i.e., 380 °C), with cost effectiveness and short
fabrication times, directly onto micro-hotplate transducer arrays in view of obtaining gas sensors.
The gas sensing studies performed show that this hybrid nanomaterial has excellent sensitivity
and selectivity to hydrogen sulfide (7-fold increase in response compared with that of pristine
WOs3 nanoneedles), a low detection limit (below 300 ppb of H2S) together with unprecedented
fast response times (2 s) and high immunity to changes in background humidity. These superior
properties arise due to the multiple p-n heterojunctions created at the nanoscale in our hybrid

nanomaterial.

Introduction

Hydrogen sulfide (H2S) is a colorless, flammable and very poisoning gas with a characteristic
smell of rotten eggs. It can be released from sewage, manure, hot springs and food processing.!
The acceptable ambient limit for H2S (recommended by the Scientific Advisory Board on Toxic
Air Pollutants, USA) is in the range of 20-100 ppb,> while the typical permissible exposure limit
of this gas according to the US Occupational Safety and Health Administration is about 10
ppm.>* People exposed to a concentration above this value can experience irritation of the eyes,
nose, and respiratory system, while higher concentrations (250 ppm) can cause death.’*

Nowadays, commercially-available H2S detectors rely either on electrochemical or solid-state



metal oxide sensors. While the former are difficult to miniaturize and rather expensive, the latter
suffer from poor selectivity and heavy humidity cross-sensitivity. Additionally, both types of
sensors allow for reliably estimating H2S concentrations in the tens of ppm range with
uncertainties near £5 ppm. Therefore, there is a need and a strong industry-driven demand for
developing a new generation of reliable, robust, accurate and cost effective sensors with
enhanced sensitivity and selectivity, reduced moisture cross-sensitivity and response time to
facilitate the early detection of hydrogen sulfide in the environment, before its concentration

reaches potentially hazardous levels.

In the last few years, n-type metal oxide semiconductors (i.e., SnO2, In203, ZnO or WO3) with
different morphologies such as nanoparticle films or one-dimensional nanostructures, have been
intensively explored as potential building-blocks for H2S gas sensors.%” The research on one-
dimensional (1-D), single crystalline metal oxide nanostructures including nanowires, nanotubes,
nanoneedles, nanorods and nanobelts, has been favored in the recent years, since their ultrahigh
surface-to-volume ratio, low number of defects and good stability within a wide range of
operating temperatures, make them an excellent building-block for micro/nanoscale gas
sensors.> 10 Yet, the lack of selectivity together with humidity cross-sensitivity still remain the
major drawbacks to be overcome. Many works have shown that by adding catalyst nanoparticles
onto the metal oxide matrix (i.e., surface functionalization of the low-dimensional metal oxide),
the selectivity toward a target gas can be significantly increased.'’!* In general, the growth of
functionalized, nanostructured materials employs a multi-step approach in which in the first step
the nanostructured materials are synthesized. This is followed in the second step by a
functionalization in which metal nanoparticles are deposited onto the surface of the previously

grown nanostructures. In some cases, the process still needs a third step in which the as-



deposited metal nanoparticles are oxidized. This involved, multi-step process can not be easily
scaled up and, therefore, will hardly be adopted by the industry for mass production of sensors. ">
The use of n-type metal oxide nanomaterials functionalized with p-type, cupric oxide
nanoparticles has been reported to be advantageous for detecting hydrogen sulfide. Shao and co-
workers reported with CuO nanoparticle decorated SnO2 nanowires for detecting H2S with high
sensitivity and remarkable selectivity.'® Yet, the response time of their sensor was rather long
(i.e., 3 minutes) and response was significantly reduced for hydrogen sulfide concentrations
below 1 ppm. Furthermore, the sensing material was produced following a time consuming
three-step technique that included two conventional CVD processes followed by a 24 h oxidation
(for growing the metal oxide nanowires, decorating them with Cu nanoparticles and oxidizing
the latter to CuQO). Sun and co-workers also addressed the detection of H2S using CuO-SnO2
nanowires.!” Although their sensor was not as responsive as the one presented by Shao and co-
workers, the response time was clearly improved down to 9 seconds. However, the synthesis
process remained complex and lengthy. Wu and co-workers studied ZnO nanorods for the
detection of H2S at room temperature.'® Although a remarkable response was obtained for 1 ppm
of hydrogen sulfide, a rather long response time of about 20 minutes was observed and the
sensor was unable to recover its original baseline after the exposure to the analyte. Finally, none
of the papers cited above reported the effect of ambient humidity on sensor response, yet it is
well known that humidity cross-sensitivity is a major problem experienced with metal oxide gas

SENSOrs.

Recently, we have shown that aerosol assisted chemical vapor deposition (AACVD), is a suitable
method for growing, in a single step, tungsten oxide nanoneedles decorated with metal

nanoparticles.”!>!* Unlike in conventional CVD, where precursors must be volatile and



thermally stable, AACVD allows for the use of a wide range of precursors owing to its solution-
delivery based principle.’ Furthermore, the AACVD process is conducted at lower temperatures
than CVD, typically in a range between 350 and 600 °C, which makes it suitable for the direct,
bottom-up integration of gas-sensitive nanomaterials onto a wide spectrum of substrates
including glass, ceramic, silicon micro electro-mechanical systems (MEMS) or even flexible
polymeric.?’ In this paper we report, for the first time, on the direct growth of tungsten trioxide
(WO3) nanoneedles decorated with p-type Cu20 nanoparticles onto MEMS hotplates in a single
step, by using AACVD. To the best of our knowledge, CVD routes have not been used before to
grow WO3 nanoneedles and simultaneously decorate then with nanoparticles of copper oxides,
all in a single step and avoiding a further oxidation step. Scanning electron microscopy (SEM),
X-ray diffraction (XRD), transmission electron microscopy (TEM), high resolution TEM
(HRTEM), X-ray photoelectron spectroscopy (XPS) and near edge X-ray absorption fine
structure transmission X-ray microscope (NEXAFS-TXM), have been employed to determine
phase composition, morphology and microstructure of the as nanoneedle mats. Their gas sensing
properties toward H2S both in dry and humid backgrounds have been studied, together with their
response to other gases or vapors. Finally, in light of the experimental findings, a sensing
mechanism for hydrogen sulfide in Cu20-decorated tungsten oxide nanoneedles is introduced

and discussed.

Results and discussion

Materials characterization

Pure WOs3 nanoneedles were obtained from the AACVD of W(CO)s at 500 °C. WOs3

nanoneedles decorated with Cu20 were grown in a single step, at a lower temperature of 380 °C



from the AACVD of a mixture of W(CO)s and Cu(acac)2. The as-deposited films (WO3 and
Cu20/WO03) were strongly adherent to the substrate, with dark blue and dark maroon-blue color,
respectively. After annealing at 500 °C for 3 h, the color of both samples changed, and became
white-yellow. The morphology of the synthesized materials was characterized by scanning
electron microscopy. Figure 1 depicts the SEM images obtained from the as-deposited layers.
The results confirm the formation of a thicker layer of non-aligned nanoneedle-like structures,
with high density and homogenous distribution over the substrate. The nanoneedles of pure
tungsten oxides (Figure 1.a and ¢) were ~ 11 microns long and their diameter varied between
50-100 nm. Cu20/WO3 nanoneedles (Figure 1.b and d), were 5 microns long with a thicker
diameter that ranged between 50 and 240 nm, agglomerates of two, three or more nanoneedles
are also visible. This difference in the morphology of the nanoneedles grown in functionalized
and non-functionalized samples could be attributed to the growth temperature and/or the solvent

used.?!
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Figure 1. SEM images of the as-deposited (a) pure WO3 nanoneedles, (b) Cu20 functionalized

WOs3 nanoneedles, (c) cross-section of pure WOs nanoneedles, and (d) cross-section of Cu20

functionalized WO3 nanoneedles.

X-ray diffraction (XRD) analysis (Figure 2) of the different samples indicated the formation of
monoclinic-phase WO3 nanoneedles (P21/n (14) space group, with typical cell parameters of a=
0.729 nm, »=0.7539 nm, ¢=0.7688 nm, and $=90.91°; ICCD card no. 72-0677). From the pure
WOs pattern, it is clear that the nanoneedles were strongly oriented in the (002) direction,
showing an intense diffraction peak at 23.10° 26. Furthermore, a strong platinum reflection at
39.9° 20 was observed, which was coming from the electrodes. For the pattern recorded from the
functionalized sample, the nanoneedles were randomly oriented, with the absence of any

reflections from copper oxides.
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Figure 2. XRD patterns of (a) pure WOs nanoneedles, and (b) Cu20O functionalized WO3

nanoneedles.

Elemental and chemical characterizations of the films were performed by XPS. In this work, we
do not show the XPS and HRTEM results obtained from pure WO3 film, since they were similar
to the ones reported in our previous works.”?? Figure 3.a shows the W 4f XP spectrum recorded
on a Cu2O/WOs sample and its fitting analysis. To reproduce the spectrum, two doublets, a
singlet and the Shirley background were employed. The component centered at 38.6 eV is due to
photoelectrons emitted from the W 5p3/2 core level. The highest intensity doublet peak (W
4f7), centered at 35.5 eV, is generated by photoelectrons emitted from W atoms with the
oxidation state +6, i.e., stoichiometric WO3.2* Therefore, the W ions have their 5d shell empty,
i.e., there are no cation d-electrons available to be transferred to adsorbates. The second W 4f
doublet, found at 2 eV lower binding energy, is generated by photoelectrons emitted from W
atoms with the oxidation state +4.2* In this case, the d-electron orbitals on adjacent cations are
partially occupied. These reduced cations provide active sites for chemisorption and catalytic

activity, i.e., determine the gas-sensing activity of the films.>> From the area ratio of the



components used to fit the W 4f peak we evaluated that near 35% of the tungsten atoms have the
oxidation state +4, thus contributing to gas detection. This result is supported by the analysis of
the O 1s XP spectrum that is reproduced by two singlets (Figure 3.b), the first component is
centered at 530.5 eV and it is assigned to the oxygen atoms that form the strong WO bonds in
the oxide.?® The second component at about 531.7 eV (37% of the total O 1s area) has been
attributed to O atoms in sub-stoichiometric WOXx structures.?’

Figure 3.c shows the Cu 2p core level spectrum, which consists of two sets of peaks: a low
intensity doublet at 942.6 eV and 962.8 eV, which corresponds to CuO, and a more intense
doublet which components are centered at 932.6 and 952.3 eV, which corresponds to either Cu

metal or Cuz0.
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Figure 3. Typical XPS spectra of the Cu20 nanoparticles decorated WO3 nanoneedles (a) W 4f,

(b) O 1s, and (c) Cu 2p.



In order to experimentally clarify to which oxidation state belong this doublet, we have analyzed
our sample by NEXAFS-TXM. NEXAFS probing the density of states (DOS) of partially filled
or completely unfilled electronic states is very sensitive to the local bonding environment,
particularly to the number of valence electrons, the symmetry and coordination number of the
material structural unit cell.?® Figure 4 illustrates the copper L-edge NEXAFS spectrum, which is
characterized by a low intensity feature at ~ 930.8 eV attributed to CuO and two relative intense
features at ~ 932.8 and ~ 953.5 eV. These two intense features that arise from the dipole
transitions of the Cu 2p3/2 and Cu 2p1/2 core levels into the empty d-states were associated to
the presence of Cu20 as reported in ref.?* Therefore XPS and NEXAFS analysis together testify
for the presence of CuO and Cu20 in the sample, with 88% of the Cu atoms in the Cu20 form

and 12% in the CuO form.

Cu L-edges
i

= 1 L
[
= $gin,
= I E¥:
g Tl
(=1
o 0,4-

W@f

I QSI'G' I Qlll'l} I Qéﬂ' I 960

Photon energy (eV)

Figure 4. NEXAFS-TXM spectrum of Cu L-edges of nanoparticles decorated WO3 nanoneedles.

The energy separation between L3 and L2 is 21.0 eV which is characteristic for CuzO.

Details of morphological and structural features of Cu20 decorated WO3 nanoneedle mats were

studied by TEM and high resolution TEM. Figure 5.a and b display the low-magnification TEM
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images of Cu20/CuO nanoparticles decorating the nanoneedles. The formation of nanoparticles
with average diameter of about 2—-3 nm, and the existence of few bigger ones with diameter
about 7 nm can be observed. In addition, a thin amorphous layer surrounding the nanoneedles
can also be seen, the formation of which can be associated to the combustion of the solvents

during the AACVD process. The analysis of high resolution TEM images (Figure 5.c and d)

reveals the coexistence of Cu20 and CuO crystallites in the Cu20/WO3 nanoneedle mats.

Figure 5. TEM and HRTEM images of the obtained Cu20O functionalized WO3 nanoneedles,

(a&b) low magnification and (c&d) high magnification.
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As derived from TEM images, the fringe patterns with the interspacing distances of 0.218, 0.244
and 0.212 nm are similar to the interplanar distances of the (200), (111) and (200) lattice planes
of Cu20 respectively (ICDD-PDF Card N° 00-005-0667), whereas, that with interspacing
distance of 0.177 nm is in a good agreement with the interplanar distance of the (112) lattice
planes in bulk crystalline CuO (ICDD-PDF Card N°. 00-045-0937). Hence, these results suggest
that the smaller nanoparticles which represent the vast majority correspond to Cu20 and the
larger ones correspond to CuO. As a summary, XPS, NEXAFS-TXM and HRTEM results imply

that both CuO and Cu20 co-exist in the samples with Cu20 being more profuse.

Gas sensing response

The gas sensing properties toward 5 ppm of HzS of pristine WO3 and Cu20 functionalized WOs3
nanoneedles were examined at operating temperatures ranging from 270 to 390 °C. The
maximum operating temperature was selected to ensure the safe operation of the sensor
transducer (i.e., avoiding membrane damages or drift in the heating element). The results are

shown in Figure 6.
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Cu20/WO0O3 samples showed stable and very high responses all over the operating temperatures
tested. In contrast, pure WOz nanoneedles displayed good and stable responses at temperatures
equal or exceeding 280 °C, while below this value, they exhibited unsaturated responses, with
drift in the baseline resistance. For the range of temperatures tested, sensor response increases
when the operating temperature is increased. Generally, in metal oxides, the optimal working
temperature depends on the quantity of the adsorbed oxygen ionic species and the energy needed
to enable the reactions between these ionic species and a target gas.>>3! The highest response
recorded from pristine WO3 samples toward 5 ppm of H2S was 4, while it reached 27.5 for
Cu20/WOQOs3 nanoneedles. Thus, the decoration with Cu20 nanoparticles of WO3 nanoneedles has
resulted in a 7-fold increase in sensor response.

In the subsequent studies, 390 °C was chosen as the optimal working temperature of the sensors.
Figure 7 depicts the responses obtained from the sensors to various concentrations of H2S, at the
optimal working temperature. The insets show the curves of the response versus concentration.
From these results, it is evident that the gas sensor response increases when the concentration of
the analyte is increased. Furthermore, at ppb levels (100 and 500 ppb), pristine WO3 was not able
to detect H2S, whereas by the addition of Cu2O, the detection limit has been improved and is

now below 300 ppb.

13



g

]
L]

Cu,OMW
—W

]

Sensor response
= o,

Lf—_-’-_'—.

=

1. 2 3 4 5
Concentration, ppm

500 ppb

Sensor response

300 ppb

14 EIHHN T

1 ppm

3 ppm

5 ppm

0 2000 4000 6000 8000 10000 12000 14000
Time, s

Figure 7. Sensor response to various concentrations of H2S at 390 °C. The inset shows the

curves of the response vs. concentration.

Figure 8 shows an example of the responses recorded from pristine WO3 and Cu20/WO3 sensors

toward 1 ppm of H2S at 390 °C. Overall, the sensors behave as an n-type semiconductor, i.e.

decreasing the resistance when exposed to a reducing gas (H2S). The sensors displayed stable

and reproducible responses, and no drift in the response was observed. It is well known that the

quality of the semiconductor based gas sensor material affects the stability of the sensor and thus,

the high crystallinity of our WO3 nanoneedles is responsible for the high stability of the sensors.
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Figure 8. Example of the responses recorded from pristine WO3 (bottom) and Cu20/WOs3 (top)

sensors toward 1 ppm of HaS at 390 °C.

In addition, we can see from the response curves that the decoration with Cu2O nanoparticles of
the WOs3 nanoneedles results in the baseline resistance of the sensor being increased. Cu20 is a
well-known p-type semiconductor and WOs3 is an n-type one, thus, p-n junctions are formed at
the interfaces of the Cu20/WOs3 nanocomposite. The formation of these, leads to the appearance
of a space charge layer around each Cu20/WOs interface, which decreases the free electrons in
the conduction band of WO3 nanoneedles and, therefore, increases the baseline resistance of the
sensor.’?> At 5 ppm of HzS, the response and recovery times were calculated for pristine and
decorated WO3 nanoneedles (Figure 9). The results indicate that CuxO decorated samples

responded nearly six times faster (i.e., 2 s) than non-functionalized samples (i.e., 11 s). By
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comparing this result with the ones reported in the literature for metal/ metal oxide NPs
functionalized metal oxide nanowires nanocomposite films, it can be concluded that such a fast
response time has not been reported until now. A complete recovery of the baseline resistance

was observed within 1100 s after the removal of Ha2S, and this for both pristine and decorated

samples.
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Figure 9. Enlarged responses of functionalized and non-functionalized WOs3 sensors to 5 ppm
H:S at 390 °C. The response time, Tres, and recovery time, Trec, correspond to the 90% of change

in the electrical resistance of the samples.

The selectivity of the sensors toward HoS was studied by measuring the response to different
interfering gases such as H2 (500 ppm), CO (50 ppm), NH3 (50 ppm), C¢Hs (30 ppm) and NO2
(40 ppb). All these concentrations are much higher than those one could expect to find in
ambient air.>> As shown in Figure 10, it is clear that Cu20 decorated WO3 nanoneedle sensors
are more sensitive to low concentration of H2S (5 ppm) than to the high concentrations of the

interfering gases.
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Figure 10. Selectivity diagram of functionalized and non-functionalized WO3 gas sensors toward

different gases at 390 °C.

The response of the Cu2O/WO3 sensor to HzS is almost 7 times higher than to H2 and CeéHe, 13
times higher than to CO, and 9 times higher than to NH3 vapors. It is worth noting that Cu2O
decorated WO3 nanoneedles show significant cross-sensitivity to NOz, as opposed to pure WOs3
nanoneedles, which show an ultra-high sensitivity toward trace concentrations of NO2 (i.e., more
than one hundred times higher than to the other species studied). Therefore, the combination of
two sensors, namely, a Cu20 decorated and a pristine WO3 nanoneedle sensor in a H2S detector

would enable the suppression of the NO2 cross-sensitivity.

Gas sensing mechanism
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It has been shown that Cu2O decorated WO3 nanoneedles exhibit a remarkably improved HaS
response when compared to pristine WO3 nanoneedles. To explain the sensing mechanism for
hydrogen sulfide, the surface adsorption and reaction model illustrated in Figure 11 is suggested.
When pristine WO3 nanoneedles are exposed to air, oxygen molecules can adsorb on their
surface and form chemisorbed oxygen species such as @3, O or @*~. The nature of oxygen
adsorbates depends on the operating temperature (Equation 1-4) and, above 300 °C, the

predominant oxygen ions adsorbed are 07 30 Oxygen adsorbates lead to the formation of

(lattica)"
an electron depletion layer since they trap electrons from the conduction band of the n-type

tungsten oxide nanoneedles, which makes the material highly resistive.

When the sensor is exposed to H2S, the chemisorbed oxygen species (O*(lattice)) can react with
the reducing gas molecules giving H20 (g) and SO (g) following Equation 5,'** while the
electrons, originally trapped at oxygen adsorbates will be released, which eventually results in a

decrease in the resistance of the nanoneedles mat (Figure 11.a).

Uﬂ':g} - UE {ads) (]J
D"‘l (@ds) +e - Dg_(mig} =100 °C (Ej
D"‘n (eds) +e — Eﬂf_ﬂds:j 100 =T = 300 °C (3]

'El'iﬂ':' te — DI lattice) > 300°C [4)

Hqs'ﬁ} T3 Dl lattica) - 502(9} + H:U + 6e” [:5:.]

In contrast, Cu20/CuO decorated WO3 nanoneedles show a different mechanism (Figure 11.b
and c). Cu20/CuO nanoparticles and WO3 nanoneedles are p-type and n-type semiconductor
oxides, respectively. The contact between these two different materials leads to the formation of

numerous p-n heterojunctions and electron depletion layers at the interface between WOs3
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nanoneedles and Cu20/CuO nanoparticles. Upon exposure to H2S, three simultaneous reactions

can take place:

One corresponds to the interaction between the studied gas and the chemisorbed oxygen, which
is described above the Equation 5. The two others correspond to the interaction between HaS
molecules and Cu20/CuO nanoparticles. According to Equation 6 and 7, Cu20 and CuO are
converted to metallic Cu2zS and CuS respectively, by an oxygen/sulphur replacement
mechanism,*> while the p-n heterojunctions are destroyed. Hence, a large number of electrons is
released in the WO3 nanoneedles and a dramatic decrease in the resistance of the nanocomposite

mat can be measured.

Cuzﬂnis}'F H:S,: y Cu25,:3}+ HED':S} (ﬁj

Cul,y + HySiy = CuSy + Hy0p, (7)

In the recovery phase, where synthetic air is flushed to clean the sensor surface, the copper
oxides are regenerated according to Equation 8 and 9, the p-n heterojunctions are restored and

the material resistance returns to its original high value.

1
Cu:j‘{s} + EUE (g) CuEU':s} + 502':9]' )

3
CHS,:S.} + E U: i —* C'ILU,:S.} + 502{5} [:'El:]

g)
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Figure 11. H2S gas sensing mechanism of (a) pure WOs nanoneedles, (b) Cux0O/CuO
functionalized WOs3 nanoneedles, and an example of the p-n heterojunction of the Cu20

nanoparticles/WO3 nanoneedles before and after H2S analyte (c).
Humidity cross-sensitivity

The influence of water vapor is a key factor to be taken in consideration for the development of
chemoresistive metal oxide gas sensors. Ambient moisture can produce notable changes in the

electrical properties of metal oxides and dramatically influences sensitivity.

To study the effect of humidity, the response of the sensors toward 5 ppm of HzS at an operating
temperature of 390 °C was monitored both under dry and humid (50% R.H. @ 25 °C) conditions.
Figure 12 shows two consecutive cycles of response to H2S and recovery in air under humid and

dry conditions.
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Figure 12. Sensor resistance variation of (a) functionalized and (b) non-functionalized WO3
nanoneedles toward dry and humid (50% R.H. @ 25 °C) atmospheres in a background of

synthetic air and 5 ppm of H2S in synthetic air.

From these results, it can be derived that there is a high influence of ambient moisture on the
response of pristine WO3 nanoneedles. When humid air is introduced in the background, the
resistance of the pristine WOs3 sensor is increased by 40% compared to its baseline resistance in
dry air. This increase in the resistance under humid conditions has been reported before for
SnO2, ZnO and In203.> Under humid conditions, the response of pristine WO3 nanoneedles to

HaS is dramatically reduced by 82%, which indicates the occurrence of a competition between
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water molecules (formation of hydroxyl groups) and Hz2S for active sites. It is well-known that
there is a high dependence between the effect of humidity on sensor response and the relative
surface distribution of hydroxyl groups and oxygen species.’® When humidity is removed, the

baseline resistance is restored and so is sensor response to HaS.

For Cu20 decorated WO3 nanoneedles, small changes in the baseline resistance (below 5%) and
response to H2S (below 15%) can be observed when the sensor is operated under humid or dry
conditions. The fact that the sensor baseline and the response mechanism to H2S are dominated
by the p-n heterojunctions brought in by the presence of Cu20 nanoparticles, rather than by
surface oxygen species, explains the high immunity of this nanomaterial to dramatic changes in
background humidity. A summary of the sensing properties of the Cu20/WO3 nanomaterial and a
comparison with those reported by previously published works can be found in the Supporting

Information.

Conclusions

Due to its simplicity, relatively low setup and running costs and its scalability, AACVD is an
industrially attractive technique. Because it is an atmospheric pressure process the rates of
deposition that are typically orders of magnitude higher than those of low pressure processes,
which allows for the direct and fast growth of nanomaterials onto a wide spectrum of substrates.
WO3 nanoneedles decorated with Cu20 nanoparticles were successfully grown onto MEMS gas
sensor substrates via a single-step AACVD. The gas sensing results have revealed that the
decoration of tungsten oxide nanoneedles with Cu20 nanoparticles dramatically increases their
response to H2S (i.e., a 700% increase in comparison to that of pristine tungsten oxide

nanoneedles). A low detection limit below 300 ppb has been demonstrated. Furthermore, this
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hybrid nanomaterial shows the fastest response time ever reported (2 s) and very low moisture
cross-sensitivity, which is rarely found in metal oxides. Consequently, these results pave the way

for a new generation of nanotechnology-enabled H2S analyzers with superior performance.

Experimental Section

Functionalized and non-functionalized WO3 nanoneedles were directly deposited on MEMS
micro-hotplates using the AACVD method. Figure 13 depicts four microsensor platforms, each
one contains POCIl3-doped polysilicon double spiral shape heaters (16 /sq, 0.47 um thick, and
TCR: 6.79x10%/°C) and platinum electrodes (0.2 um thick, electrode gap: 50 pum). To
electrically insulate the electrodes on top from the heater, 800 nm thick silicon oxide layers were
produced at wafer-level following various microfabrication steps including implantation,
photolithography, metallization, lift-off and rear side etching of the substrate to define the
membranes. The synthesis of pristine WO3 nanoneedles was carried out via AACVD of tungsten
hexacarbonyl (50 mg, W(CO)s, Sigma-Aldrich, >97%) dissolved in a mixture of acetone and
methanol (15 mL acetone and 5 mL of methanol , Sigma-Aldrich, >99.6%), whereas the Cu20
functionalized WO3 nanoneedles were obtained by mixing tungsten hexacarbonyl (50 mg,
W(CO)s, Sigma-Aldrich, >97%) dissolved in methanol (16 mL of methanol, Sigma-Aldrich,
>99.6%) with copper (II) acetylacetonate (7 mg, Cu(acac)z, Sigma-Aldrich, 99.9%) dissolved in
chloroform (4 mL chloroform, Sigma-Aldrich). The arrays of four membranes were cleaned with
acetone and then with ethanol, dried in air and then placed inside the reactor. A micro-mask was
placed on the top of the substrate to cover the electrical connections of the heater and electrodes.
The solutions were kept in a glass flask and placed in an ultrasonic humidifier. The aerosol of
solvents and the mixture of precursors was transported to the heated zone inside the reactor, by

using 500 mL/min of nitrogen as a carrier gas. The exhaust from the reactor was vented directly
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into the extraction system of a fume cupboard. The deposition time was between 30 to 45 min,
until all the precursor had passed through the reactor. After that, all the samples were subjected
to annealing at 500 °C for 3 h under a constant flow (200 sccm) of synthetic air (Praxair,

99.99%). Finally, the microsensors were wire bonded to standard TOS packages.

Sensing film

Figure 13. Schematic view of the gas sensor section (a) and photo image of the micromachined

sensor mounted on a standard TO-8 package (b). Reproduced with permission.

Surface morphology of the samples was investigated using a scanning electron microscope
(SEM-FEI Quanta 600) and transmission electron microscopes (TEM Jeol JEM 1011, operating
at 100 kV and Jeol 2100 operated at 200 kV) while the structure of the deposited film was
studied by X-ray diffraction (XRD) (Bruker, AXD D8-Discover, using Cu K a radiation operated
at 40 kV and 40 mA). The elemental and chemical composition determination were performed
by X-ray photoelectron spectroscopy (XPS) (Physical Electronics, VERSAPROBE PHI 5000,
using monochromatic Al K o radiation with 0.7 eV energy resolution; a dual-beam charge
neutralizer composed of an electron gun (= 1 eV) and an argon-ion gun (< 10 eV) for charge

compensation; all of the binding energies were calibrated to the C 1s peak at 284.5 eV).
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To study the electronic structure of a single wire, near-edge x-ray absorption fine-structure
spectroscopy (NEXAFS-TXM) was performed with the full-field transmission x-ray microscope
installed at the undulator beamline U41-SGM at the electron storage ring BESSY II operated by
the Helmholtz-Zentrum Berlin.’’ The spectra were recorded at room temperature in a
transmission mode by taking a sequence of images over a range of photon energies covering the
investigated absorption edges with a spectral resolution larger than 5000. The used zone plate
allowed a spatial resolution of 25 nm. The NEXAFS spectra were normalized since the photon
flux varies as a function of photon energy (4-v) and position in the object field (x, y). The
normalization was performed by dividing the function /(x, y, /#-v) recorded on the sample by the
photon flux curve lo(x+Dx, y+Dy, /-0) recorded in its sample free proximity at position (x+Dx,
y+Dy). Both I(x, y, £-v) and o (x, y, h-v) were recorded in the same image stack, since near each

studied nanostructure bare regions permit the measurement of /o.

Gas sensing test of the sensors were carried out in a Teflon/Stainless steel test chamber (2 x 1072
dm?®), under a continuous gas flow of 200 sccm. The resistance change of the different samples
while exposed to different concentrations of the studied gases and vapors was monitored by
using an Agilent-34970A multimeter. The desired concentrations of the test gases were obtained
employing calibrated gas bottles and PC-driven mass flow controllers (Bronkhost Hitech
7.03.241). Humidity measurements were performed using an Environics, Series 4000, which
allowed us to automatically mix up to three individual gases in a balance gas (air, pollutant gas
and humidity). The sensors were exposed to the test gas during 10 min, and subsequently the
chamber was purged with air during 30 minutes, which enabled recording the recovery of their
baseline resistance. After this process, the sensors were ready for a new measurement. The

sensor response (R) was defined as R= Ra/Rg for reducing gases and R= Rg/Ra for oxidizing
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gases, where Ra and Rg are the sensor resistance at stationary state in air and after 10 min of
exposure to analytes, respectively. Moreover, the response time is defined as the time needed by
the sensor to reach a fixed percentage (e.g. 110%) of its steady-state resistance value when it is
exposed to a reducing gas (Hz2S), whereas, the recovery time is outlined as the time need by the
sensor to return to a fixed percentage (e.g. 90 %) of the saturation value of its resistance when it

is subjected to a clean air.
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Supporting Information Available. A summary of the sensing properties of the Cu2O/WOs3
nanomaterial. Comparison with previously published works. This material is available free of
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