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ABSTRACT: We report the fabrication of nanostructured microcantilevers
employed as sensors for the detection of organophosphorus (OPs) vapors.
These micromechanical sensors are prepared using a two-step procedure first
optimized on a silicon wafer. TiO, one-dimensional nanostructures are
synthesized at a silicon surface by a solvothermal method and then grafted
with bifunctional molecules having an oxime group known for its strong affinity
with organophosphorus compounds. The loading of oxime molecules grafted on
the different nanostructured surfaces was quantified by UV spectroscopy. It has
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been found that a wafer covered by vertically aligned rutile TiO, nanorods

(NRs), with an average length and width of 9.5 ym and 14.7 nm, respectively,

provides an oxime function density of 360 nmol cm ™. The optimized TiO, nanorod synthesis was successfully reproduced on
the cantilevers, leading to a homogeneous and reproducible TiO, NR film with the desired morphology. Thereafter, oxime
molecules have been successfully grafted on the nanostructured cantilevers. Detection tests were performed in a dynamic mode
by exposing the microcantilevers to dimethyl methylphosphonate (a model compound of toxic OPs agents) and following the
shift of the resonant frequency. The nanostructure and the presence of the molecules on a TiO, NR surface both improve the
response of the sensors. A detection limit of 2.25 ppm can be reached with this type of sensor.

KEYWORDS: TiO, nanostructures, micromechanical sensors, surface modification, hierarchical structures,

organophosphorus detection

1. INTRODUCTION

Since the chemical attacks reported in Tokyo subway and Syria
in the past few decades,’ the detection of organophosphorus
compounds (OPs) became one of the major security issues to
be solved in order to not only ensure civilian and military
protection but also guarantee efficient decontamination after a
terrorist attack or a technological disaster. These molecules,
used not only as chemical warfare agents but also as pesticides,
are highly toxic and considered as the most dangerous threats
for animals and humans because they are effective at a very low
concentration.” These compounds belong to the nerve agent
class that inhibits acetylcholinesterase, an enzyme responsible
for the termination of the acetylcholine action at cholinergic
synapses in the peripheral and central nervous system.”” " In
consequence, the interaction of OPs compounds on the
nervous system would induce effects such as headache,
excessive muscle contraction, convulsion, and respiratory
failure that may result in death.” The threshold level of
exposition is usually referred as the immediately dangerous for
life or health limit (IDLH), which corresponds to the
concentration of a chemical in the air that would cause

-4 ACS Publications  © 2019 American Chemical Society

immediate or delayed permanent adverse health effects, after
30 min of unprotected exposure. This IDLH is 18.52 ppm for
malathion and 0.84 ppm for parathion, two active organo-
phosphorus molecules of commonly used pesticides.” Whereas
in the case of chemical warfare agents, the limits are about
0.03, 0.008, and 0.03 ppm for sarin, soman, and tabun,
respectively.®

Actually, none of the available OPs detection techniques
completely satisfy all the needed safety requirements in terms
of simultaneous high sensitivity, selectivity, portability, and fast
response time at these IDLH limits.” Such techniques are
mainly based on well-established analytic chemistry techniques
like ion mobility spectroscopy, mass spectrometry, gas
chromatography, etc.”® These analyses are generally performed
at centralized laboratories, requiring extensive human and
analytical resources, thus limiting their applications under field
conditions.” An innovative and promising way to reduce the
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Figure 1. (a) XRD patterns of the as-prepared TiO2 NR film (blue), TiO, seed layer made by sputtering (red), and a silicon wafer substrate as a
reference (black). (b, ¢) SEM images of a vertically oriented rutile TiO, nanorod film grown on a silicon wafer surface prepared in solvothermal
conditions with 0.5 mL of TTIP, 15 mL of HCl, 15 mL of ETOH, 0.5 mL triethylamine hydrochloride (TEACI) at 150 °C for 8 h, (d) TEM image

of a single rutile TiO, nanorod.

. . . . —11
detection threshold is to use micromechanical sensors’

working in a dynamic mode,'” such as microcantilevers. Due to
an actuation system, like a piezoelectric device usually
employed for imaging in a typical AFM technique, the
cantilever oscillates at its natural resonant frequency. The
frequency shift can be measured using an appropriate readout
system such as piezoresistive or optical detection systems. This
resonance frequency is directly related to the spring constant
and the mass of the beam. Any change in the mass of the
cantilever, for instance, due to absorption of molecules, will
result in a variation of the resonance frequency. This type of
mass sensors is therefore suitable to identify and quantify a low
amount of target molecules adsorbed on their surfaces.'”"
Although microcantilevers can be highly sensitive to a small
variation in mass (i, 107'® g), this technique is still limited
because they have a very small collection surface. This small
surface should be increased in order to collect more molecules
and then expect a higher level of sensitivity. Several ways are
investigated to increase the microcantilever surface for
improving the sensitivity, either by roughening or by coating
a nanoporous film on the surface.'” The surface can be also
activated with a selective layer or by functionalization with a
specific molecule that can interact with the analyte.'*™"” For
instance, Pinnaduwage et al. functionalized a gold-coated
cantilever with a self-assembled monolayer of 4-mercaptoben-
zoic acid in order to enhance the detection of two highly
explosive compounds: PETN (pentaerythritol tetranitrate) and
RDX (hexahydro-1,3,5-triazine)."* For the specific detection of
trinitrotoluene (TNT) and its analogues in the gaseous phase,
a nanoporous film containing tert-butylcalix[6]arene deposited
on microcantilevers has demonstrated promising results.'®
Other groups are focused on studying the interaction between
OPs agents and metallic oxides such as ZnO, SiO,, ZrO,, and
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TiO, for OPs detection or decontamination application with
other methods.""**°

Titanium dioxide (TiO,) is a metal oxide used in several
applications such as photocatalysis, photovoltaic, 3photo-
electrochemistry, self-cleaning, gas detection, etc.”' 7> TiO,
naturally exists mainly in three crystalline polymorphs: anatase,
rutile, and brookite. This material is highly stable in a wide
range of pH even at the nanoscale. Furthermore, TiO, is very
interesting for applications where a large surface area is
required because TiO, can be made in various shapes,
including nanotubes, nanorods, nanoparticles, or nanocubes,
with a high aspect ratio.”* The only report on TiO,
nanostructures for application in the field of micromechanical
sensors is based on TiO, nanotubes synthesized through
electrochemical anodization on microcantilever surfaces. The
high surface achieved by such a nanostructured cantilever
allowed us to improve the detection of TNT (trinitrotoluene)
in the vapor phase to an estimated limit of 0.8 ppb."”

Solution-based growth techniques, such as solvothermal
methods, are also widely used to produce TiO, one-
dimensional (1D) nanorods.”> These synthesis approaches
offer many advantages for mass production of nanomaterials
such as low cost and using a simple process; furthermore, well-
crystallized nanostructures can be obtained without the need of
heat treatment. Compared to the electrochemical anodization
method, which requires restrictive chemical precursors like
fluoride and a thick titanium layer but also a conductive
substrate in order to apply the high voltage required, the
solvothermal methods can be achieved on different types of
substrates and can be easily transferred in microelectronic
fabrication. The growth of a TiO, NR film in solvothermal
conditions was mainly done on FTO, ITO, or glass
substrates.”* ™' Compared to the previous substrates, only
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few studies reported the use of a silicon substrate for
hydrothermal TiO, synthesis.””™** The growth of a TiO,
NR array at this kind of surface is limited by the difference
between the crystal structures of the two materials, which
could induce peeling of the oxide layer from the substrate. To
overcome this issue, an initiation layer could be deposited on
the silicon substrate.”

In this work, we describe the solvothermal synthesis of TiO,
nanorods and their functionalization, which have been first
optimized on centimetric silicon wafer surfaces and then
transferred to a microcantilever surface. This nanostructuration
of silicon microcantilevers with TiO, nanorods was performed
in order to increase the surface of interaction with the analyte.
Furthermore, to improve the selectivity toward OPs agents, the
nanostructured cantilever surfaces were functionalized with
specifically engineered organic molecules aimed to selectively
and reversibly bind OPs compounds. Such nanostructured and
functionalized cantilevers were then tested as OPs sensors in
the vapor phase using dimethyl methylphosphonate (DMMP),
well known as a safe simulant for nerve agents.

2. RESULTS AND DISCUSSION

A seed layer of metallic titanium (ca. SO nm) was initially
coated on a silicon wafer surface in order to compensate the
lattice mismatch between TiO, and silicon. This layer was then
annealed at 800 °C to oxidize the Ti surface in order to
improve adherence and growth of TiO, NRs on the surface.
Figure la shows X-ray diffraction (XRD) patterns of titanium-
coated silicon wafers before and after the solvothermal TiO,
nanostructuration. In the first case, we can notice that the
pattern of the TiO,-assisted growth layer made via magnetron
sputtering and annealing is in accordance with the tetragonal
rutile crystalline phase of TiO, (JCPDS file no. 21-1276). Only
the two most intense diffraction peaks located at 27.5° and
36.1° ((110) and (101), respectively) of rutile are observed in
this diffractogram, and their intensities are very weak. This is
due to the low thickness of the oxide layer formed after the
heat treatment of the titanium film.

TiO, NRs were grown on the seed layer-coated silicon wafer
surface through solvothermal method, typically in a mixture of
ethanol and concentrated hydrochloric acid as a solvent and
titanium tetraisopropoxide (TTIP) as a TiO, precursor. After
the solvothermal reaction, the white resulting film is only
composed of rutile highly oriented along the ¢ axis. This was
confirmed by the high intensity of the (002) rutile X-ray
diffraction peak at 62.7°. The small full width at half-maximum
(0.296°) of this peak suggests a good crystalline degree of the
nanostructure. All the other diffraction peaks are attributed to
silicon or small impurities on the X-ray source diffracting on
the monocrystalline silicon substrate. Top and 45° tilted cross-
sectional view scanning electron microscopy (SEM) images of
the corresponding rutile TiO, film are displayed in Figure 1b,c,
respectively. The as-synthesized film is composed of vertically
aligned nanorods with top square facets, which grew
perpendicular to the silicon surface. The average width of
nanorods is approximately 15 nm, and their length is about 4.2
pum. Transmission electron microscopy (TEM) images of this
sample were also collected, and the results obtained by
selected-area electron diffraction (SAED) show the presence of
some diffraction spots, which confirms the monocrystalline
structure of the as-synthesized TiO, nanorods. The average
distance between two adjacent crystallographic plans measured
using a TEM pattern at a high resolution is 0.324 nm, which

corresponds to the interplanar distance of the (110) crystallo-
graphic plane of rutile crystals.”> Furthermore, we could also
confirm by TEM that the nanorods have a [00!] preferred
growth direction as observed by XRD measurement for the
abovementioned orientation of the TiO, film.

This preferential orientation of the rutile crystals is due to
the presence of chloride ions, which selectively hinder the
growth of the (110) facet and promote the anisotropic growth
of TiO, 1D nanorods along the [00!] direction. This shape-
control chemistry with hydrochloric acid has been already
evidenced by other groups.**™** Moreover, hydrochloric acid
is also used in this synthesis to tailor the pH value of the
growth solution and slow down the hydrolysis of titanium
isopropoxide at a low temperature. This TiO, precursor is
highly sensitive to moisture and usually led to an amorphous
phase of TiO, when the hydrolysis is too fast.

In this study, various synthesis parameters were tuned to
control the morphology, width, and length of the nanorods.
The following parts will detail the effect of most influential
parameters such as solvothermal temperature, nature of the
synthesis solvent, and TTIP concentration. The objective was
to further extend the surface area of TiO, in order to improve
oxime molecule loading and therefore sensor performances.

2.1. Effect of Synthesis Temperature. The reaction
temperature during the solvothermal process can have an effect
on the grain size and agglomeration among them.”” Figure 2

Figure 2. Top-surface SEM images of rutile TiO, films grown at
different synthesis temperatures: (a) 100 °C, (b)120 °C, (c)140 °C,
and (d) 160 °C (keeping the other parameters constant).

displays top-surface SEM images of rutile films synthesized in
30 mL of an equal volume of hydrochloric acid and ethanol,
0.25 mL of TTIP, and 0.5 mL of triethylamine hydrochloride
(TEACI) for 8 h but at different temperatures. From the top
images and the side-view images (Figure S1), it is noticed that
both nanorod diameter and length depend on the growth
temperature. When the synthesis was performed at a low
temperature (100 °C), the TiO, film was composed of bundles
formed by the agglomeration of very small TiO, nanorods (see
Figure 2a). The agglomeration mainly occurs in nanomaterial
synthesis with a small size in order to minimize the surface
energy.

The diameter of the bundles of TiO, nanorods is close to 85
nm, and the thickness of the film is about 0.7 ym. When the
temperature was raised to 120 °C, the bundle is partially
converted to discrete nanorods, and nanorod agglomeration
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was slightly reduced, as shown in Figure 2b. Further increasing
the growth temperature from 140 to 160 °C resulted in the
formation of densely packed vertically oriented rutile nanorods
with square facets on top (see Figure 2c,d). The nanorod
lengths are 0.7, 1.5, 2.3, and 2.7 um for the sample obtained at
100, 120, 140, and 160 °C, respectively. The width and the
length increase with the reaction temperature, which indicates
a change in the surface area for these samples.

In order to find the best type of nanostructuration for
chemical functionalization, we grafted each type of the as-
synthesized nanorod surface with oxime molecules and
estimated their loading abilities. Figure 3a shows the Raman

@ (b)
—— Rut-100°C Free Oxime
—— Rut-100°C-Oxime
10000 cps| —— Rut-120°C-Oxime

—— Rut-140°C-Oxime
—— Rut-160°C-Oxime
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Raman Shift (cm™) 300 600 900 1200 1500 1800

Raman Shift (cm™)

Figure 3. (a) Raman spectra of rutile nanorods synthesized at
different growth temperatures and functionalized with oxime. (b)
Raman spectra of free oxime molecules used for anchoring on each
rutile TiO, nanorod surface.

spectra of the nanorods synthesized at four different reaction
temperatures (100, 120, 140, and 160 °C) and then
functionalized with oxime molecules. The black spectrum in
Figure 3a represents the nongrafted sample, while others
represent the grafted samples. All the spectra show Raman
peaks at 443 and 609 cm™" corresponding to E; and Ay, active
modes of the rutile TiO, polymorph, respectively.”® These two
predominant peaks are characteristics of rutile TiO, single
crystals. Another peak can be also seen at 230 cm™’; this peak
(E,) is assigned to multiple-phonon scattering of the second-
order-type, which is also a characteristic of the rutile TiO,
phase. This result agrees with that observed in the XRD
analysis, where the presence of the rutile TiO, phase has been
already revealed (Figure S2). The intense narrow peak at 520
cm™! and the large peak at 943 cm™' arise from the silicon
substrate.’”” In addition, for all the grafted samples, two
supplementary peaks located at 1412 and 1610 cm™' can be
observed. Due to the large scale, these two peaks are not
clearly visible on Figure 3a for a sample prepared at 100 and

120 °C; the corresponding spectra were then detailed in the
Supporting Information (Figure S3). These peaks are typical
vibration bands of the COO group and C=C from the
aromatic ring,"’ thereby suggesting the presence of the oxime
molecule onto the rutile TiO, nanorod surface of each sample.

To check the presence of the molecules on the whole
nanostructure, a fluorine-containing molecule (4-trifluorome-
thylbenzoic acid) was also grafted via a carboxylic site to the
rutile nanorod surface prepared in ethanol at 150 °C. We chose
this molecule because it is easier to unambiguously distinguish
fluorine compared to oxime, which consists mainly of oxygen,
carbon, and nitrogen. Knowing that, the latter cited elements
can be also adsorbed on different forms at the surface of bare
TiO, NRs. The fluorine modified nanostructure was analyzed
by TEM equipped with an EDS analyzer, the chemical analysis
confirm the presence of titanium and fluorine with
approximately the same percentages from the top to the
bottom of a nanorod surface (Figure S4).

A quantitative analysis was then performed by UV—vis
spectroscopy titration. Oxime was desorbed by dipping each
sample (prepared at different temperatures) in 3 mL of 0.01 M
NaOH for 30 min. The obtained solution was then observed
by UV—vis spectroscopy. An absorption band was observed for
all the samples around 292 nm (see Figure 4b) corresponding
to a typical aromatic 7—7* transition and assigned to the
phenyl molecule. These two characterizations both clearly
demonstrate the anchoring of the oxime molecules on the
TiO, nanorod surface.

To determine the amount of grafted molecules at the TiO,
NR surface, a calibration curve was made by measuring the
absorbance of oxime standard solutions (see Figure 4a). The
maximum of the 7—z* band around 292 nm was used for
calibration. A simple linear regression (eq 1) was used to
calculate the concentration of the grafted molecules on the
rutile TiO, surface by applying the Beer—Lambert law.

A =17920 X C (1)

where C represents the concentration of the oxime in M, and A
is the corresponding absorbance at 292 nm. The slope of this
linear model is in a good agreement with the value of the molar
extinction coefficient of a typical 7—z* transition. Knowing the
oxime concentration and the volume of desorption solution for
each sample, we can calculate the number of moles of oxime
(n) per square centimeter of the wafer (knowing that the
nanorods completely cover one side of the wafer surface).

(ai gl " . ®) —— Rut-100°C-Oxime
’ N / Rut-120°C-Oxime
0.4+ —— Rut-140°C-Oxime
— Rut-160°C-Oxime
o
g 1,24 .
® 2. 02| Free Oxime
o
8 0,6 o1
< @
/ <
Yl °’°'253v 290 thr 350
0,0 . . aveleng I(nm) 0,0 i ,
0 4 8 12 240 280 320 360

Oxime Concentration (10'5 M)

Wavelength (nm)

Figure 4. (a) UV—vis oxime calibration curve and UV—vis absorption spectrum of the free oxime molecule in NaOH solution (pH 12). Inset
shows the scheme of the oxime molecule (the green part is the tethering site for the TiO, nanostructure, and the red one is the oxime function).
(b) UV—vis spectra of desorbed oxime anchored on each rutile TiO, nanorod surface.
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Table 1 shows the oxime loading on TiO, NRs obtained at
different reaction temperatures. As listed in Table 1, it can be

Table 1. TiO, Nanorod Morphologies and Oxime Molecules
Loading Obtained at Different Reaction Temperatures

temperature  small width  large width oxime
°C) (nm) (nm) length (um)  (nmol cm™)
100 <7 0.7 £ 0.07 11 +4
120 <7 1.5+ 013 25 £ 4
140 7.0 £ 09 9.0 £ 12 2.3 +£0.08 47 £ 4
150 102 =1 12.0 + 1.9 2.5 £ 0.04 70 £ 4
160 113 + 14 185 +£23 2.7 + 0.06 61 + 4

seen that the amount of molecules increase with the
temperature from 11 to 70 nmol cm™ for nanorods
synthesized at 100 and 150 °C, respectively. This can be due
to augmentation of the TiO, nanorod length and the formation
of free spaces between adjacent nanorods when the bundles of
nanorods disappeared. However, a slight decrease in the
amount of molecules is exhibited at 160 °C. This decrease is
probably due to the larger width of rutile TiO, NRs obtained
at this temperature, which could significantly influence the
density of nanorods at the silicon surface and therefore reduce
the surface area of the film. In order to explain this change in
the grafting density, we tried to calculate the surface offered by
the TiO, nanostructure using the SEM image. Considering
that the nanorods have a rectangular shape and the entire
surface is available for molecule adsorption, a single nanorod
surface is calculated according to eq 2:

Sxr = wW + 2wL + 2wL )

where w and W are the small and large widths of the nanorods,
respectively, and L is the length of the rods. This surface (Syr)
should then be multiplied by the density of the nanorods on
the silicon wafer to obtain the nanostructure surface. As
observed on all SEM images, nanorods are densely packed at
the surface of the silicon, and the evaluation of their density
from SEM images is difficult due to contrast issue and
screening effect from longer nanorods. To evaluate the density
of nanorods, we compared the surface area determined
experimentally by BET measurement (S,,,) for a reference
sample with its theoretical surface area (Sy) calculated taking
into account the maximal density of nanorods derived from the
square section of one nanorod (eq 3). The surface area of this
reference TiO, NR film coating one side of a 14.7 cm” wafer
was determined by Kr gas adsorption. The Brunauer—
Emmett—Teller (BET) surface area measured was 1.496 =+
0.017 m? corresponding to an average experimental surface
Sexp of 1018 cm® for 1 cm® of wafer. The geometrical
parameters of the TiO, NRs of this film are 3 ym for the length
and 9.5 and 122 nm for the small and large widths,
respectively. The maximum theoretical density (Ny) of
nanorods is consequently 8.63 X 10" cm™?, and the theoretical
surface Sy, of the nanostructure given by eq 3 is then 1123 cm?
per square centimeter of wafer.

St = Sxr X Ny (3)
The ratio between the measured BET surface (S.,) and the
calculated surface from SEM (S,;,) is 0.906. Since the NRs are
well crystallized and no roughness arises from the side of the

NRs as demonstrated by TEM images, this value gives an idea
about the compactness of the nanorod film. This coefficient

should then be taken into account while estimating the surface
from the SEM image. Based on this knowledge, the
nanostructures synthesized at 150 and 160 °C have an
estimated surface of 820 and 750 cm?, respectively, for 1 cm?
of wafer; this result clearly confirms that the slight reduction in
the amount of grafted molecules is related to the diminution of
the surface area for the sample prepared at a high temperature.

2.2, Effect of Solvothermal Synthesis Solvent. In order
to achieve other nanoarchitectures and possibly improve the
oxime grafting density onto the rutile surface, ethanol was
replaced with ethylene glycol (EG) or water during the
solvothermal synthesis while keeping the other parameters
constant. From the SEM images of these samples (Figure
Sab), it can be found that the morphology of the rutile TiO,

(c) RO —RutH,0-0xme (4
-H, —Ruhoo
10000 cps | — Rut-EG Eul EG S)ﬂmg
— Rut-EtOH — Rut-EtOH-Oxime

e l.l y
A | ,-«/\JV\___}'\_’_/_,\___
. N\JM
60 300 600 900 1200 4500 1800
Raman Shift (cm™)

20 30 40

2 Theta (°)
Figure 5. Top and cross-sectional (inset) SEM images of rutile TiO,
NRs prepared by replacing ethanol with (a) ethylene glycol and (b)
water in the presence of hydrochloric acid and 0.25 mL of TTIP at
150 °C for 8 h. (c) XRD of the nanostructure prepared with water,
ethylene glycol, and ethanol. (d) Raman spectra of the three different
nanostructures functionalized with oxime molecules.

phase obtained with water and ethylene glycol differs
significantly from the one prepared in ethanol medium. In
the case of ethylene glycol, well-separated vertically oriented
needle-like structures with a diameter of 13.5 nm were
obtained instead of the TiO, NRs with square facets given by
ethanol (see Figure Sa).

In the case of water used as a solvent, randomly oriented
nanorods involving a low density of nanorods at the silicon
surface were obtained (Figure Sb). The vertical orientation
observed with the needle-like structure indicates a preferred
growth direction of rutile crystals as in the case of those
obtained in ethanol. Nevertheless, XRD analysis of the samples
clearly indicates that this orientation is less pronounced as in
the case of ethanol (Figure Sc). The intensity of the (002)
diffraction peak is strongly reduced, while the (101) signal is
more intense for the sample prepared with ethylene glycol
when compared to the nanostructure prepared in ethanol. In
the case of water used as a solvent, the (002) peak is absent,
and only two small rutile peaks, (110) and (101), can be seen
in Figure Sc. Since the needle-shaped nanostructure obtained
using ethylene glycol seem less densely packed with more
accessible porosity, they may be beneficial to reach a higher
oxime grafting density and also a better accessibility for the
targeted molecules during the detection. The number of
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adsorbed molecules could therefore be increased with this
nanostructure as well. However, for the sample synthesized in
the presence of water, the coalescence between neighboring
nanorods should result in a reduced accessible surface area.

We functionalized these new nanostructures (obtained in
water and ethylene glycol) with oxime, in the conditions
described in Section 4, to evaluate the accessible surface area
achieved with these nanostructures. From the Raman spectra
shown in Figure 5d, the two peaks located at 1412 and 1610
cm™! related to the molecule are observed for the
nanostructure obtained from ethylene glycol, while they are
not observed for water. In this latter case, the quantity of the
molecules anchored to the surface is certainly very low and
below the Raman detection threshold. Concerning the UV—vis
titration, oxime loading was 8 and 34 nmol cm™? for water and
ethylene glycol nanostructures, respectively. These results
confirmed that the agglomeration of nanorods when water is
used as the solvent reduces the available surface, while the
better separation of the needles obtained in the case of
ethylene glycol improves the grafting. Nevertheless, the needle-
like structure only allows half of the grafting density than the
more densely packed square facet nanorods (70 nmol cm™)
obtained with ethanol that seems to remain the best candidate
for our purpose regarding the density of sensing sites.

2.3. Effect of TTIP Volume. It is known that the
nucleation and the growth rate of TiO, NRs are closely
related to the TiO, precursor concentration in the growth
solution.”™** Figure 6 displays the typical SEM images (top;

Figure 6. Top- and side-view SEM images (in inset) of rutile TiO,
NR films grown at 150 °C for 8 h with different volumes of TTIP in a
mixture (1:1) of hydrochloric acid and ethanol: (a) 0.25 mL, (b) 1
mL, (c) 2 mL, and (d) 3 mL.

cross-sectional view in the inset) of nanorods prepared at 150
°C for 8 h in 15 mL of ethanol, 15 mL of hydrochloric acid, 0.5
mL of triethylamine hydrochloride, and different TTIP
volumes ranging from 0.25 to 3 mL. From the SEM images,
it can be observed that the samples exhibit a uniform layer of
vertically aligned square facet rutile TiO, nanorods whatever
the TTIP volume in the solution. Several groups reported that,
when the precursor volume is low, nanorods did not grow
orthogonally to the substrate but tilted because the nucleation
density is too low, and the probabilitgf for a nanorod of
colliding with its neighbors decreases.””" Interestingly, in this
study, such behavior is not observed, since the nanorods grow
perpendicular to the silicon wafer for all amounts of TTIP

tested. This might be due to the high crystallinity of the initial
TiO, thin film deposited via sputtering that allows a uniform
and dense distribution of the seeds of TiO, NRs. The rutile
TiO, grains, which compose this layer, are already oriented
and could directly improve the epitaxial growth and the
orientation of rutile nanorods film (see the XRD pattern in
Figure 1) during the solvothermal process.

From Figure 7b, we can notice that the average length of
nanorods is gradually increased with respect to the TTIP
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Figure 7. (a) Oxime loading onto TiO, nanorods synthesized at
different TTIP volumes. (b) Influence of the TTIP volume on the
length and the diameter of the nanorods.

volume, whereas their diameter does not significantly change at
a high TTIP volume. This clearly demonstrates that the axial
growth of nanorods is more favored than the lateral one while
increasing the precursor amount. We can also observe that the
amount of grafted oxime molecules increased significantly
together with the length of nanorods, suggesting that all the
side of the nanorods are accessible for grafting despite the high
compactness of the film. Almost 360 nmol cm™ of oxime
could be attached to nanorods having a length of 9.5 um, as
displayed in Figure 7a. Increasing the length of nanorods with
top square facets (EtOH case) seems to be the best way to
enhance the molecule loading on a rutile TiO, 1D film.

From this parametric study, it appears that it is better to use
ethanol as the solvent and a moderate growth temperature to
prepare highly ordered TiO, nanorods arrays on the silicon
surface. We found that changing the amount of titanium
precursor allows an easy control on their length in order to
achieve a high loading of grafted molecules.

2.4. Cantilever Surface Modifications and Detection
Tests. Since TiO, synthesis in ethanol gives the nanostructure
with the higher adsorption capacity, we applied this optimized
synthesis for cantilever nanostructuration. As described above
on the silicon substrate, a seed layer of titanium was coated on
one side of the cantilever surface before the solvothermal
synthesis. The other side of the cantilever (typically the upper
surface) was kept uncoated for laser beam reflection. The
nanostructure growth was performed with 0.5 mL of TTIP at
150 °C for 8 h. From the SEM image of this sample depicted
in Figure 8, we can see that a homogeneous layer of the TiO,
nanostructure completely covers the surface of the microcanti-
lever. The SEM image recorded at a high magnification
showed that the morphology of TiO, obtained at the
micrometric surface of the cantilever is very similar to the
TiO, nanostructure synthesized on silicon wafers (1 X 1 cm?).
The growth of the similar nanostructure on both types of
support (ie., silicon wafer and microcantilever) highlighted the
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Figure 8. TiO, nanostructured cantilever prepared in ethanol,
hydrochloric acid, 0.5 mL of TEAC], and 0.5 mL of TTIP at 150
°C for 8 h.

reproducibility and the versatility of this optimized TiO, NR
synthesis even when downsizing the substrate by 2 orders of
magnitude.

These modified cantilevers were then tested as OPs
micromechanical sensors. The detection tests of DMMP
were first done with the microcantilevers modified with the
different nanostructures obtained in the three different solvents
(ethanol, water, and ethylene glycol). The adsorption
measurements of DMMP on these samples are illustrated in
Figure 9a. As observed for the synthesis with ethanol, the
nanostructure achieved on microcantilevers with water and
ethylene glycol are highly similar to TiO, nanostructured
wafers synthesized with the same solvents (Figure SS). The
three cantilevers nanostructured in the different solvents
showed a resonance frequency drop when DMMP vapors
were generated near their surfaces within a few seconds. This
result indicates the adsorption of DMMP on the cantilever
surfaces and, consequently, the detection of the target
molecule. The frequency shifts correspond to 11, 256, 556,
and 833 Hz for uncoated microcantilever and the ones
nanostructured in ethylene glycol, water, and ethanol,
respectively. When the air containing the DMMP vapor is

replaced after 10 min by the reference air flux, the DMMP
molecules are desorbed from the nanostructured cantilevers,
and the resonance frequency returns to its baseline value after a
short period. The higher frequency shift obtained with the
cantilever nanostructured in ethanol (*75 times the value of
pristine silicone lever) confirms that a large part of its surface
area is accessible for the analyte even though the film appears
highly dense. The active surface measured by krypton
adsorption BET is 188 m’/g. The lower response from the
cantilever synthesized in EG compared to the one synthesized
water was not expected since the oxime loading on the wafer
surface was more important for the EG nanostructure,
suggesting a higher available surface area. At room temper-
ature, the adsorption mechanism of DMMP on TiO, involves
the hydrogen bonds between the P=O function and the
surface hydroxyl groups of the oxide."' Ethylene glycol has a
coordination ability with transition metal ions,””** and it can
form glycolate complexes with Ti(IV) ions during the synthesis
of TiO,. Since there is no heat treatment after the solvothermal
synthesis, some glycolate molecules can remain in the crystal
structure and might therefore reduce the possibility of this
nanostructure to form hydrogen bonds with DMMP, resulting
in a lower sensor activity.

We have also shown on wafer surfaces that increasing the
length of nanorods by increasing the TTIP volume during the
solvothermal process resulted in a higher amount of grafted
molecules. The cantilevers nanostructured in a high TTIP
volume (from 1 to 3 mL) exhibited significant instability
during the detection measurements. It was difficult to track the
resonance frequency of these cantilevers having longer
nanorods over the whole experiment duration. Some of them
scatter the laser beam and led to its drift onto the photodiode.
For this reason, the tests were limited to cantilevers
nanostructured in a low TTIP volume (0.25 and 0.5 mL),
which lead to the shorter nanorods. The results obtained
concerning the DMMP adsorption support the previous
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assumption that the frequency drop is low for the shorter
nanorods and higher for the longer one (Figure 9c).

The nanostructured cantilevers were then functionalized
with oxime molecules with the same procedure used for
nanostructured wafers. In this case, no quantitative or
qualitative analysis of the grafted molecules was possible
because of the very small size of the substrate, but since the
nanostructures are similar to the ones obtained on the wafers,
we assume that the oxime loading is similar. The frequency
shifts of the cantilevers nanostructured in 0.25 and 0.5 mL of
TTIP have significantly increased when oxime molecules are
attached to their surfaces. A similar behavior was found for the
nanostructures prepared in ethanol and ethylene glycol, and
the presence of oxime molecules improves the sensing
performances of the cantilevers as well (see Figure 9b).
However, no obvious change was observed between the
cantilever nanostructured in water and the same cantilever
functionalized with oxime. This result can be understood by
the low amount of bound oxime molecules at the surface of the
nanostructure synthesized in water, as shown at a frequency
shift of 1319 Hz in accordance with the high surface area and
the high loading of grafting offered by the nanostructure.
These tests were reproduced several times for each sample and
show good reproducibility of the response (see example in
Supporting Information, Figure S6).

According to these preliminary results, we demonstrate that
the functionalization of the nanorods with oxime molecules
enhances the response of the cantilevers toward DMMP
molecules. The resonance frequency of the microcantilever
before the adsorption of DMMP was f, = 172.42 kHz, with a
noise corresponding to +2 Hz. Considering that a detectable
signal is equal to three times the noise, the smallest detectable
frequency drop is 6 Hz. An estimation of the detection limit
can be determined using this value of resonance frequency
(fam = fo — 6) and the following equation:

2

Am=mb%—1

Am (4)

Am represents the adsorption mass of the DMMP, and my,, is
the mass of the silicon microcantilever coated with TiO,
nanorods and functionalized with oxime calculated considering
the mass of the Si beam and the mass of TiO, covering one
side (see calculus details in the Supporting Information). This
results in a theoretical detection limit of 2.25 ppm of DMMP
with this functionalized and nanostructured sensor. Even
though this concentration is still high compared to the IDLH
limit of the OPs, this result provides a kind of guideline for
developing new nanostructures with higher sensitivity. A table
showing the performance of some micromechanical OPs
sensors is presented in the Supporting Information for
comparison.

We are currently investigating the DMMP adsorption
measurements at a low concentration with and without
interfering gases in the laboratory before conducting some
tests on real OPs. In order to improve the detection limit,
different ways will be explored such as a better control of the
resonant frequency tracking that should improve the signal-to-
noise ratio and should allow working with longer nanorods that
could provide a higher surface area.

3. CONCLUSIONS

In summary, we achieved the solvothermal synthesis of TiO,
nanostructures on the silicon surface and their functionaliza-
tion with oxime molecules. This molecule has been chosen
because it could have a specific affinity with organophosphorus
compounds. We demonstrate that the nanostructuration of
TiO, can be efficiently transferred from the centimetric surface
of silicon wafers to the micrometric surface of cantilevers with
a good reproducibility and the suitable morphology. Our
results highlighted the versatility of the growth process of TiO,
nanostructures at the surfaces of wafers and cantilevers in
solvothermal conditions. Different aspects of the nanostructure
preparation, relevant for sensing performances such as the
morphology and size of TiO, nanorods can be well controlled
by adjusting different synthesis parameters such as the nature
of the solvent and TTIP volume. The amount of grafted
molecules is strongly affected by the active surface of nanorods,
and this surface has a significant impact on the microcanti-
levers response. The surface enhancement obtained by the
nanostructuration increases the frequency shift signal by 75
times. Furthermore, the presence of the oxime-terminated
molecules grafted at the surface allows us also to double the
sensitivity toward OPs compounds in the gas phase. This result
could probably pave the way for designing new highly
responsive sensors having high molecular recognition with
not only organophosphorus compounds but also other
compounds by changing the nature of the grafted molecule.
Our work will now aim at improving the DMMP vapor
generation system to reach lower concentrations and improve
the resonant frequency acquisition to lower the noise of our
system.

4. EXPERIMENTAL SECTION

4.1. Materials. Titanium tetraisopropoxide (TTIP; >97%) and
triethylamine hydrochloride (TEACl; 98%) were purchased from
Sigma-Aldrich and used as received. Hydrochloric acid (37%; Fisher
Scientific), ethanol, acetonitrile, and tert-butanol were also used
without any purification. Silicon wafers (Si, p-type [100]; one side
polished) were bought from Siegert Consulting e.K. Tipless silicon
microcantilevers (TL-NCL-S0 type) having 7 ym in thickness, 225
pum in length, 38 ym in width, and a nominal resonant frequency
range of 146—236 kHz were purchased from NanoSensors.

4.2. TiO, Seed Layer Deposition. The substrates were first
cleaned by a three successive ultrasonic baths in acetone, ethanol, and
water for 15 min each and then dried under nitrogen flow at room
temperature. Then, a layer of ca. 50 nm of titanium was deposited on
the cleaned wafer surfaces via DC magnetron sputtering using argon
as a carrier gas for titanium deposition (argon pressure, 2 X 107
mbar). The plasma was excited by applying a DC power density of
1.37 W cm™* with the initial vacuum set to 10™° mbar. After the
deposition, the titanium layer was annealed under air flow at 800 °C
for 6 h (ramp of 10 °C/min) to form a crystallized oxide layer.

4.3. TiO, Nanorod Synthesis on Wafer. TiO, NRs were grown
on the seed layer-coated silicon wafer surface through a solvothermal
method. Typically, 15 mL of hydrochloric acid and 15 mL of ethanol
were mixed and magnetically stirred for S min. Then, 0.25 mL of
TTIP and 0.5 mL of ethanol saturated with triethylamine hydro-
chloride salt were added to the mixture. The obtained transparent
solution was stirred for another 5 min and then transferred in a 100
mL Teflon-lined stainless autoclave. A piece of 1 X 1 cm? of the Ti-
coated wafer was attached to a sample holder so that the substrate was
completely immersed in the precursor solution with the coated side
kept facing down during the synthesis. The reaction was carried out at
150 °C for 8 h. After the synthesis, the film deposited on the substrate
was rinsed with ethanol and distilled water and finally dried with
nitrogen flux.
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4.4. Nanostructured Surface Chemical Functionalization.
The TiO, resulting nanomaterials were functionalized with (E)-4-
((hydroxyimino)methyl)benzoic acid, a bifunctional oxime containing
a carboxyl group as tethering function for the TiO, nanostructured
surface (Figure 4). This molecule was prepared as described in the
literature.* Concerning the grafting conditions, the oxime (0.010 g)
was dissolved in 5 mL of a mixture acetonitrile/tert-butanol (1:1). A
TiO, nanorod-coated wafer was then dipped in this solution and
heated at 70 °C for 24 h. The samples were then rinsed with acetone
and ethanol in order to remove any residual oxime molecules, which
are not covalently attached to the TiO, NR surface. After
optimization on the Si wafer, the TiO, NR synthesis and chemical
functionalization were then adapted and applied to microcantilevers.

4.5. Characterization. XRD spectra were recorded in a Bruker
D8 diffractometer with Cu Ko radiation (4 = 1.5418 A) from 20° to
65°. SEM was performed with a JEOL JSM-6700F FEG microscope,
and TEM was performed with a JEOL 2100F TEM/STEM
microscope. The Raman spectra of the samples were recorded in
the spectral range of 50—3000 cm™ using a Raman spectrometer
(LabRAMAN Aramis Instrument) laser with an excitation wavelength
of 532 nm. UV—vis spectroscopy was done with a PerkinElmer
Lambda 950 spectrometer in the region of 200—400 nm. The surface
area of the nanostructure was measured at 77 K using krypton
adsorption analysis on a Micromeritics ASAP 2020 surface analyzer.
Before the measurement, the sample was outgassed at 300 °C for 2 h.

4.6. Sensing Measurements. A stream of air (50 mL min™')
controlled by a mass flowmeter was flowed through a saturator
containing DMMP in the liquid phase. Afterward, this flow loaded
with S00 ppm of DMMP vapor was sent to the detection chamber
where the microcantilever is loaded in the head of a PicoSPM AFM
multimode microscope to record the resonance frequency. All
measurements were done at this concentration and at a stable room
temperature (23 °C). A two-way valve was used to switch between
reference air and air containing DMMP gas flow. During the test, the
cantilever was first kept upon air flow until its resonance frequency is
stabilized, before switching to the air/DMMP way. After 10 min of
continuous DMMP exposition, the air/DMMP mixture was replaced
by the reference air.
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