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Abstract— Vertically aligned TiO2 nanorods have been 
successfully synthesized on the micrometric surface of a cantilever 
by a two-step procedure involving solvothermal method. 
Adjusting TiO2 synthesis conditions, first optimized on centimetric 
silicon substrate, allowed to well-control the morphology of the 
nanorods, aimed to increase the collection surface of this 
micromechanical sensor. By using the nanostructured 
microcantilever for the detection of organophosphorous agent 
(OPs), a frequency shift of 833 Hz corresponding to a remarkable 
enhancement of the sensor sensitivity by a factor of 75 compared 
to a pristine cantilever is achieved. Moreover, functionalization of 
this nanostructured cantilever with a tailored functional oxime 
molecule having strong affinity with OPs compounds significantly 
improved the performance of the sensor in vapor phase. A 
frequency shift of 1319 Hz is obtained at 500 ppm of DMMP with 
the functionalized sensor. 

Keywords — TiO2 nanostructure, Organophosphorous agents 
Micromechanical sensor, Functionalization, Oxime molecule. 

I. INTRODUCTION  

The use of microcantilevers as chemical sensors has 
demonstrated promising results on various applications 
including medical and defense fields [1]–[3]. While in biology 
microcantilevers can be used to follow the hybridization of 
DNA molecules[4], in the field of chemistry this technology 
can be employed to control the presence of moisture [5], 
volatile organic compounds [6],[7], or others specific target in 
environment [8],[9]. Thanks to an actuation system, the 
cantilever oscillates at its natural resonant frequency, which is 
directly related to the spring constant and to the mass of the 
beam. Any change of the mass of the cantilever, for instance 
due to adsorption of molecules will result in a variation of the 
resonance frequency (f0). In this study, we employed this type 
of micromechanical sensor for the chemical detection of 
organophosphorous compounds (OPs) taking advantage of its 
gravimetric sensor properties. The OPs molecules used as 
chemical warfare agents (Sarin or Soman) but also as pesticides 
(Glyphosate) are highly toxics and are considered as one of the 
most dangerous threats for animals and humans, because they 
are effective at very low concentration [10]. In order to improve 
the detection of these compounds, we propose a novel strategy 
to improve both the sensitivity and the selectivity of a cantilever 
by chemically modifying its surface. 

A TiO2 nanostructure having high specific surface area was 
grown on cantilever for increasing its active surface. This 
concept has been highlighted in the work described by Spitzer 
and al., where TiO2 nanotubes prepared using anodization 
method were employed to increase the sensitivity of the 
cantilever and resulted in a detection limit of 0.8 ppb of 
trinitrotoluene vapors [11]. In this work, such nanostructure 
was grown on the cantilever using a versatile solvothermal 
route, easier to achieve on small substrate than the anodization. 
In addition, the ability of the nanostructure to interact with 
chemicals was further improved by grafting specific molecules 
that selectively bind OPs. The detection tests were carried on a 
common OPs simulant, the DiMethylMethylphosphonate 
(DMMP). 

II. EXPERIMENTAL PROCEDURE 

A. Wafer nanostructuration 

The nanostructure was initially achieved on a model surface 
(silicon wafer), and the optimized synthesis parameters were 
applied to the cantilevers surfaces. Before solvothermal 
synthesis, a thin layer of metallic titanium (~ 50 nm) was first 
deposited on silicon surface by magnetron sputtering at a DC 
power density of 1.37 W.cm-2 in order to compensate the lattice 
mismatch between silicon and TiO2. This layer was finally 
annealed at 800 °C during 6 h to oxidize the metallic film for 
improving the adherence and the growth of TiO2 nanostructure 
at the surface. The growth solution containing a mixture of 15 
ml hydrochloric acid (37 %), absolute ethanol (15 ml) and 0.25 
ml of titanium isopropoxide (97 %) is prepared and loaded in 
the Teflon liner of autoclave. Afterwards, the coated substrate 
was dipped in the solution and the solvothermal process was 
done at 150 °C during 8 hours. The obtained sample was 
thoroughly washed with distilled water and dried under 
nitrogen flow. All the samples were characterized by x-ray 
diffraction (XRD) and scanning electron microscopy (SEM). 

B. Functionalization of the nanostructure 

A bifunctional molecule called (E)-4-((hydroxyimino) 
methyl)-benzoic acid is used to functionalize TiO2 
nanostructure. The grafting mechanism involves a reaction 
between the hydroxyl function present at titanium dioxide 
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surface and the carboxylic group of the molecule. The other part 
of the molecule contains an oxime function, well-known as 
nucleophile group that aid for the recognition of OPs 
molecules[10]. A mixture (1:1) of 5 ml acetonitrile and tert- 
butanol is employed to dissolve 0.01 g of the molecule. The 
nanostructured silicon was immersed in the obtained solution 
and heat up for 24 hours at 70 °C. After the reaction, the sample 
was rinsed and analyzed by Raman and UV spectroscopy. 

C. Detection measurements 

The vapor generation system is composed of a DMMP 
saturator which delivers a precise concentration of the nerve 
simulant vapor (500 ppm). This vapor is then carried by a stream 
of air and sent to the detection chamber where the cantilever is 
located. Tipless silicon microcantilevers (TL-NCL-50 type) 
having 7 µm of thickness, 225 µm length, 38 µm width and a 
nominal resonant frequency range of 146-236 kHz were 
purchased from NanoSensors. The cantilever covered with the 
nanostructure is mounted in the head of a PicoSPM AFM-
multimode to track the resonance frequency during the detection 
tests.  

III. RESULTS 

A. TiO2 synthesis on wafer 

 The diffractogram of oxidized titanium seed layer depicted 
on figure 1a showed the presence of pure tetragonal rutile phase 
of TiO2. This layer provides initial nucleation sites for growing 
a rutile nanostructure. On the same figure, we can observe the 
XRD pattern of the nanostructure film obtained after the 
solvothermal reaction. A single intense peak localized at 62.7° 
is evidenced on the pattern, as expected; this peak is attributed 
to rutile phase. The absence of others main rutile peaks indicates 
that the nanostructure is highly oriented and has a preferred 
growth direction along the c axis. Silicon diffraction peaks arise 
from the substrate can be also seen on this figure.  

 

 
Figure 1: (a) XRD patterns of different films (b and c) SEM images of TiO2 

nanorods grown on silicon wafer by solvothermal method (d) TEM image of a 
single rutile TiO2 nanorod. 

 
 The morphology of the nanostructure is exhibited on the 
SEM image reported on figure 1b and c. The rutile TiO2 

nanostructure which composed the film is highly dense and 
revealed vertically aligned nanorods with top square facet, 
commonly observed in tetragonal crystal structure. The 
nanorods are uniformly distributed on the Si surface, with an 
average length of 2.5 μm and a width around 12 nm. The 
preferential orientation of the nanorods is due to the adsorption 
of chloride ions on the lateral facets (110) of rutile crystal that 
hinders their growth and promotes the anisotropic growth of the 
nanostructure [12]. The monocrystalline structure of the film 
was also confirmed by the presence of few diffractions spots 
shown on the selected area diffraction pattern. Moreover, the 
measured interplanar distance (d110 = 0.324 nm) using TEM 
image (Figure 1d) is in good agreement with the standard space 
between two (110) plans of rutile crystal [13]. 

B. TiO2  functionalization 

 We functionalized the as-synthesized nanorods surface with 
oxime molecules and its loading ability was estimated.  

 Figure 2a shows the Raman spectra of the reference 
nanostructure (Rut-EtOH) and the functionalized one (Rut-
EtOH-Oxime). It can be found on both spectra, peaks at 443 and 
609 cm-1 corresponding to Eg and A1g active modes of rutile TiO2 

polymorph respectively [14]. This result is in accordance with 
that observed in XRD analysis where the presence of rutile TiO2 

phase has been already revealed. The intense narrow peak at 520 
cm-1 and the large one peak at 943 cm-1 arise from silicon 
substrate [15]. In addition, for the grafted sample, two 
supplementary peaks located at 1412 and 1610 cm-1 can be 
observed. These peaks are typical vibration bands of COO group 
and C=C from the aromatic ring[16], thereby suggesting the 
presence of oxime molecule onto rutile TiO2 nanorods surface 
of this sample. The grafted nanostructure was then immersed in 
NaOH solution at pH = 12, to desorb the molecules from the 
surface for UV visible spectroscopy quantification. The 
absorbance of the pi-pi* transition of the phenyl group (from 
oxime molecule) desorbed in solution was followed by UV 
spectroscopy to evaluate the amount of grafted oxime on the 
nanostructure surface. Using a calibration curve obtained via 
oxime titration, the estimated molecule density at the nanorods 
surface was ca. 70 nmol.cm-2. 

C. Effect of TiO2 synthesis solvent 

 In order to find the best type of nanostructuration for 
chemical functionalization, various synthesis parameters were 
adjusted to control the morphology, the width and the length of 
the nanorods. We describe the effect of one of the most 
influential parameters (the solvothermal solvent).  

 The ethanol was replaced by ethylene glycol (EG) or water 
during the preparation of the growth solution. The SEM images 
of these samples (Figure 2b, c), showed that the morphology of 
rutile TiO2 phase obtained with water and EG differs 
significantly from the one prepared in ethanol medium. In the 
case of EG, well separated vertically oriented needles-like 
structure was obtained instead of the TiO2 NRs with square 
facets given by ethanol. 
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Figure 2: (a) Raman spectra of rutile nanorods and oxime-functionalized 
nanorods. SEM images of rutile prepared by changing ethanol with (b) Ethylene 
glycol and (c) Water (d) XRD of the nanostructure synthesized in water, glycol 
ethylene and ethanol. 

 
In hydrothermal conditions, randomly oriented nanorods 

involving low density of nanorods at silicon surface was 
observed. Nevertheless, the rods-like structure which 
composed this new nanoarchitecture are agglomerated and 
should result in lower active surface for grafting. The XRD 
peaks of both films still indicate the presence of rutile phase. 
However, the intensity of resulting XRD peaks denotes that the 
orientation of the nanorods is strongly dependent on the nature 
of solvent. The needles structure morphology achieved with EG 
are less oriented compared to the nanorods with square facets. 
After performing the functionalization, the Raman spectra of 
the nanostructure synthesized in EG exhibited the two peaks 
related to the oxime molecule while they are not observed for 
the one prepared in water (Figure 2a). The number of adsorbed 
molecules estimated for the needles structure obtained in EG 
solvent is 34 nmol.cm-2, which corresponds to the half of the 
oxime density of the nanostructure obtained in ethanol (70 
nmol.cm-2). As expected for the TiO2 NRs synthesized in water, 
the molecules density is only 8 nmol.cm-2 due to the lower 
surface area.  

D. Sensor surface modification and detection tests 

Since TiO2 NRs synthesis in ethanol gives the nanostructure 
with the higher adsorption capacity, we applied this optimized 
synthesis for cantilevers nanostructuration. From the SEM 
image of this sample depicted on Figure 3a, we can see that a 
homogeneous layer of TiO2 nanostructure completely covers 
the surface of the microcantilever. The morphology of TiO2 
obtained at this micrometric surface is very similar to TiO2 
nanostructure synthesized on centimetric silicon wafers. The 
growth of similar nanostructure on both types of support 
highlighted the reproducibility and the versatility of this 
optimized TiO2 NRs synthesis. The modified cantilever was 
tested for sensing DMMP vapor. For comparison, the detection 
tests were also performed with cantilevers nanostructured in the 
others solvents (EG and water). Figure 3b shows the evolution 
of the resonance frequency over the time of pristine cantilever 
and cantilevers covered with different nanostructure. 

 
Figure 3 : (a) TiO2 nanostructured cantilever prepared in ethanol. Measured 
sensing frequency responses to 500 ppm of DMMP vapor of (b) pristine 
microcantilever and the one prepared in different solvents (c) oxime 
functionalized cantilevers. 
 

All the tested sensors showed a resonance frequency drop 
when 500 ppm of DMMP vapors was generated near their 
surfaces within a few seconds. 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. These results indicate the adsorption of DMMP on 
the cantilevers surfaces and therefore the detection of the target 
molecule. When the air containing the DMMP vapor is replaced 
after 10 minutes by the reference air flux, the DMMP molecules 
are desorbed from the nanostructured cantilevers, and the 
resonance frequency returns to the baseline value after a short 
period. A cycle measurement of each modified sensor was 
performed and resulted in a good repeatability. 

 The higher frequency shift obtained with the cantilever 
nanostructured in ethanol, confirms that a large part of its 
surface area is accessible for the analyte even though the film 
appears highly dense. The same sensor exhibits the highest 
frequency shift of 1319 Hz when the oxime molecules are 
adsorbed on its surface, as expected for the high surface area 
and the high loading of grafting offered by the nanostructure 
(Figure 3c). A theoretical detection limit of 2.25 ppm of DMMP 
with this sensor is obtained. Although this concentration 
remains high compared to the OPs detection limits (5 and 7.2 
ppb) reported for some gravimetric sensors [17], [18], this 
result provides a kind of guideline for developing new 
nanostructures with higher sensitivity.  

IV. CONCLUSION 

The synthesis of TiO2 NRs on microcantilever surface was 
demonstrated using a solvothermal method. The control of the 
morphology of TiO2 was also evidenced and the results showed 
that the surface area developed by the nanostructure has a high 
impact on the oxime loading. The proposed approach to 
increase the active surface of cantilever was very beneficial to 
significantly improve by a factor of 75 the sensitivity of the 
cantilever for sensing OPs compounds. We also found that the 
presence of grafted molecules at the surface almost doubles the 
response of the nanostructured cantilever even though oxime 
was only aimed to enhance sensor selectivity.  
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