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ABSTRACT: Hydrolysis—condensation of bis(triprop-1-ynylstannyl)butylene led to nanostructured bridged polystannoxane
films yielding tin dioxide thin layers upon UV-treatment or annealing in air. According to Fourier transform infrared (FTIR)
spectroscopy, contact angle measurements, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and scanning electron microscopy (SEM) data, the films were composed of a network of aggregated
“pseudo-particles”, as calcination at 600 °C is required to form cassiterite nanocrystalline SnO, particles. In the presence of
reductive gases such as H, and CO, these films gave rise to highly sensitive, reversible, and reproducible responses. The best
selectivity toward H, was reached at 150 °C with the hybrid thin films that do not show any response to CO at 20—200 °C. On
the other hand, the SnO, films prepared at 600 °C are more sensitive to H, than to CO with best operating temperature in the
300—350 °C range. This organometallic approach provides an entirely new class of gas-sensing materials based on a class II
organic—inorganic hybrid layer, along with a new way to include organic functionality in gas sensing metal oxides.
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B INTRODUCTION

Over the past two decades, nanostructured wide-bandgap
semiconductor metal oxides (SMOs) have attracted much
attention owing to their remarkable chemical, electrical,
electrochemical and optical properties outperforming their
bulk counterparts and, also, due to their potential applications
in nanodevices. For instance, tin dioxide (SnQ,), an environ-
mentally friendly wide gap n-type SMO with a direct band gap
(E; = 3.6 eV at 300 K), has been extensively studied as a
promising multifunctional material for a wide range of
applications such as porous support in heterogeneous
catalysis, > photocatalyst to decompose undesirable organics,>*
transparent conductive electrode in optoelectronic devices,®
semiconductor in transistors,é’7 electrode material for lithium
ion batteries®'® or supercapacitors,n’12 and porous semi-
conducting photoanode in dye-sensitized solar cells."*~"
Furthermore, SnO, is widely used in the fabrication of
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commercial SMO-based sensors and is the best-understood
prototype in fundamental studies of gas sensing mecha-
nisms.'®™"® Even though the precise sensing mechanism is
still under active debate,”*">* the detection process is strongly
connected to the reversible gas adsorption—desorption
phenomena at the SnO, surface that induce charge transfer
process between the SMO and the adsorbates. The
concentration in charge carriers is thus modified by the
adsorbed species; a reductive atmosphere causes a conductance
increase, while an oxidative atmosphere provokes a con-
ductance decrease. Various reducing (e.g., CO%¢ H2;27
CH,,>® or alcohols®®) and oxidizing (e.g, NO,)** gases are
detected by SnO,-based sensors. Commercial SnO,-based
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sensors usually involve several hundred nm to several ym
polycrystalline thick layers, their performance is strongly
influenced by various parameters including the structural
properties of SnO, particles and the porosity and thickness of
sensing layers. The enhancement of the sensing performance
necessitates small well-crystallized SnO, particles with a large
surface-to-volume ratio and a suitable layer porosity for good
diffusion of gaseous species. In this context, the gas-sensing
properties of well-defined SnO, materials in the form of
monodispersed nanoparticles,3’1_33 nanorods,>**> nano-
wires,>™>® nanobelts,* nanoboxes,***! nanoflowers,** hollow
spheres™ and inverse opals,**** have been intensively
studied.*® Some of these architectures have been processed as
rather thick layers that result in promising gas sensing
properties. Recent studies have also evidenced that a careful
control of the morphology of SnO, crystals significantly
influences their gas sensing activity.”’ > On the other hand,
fewer studies have been devoted to thin layer technology for
gas sensors, even though this technology could be applied in
microelectronic devices to diminish costs and power con-
sumption. Various techniques, such as reactive magnetron
sputtering,®"** evaporation,™ chemical vapor deposition,***®
and spray pyrolysis,**” have been employed to elaborate SnO,
thin films yielding dense layers. Furthermore, the self-** or
surfactant templating® approaches associating the sol—gel
processing and the dip-coating deposition technique have been
developed to yield mesoporous tin dioxide layers with finely
tuned porosity. Nonetheless, the resulting active layers suffer
from some limitations of gas sensing applications due to small
crystallite size. Organometallic and metallo-organic alkoxide
precursors have also been introduced to fabricate SnO, thin
films via the chemical vapor deposition or the sol—gel process
technique,”® but some difficulties have arisen from the
incomplete oxidation of a mixture of phases.’’ Recently, we
have set up a new organometallic solution route toward
functional tin-based hybrid materials based on the design of
suitable alkynyltin compounds as sol—gel precursors, because
the elimination of the organic component provides tin oxides.
Thus, self-assembled organotin-based hybrid powders® and
thin films®® could be readily prepared from organically bridged
ditin hexaalkynides.** Futhermore, nanoporous organotin-
based hybrid thin films showed unexpected selectivity for
hydrogen gas sensing at moderate temperature.®>

In this context, we herein report on the preparation and the
gas sensing properties of thin nanocrystalline SnO, layers
through post-treatment of a spin-coated organotin-based hybrid
thin film obtained by hydrolysis and condensation of 1,4-
bis(triprop-1-ynylstannyl)butane (Scheme 1). A careful tuning

,52

Scheme 1. Chemical Formula of 1,4-Bis(triprop-1-
ynylstannyl)butane

CH,C=C);Sn. _~_~
(CH,C=0), Sn(C=C-CH,),

of the post-treatment conditions (i.e., UV-irradiation at room
temperature or calcination in air), has enabled us to control the
structure and morphology of SnO, films for gas detection
(Table 1). Yielding excellent sensitivity toward hydrogen (H,)
and carbon monoxide (CO), this film processing method was
very simple and straightforward because it required neither
additives as surfactant nor prior synthesis of tin dioxide
nanostructures.

Table 1. Post-Treatment Conditions and Characteristics of
the Various Samples Studied in This Paper

aging/annealing sensing
sample temperature (°C) phase composition performance
TE™?° 120 amorphous butylene-  sensitive to H,
based hybrid
TF® 500 amorphous oxide sensitive to H,
and CO
TE® 600 nanocrystalline oxide sensitive to H,
and CO
TEYY uv amorphous oxide not sensitive

B EXPERIMENTAL SECTION

General. Tetrahydrofuran (THF; Fisher) was purified by
distillation over Na/benzophenone prior to use. 1,4-Bis(triprop-1-
ynylstannyl)butane was prepared following a previously reported
procedure:** A 2.5 M solution of BuLi (21.24 mL, 53.10 mmol) was
added to a solution of propyne (3.44 mL, 60.69 mmol) in toluene (50
mL) in a 250 mL three-necked flask at —78 °C. After the solution
stirred for 15 min, a solution of 1,4-bis(trichlorotin)butane (3.8 g, 7.59
mmol) in 40 mL of toluene was added at —78 °C. After stirring for 15
h at 70 °C, the suspension was filtered over dry MgSO,, and the
solvent was evaporated under vacuum to give the expected compound
as a white solid (yield, 85%).

Glass slide (1 X 1 cm) or Si(100) wafer (ITME) substrates were
cleaned just before use. They were treated with hot chloroform
(analytical grade, Aldrich) for 15 min and then exposed to UV—ozone
(homemade apparatus, 4 = 185—254 nm) for 30 min on each side.

Thin Film Processing. A mixture of water (0.21 g), HCI IN
(0.021 g), and THF (2 g) was added dropwise to a solution of the
organotin precursor (0.081 g) in anhydrous THF (2 g). The resulting
solution (S drops) was immediately spin-coated (ramp, 0.125 s;
rotation speed, 1000 round/min) for 10 s. After drying in air for 1§
min, the layers were treated at 120 °C for 1 h. The hybrid layer was
then treated under UV-irradiation (Philips HPL-N lamp, 125 W)®>%¢
or calcined at 500 or 600 °C in air for 4 h.” The films are hereafter
labeled as TFT, where the superscript T stand for the post-treatment
used (UV or 120, 500, or 600 °C).

Thin Film Characterization. Infrared spectra were recorded in the
absorption mode using a PerkinElmer Fourier transform infrared
(FTIR) spectrophotometer. Contact angle measurements were
performed on a Kriiss DAS 100 apparatus (Drop Shape System
DAS 10 Mk2) at room temperature in static mode. The results
correspond to the average value of at least two measurements. The
values of the polar (ys*) and dispersive (ys?) components of the
surface energy (ys) were determined according to the Owens—Wendt
theory using the contact angles determined for diiodomethane,
ethylene glycol, and water.®® X-ray photoelectron spectra (XPS)
were recorded with a 250-XL ESCALAB from VG equipped with a Mg
Ka (1253.6 eV) X-ray source. Surface charging was corrected by
referencing the spectra to C—C state of the C 1s peak at binding
energy at 284.6 eV. The X-ray diffraction (XRD) and the grazing
incidence X-ray diffraction (GIXD) investigations were performed
with a Seifert PTS 3003 diffractometer using a Cu anode and an X-ray
mirror on the primary side. On the secondary side, a long soller slit
and a graphite Monochromator was used. Scanning electron
microscopy (SEM) images were recorded with a JEOL JSM-6700F
microscope, whereas the atomic force microscopy (AFM) studies were
performed using the tapping mode (Asylum research MFP-3D). The
root-mean-square (rms) roughness was obtained by calculating the
root-mean-square average of the roughness profile ordinates from the
AFM images.

Gas Sensing Tests. The SnO,-based films were then processed on
suitable substrates to investigate their sensing characteristics. The dc
electrical measurements were performed to monitor the sensor
response to H, (500, 1000, 2500, 5000, 10 000 ppm) and CO (20,
50, 100, 200 ppm) in dry N, atmosphere. The sensor signal (S) is
given as the resistance ratio Ry,/R,,, where Ry, and Ry, denote the
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Figure 1. (A) FTIR spectra of (red) the thin film just after coating and (green) TF'?. (B) FTIR spectra (CH, stretching mode region) of (green)

TF'2%, (black) TFYY, (blue) TF*®, and (red) TEF*.
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Figure 2. XPS patterns of the as-synthesized thin films. (A) XPS full survey spectra of (green) TF'?, (black) TFY, and (red) TF; (B) Sn 3d
spectrum of TF*; and (C) O 1s spectrum of TF®. Peak fits are plotted in blue.

sensors’ resistances with and without the presence of an analyte gas in
nitrogen gas carrier, respectively.

Bl RESULTS AND DISCUSSION

Organotin-Based Thin Film Characterization. Spin-
coating from a sol containing the organotin precursor yielded
tin-based hybrid layers (TF'?°). As evidenced by the collapse of

the 2169 cm™ band assigned to the triple bond stretching
vibration of propynyl groups (FTIR), aging at 120 °C for 1 h
was required for achieving the complete hydrolysis of 1,4-
bis(triprop-1-ynylstannyl)butane. Moreover, two rather sharp
resonances were detected for TF'* at 2850 and 2919 cm™ that
can be assigned to the symmetric and asymmetric CH,
stretching vibration modes (Figure 1). The energies of the
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methylene vibrations are known to be a good probe of the
conformation and the local organization of the alkyl chains.®® In
self-assembled alkyl monolayers,”””" these bands were thus
found in the ranges of 2851—2849 and 2921—2917 cm™" that
was typical of fully extended all-trans alkyl chains.”” As a
consequence, the butylene linker within the TF'* layer showed
a close packing with a weak population of the gauche
conformers.

On the other hand, solid-state NMR experiments performed
on powders obtained through similar hydrolysis conditions
revealed that the tin—carbon bond has remained unaffected
upon hydrolysis. Indeed, a single pattern of isotropic band
located at 465 ppm was detected by solid-state ''°Sn NMR that
could be easily attributed to six-coordinated oxo-hydroxo
monoalkyltin sites according to literature data concerning oxo-
hydroxo monobutyltin clusters.”> In addition, only the
characteristic features of Sn, O, and C atoms were observed
by XPS for TF'?, the important contribution of the C 1Is
component accounting for the presence of the organic linker in
the film (Figure 2A).

The hybrid nature of TF'*° was also assessed by its surface
properties. Thus, the total surface energy (ys) was found to be
323 + 0.3 mJ-m 2 with polar (y) and dispersive (yg)
components of 4.6 + 0.1 and 27.6 + 0.2 mJ-m™?, respectively.
These values were consistent with those reported for
silsesquioxane-based polymer nanocomposites using the nano-
building block approach.”* Furthermore, XRD (Figure 3a) and

annealed at 500—600 °C or treated under UV-irradiation in air
to get tin oxide films. Regardless of the post-treatment used, the
FTIR spectra revealed the elimination of the butylene linker, as
evidenced by the disappearance of the stretching CH, vibration
bands (Figure 1B). If this trend was expected for calcination
above 500 °C, it is worth mentioning that a simple UV
treatment in air for 4 h was also sufficient to decompose a
saturated organic unit as the butylene spacer. The post-
treatment also had a strong influence on the surface properties
of the films. Thus, the water contact angle has drastically
decreased from 71.1 + 0.1° for TF'* to less than S° for post-
treated layers, while diiodomethane contact angles of 46.5 +
1.4° 499 + 1.8°, and 52.5 + 2.0° were measured for TEY,
TF®, and TF®, respectively. As a result, very hydrophilic
surfaces were formed upon post-treatment that might be
rationalized by postulating the presence of surface hydroxyl
groups in TEYY, TF*™, and TF*. To get deeper insights in the
surface structure of the thin films prepared, XPS studies were
carried out and the corresponding experimental data are shown
in Figure 2 and Table 2. In Figure 2A, all of the features were

Table 2. Binding Energy As Revealed by X-ray Photoelectron
Spectroscopy

sample Sn 3d;,, (eV) Sn 3dg, (eV) O Is (eV) C 1s (eV)
TES® 486.6 495.0 530.5 284.6
TE® 486.7 495.1 530.7 284.6
TFW 486.9 495.2 531.1 284.8
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Figure 3. X-ray diffraction patterns of (a, green) TF'’, (b, black)
TEFY, (c, blue) TF*®, and (d, red) TF,

AFM (not shown) studies revealed that TF'?° was amorphous
and made of aggregated hybrid particles as previously found for
similar layer including a decylene spacer.”® As a result, the
hydrolysis—condensation process was achieved, leading to the
formation of an organotin-based hybrid layer with a local
organization of the butylene spacer as reported for the bulk
materials including longer alkyl chains.”®

Tin Oxide-Based Thin Film Characterization. Previous
studies have shown that, on one hand, a calcination at a
temperature higher than 450 °C was necessary to remove
completely the butylene linker (according to FTIR and
thermogravimetry coupled to mass spectrometry analyses),’”
and on the other hand, photochemical calcination was an
efficient method to produce nanocrystalline porous oxide
layers,”*”” but the as-prepared TF'? hybrid films were either

ascribed to Sn, O, and C elements, and no additional peaks of
other atoms were detected. Upon annealing at high temper-
ature, the C 1s peak has dramatically collapsed, and the residual
carbon (284.6 eV) peak corresponds to carbon contamination.
Furthermore, two symmetric peaks located at 486.6 + 0.1 and
495.1 + 0.1 eV were observed for TF*® and TF*® and were
assigned to the Sn 3d;;, and Sn 3d;,, bands. The Sn 3ds),
region exhibited a single feature at a binding energy of 486.6 +
0.1 eV, confirming that the sample was composed of only Sn
(IV) states,”® with no noticeable Sn (II), which was expected at
485.8 eV, nor Sn(0), which was at 484.5 eV.”” Spin—orbit
coupling of the 3d state gave rise to two peaks with a spin—
orbit separation of 8.5 & 0.1 eV, which matches very well with
that expected for SnO,. In addition, the main feature in the O
1s region (Figure 2C) was located at 530.7 eV for both calcined
samples and was attributed to the lattice oxygen O,
confirming the formation of a metal oxide. As far as the UV-
treated film is concerned, the conclusions were similar even
though the peaks were slightly shifted toward higher energies.
In particular, the O 1s peak for TFYY was found to be at higher
binding energy than for the annealed samples, indicating the
presence of more surface hydroxyl groups or oxygen—carbon
bonds. Moreover, the carbon content was higher than that for
the calcined films. As a result, photocalcination has clearly
induced the decomposition of the butylene spacer Jleading to
the formation of tin oxide, but some carbon amounts still
remained on the film surface.

For treatment below 600 °C, no diffraction peaks were
observed, revealing amorphous or very poorly crystallized film
structures (Figure 3). In contrast, several reflection peaks were
recorded for TF® that could be readily indexed to the pure
tetragonal phase of SnO,, that is, cassiterite (JCPDS Card No.
41-1445). The mean crystallite size was estimated to be 9.0 +
0.5 nm from the half-width of the {110} diffraction line using
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Figure 6. (A) Transient response toward H, in N, atmosphere at 150 °C for TF'? film and (B) calibration curve to H, at 150 °C.

the Scherrer equation.’® The SEM images of annealed thin
films showed a smooth and rather dense surface with a worm-
hole-like porous texture. Some small particles could be
observed, the size of which was about 100 nm (Figure 4).
Figure S depicts the surface topography of the oxide layers
on glass substrate obtained after both UV and thermal
treatments of the butylene-based hybrid films. AFM images
recorded in the tapping mode revealed the formation of films
made of a network of aggregated particles, the size of which is
between 100 and 200 nm, which is consistent with the SEM
images shown in Figure 4. The rms roughness of the layers
annealed at high temperature was about 5 nm, and the UV-

17097

treatment led to denser and rougher surfaces (i, rms
roughness around 10 nm). As a result, the surface topography
of the post-treated films was similar, whichever treatment was
used, and the UV treatment yielded a denser packing and
rougher surface. It is also worth mentioning that these surfaces
are rather rough, as expected for nanoparticulate films, in
comparison with organosilane self-assembled monolayers on
silica substrates, the rms roughness of which is less than 1 nm.»!

Gas Sensing Properties. The TF'* films, which are
thermally stable up to 250 °C, are sensitive toward H, and do
not show any signals toward CO in the N, atmosphere at 50—

dx.doi.org/10.1021/am504723t | ACS Appl. Mater. Interfaces 2014, 6, 17093—17101
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250 °C (Figure 6A). The sensor signals vary from 1.7 to 4.6
and from 500 to 10 000 ppm, respectively (Figure 6B).

These sensor signals are remarkable and comparable with, for
instance, those reported for SnO, nanowires.*> Moreover,
detection of H, at low temperature with SnO,-based materials
usually requires doping with noble metals such as platinum.*>**
Thus, the hybrid TF'* films demonstrate good selectivity
toward low H, concentrations which is in good agreement with
the results recently reported for similar hybrid thin films.%*

The gas-sensing properties of the post-treated films are rather
different. The TF"Y films are not sensitive to H, and CO at the
concentrations and operating temperatures under study,
whereas the calcined TF® films yielded responses to H, and
CO at 250—450 °C.

For instance, Figure 7A displays the transient response of the
TFE* films to low CO concentrations (<200 ppm) at 350 and
450 °C. The sensor signal to 200 ppm of CO is about 22 and
20 at 350 and 450 °C, respectively. TF** films display a similar
response to H,, reaching sensor signals about 400 to 1000 ppm
at 350 °C. Finally, the best operating temperature for both CO
and H, was around 350 °C. In contrast, the TF® films are
rather insensitive to CO and H,, displaying sensor signals of
about 2 at 250 °C and 4 at 450 °C to CO (200 ppm) and about
59 at 250 °C and 71 at 450 °C to H, (1000 ppm). Both TF*®
and TF* films recover their initial resistance carrier gas (N,)
after being exposed to H, and CO, thus indicating the

17098

reversibility of the interaction between target gas molecules and
Sn0O,.

It is worth mentioning that the gas sensing properties of
metal oxides are generally considered to depend mainly on the
size of SnO, crystallites and the porosity of SnO, layers.* As
the textural properties of TF** and TF*® were quite similar,
the difference in gas sensing properties of the hybrid layers
calcined at 500 and 600 °C can therefore be easily rationalized
by comparing the crystallinity of both layers. Indeed, according
to the results of the XRD characterization, the TF*° film is
made of SnO, nanocrystallites of about 9 nm in diameter,
whereas the TF°® film is amorphous. This is therefore fully
consistent with the fact that the detection of reducing gases
strongly depends upon the crystallinity of SnO,. Therefore, the
films calcined at 600 °C and composed of nanocrystalline
cassiterite SnO, particles demonstrate good response to H,,
displaying sensors signals of about 400—1000 ppm of H, at
300—350 °C. These values are comparable those reported for
monodispersed (3.5 nm) SnO, nanocrystals synthesized by a
liquid route,>* and higher than those (~25) reported for
mesostructured SnO, prepared by the template route,** and
those (~50) for macroporous SnO, films prepared using
PMMA microspheres.”” The response of the TF* films to 200
ppm of CO is comparable to that reported for SnO, opals and
inverse-opals microstructures, that is, of about 22 at 350 °C and
about 10 at 400 °C,*® respectively, and is significantly lower

dx.doi.org/10.1021/am504723t | ACS Appl. Mater. Interfaces 2014, 6, 17093—17101
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than that found for monodispersed (3.5 nm) SnO, nanocrystals
(150 at 300 °C).*

H CONCLUSION

Tin dioxide thin layers were prepared by UV-treatment or
calcination at 500 and 600 °C of organotin-based hybrid thin
films. Regardless of the post-treatment nature, the complete
elimination of the organic spacer present in the hybrid layers
was evidenced by FTIR and XPS spectroscopies, leading to
films composed of a network of aggregated particles. However,
only a thermal treatment at 600 °C yielded the formation of
cassiterite nanocrystalline SnO, particles, according to XRD
characterization. Both hybrid and tin dioxide thin films were
used as gas sensing materials for the detection of CO and H,.
The best selectivity to H, was observed at 150 °C with hybrid
thin films that do not display any response to CO at 20—200
°C. To the best of our knowledge, this constitutes one of the
rare examples of gas sensing properties of an organic—inorganic
hybrid layer. The SnO, films obtained by calcinations of the
previous hybrid layer at 600 °C are more sensitive to H, than to
CO, as is usually observed for SnO,-sensors, and their best
operating temperature is in the 300—350 °C range. The sensor
signals measured for these films fall within the range of those
reported for SnO,-based nanostructures. which validates the
approach developed in this work.
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