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Abstract 

RuO2@SiO2 nanomaterials have been prepared using hybrid mesostructured silica 

(EtO)2P(O)(CH2)3SiO1.5/xSiO2 (x = 9, 16) by anchoring the metal precursor 

[Ru(COD)(COT)] (COD = 1, 3-cyclooctadiene, COT = 1, 3, 5-cyclooctatriene) within 

the pores of the organized silica matrix taking profit of the phosphonate moieties 

followed by i) decomposition under dihydrogen atmosphere at room temperature in 

THF to achieve ruthenium nanoparticles containing materials and ii) a solid state 

thermal treatment at 450°C under air. The Ru and RuO2 nanoparticles containing 

materials have been characterised by elemental analysis, Transmission Electron 

Microscopy (TEM), X-Ray Diffraction (XRD), nitrogen sorption measurements and 31P 
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and 13C Nuclear Magnetic Resonance (NMR). The so-obtained RuO2@SiO2 

nanomaterials were evaluated as catalytic filters when deposited onto gas sensors for the 

preferential detection of propane in a multicomponent gas mixture propane/carbon 

monoxide/nitrogen dioxide. 

 

Keywords ruthenium, ruthenium oxide, nanoparticle, ordered silica, hybrid 

nanomaterial, catalytic filter, gas sensor, CO oxidation, selectivity 

 

1. Introduction 

Metallic or semiconducting nanoparticles are the subject of intense research owing 

to their unique physical properties arising from factors like large surface to volume ratio 

and quantum effects on charge carrier confinement.1 This research is driven by potential 

applications in electronics, optics, catalysis, ceramics and magnetic data storage. In this 

respect, nanomaterials attract more and more attention for the development of new gas 

sensing systems able to respond to growing industrial and societal demands. 

Metal oxides are indeed widely employed as sensitive elements in gas sensors2 and 

commercial devices produced by classical ceramic process have been available for a 

long time.3 If such devices are able to detect low concentration of flammable or toxic 

gases at a ppm level, their lack of selectivity and long term stability remains their major 

drawback and improving the cross sensitivities between gases such as CO, 

hydrocarbons and NO2 is still a major problem. Enhancement of the sensor 

performances can be achieved through i) an accurate control of the morphology in the 

nanometer range, of the composition and of the surface state of the sensing materials 4, 5 

ii) the integration of the sensor components on micro machined silicon platforms6 iii) 

the optimization of the working temperature of the sensitive layer,7 of the operating 
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mode and the signal processing,8 and iv) by the use of filters exhibiting selective gas 

retention or conversion properties.9 

In this latter case, the use of filters combining catalyst-loaded mesoporous materials 

represents a very attractive way likely to improve the selectivity of the sensor toward a 

target gas and to overcome the classical problem of saturation exhibited by passive 

filtering membranes..9e
 The filtering efficiency of such a material, in term of selectivity, 

reproducibility and long term stability, nevertheless asks for requirements of crucial 

importance regarding its composition and its morphology10 i.e. homogeneous dispersion 

and high surface area of the active sites in the mesoporous support; homogeneous 

distribution of size-controllable pore channels of the support; immobilization of the 

active sites into the pore channels to prevent any migration and coalescence into the 

host structure. 

Templated mesostructured silica materials exhibit periodic and size-controllable pore 

channels (2-10 nm) and high specific surface area. Since their initial discovery,11 such 

materials have been considered as ideal nanoreactors for the deposition or the growth of 

various guest molecules. Among them, the introduction of metallic nanoparticles 

constitutes a judicious choice to prepare nanocomposite materials able to display 

catalytic properties12 and to find application as catalytic filters.9e, f 

We and others have already explored a method for the introduction of metallic 

nanoparticles within mesostructured materials based on the selective chemical 

anchorage of a metal precursor on specific sites of functionalized hybrid organic-

inorganic mesostructured silica followed by their chemical reduction.13-17 The chemical 

anchorage of the metal precursor allows in one-step i) the selective anchorage of the 

metal on the organic functions specially introduced within the pores of the 

mesostructured material, ii) a high metal loading and iii) a homogeneous dispersion of 
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the metal throughout the host structure. The second step consists in the chemical 

reduction/decomposition of the metal precursor incorporated into the pores of the 

material. Some of us have developed a method for the controlled growth of 

nanoparticles based on the decomposition of organometallic compounds in mild 

conditions.18 This organometallic approach has been successfully applied for the 

synthesis of ruthenium nanoparticles in solution19 or onto various supports.20 

Consequently, the combination of this organometallic approach with the presence of 

chemical anchorage sites within the pores of a mesostructured silica appeared as a 

favourable and simple way for the access to a controlled growth and a homogeneous 

dispersion of ruthenium nanoparticles exclusively within the pores of the host matrix. A 

subsequent thermal treatment under air of the as-obtained material allowed the 

transformation of the ruthenium nanoparticles into ruthenium oxide ones within the 

silica host. 

In this paper, we report the preparation of composite nanomaterials made of 

ruthenium or ruthenium oxide nanoparticles embedded in a mesostructured silica matrix 

following a simple and reproducible procedure. The ruthenium oxide containing 

composite materials were evaluated as catalytic filters when deposited onto gas sensors 

for the preferential detection of propane in a multicomponent gas mixture 

propane/carbon monoxide/nitrogen dioxide. 

 

2. Results and Discussion 

The growth of Ru and RuO2 nanoparticles within the pores of ordered mesoporous silica, 

has been achieved through impregnation of hybrid mesostructured silica 

(EtO)2P(O)(CH2)3SiO1.5/xSiO2 (x = 9: 1a, x = 16: 1b) with the organometallic precursor 

[Ru(COD)(COT)] taking profit of the phosphonate groups present within the pores of the 
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silica matrices to favour the anchorage of the metal precursor. After the impregnation step, the 

organometallic precursor has been decomposed at room temperature under dihydrogen 

pressure to afford the metallic ruthenium nanoparticles. A subsequent thermal treatment of the 

as-obtained nanocomposites under air led to RuO2@SiO2 nanomaterials with different 

amounts of RuO2 nanoparticles (Scheme). 

2.1. Ruthenium nanoparticles growth within hybrid mesostructured silicas. 

An impregnation/hydrogenation (I/H) two-step cycle was performed to prepare the 

ruthenium nanoparticles containing nanocomposites. One, two or three I/H cycles were 

applied to the mesostructured materials (EtO)2P(O)(CH2)3SiO1.5/xSiO2 (x = 9: 1a, x = 

16: 1b). The ruthenium loading for the resulting nanocomposite materials 

[Ru]y(EtO)2P(O)(CH2)3SiO1.5/xSiO2 (Ru@SiO2; x =9, 2a; x = 16, 2b) was inferred from 

elemental analyses (Table 1). From these results, it can be seen that the maximum of 

ruthenium content is obtained after two I/H cycles. For this reason and in order to avoid 

uncontrolled growth of ruthenium nanoparticles out of the pores of the silica grains, all 

subsequent experiments and analyses were performed with nanocomposite materials 

resulting from only one or two I/H cycles. The comparison between nanocomposite 

materials 2a and 2b (7.91 and 10.09 wt% respectively for two I/H cycles) shows that the 

amount of incorporated ruthenium nanoparticles is not directly linked to the amount of 

organic groups available in the hybrid organic-inorganic mesostructured silicas 1a, 1b. 

x and y values and y/x ratio reported in table 1 correspond respectively to 

SiO2/(EtO)2P(O)(CH2)3SiO1.5, Ru/(EtO)2P(O)(CH2)3SiO1.5 and Ru/SiO2 ratios. The 

presence of Ru nanoparticles in the mesoporous silica matrix could be attested 

performing Transmission Electron Microscopy (TEM) analyses on 2a and 2b 

nanomaterials (Figure 1). The TEM images clearly show that the mesostructure of the 

parent hosts 1a, 1b is not damaged after the I/H cycles and that ruthenium nanoparticles 
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are present inside the channels. In addition, no external ruthenium nanoparticles were 

observed outside the channels. Narrow size distributions centred on 3.4 nm are obtained 

for the ruthenium nanoparticles in all cases, whatever the starting hybrid silica or the 

number of I/H cycles performed. The size of the obtained nanoparticles is similar to the 

one observed in previous works, following the same organometallic approach, in 

solution19 or onto various supports.20 The size of the resulting nanoparticles is not 

governed by the diameter of the pore channels of the mesostructured matrix used. 

However, the density of nanoparticles increases significantly, when the amount of 

incorporated ruthenium increases (Table 1), from materials 2a to materials 2b and from 

one to two I/H cycles. 

The effect of the nanoparticle formation on the structure and the porosity of the host 

matrix was studied by nitrogen physisorption and X-ray diffraction (XRD) analysis. The 

structures 1a, 1b show a typical adsorption/desorption isotherm of type IV with an H1 

hysteresis loop. The pore sizes were calculated from the desorption branches of the 

isotherms using the Barret-Joyner-Hellenda (BJH) formula (Table 2). The nitrogen 

physisorption isotherm and the pore size distribution of the host structure 1b are shown 

in Figure 2. Similar isotherms type and mesoporosity are obtained for the composite 

nanomaterial 2b after intrapore growth of the ruthenium nanoparticles proving the 

preservation of the cylindrical pore system (Figure 2). The amount of adsorbed nitrogen, 

as well as the specific surface determined using the Brunauer-Emmett-Teller (BET) 

formula, decreased after formation of the ruthenium nanoparticles for each I/H cycle. 

For the use of the host material 1a, similar behaviours were observed. The decrease of 

the pore volume and specific surface can not be ascribed only to the additional weight 

brought by the ruthenium nanoparticles without any other meanings concerning their 

location within the nanomaterials obtained. However, to take into account this weight 
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modification due to ruthenium nanoparticles formation, specific surface and pore 

volume were standardized against the hybrid mesoporous silica (Table 2). Indeed, we 

still observe a significant decrease of the mesoporous volume and of the pore volume 

standardized against the hybrid mesoporous silica which clearly demonstrates a filling 

of the pores with the guest species, leading to the conclusion that the nanoparticles are 

formed inside the pores. The obtained results indicate a degree of filling of the pores for 

materials 2a, 2b after two I/H cycles of 67%. Such a high degree of filling is not 

compatible with the amount of ruthenium nanoparticles inserted and is more indicative 

of a partial blocking of the pores of the mesostructured silica by ruthenium 

nanoparticles. The powder X-ray diffraction (XRD) patterns at 2 (0.5-5°) of the hybrid 

silica phases 1a, 1b clearly correspond to the space group P6m with a sharp peak due to 

the (100) reflection along with the (110) and (200) reflections. A high degree of long-

range order can be assumed according to the reflections at higher diffraction angles 2 

for both mesoporous host structures. The low angle X-ray diagram of the 

mesostructured hybrid silica 1b is given Figure 3 with the one obtained for nanomaterial 

2b. After one and two I/H cycles, the XRD peaks of the nanomaterials 2a, 2b were 

reduced in intensity but did not change their positions proving the conservation of the 

mesoporous hosts. The intensity of the Bragg reflections originates from the difference 

in the scattering power between the silica walls and the empty pores. Due to the filling 

of the pores with ruthenium nanoparticles, the amount of scattering power within the 

pores is increased, resulting in overall loss of intensity due to phase cancellation 

between the pore walls and the guest species. This is a well-known phenomenon in the 

literature.21 Powder X-ray diffraction of the ruthenium containing nanomaterials 2a, 2b 

at higher angles were investigated to check the crystalline state of the nanoparticles. The 

powder X-ray diffraction pattern in the 2θ range 30-60° of nanomaterial 2a after one I/H 
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cycle is presented in Figure 4. It exhibits four main reflections at 38.2°, 41.7°, 43.6° and 

58.2° which could be assigned to the (100), (002), (101) and (102) reflections of the hcp 

Ru structure. The low intensity and width of the peaks are consistent with the small size 

of the nanoparticles and the fact that no large Ru crystals have been formed outside the 

pores.21d 

In order to determine more accurately the role of the phosphonate moieties in the 

anchorage of the ruthenium species, we carried out CP MAS 31P and 13C NMR 

experiments on the materials obtained after each step of the I/H process. In addition to 

the expected peaks for the (EtO)2P(O)(CH2)3- moieties, the 13C NMR spectrum of the 

material 2a after one I/H cycle displays one peak at 67.8 ppm that could be attributed to 

cyclooctane but no peak corresponding to COT and COD indicating that the reduction 

process of the ruthenium complex ligands was complete (Figure 1S, Supplementary 

Information). The 31P NMR spectra recorded before and after the reduction step exhibit 

in both cases only one peak at 33.50 ppm characteristic of the free phosphonate group 

failing to evidence the coordination of the organometallic precursor or the ruthenium 

nanoparticles (Figure 2S, Supplementary Information). However, it is of significant 

importance to note that when the same impregnation procedure was applied with 

unfunctionalized and carboxylic acid or thiol-containing mesostructured silicas, no 

controlled growth of ruthenium nanoparticles within the pores of the silica matrix could 

be observed. This, a contrario, substantiates the role of the phosphonate moieties in the 

anchorage of the Ru species. To try to shed some light on the Ru/phosphonate affinity, 

we performed the synthesis of ruthenium particles in solution free of the silica matrix 

but in the presence of 1.8 equivalent of (EtO)2P(O)(CH2)3Si(OMe)3 with a 

phosphonate/Ru ratio corresponding to the one present in the functionalized silica 

matrix 1a. A TEM image obtained from the resulting colloidal solution is shown Figure 
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5. Ruthenium nanoparticles are observed which are homogeneous in size and display a 

mean diameter value of 3.4 (0.6) nm, attesting of the stabilizing ability of the 

phosphonate function. Moreover, these nanoparticles are strongly aggregated as 

commonly observed when using a stabilizing agent exhibiting a poor affinity towards 

the nanoparticle surface.19 Therefore, these results suggest that strong interactions exist 

between the ruthenium precursor or the ruthenium nanoparticles and the phosphonate 

moieties. 

2.2. Thermal treatment under air to afford ruthenium oxide nanoparticles. 

In order to get RuO2 nanoparticles-containing materials, samples 2a, 2b were heated under 

air at 2°C.min-1 from room temperature to 450°C and then annealed for 5 hours giving rise to 

new composite materials 3a, 3b. The thermogravimetric analysis (ATG-ATD) curves of 2a, 

2b performed under air show two weight loss steps with inflection points at 88 and 192°C. 

The first weight loss can be attributed to the loss of water molecules weakly adsorbed on the 

silica surface, as frequently observed in the thermal behaviour of silica-based 

nanocomposites.22 The second weight loss with values ranging from 3 to 8 % depending on 

the sample used corresponds to the elimination of the organic part of the silica and the 

formation of RuO2 nanoparticles (Figure 3S, Supplementary Information). No further change 

in the weight was observed up to 500°C. As inferred from elemental analysis (Table 1), the 

phosphorus element is not removed during the thermal process and is assumed to be present in 

the final materials in its phosphate form. This assumption was confirmed by recording 31P 

NMR spectra of material 2a which display one main peak at 0.1 ppm in agreement with the 

presence of a silica phosphate (Figure 4S, Supplementary Information).23 The effect of the 

thermal treatment on the structure and porosity of the host matrix was studied by nitrogen 

physisorption and X-ray diffraction analysis. The nanomaterials 3a, 3b still present typical 

adsorption-desorption isotherms of type IV with an H1 hysteresis loop evidencing the 
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preservation of the cylindrical pore volume. No significant modifications of the specific 

surfaces and the pore volumes were observed after the thermal treatment (Table 2). In 

addition, the XRD patterns in the 2θ range 0.5-5° show a sharp peak due to the (100) 

reflection along with the (110) and (200) reflections, clearly indicating that the mesoporous 

silica keeps its hexagonal structure (Table 2). The XRD pattern of nanomaterial 3a in the 2θ 

region between 20 and 60° present the three main reflections at 28.1, 35.2, 40.4, 40.9, 54.5 

and 58.2° which could be assigned to the (110), (101), (200), (111), (211) and (220) 

reflections of the tetragonal RuO2 structure (Figure 6). Finally, TEM studies carried out on 3a 

and 3b samples evidence the presence of the RuO2 nanoparticules inside the channels of the 

mesoporous silica matrices. However, it appears also clearly that the mesostructure of the 

parent hosts is not damaged during calcination process and that no external bulk metal oxide 

phase is present outside the channels. A TEM image of the nanomaterial 3a after one I/H 

cycle is given in Figure 7 as example. Concerning the size of the nanoparticles, a narrow size 

distribution with a mean diameter of 4.2 (0.6) nm has been obtained for 3a (one I/H cycle). 

This value is slightly larger than the one measured for the ruthenium nanoparticles in material 

2a after one I/H cycle (3.4 (0.5) nm) before the thermal treatment (Figure 1a). This 

nanoparticles size increase corresponds to a size expansion of 0.8 nm, which is close to the 

theoretical size expansion expected (1.3 nm) for the conversion of ruthenium in ruthenium 

oxide. This result demonstrates that the increase in size of the nanoparticles observed after the 

thermal treatment is only due to the formation of the oxide network and does not result from 

nanoparticles coalescence. 

2.3. Evaluation of the catalytic filtering properties of the nanocomposites 3a. 

The catalytic filtering efficiency of the composite nanomaterials 3a has been evaluated 

following its implementation on top of the sensitive layer of a silicon-machined gas sensor. 

As previously described,6b,c this sensor is composed of a nanostructured SnO2 sensitive layer 
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deposited on the heating element and electric contacts of a silicon platform integrating all 

structures that are needed to receive and make operational the sensitive layer (Figure 8). The 

integration of the filtering layer was achieved through drop deposition of 3a, suspended in 

anisole, onto the sensitive layer followed by slow evaporation of the solvent. The working 

temperatures of the sensitive layer and of the filtering layer are thus under the control of a 

single heating resistor. A temperature gradient through the so-obtained multilayer device, 

lying from 450°C for the sensitive layer to approximately 300°C for the top of the filter layer, 

is expected when the heating resistor is supplied with 3.2 volts. 

The resistance of the sensitive layer, measured through interdigited platinum electrodes, is 

only slightly affected when covered by the filter layer, its mean value remaining in the range 

300 - 500  (at a working temperature near 450°C, under synthetic air, and at a humidity 

content of 50%). This is consistent with the expected high resistivity of the filter material, and 

no short-circuit of the sensitive layer is observed. 

As shown in Figure 9, the presence of an “on chip” 3a (I/H = 2; y/x = 0.07) filter is 

accompanied by strong effects on the response of the SnO2-based sensitive layer to CO, C3H8 

and NO2, i.e. important decrease of the sensitivity to 200 ppm of CO and to 1.8 ppm of NO2 

(65 and 80% respectively) and a moderate increase (30%) of the sensitivity to 150 ppm of 

C3H8. Similar results have been reproduced on different series of sensors, in agreement with 

the homogeneous dispersion of the RuO2 nanoparticles in the host matrix observed by TEM. 

The efficiency of the propane discrimination is dependent on the metal content of the 

nanocomposite 3a, and we observe that for y/x values of 0.007, 0.03 and 0.07 correspond 

SC3H8/SCO sensitivity ratios of 1.7, 2.1 and 3.2 respectively. It is also of interest to note that the 

non-loaded mesoporous silica has no observable effect on the CO and C3H8 sensor response 

when deposited on the top of the sensitive layer instead of 3a, evidencing the role of RuO2 

nanoparticles on the observed effects. 
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The implementation of 3a (I/H = 2; y/x = 0.07) as external filter has been performed in 

order to evaluate the intrinsic filtering properties of this material, clear of any interactions 

with the sensitive layer (disturbance in the thermal exchanges, doping effects through 

migration of RuO2 particles onto the sensitive layer…) and under accurate thermal control. 

Experimentally, the gas mixture is flowing through the filter material 3a, heated to 300°C by 

means of a tubular furnace, before entering into the sensor chamber. As shown in Figure 10, a 

similar 65% decrease of the response to CO is observed, whereas the filter has no effect on 

the response to C3H8. This clearly corroborates the catalytic properties of the filter material 

which appears as being able to partially remove CO from the gas mixture by selective 

oxidation into CO2, which can not be detected by a SnO2-based sensitive layer, leaving the 

hydrocarbon content unaltered. The important decrease of the sensitivity to NO2 and moderate 

increase of the sensitivity to C3H8 when the filter layer is implemented on the top of the 

sensitive layer is assumed to be due to the migration of a small amount of RuO2 nanoparticles 

during the drop deposition process. The addition of a small amount of noble metal is indeed 

well known to modulate the response of semi conducting materials, increasing the sensitivity 

to reducing gases and decreasing the sensitivity to oxidizing gases. 

The specific location of the catalyst into the channels of the mesoporous matrix appears 

to be a key point for the reproducibility and the long term stability of the observed filtering 

properties. When a nanocomposite material was produced following the same procedure at a 

similar catalyst loading but using a commercial amorphous and unfunctionalized silica (S60) 

with similar specific area, (530 m2/g) and mean pore size (5.5 nm), we indeed observed 

significant differences of behavior when implemented as catalytic filter. The first difference 

concerns the reproducibility of the propane discrimination efficiency, which varies in a wide 

range from one sensor to another; the sensitivity ratios SCO /SC3H8 values being in the range 

1.40 – 0.26. In similar experimental conditions and with similar catalyst content, the mean 
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sensitivity ratio observed for 3a as a catalytic filter is 0.31 with deviations limited to 0.04 

around this value. The filtering efficiency of the nanocomposite based on S60 silica moreover 

declines quickly with time, an increase in the SCO /SC3H8 ratio of 0.44 being observed within 

eight days. In contrast, no variation of the filtering efficiency of nanocomposites 3a has been 

observed over longer periods (several weeks). 

The differences we observed in the catalytic properties can be obviously related to the 

difference of morphologies between the two kinds of nanocomposite materials, and 

particularly to the presence in 3a of phosphonate groups. This prevents their migration out of 

the channels of the mesoporous matrix and consequently its coalescence into larger particles. 

3. Conclusion 

In this contribution, the synthesis of novel Ru@SiO2 and RuO2@SiO2 composite 

nanomaterials, and for the latter, their use as catalytic filters for gas sensors, are reported.  

The driving force of the synthesis method here described is the combination between an 

organometallic approach for the preparation of metal nanoparticles and the presence of 

phosphonate sites within the pores of mesostructured mesoporous silicas used as hosts. These 

phosphonate groups allow the selective location of the metal source, the [Ru(COD)(COT)] 

organometallic precursor, inside the channels of the matrices. TEM analysis and porosity 

measurements evidenced that the formation of the ruthenium nanoparticles takes place 

exclusively in the channels of the silica hosts and that the mesostructure of these latter is 

intact. The as-obtained Ru nanoparticles display a narrow size distribution centered at 3.4 

(0.5) nm whatever the starting hybrid silica or the number of I/H cycles. Since this size is 

similar to the one previously observed following the same organometallic route for the 

synthesis of Ru nanoparticles in solution or onto various inorganic supports, it appears clearly 

that the particles size is not governed by the pores diameter of the host. Concerning the 

ruthenium nanoparticles density, a maximum of Ru content has been reached after two I/H 
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cycles and no more Ru incorporation could be achieved. Furthermore, the thermal treatment 

under air, necessary to allow the formation of RuO2 nanoparticles within the silica matrices, 

does not damage the ordered mesoporous structure of the hosts and does not lead to particles 

coalescence outside the pores. 

 The results obtained using RuO2@SiO2 composite nanomaterials as catalytic filters for 

gas sensors, as well as after deposition as “on chip” filters or as external filters, revealed their 

very interesting catalytic behavior for the preferential detection of propane in a 

multicomponent gas mixture (propane/carbon monoxide/nitrogen dioxide in air). The 

efficiency of the propane discrimination is dependent on the metal content of the 

nanocomposite materials: higher Ru/Siw induced higher SC3H8/SCO sensitivity ratios. The 

RuO2@SiO2 nanomaterials are able to partially remove CO from the gas mixture by selective 

oxidation of CO into CO2, leaving the hydrocarbon content unaltered. The catalytic behavior 

of these RuO2@SiO2 nanomaterials is greatly enhanced in comparison with the one of another 

hybrid nanomaterial similarly prepared via the organometallic route but with unfunctionalized 

commercial silica for which not well dispersed nanoparticles in the silica grains were 

observed. The presence of phosphonate groups inside the channels of the mesoporous hosts is 

then crucial, allowing a directed growth of controlled sized particles exclusively inside the 

pores and with a homogeneous dispersion throughout the host structure. The directed location 

of the nanoparticles inside the silica channels thanks to phosphonate anchoring functions 

limits significantly nanoparticles sintering and leads to reproducible results. 

 In conclusion, this synthesis method appears as a simple and reproducible way to 

produce well-controlled composite metal or metal oxide containing silica nanomaterials 

displaying interesting catalytic properties that has been evidenced in a gas sensing application. 

This study demonstrates that a single approach, deposition of a catalyst suspended in a liquid, 

may allow the modulation of sensitivity of gas sensors; it also shows that the nature of the 
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material employed is critical in order to obtain reproducible results. However, although we 

observed an important and reproducible increase in selectivity for propane in the presence of 

CO and NO2, we did not succeed to completely eliminate CO response by selective oxidation 

into CO2. This may result from CO diffusion at the grain boundaries. Further work will be 

necessary to optimize a material able to reach this goal. 
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4. Experimental Section 

4.1. Synthesis and implementation of the catalytic filter 

Hybrid organic-inorganic mesostructured materials (EtO)2P(CH2)3SiO1.5/xSiO2 (x = 9: 1a, x = 

16: 1b),24 were synthesized as reported elsewhere. Unfunctionalized mesostructured silica 

was prepared by the method of Stucky and co-workers.25 [Ru(COD)(COT)] was prepared 

following an adapted published procedure.26 (EtO)2P(O)(CH2)3Si(OMe)3 was prepared by 

addition of 14.5 g (50 mmol) of 3-iodopropyltrimethoxysilane to P(OEt)3 (20 g, 120 mmol). 

The mixture was heated under reflux 24 h under Ar, then, the excess of P(OEt)3 was removed 

in vacuo. Bp5 10
-2

 mbar : 120°C. Yield : 10.5 g (70%). 13C NMR (CDCl3, 50MHz)  9.6, 16.3, 

27, 29.4, 50.3, 61.4 ppm; 29Si-NMR (CDCl3, 40MHz)  - 43 ppm; 31P NMR (CDCl3, 81 

MHz)  32.68 ppm. Elemental analysis: Si/P 1.02. Tetrahydrofuran (THF) was purified under 

standard procedure and distilled under nitrogen atmosphere prior to use. All experiments were 
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carried out using conventional schlenk tube and vacuum/argon-line techniques. 

Hydrogenation reactions were performed using Fisher-Porter bottles. 

The colloidal solution synthesis of ruthenium nanoparticles was performed using 

the following procedure. [Ru(COD)(COT)] (100 mg, 0.32 mmol.) and 1.8 equivalents 

of (EtO)2P(O)(CH2)3Si(OMe)3 (179 mg, 0.58 mmol.) in 10 mL of THF were placed 

under 3 bar of dihydrogen at room temperature until completion of the reaction. 

A simple two-step procedure i.e. impregnation/hydrogenation (I/H) was followed to 

prepare the ruthenium nanoparticles containing nanocomposites. One, two or three I/H 

cycles were applied to the mesostructured materials (EtO)2P(O)(CH2)3SiO1.5/xSiO2 (x = 

9: 1a, x = 16: 1b) or commercial S60 silica (Merck). 

Impregnation/Hydrogenation step. A typical procedure was applied as follows: 150 

mg of the hybrid organic-inorganic mesoporous material 

(EtO)2P(O)(CH2)3SiO1.5/16SiO2 1b were suspended in 2 mL of THF. [Ru(COD)(COT)] 

(35.0 mg, 0.11 mmol) in 2 mL of THF was added and the resulting mixture stirred for 

24 hours. The solvent was filtered off and the resulting powder dried in vacuo for 24 

hours. The resulting powder was placed in a Fisher-Porter bottle under 3 bars of 

dihydrogen at room temperature for 48 hours giving rise to Ru@SiO2 solids. 

The RuO2 nanoparticles containing materials were prepared using a subsequent 

thermal treatment under air, as described hereafter. 

Thermal treatment step. The powder resulting from the hydrogenation step was 

heated under air at 2°C.min-1 from room temperature to 450°C and then annealed for 5 

hours. 

Implementation of the nanocomposite materials as “on chip” catalytic filter. 

Anisole suspensions of the nanocomposite material were dropped onto the SnO2-based 

sensitive layer of a micro chemical sensor device integrating all structures that are 
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needed to make operational a sensing layer (heater, metal electrodes, membrane, 

insulating layer, etc…). The integrated polysilicon heater (600 x 430 m) of the sensor, 

supplied through platinum electrodes, was used to in situ evaporate the solvent and 

stabilize the sensitive and filter layers set according to an optimized multi-step 

temperature profile. The heater can reach a maximal temperature of 500°C with a power 

consumption of 100 mW. The sensitive layer resistance was measured between 

interdigited platinum electrodes. 

Implementation of the nanocomposite materials as external catalytic filter. The 

nanocomposite material (200 mg) was inserted and immobilized in a tubular chamber so 

that the test gas can only pass the chamber through the filter material before reaching 

the sensor chamber. The chamber for filter material is placed into a tubular furnace 

heated at 300 °C. 

Measurements under gases. A computer-controlled gas test bench was used to 

characterize the filter materials. It consists of a gas delivery system, glass sensor 

chambers and a measurement bridge for resistance determinations. Operating mode and 

data acquisition and processing were controlled through Labwindows software 

(National Instruments). Tests have been systematically performed by mean of a set of 

eight sensors similarly processed and exposed to a stream of synthetic air containing 

successively 200 ppm of carbon monoxide, 150 ppm of propane, and 1.8 ppm of 

nitrogen dioxide, under a relative humidity of 50% and at a flow rate of 1000 mL/min. 

The working temperature of the sensitive layer of each sensor was near 450°C. 

4.2. Physical Measurements 

Thermogravimetric analyses (TGA, DTA) were performed on a NETZSCH STA 409 PC 

LUXX instrument. Elemental analyses were performed at the Service Central d'Analyse 

(CNRS, Vernaison, France). Powder X-ray diffraction patterns were measured on a 
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PanAnalytical diffractometer equipped with an ultra-fast X’celerator detector X’pert Pro with 

Nickel-filtered copper radiation (1.5405 Å). The measurement parameters are: step size, 

0.01671; counting time, 60 s (Institut Européen des Membranes UMR 5635 ENSCH-UMII-

CNRS, Montpellier, France). Solid samples for Transmission Electron Microscopy (TEM) 

measurements were prepared using ultramichrotomy techniques and then deposited on copper 

grids. TEM measurements were carried out at 100 kV with a microscope JEOL 1200 EXII 

(Service Commun de Microscopie Electronique, Université Montpellier II, Montpellier, 

France). Solution samples for TEM were prepared by slow evaporation of a drop of crude 

colloidal solution deposited onto carbon covered copper grids under argon. TEM analyses 

were performed at the "Service Commun de Microscopie Electronique de l'Université Paul 

Sabatier" (TEMSCAN) on a JEOL 200CX-T electron microscope operating at 200kV with a 

resolution point of 4.5Å. The nanoparticle size distribution histograms were determined using 

enlarged TEM micrographs. The size distribution of the particles was determined by 

measuring a minimum of 200 particles for each sample. The size distributions observed are 

generally likely to be analysed in terms of Gaussian statistic. The CP MAS 31P and 13C solid 

state NMR spectra were recorded on a BRUKER FTAM 300 solid state NMR spectrometer. 
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Table Captions 

Table 1. Elemental analysis obtained for materials 1-3. 

Table 2. Some relevant characteristics of materials 1-3. 

Scheme Caption 

Scheme. Schematic representation for the synthesis of Ru and RuO2 nanoparticles in the 

mesostructured silica. 

Figure Captions 

Figure 1. TEM images of nanomaterial 2a obtained after one I/H a) with the corresponding 

Ru nanoparticles size distribution (Gaussian fit) c) or two I/H cycles b) and of nanomaterial 

2b d) obtained after two I/H cycles. 

Figure 2. a) Nitrogen adsorption-desorption isotherms and b) BJH pore size distribution 

calculated from the desorption branch for the hybrid silica 1b (black, solid line) and the 

nanocomposites 2b after one (black, dotted line) and two (grey, solid line) I/H cycles. 

Figure 3. Powder X-ray diffraction patterns within the 2θ range (0.5-5) for the hybrid silica 

1b (black, solid line) and the nanomaterial 2b (grey, solid line) after two I/H cycles. 

Figure 4. Powder X-ray diffraction pattern within the 2θ range 30-60 for the nanomaterial 2a 

after one I/H cycle. 

Figure 5. a) TEM image and b) size distribution (Gaussian fit) of Ru nanoparticles 

synthesized in solution with 1.8 equivalent of (EtO)2P(O)(CH2)3Si(OMe)3. 

Figure 6. Powder X-ray diffraction pattern within the 2θ range 20-60° for the nanomaterial 3a 

after two I/H cycles. 

Figure 7. TEM image of nanomaterial 3a obtained after one I/H cycle a) and the RuO2 

nanoparticles size distribution (Gaussian fit) b). 

Figure 8. Schematic view of the micro sensor and of the deposition mode of the filter layer 
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Figure 9: Sensitivity variations of the gas sensor under different gas compositions, without 

filter layer (grey line) and in the presence of “on chip” filter layer (black line) 

Figure 10: Sensitivity variations of the gas sensor under different gas compositions, without 

filter (grey line) and in the presence of an external filter (black line) 
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Table 1. Elemental analysis obtained for materials 1-3 
 
 

Ru/SiO2 (w.%) 
used for each 
impregnation 

step 

Type of 
Nanomaterial 

NanoMaterial 
Number 

of I/H 
cycle 

P 
[%] 

Si 
[%] 

Ru 
[%] 

xa ya y/xa 

 SiO2  1a (x=9) 0 3.90 33.90 0 8.6 0 0 

7% 

Ru@SiO2 2a 
1 3.04 28.43 3.94 10.3 0.40 0.04 

2 2.59 26.89 7.91 10.4 0.97 0.09 

RuO2@SiO2 3a 
1 3.25 31.06 3.34 10.5 0.31 0.03 

2  3.19 32.64 8.37 11.3 0.80 0.07 

1% 
Ru@SiO2 2a' 1 3.24 30.06 0.71 10.2 0.07 0.007 

RuO2@SiO2 3a' 1 3.74 36.00 0.82 10.6 0.07 0.007 

 SiO2 1b (x=16) 0 1.90 28.43 0 15.5 0 0 

   1 1.93 29.31 4.90 15.7 0.78 0.05 

7% Ru@SiO2 2b 2 1.93 27.45 10.09 14.7 1.60 0.11 

   3 1.95 27.28 9.96 14.4 1.56 0.11 

 RuO2@SiO2 3b 1 1.91 27.98 5.64 15.2 0.91 0.06 

a x and y values and y/x ratio correspond respectively to SiO2/(EtO)2P(O)(CH2)3SiO1.5, 
Ru/(EtO)2P(O)(CH2)3SiO1.5 and Ru/SiO2 ratios 
 
 
 
Table 2. Some relevant characteristics of materials 1-3. 
 
Material I/H SSpec. [m2.g-1] Vp [cm3.g-1]a Dp [nm] d100 d110 d200 

1a 0 722 1.21 6.0 9.2 5.3 4.6 

2a 1 465 0.46 6.0 9.4 5.5 4.7 

2 253 0.40 6.2 9.4 5.2 4.4 

3a 2 259 0.35 4.5 9.2 5.0 4.5 

1b 0 646 1.14 7.5 10.7 6.4 5.5 

2b 1 289 0.55 7.3 10.7 6.5 5.6 

2 198 0.37 7.3 10.8 6.9 5.8 

3b 1 205 0.39 6.0 10.6 6.6 5.7 

a The total pore volumes were calculated at p/p0 = 0.9. SSpec. =  Specific surface area, Vp = 
Pore volume and Dp = Pore diameter. 
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phosphonate groups 
onto the surface 
of the channels

RuO2@SiO2 nanomaterials
(x = 9, 3a; x=16, 3b)

=

(EtO)2P(O)(CH2)3SiO1.5/xSiO2

O

(EtO)2 P (CH2)3

1) Ru(COD)(COT); THF

2) 3 bar H2; r.t.
3) 450°C; air

(EtO)2P(O)(CH2)3SiO1.5/xSiO2 (x = 9, 1a; x=16, 1b)

x= 9, SiO2=1a, Ru@SiO2=2a, RuO2@SiO2=3a
x=16, SiO2=1b, Ru@SiO2=2b, RuO2@SiO2=3b

 

 

Scheme. Schematic representation for the synthesis of Ru and RuO2 nanoparticles in the 

mesostructured silica. 

 

 

.
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Figure 1. TEM images of nanomaterial 2a obtained after one I/H a) with the corresponding 
Ru nanoparticles size distribution (Gaussian fit) c) or two I/H cycles b) and of nanomaterial 
2b obtained after two I/H cycles d). 
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Figure 2. a) Nitrogen adsorption-desorption isotherms and b) BJH pore size distribution 
calculated from the desorption branch for the hybrid silica 1b (black, solid line) and the 
nanocomposites 2b after one (black, dotted line) and two (grey, solid line) I/H cycles. 

a) 

b) 
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Figure 3. Powder X-ray diffraction patterns within the 2θ range (0.5-5) for the hybrid silica 
1b (black, solid line) and the nanomaterial 2b (grey, solid line) after two I/H cycles. 
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Figure 4. Powder X-ray diffraction pattern within the 2θ range 30-60° for the nanomaterial 2a 
after one I/H cycle. 
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Figure 5. a) TEM image and b) size distribution (Gaussian fit) of Ru nanoparticles 
synthesized in solution with 1.8 equivalent of (EtO)2P(O)(CH2)3Si(OMe)3.

d = 3.4 (0.6) nm 
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Figure 6. Powder X-ray diffraction pattern within the 2θ range 20-60° for the nanomaterial 3a 
after two I/H cycles. 
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Figure 7. TEM image of nanomaterial 3a obtained after one I/H cycle a) and RuO2 

nanoparticles size distribution (Gaussian fit), b). 
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Figure 8: Schematic view of the micro sensor and of the deposition mode of the filter layer 
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Figure 9: Sensitivity variations of the gas sensor under different gas compositions, without 
filter layer (grey line) and in the presence of “on chip” filter layer (black line) 
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Figure 10: Sensitivity variations of the gas sensor under different gas compositions, without 
filter (grey line) and in the presence of an external filter (black line) 


