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Abstract 

A versatile in situ photochemical reduction approach was used to generate a composite of gold 

nanoparticles and SBA-15 silica support with regular mesopores. The mesoporous silica support 

was first synthesized and, after calcination, was suspended in a solution of gold bromide (EtOH or 

H2O) containing a free radical generator activated by UV irradiation and used for the 

photochemical reduction of gold precursor. The influence of gold precursor concentration, light 

intensity and nature of the solvents on the formation and properties of gold nanoparticles (size, 

dispersion, stability) on the mesoporous SBA-15 support have been studied with the aim of 
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optimizing the dispersion of the gold nanoparticles in the mesoporous network and their chemical 

stability. The catalytic activity of the resulting AuNPs@SBA-15 nanocomposite was successfully 

evaluated for the oxidation of benzyl alcohol reaction in liquid-phase.  

Keywords: Mesoporous silica, SBA-15, Gold nanoparticles, Photoreduction, Oxidation, Benzyl 

alcohol  

1. Introduction 

The combination of a solid support with noble metal nanoparticles leads to nanocomposites with 

specific properties [1]. Today, due to the diversity of synthetic methods and applications in various 

fields, gold-based nanocomposite materials are attracting a lot of attention.  

In studies reported on the elaboration of gold-based nanocomposites, a particular interest was 

paid to the structural and textural properties of the support phases as well as to the formation and 

the properties of gold nanoparticles. Mesoporous gold-silica nanocomposites have been 

synthesized via sol-gel process and their optical properties were investigated for a promising 

application to detect the presence of trace amounts (10 ppm) of cyanide ion in aqueous solutions 

[2]. Gold / polyaniline composite materials have been prepared by a chemical reduction of 

chloroauric acid in methanol as solvent.  Such composite materials, which contain gold 

nanoparticles stabilized by the polyaniline film matrix, exhibit controllable electric conduction 

properties [3]. A particular interest is the catalytic action of gold in the field of depollution (e.g. 

low temperature CO oxidation, NOx reduction, decomposition of ozone and volatile organic 

compounds (VOC), elimination of dioxins) [4–7] and, more recently, in the field of biomass 

valorisation (oxidation of lignocellulosic biomass derivatives such as glucose or 5-

hydroxymethylfurfural to value-added compounds) [8,9]. In relation to the potential 
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transformation of biomass, the selective oxidation of alcohols to their corresponding aldehydes 

and ketones is of great importance in organic synthesis on both laboratory and industrial scales 

[10]. Derived from lignin fraction, benzyl alcohol conversion to benzaldehyde has attracted the 

scientific attention in the last decade [11–13]. The general reaction is presented in the 

Supplementary Information Section (Scheme A.1).  

The catalytic properties of gold are related to the size of gold nanoparticles. In some cases, they 

must be narrower than 5 nm, which request the development of new synthetic methods [14,15]. 

Most of the methods used to generate gold nanoparticles are bottom-up methods, because the 

control of their state and shape is quite easy [16–27]. The different bottom-up methods, which can 

be distinguished from the reduction methods used for the generation of gold nanoparticles, are 

divided into different categories: the first one is based on chemical approaches (use of chemical 

reducing agents), the second one involves physical approaches (use of ultrasonic methods, 

electrochemistry, ionizing radiations) and another one is based on photo-assisted methods (UV 

irradiation, laser photolysis). The photochemical approach is based on the solvent (water or 

alcohol) decomposition by an ionizing radiation (electron beam), which leads to the formation of 

hydroxyl radicals and solvated electrons. These electrons, which are regarded as the most efficient 

reductive species, allow reducing a large number of metals ions [28–30]. 

H2O  •H, H3O+, e-
aq, •OH, H2, H2O2 

RCH2OH  •H, H3O+, e-
aq, RCH•OH, H2, H2O 

The most widely used chemical approaches are based on the chemical reduction of gold ions in 

solution to form colloidal nanoparticles using sodium borohydride (NaBH4) as a reducing agent 

[19,20]. Despite the popular utilization of NaBH4, the reduction can also be carried out with 

trisodium citrate (Na3C6H5O7) [21] and a variety of other reducing agents such as oxalic acid, 
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hydrazine,…[16,22,23] These approaches involve the reduction of gold ions and the chemical / 

physical sorption of ligands at the surface of nanoparticles to prevent coagulation and precipitation. 

The reduction of gold ions could also take place in gas phase with dihydrogen as a reducing agent 

(pure or mixed with an inert gas) [24,25]. The disadvantage of chemical approaches is the presence 

of impurities in the reagents. Some approaches based on high temperature thermal reduction in air 

for a few hours have been also reported for the formation of gold nanoparticles [26,27]. However, 

these thermal strategies are much less used than those based on chemical reduction because of the 

propensity of nanoparticles to aggregate significantly at high temperature. 

In the present work, an innovative photochemical approach, still rather infrequent, has been used 

for the reduction of gold precursors. Indeed, this photochemical method offers many advantages 

such as rapidity, mild conditions (reactions at room temperature), industrial viability and low-cost 

operation, environmentally friendly character. In addition, it offers the possibility of controlling 

the reduction reaction in both space and time, which helps regulating the growth of gold 

nanoparticle, their morphology (size and shape) and their dispersion in the reactive medium [31–

34].  

Thanks to its interesting physico-chemical features, ordered mesoporous silica (OMS) has been 

combined with gold nanoparticles in order to synthesize nanocomposites. OMS exhibits regular 

pores in terms of spatial arrangement and diameter, high specific surface areas and remarkable 

thermal stability as well as numerous silanol groups on their surface [35–39]. Several synthetic 

approaches of gold nanoparticles@OMS nanocomposites have been reported [40–44]. The 

incorporation of gold nanoparticles in the OMS structure is expected to produce a heterogeneous 

catalyst with high mechanical-thermal-chemical stability, high selectivity toward reactive 

molecules, high catalytic activity and potential recycling capacity [14,35–39,45]. The oxidation of 
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CO at low temperature by a gold-supported mesoporous silica catalyst described by Okumura et 

al. was reported [46]. The gold-based catalyst led to 50% conversion of CO at 227 K and exhibited 

a higher catalytic activity than gold catalysts supported either on TiO2 or Al2O3. This result was 

confirmed by Daté et al. [47]. Gui et al. have developed gold nanoparticles@porous silica catalysts 

by an one-pot sol-gel method, exhibiting remarkable efficiency for the oxidation of cyclohexane 

[48]. Other studies about the reduction of p-nitro phenol into p-amino phenol have also evidenced 

the catalytic efficiency of gold-based silica catalysts [39,49].   

The photogeneration of gold has been reported in functionalized ordered porous silicas. Fattori 

et al. have modified SBA-15 with 4,4’-bipyridinium functional groups before using it as a support 

for the photochemically-assisted formation of Au nanoparticles [50]. However, this approach has 

never been reported for pure silica OMS. Indeed, the main references found in the literature dealt 

with noble metals such as Ag and Pd nanoparticles confined in the OMS structures [51,52]. In the 

case of gold nanocomposites, the major silica supports studied are non-ordered porous silicas. The 

impregnation of a porous silica monolith with a solution gold salt followed by a photo-reduction 

process of at least 10 min has been reported for the production of Au nanoparticles in porous silica 

[53].  

Herein, we present a simple method for generating gold@OMS nanocomposites via a photo-

induced free-radical process. This synthesis involves a two-step procedure: in a first step, the SBA-

15 type OMS support was prepared, then the gold cations underwent a photo-induced reduction. 

Several photonic and physicochemical parameters have been studied. The influence of gold 

precursor concentration, light intensity and nature of the solvents on nanoparticles formation (size, 

dispersion and stability) and their optical properties in the SBA-15 structure were thoroughly 
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analyzed. The catalytic performance has been evaluated with respect to the selective oxidation of 

benzyl alcohol in liquid phase. 

 

2. Experimental section 

2.1. Materials 

For the synthesis of ordered mesoporous SBA-15 type material, the reagents used in the 

experiments were the triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol), Pluronic® P-123 as the pore templating agent and tetraethyl 

orthosilicate (TEOS – 98%) as the silica source. Both were supplied by Sigma-Aldrich. 

Hydrochloric acid (37 wt.%) was purchased from Carlo Erba. For the photochemical synthesis, 

the metal precursor, gold tribromide (AuBr3 ≥ 99.9%), was purchased from Sigma-Aldrich and the 

radical generator Irgacure 2959® (1-[4-(2-hydroxyethoxy) phenyl]-2-hydroxy-2methyl-1-propan-

1-one) was purchased from BASF Chemical Co.  

Prior to catalytic tests, analytical grade benzyl alcohol (named as BzOH, Fluka), benzaldehyde 

(BzCHO, Aldrich), benzoic acid (BzCOOH, Prolabo) and benzyl benzoate (BnBzO, Alfa Aesar) 

were used as calibration standards. For the catalytic tests, benzyl alcohol (Fluka), cyclohexane 

(Carlo Erba) and sodium carbonate (Fluka) were used as received.  

2.2. Nanocomposite synthesis method 

The non-aggregated SBA-15 micron-size particles were prepared according to the protocol 

described by Belmoujahid et al. [54], inspired by the original work of Zhao et al. [38] with slight 

modifications. The synthesis was performed with a molar ratio of 1 SiO2 : 0.017 P123 : 5.68 HCl 

: 197 H2O. After complete dissolution of P123 in HCl and distilled water heated at 40 °C, TEOS 

was added under stirring with a flow rate of 8 mL.s-1. The mixture was left under static conditions 
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at 40 °C for a 2 h ageing step and then heated in a sealed flask at 90 °C for 24 h. The precipitated 

solid was recovered by filtration and washed with distilled water and then, dried for 12 h at 70 °C. 

Finally, the solid was calcined under air in a muffle furnace at 300 oC for 4 h (with a heating rate 

of 0.8 °C.min-1 from 20 to 300 °C) to remove the pore templating agent P123. 

AuNPs@SBA-15 nanocomposites were prepared as follows: 15 mg of calcined SBA-15 was 

dispersed in 2 mL of solvent (distilled water or ethanol) in a 10 mL vial under magnetic stirring 

(450 rpm) during 20 min. An amount of x% AuBr3 (where x represents the wt.% of AuBr3: x = 

0.25; 0.125; 0.05; 0.025 wt.%) was dissolved in this mixture, and then 0.5 wt.% of the free-radical 

generator Irgacure 2959 was added. After 1 h of magnetic stirring at 350 – 400 rpm in the dark, 

the colour of this formulation was orange or yellow, depending on the AuBr3 concentration. Then, 

the formulation was immediately exposed to UV light in order to generate gold nanoparticles 

dispersed within the SBA-15 host. It is noteworthy that the silica support used was not previously 

functionalized. The photochemical reduction was performed with a 200 W Hg-Xe lamp – LC8-

02A device from Hanamatsu. The experimental set up used to shape the actinic beam delivered a 

maximum fluence of 200 mW.cm-2 in the 300 – 450 nm range.  

The irradiated solution was immediately analyzed by UV-Visible spectroscopy and then 

decanted in dark room for 12 h. The decanted solution was washed with distilled water and then, 

the solid phase recovered was dried at 70 oC during 24 h before TEM (Transmission Electron 

Microscopy), X-ray diffraction and N2 adsorption / desorption manometry analyses. 

2.3. Materials characterization 

UV-Visible absorption spectroscopy (Thermo Fisher Scientific Evolution 201 spectrometer) was 

used to qualitatively establish the formation of gold nanoparticles.  



 8

Transmission Electron Microscopy (TEM) allowed to characterize the morphology and 

dispersion of gold nanoparticles in the support. Those experiments were carried out at 200 kV 

using a JEOL ARM 200 F instrument. The particles sizes distributions are determined from 200 

particles using the Image J software.  

X-ray powder diffraction (XRD) data were collected using a PANalytical X’Pert Pro 

diffractometer with a Cu anode operating at 50 kV/40 mA (λ = 0.15418 Å, 0.5° < 2θ < 10° and 2° 

< 2θ < 70°, 0.02 °.s-1).  

The textural properties of the materials were investigated using a Micromerictics Tristar 

instrument at -196 °C. The samples were out-gassed overnight under vacuum at 150 °C. The 

specific surface area was determined using the Brunauer – Emmett – Teller method in a relative 

pressure range of 0.05 to 0.35. The average pore diameter was determined using the Barrett – 

Joyner – Halenda (BJH) model applied to the desorption branch. The microporous volume was 

determined using the t-plot method. 

Thermogravimetric Analysis (TGA), which allows quantifying the contents of physisorbed 

water, residual organic matter and silanol groups, was carried out on a TG METTLER TOLEDO 

STARe apparatus, under air flow, with a heating rate of 5 °C.min-1 from 30 to 800 °C. 

X-ray photoelectron spectroscopy (XPS) analysis was performed on a VG Scienta (Uppsala, 

Sweden) SES 2002 X-ray photoelectron spectrometer under ultra-high vacuum (P < 10−9 mbar). 

The spectrometer resolution at the Fermi level is about 0.4 eV. The depth analyzed extends up to 

about 8 nm. The monochromatized Al Kα source (1486.6 eV) was operated at a power of 420 W 

(30 mA and 14 kV) and the spectra were acquired at a take-off angle of 90 ° (angle between the 

sample surface and photoemission direction). CASAXPS software (Casa Software Ltd, 

Teignmouth, UK, www.casaxps.com) was used for all peak fitting procedures. The intensity area 
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was determined using integrated peak areas of each component and taking into account the 

transmission factor of spectrometer, means free path, and sensibility factor of each atom. 

 

 

2.4. Catalytic tests 

The oxidation of benzyl alcohol was carried out in a 100 mL autoclave reactor (Parr) equipped 

with temperature and pressure controllers and external magnetic stirring (Figure A.1). In a typical 

experiment, benzyl alcohol (0.567g, 5 mmol), cyclohexane (solvent, 25 mL), AuNPs@SBA-15 

catalyst (0.068g, BzOH:Au molar ratio 1530:1) and Na2CO3 (2.12g, BzOH: Na2CO3 molar ratio 

1:4) were added to a glass vessel placed inside the stainless steel reactor. The latter was purged 

twice with pure O2 and finally pressurized until 4 bar. The mixture was heated gradually and stirred 

at 500 rpm during the whole experiment. The reaction started (t = 0) when the temperature was 

reached (100 or 130 ºC, respectively). After 1 or 4 h, respectively, the reactor was cooled down in 

an ice bath, depressurized and opened to withdraw a sample. Samples were microfiltered, diluted 

in ethanol and analyzed in an Agilent 6890N GC system equipped with Solgel-Wax capillary 

column. 

The stability was studied in the spent samples recovered from post-reaction mixture. In order to 

isolate the catalyst from the heterogeneous (completely insoluble) base, Na2CO3 was extracted and 

dissolved in water. The solid catalyst was then filtered, washed with water and dried overnight at 

110 ºC. BzOH:Au:Na2CO3 molar ratio were kept constant during all the experiments. The 

conversion and selectivity values were calculated according to Equations 1 and 2. 

���������� 
%� =  

� ������������ � 
� ����������


� ������������
 ×  100   Eq. 1. 

����� ��� ! 
%���"�� =

� �����

Σ 
� ��"��#� ��"���#� �������
 ×  100      Eq. 2. 
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3. Results and discussion 

3.1. Photoinduced generation of size-controlled gold nanoparticles  

In order to obtain a gold@SBA-15 nanocomposite, gold nanoparticles were synthesized in situ 

by using distilled water and ethanol as solvents. Preliminary studies with ethanol as a solvent, 

aimed at determining the influence of photonic parameters on the formation and optical properties 

of gold nanoparticles (AuNPs). The photonic conditions were defined as follows:  light intensity 

50 mW.cm-2 with a 4 min exposure. 

Before and after irradiation the formulations were analyzed by UV-Vis spectrophotometry 

(Figure 1). In their initial state, ethanol or water solutions of AuBr3 exhibited an orange brown 

colour with an absorption band around 380 nm [55]. After irradiation, the UV-Vis spectra showed 

the presence of a new band for both solvents (at 540 nm in ethanol and 527 nm in H2O) with a red 

purple colour, which is characteristic of the presence of gold nanoparticles [56,57]. At the same 

time, in both formulations, the characteristic band of gold cations at 380 – 385 nm was no longer 

visible at the end of the irradiation, thus indicating the reduction of Au3+ species to Au0.  
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Figure 1. UV-visible absorption spectra of formulations prepared in (a) ethanol and (b) water. 

In order to determine the influence of the solvent on the synthesis of Au nanoparticles, and more 

particularly on the optical properties of AuNPs formed on the structure of the SBA-15 support, the 

stability of as-prepared nanoparticles after irradiation in ethanol and water was studied. The two 

formulations were stored in the dark for 7 days. In the case of ethanol, after ageing for 7 days, the 

colour of the formulation turned from red-purple to brown while a new absorption band emerged 

in the UV-Visible spectrum at 380 nm with a concomitant decrease of the band at 540 nm [58]. 

This result indicates the instability of Au0 particles in ethanol.   

On the other hand, the AuNPs in water exhibited a fair stability over the same period. The colour 

of the formulation and the absorption band at 527 nm did not change over a 7 days storage period 

(Figure 1). Because of the remarkable stability of the gold@SBA-15 nanocomposite synthesized 

in water, this solvent was used in the forthcoming experiments presented in this work. 

The colour changes of the solutions are summarized in Table A.1.  

Then, the influence of the concentration of metal precursor was studied in H2O and under the 

same photonic conditions (50 mW/cm2 and 4 min UV-exposure). The colour of the solution varied 

from orange to yellow, then light yellow, showing the decrease in cations concentration and also 

the conversion of Au3 + to Au2+ and Au+ (see Table A.2) [59]. The colour of the solution after the 

irradiation turned from purple to pink with a decrease in Au concentration, attributed to the 

presumed formation of smaller AuNPs.  

The UV-visible spectra before and after irradiation for decreasing Au3+ concentrations are shown 

in Figure 2. The position of the absorption band assigned to AuNPs was blue-shifted from 585 nm 

to 520 nm, as the gold precursor concentration diminished. The shift of the band to lower 

wavelengths indicates a decrease of the size of gold nanoparticles. 
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Figure 2. UV-visible absorption spectra of formulations in water medium (a) before and (b) after 

the irradiation as a function of gold salt concentration. 

With a view to improve the characterization of as-developed nanomaterials, TEM observations 

of this nanocomposite (Figure 3) were performed in order to determine the size and dispersion of 

gold nanoparticles within SBA-15 support as a function of their concentrations.  The TEM images 

illustrate the presence of spherical particles covering the SBA-15 support. The size of the 

nanoparticles was observed to decrease while diminishing  the metal precursor concentration 

[60,61]. Indeed, the size, the concentration and the aggregation level of gold nanoparticles are very 

important according to the different applications. It has been demonstrated, according to Mie 

theory, that the higher the initial concentration of gold is, the larger the size of the nanoparticles 

becomes. In the case of 0.25 and 0.125 wt.% AuBr3 samples, the AuNPs were found to be large 

and probably localized at the external surface of the SBA-15 support. The size measured by TEM 

was 29.9 ± 3 nm and 15 ± 2 nm, respectively; some aggregates were also visible (Figures 3a and 

3b). In contrast, samples containing 0.05 and 0.025 wt.% AuBr3 led to smaller and well dispersed 

nanoparticles formation with a narrow size distribution (Figures 3c and 3d). Their average size 

was measured to be 6.0 ± 0.5 nm and 4.9 ± 0.5 nm, respectively.  
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Figure 3. TEM images of AuNPs@SBA-15 nanocomposites and AuNPs size distributions as a 

function of the gold salt concentration:(a) 0.25 %, (b) 0.125 %, (c) 0.05 % and (d) 0.025 % AuBr3. 
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inside the mesopores. Therefore, in-depth characterizations were performed to determine the 

position of AuNPs on the 0.05 wt.% AuNPs@SBA-15 nanocomposite which should contain a 

large amount of gold. For the following of the study, this concentration was used and referred to 

AuNPs@SBA-15. 

3.2. In-depth characterization of the AuNPs@SBA-15 nanocomposite 

In order to determine its physico-chemical properties, the optimized AuNPs@SBA-15 

nanocomposite was characterized by TEM, XRD and nitrogen physisorption manometry 

techniques. 

 

Figure 4. TEM images at different scales of the optimized nanocomposites AuNPs@SBA-15. 

TEM images shown in Figure 4 reveal that the nanoparticles are spherical with an average 

narrow diameter of 6.0 ± 0.5 nm, and are well dispersed within the mesoporous structure or on the 

surface of the silica host. Only few aggregates are visible. 3D TEM tomography experiments 

performed on the optimized nanocomposite AuNPs@SBA-15 (not presented here) indicated that 

the AuNPs are localized near the surface of SBA-15 particles. The AuNPs have probably grown 

at the entrance of the pores since their size matches with that of the pores. This is probably due to 

preferential adsorption of Au salts at the surface of SBA-15 particles.  

The low and wide angles XRD patterns of the nanocomposite are presented in Figure 5. At low 

angles (Figure 5a), the composite as well as the SBA-15 host support, exhibit three diffraction 
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peaks corresponding to (100), (110) and (200) reflection plans characteristic of a 2D hexagonal 

P6mm symmetry. In order to study the impact of the UV-treatment on the structural and textural 

properties of the SiO2 network, the SBA-15 host has been treated under the same conditions: 

dispersion in H2O and exposure to UV-light for 4 min. Likewise, the SBA-15 was also dispersed 

in water without irradiation as a blank experiment. 

 

Figure 5. Powder X-ray diffraction patterns (a) at low angles of different SBA-15 samples and the 

optimized AuNPs@SBA-15 and (b) at wide angles of the AuNPs@SBA-15 nanocomposite. 

The peak positions of the 3 SBA-15 samples dispersed in H2O with and without UV-exposure 

and the AuNPs@SBA-15 shifted slightly; so, their lattice parameter shows only a slight decrease 

compared to pristine SBA-15. This indicates a contraction of the porous network upon dispersion 

in H2O and subsequent drying. Indeed, the pore network contraction is similar for the 3 samples, 

which indicates that the photochemical treatment has no influence on the structural organisation 

of the composite.  

At wide angles, the XRD pattern of the AuNPs@SBA-15 nanocomposite (Figure 5b) confirms 

the formation of Au0 nanoparticles since 3 broad peaks in the range 30 – 70 °2θ corresponding to 

(110), (200) and (220) reflection planes of crystalline gold were observed. According to Scherrer 
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equation, the average gold crystal size can be estimated to 12 ± 3 nm. This XRD estimation 

suggests the presence of larger particles compared to TEM observations, which can be explained 

by the presence of aggregated Au particles on the surface of SBA-15 that are taken into account 

when particle size is calculated using the Scherrer equation. Hence, this contributes to increase the 

average particle size. The broad peak at 20 – 25 °θ is characteristic of the amorphous SBA-15 

silica framework. 

 

Figure 6. (a) Nitrogen sorption isotherms and (b) pore size distributions of different SBA-15 

samples and optimized AuNPs@SBA-15. 

The textural properties of the SBA-15 host and AuNPs@SBA-15 were studied by nitrogen 

adsorption / desorption. According to IUPAC classification, pristine SBA-15 support and 

AuNPs@SBA-15 nanocomposite exhibit type IV isotherm with a H1 hysteresis, which is 

characteristic of mesoporous materials (Figure 6). However, the textural parameters (specific 

surface area and pore volume) of the nanocomposite are lower than those of the SBA-15 pristine 

host silica (Table 1). Although the nanocomposite still exhibits a high specific surface area (392 

m2/g) and a high pore volume (0.57 cm3/g), relative to the parent silica, there is a loss of 63 % of 

the specific surface area and of 50 % of the pore volume.  
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Table 1. Textural parameters of different SBA-15 samples and optimized AuNPs@SBA-15 

                            Samples 

 

Textural parameters 

calcined 
SBA-15 

calcined SBA-
15 dispersed in 

H2O 

calcined SBA-
15 dispersed in 

H2O and 
irradiated 

AuNPs@SBA-15 

BET specific surface area 
(m2/g) 1069 746 746 392 

Volume 
(cm3/g) 

Total pore 1.2 0.9 0.9 0.57 

Micropore 0.2 0.1 0.1 0.02 

Mesopore 1.0 0.8 0.8 0.55 

Average BJH pore 
diameter (nm) 6.8 – 7.0 6.0 – 6.2 6.0 – 6.2 5.8 – 6.2 

 

This can be explained first by the preparation of the nanocomposite using water as a solvent. 

Indeed, for the SBA-15 dispersed in H2O, the loss of specific surface area is 48 % (instead of 63 

%) and the loss of pore volume is of 37 % (instead of 50 %). As observed by XRD (Figure 5a), 

the dispersion in water and subsequent drying have an impact on the structure and therefore on the 

porous texture of the nanocomposite. On the other hand, since the irradiation has no influence on 

the mesostructure, it has therefore no influence on the textural parameters (see textural parameters 

of SBA-15 dispersed in H2O and SBA-15 dispersed in H2O and irradiated reported in Table 1 and 

Figure 6). It should be noticed that the AuNPs@SBA-15 nanocomposite did not exhibit 

micropores, which explains the low specific surface area and pore volume. This can be explained 

by the obstruction of the SBA-15 micropores by residual organic matter from the 1-[4-(2-

hydroxyethoxy) phenyl]-2-hydroxy-2-methyl-1-propan-1-one used as the radical generator. 
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The optimized AuNPs@SBA-15 nanocomposite was analyzed by thermogravimetry and 

compared to the calcined SBA-15 support as presented in Figure 7. 

 

Figure 7. Thermogravimetric analysis of calcined SBA-15 and optimized AuNPs@SBA-15. 

A first loss of mass of 13.5 % for calcined SBA-15 and 7.5 % for AuNPs@SBA-15 

nanocomposite was observed from 25 to 220 °C, respectively. This mass loss corresponds to the 

release of physisorbed water from the material in both cases. The greater amount of physisorbed 

water on calcined SBA-15 can be assigned to a high silanol content generally observed on SBA-

15 calcined at 300 °C. The second mass loss of 4 % observed from 220 to 800 °C for calcined 

SBA-15 can be explained by the condensation of silanols upon increasing the temperature. 

A 22 % weight loss has also been observed for this nanocomposite beyond 220 °C. It can be 

assumed that this mass loss corresponds mainly to the oxidation of the residues from the radical 

generator. The washing protocol performed after the photo-reduction reaction probably only 

partially removed those residues. The presence of this organic matter may also explain the greater 

decrease of the textural parameters. 
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Figure 8. a) XPS survey spectrum of the optimized AuNPs@SBA-15 nanocomposite; XPS spectra 

of b) Au4f 7/2 of the sample after 4 min UV-exposure c) C, Si and O. 

XPS analysis was carried out to study the surface chemistry of AuNPs@SBA-15 nanocomposite 

(composition and structure). As it can be seen in Figure 8a and Table 2, Si, C, O and Au are the 

main elements found from the survey spectra of the nanocomposite materials. No trace of Br is 

detected meaning that Br is release in solution.   

Table 2. XPS results of optimized AuNPs@SBA-15 

Block Id Name Position %At Conc. 

Au 4f Au 4f 7/2 Au0 84.10 0.94 

C 1s C-C C-H 284.65 9.00 

C 1s C-O 286.54 5.56 

O 1s Si-O C-O 532.60 57.23 
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Si 2p Si-O 103.32 27.27 

 

This is consistent with the chemical components of the SBA-15 host and Au stemming from the 

photo-reduction of Au3+ cations. A percentage of 0.94 %at of Au has been determined here. For 

catalytic tests a 0.94 wt.% of Au has been used. The energy spectrum of Au 4f 7/2 (84.10 ± 0.1 

eV) is reported in Figure 8b the position of the peak corresponds to Au0 [62]. The change in the 

corresponding Au 4f 7/2 from Au3+ peak (85.5 ± 0.3 eV) [63–65] to binding energies 84.10 eV 

was linked to the reduction of Au3+ into AuNPs. Since no other form of Au is visible, the reduction 

of Au3+ can be postulated as complete. In stark contrast to what can be found in the literature, Au 

nanoparticles generated according to this procedure do not contain any covalently bound 

stabilizers. However, the substituted benzoyl radicals resulting from the cleavage reaction of 

Irgacure 2959, which are known to oxidize to carboxylic acid, might interact mildly with the 

nanoparticles [33,66]. In addition, the presence of a large amount of carbon confirms the presence 

of residual organic matter that probably obstructs the microporosity and part of the mesoporosity. 

 

3.3. Catalytic study 

The catalytic performance of optimized AuNPs@SBA-15 sample was evaluated in the selective 

oxidation of benzyl alcohol under oxygen atmosphere. The reaction conditions were chosen on the 

basis of previous literature reports [11–13,67,68]. It is well known that gold activity strongly 

depends on both oxygen concentration (pressure) and the presence of base as co-catalyst [69–71]. 

However, the use of strong bases as NaOH usually leads to the consecutive oxidation of the alcohol 

function to the corresponding carboxylic acid i.e. benzoic acid, which diminishes therefore the 

selectivity towards benzaldehyde [68]. According to Ferraz et al. [68], the use of weak bases such 

as K2CO3 may favor the selectivity in benzaldehyde. One may therefore expect to achieve good 
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conversion and selectivity values under 5 bar oxygen pressure. Besides, the presence of non-

aqueous solvents as cyclohexane, inhibits somehow the total oxidation of the alcohol, being also 

beneficial in comparison with the solvent-free oxidation of benzyl alcohol [68]. 

Table 3 summarizes conversion and selectivity values obtained over the optimized 

AuNPs@SBA-15 sample at different temperatures and reaction times. As expected, benzyl alcohol 

conversion increases with reaction time and temperature, which also affects the selectivity. 

Conversion values obtained at 100 and 130 °C after 1 h are rather similar (entries 1 and 3). 

However, the selectivity towards benzaldehyde raises (+ 24%) at 130 ºC. Differences are more 

significant after 4 h (entries 2 and 4), the conversion doubled at 130 ºC, with a 91% selectivity to 

benzaldehyde. It should be noted that the selectivity towards BzCOOH is 0% in all experiments, 

only BnBzOH and BzCHO have been detected as products. This accounts for the fast condensation 

of BzCOOH and BzOH under the selected reaction conditions (Scheme A.1). Anyway, the 

observed values are comparable with those reported in the literature for gold supported on different 

oxides under similar reaction conditions [67,68]. In order to facilitate a proper comparison with 

the reported data, specific activity  (SA = 
$%&' ���� (%�)'*+',

$%&' -.∗0∗1 (2+2&30+
) and turn-over-frequency (TOF) 

values (TOF = 
$%&' ���� (%�)'*+',

$%&' -.∗4∗,506'*05%�
) has been calculated taking into account the real Au contents 

measured from ICP and the gold dispersion estimated from the average gold particle size deduced 

from TEM and mathematically modeled for cuboctahedral particles [72]. As expected, due to the 

endothermic character of the reaction, both specific activity and TOF increase with the 

temperature. The obtained TOF values are comparable (Table 3, entry 1) or even higher (Table 3, 

entry 3) than those previously reported for different supports including gallia, ceria and titania 

under solvent-free conditions, thus pointing out the suitability of the prepared material for the 

oxidation process [67].  
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Table 3. Influence of reaction time and temperature over optimized AuNPs@SBA-15 

Entry 
Temperature 

(ºC) 
Time 
(h) 

Conversion  
(%) 

Selectivity (%) Specific activity 
(s.g-1) 

TOF 
(h-1) BzCHO BzCOOH BnBzO 

1 

100 

1 12 56 0 44 0.243 482 

2 4 26 77 0 23 - - 

3 

130 

1 17 80 0 20 0.345 684 

4 4 51 91 0 9 - - 

Reaction conditions: BzOH (0.5667 g, 5 mmol), cyclohexane (25 mL), catalyst (68.2 mg, 
BzOH:Au molar ratio 1530:1) and Na2CO3 (2.12 g, BzOH:Na2CO3 molar ratio 1:4). Temperature 
was set at 100 or 130 ºC, respectively, O2 pressure at 4 bars and stirring rate at 500 rpm.  

 

The influence of BzOH : Au molar ratio at different reaction times was also studied at 130 ºC 

(Table 4). Logically, the activity increases with BzOH : Au molar ratio due to the greater 

availability of AuNPs to interact with benzyl alcohol molecules. Similar data can be obtained after 

4 h at a ratio of 1530 : 1 (entry 2) and 1 h at a ratio of 400 : 1 (entry 3). A remarkable conversion 

(71%) and selectivity in BzCHO (92%) were achieved after a reaction time of 4 h as well as a 

remarkable TOF (Table 4, entry 3) which doubles those values reported elsewhere [67]. 

 

 

 

Table 4. Influence of BzOH : Au molar ratio over optimized AuNPs@SBA-15 

Entry Selectivity (%) 
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BzOH : Au 
molar ratio 

Time 
(h) 

Conversion 
(%) BzCHO BzCOOH BnBzO 

Specific activity 
(s.g-1) 

TOF 
(h-1) 

1 
1530:1 

1 17 80 0 20 0.345 684 

2 4 51 91 0 9 - - 

3 
400:1 

1 51 90 0 10 0.4 1,267 

4 4 71 92 0 8 - - 

Reaction conditions: BzOH (0.5667 g, 5 mmol), cyclohexane (25 mL), catalyst (68.2 mg / 110 
mg, respectively, BzOH:Au molar ratio of 1530:1 / 400:1, respectively) and Na2CO3 (2.12 g, 
BzOH: Na2CO3 molar ratio 1:4). Temperature was set at 130 ºC, O2 pressure at 4 bars and stirring 
rate at 500 rpm.  

 

The possibility of recycling the catalyst was also evaluated by reusing the spent catalyst for 4 

cycles at 130 °C (Table 5). Surprisingly, the conversion increased by 15% during the second run, 

while maintaining the same selectivity. According to the results obtained by TGA and XPS 

analyzes, some organics remain in the fresh catalyst after washing, which could hinder the 

interaction of the alcohol molecule at the surface of gold. After the first run, these residual organic 

compounds can be partially removed, which would lead to a better BzOH-Au interaction during 

the second catalytic run and, therefore, to a higher conversion. 

 

Table 5. Recycling study over optimized AuNPs@SBA-15 catalyst 

#Run 
Conversion 

(%) 

Selectivity (%) 

BzCHO BzCOOH BnBzO 

1 51 90 0 10 

2 66 90 0 10 

3 24 82 0 18 

4 36 84 0 16 
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Reaction conditions: BzOH (0.5667 g, 5 mmol), cyclohexane (25 mL), catalyst (68.2 mg, 
BzOH:Au molar ratio of 400:1) and Na2CO3 (2.12 g, BzOH: Na2CO3 molar ratio 1:4). Temperature 
was set at 130 ºC, O2 pressure at 4 bar and stirring rate at 500 rpm. Molar ratios were kept constant 
during all runs. 

 

Catalyst activity drops to 24% BzOH conversion in the 3rd run and again increases to 36% after 

the 4th cycle. Although these values may appear contradictory, they can be understood when 

integrating with experimental details. The drop in conversion after the 3rd cycle could be expected, 

since leaching and sintering of gold are very common in liquid-phase reactions [73]. However, the 

strong adsorption of carboxylic compounds on the gold surface has been also extensively reported 

as one of the main causes of deactivation during recycling [74,75]. Hence, it can be expected that 

a combination of different causes may induce a fall of the activity after the 3rd cycle. Both the 

sintering and leaching processes are irreversible. However, the harmful adsorption of reaction 

intermediates at the catalyst surface can be overcome in some cases with a proper washing protocol 

after recover and before reuse. For this purpose, the post 3rd run catalyst was recovered and isolated 

by extraction with water. Once sodium carbonate is completely dissolved, the mixture is stirred 

for 5 min in order to clean the surface of gold by sodium benzoate  as previously reported  for 

similar systems [69]. After filtration and drying overnight, the post 3rd run catalyst was used for a 

4th run (entry 4, table 5). The conversion increases by 12% from the 3rd run to the 4th run, the 

selectivity values remaining very similar. The latter reinforces the idea that reaction intermediates 

could be poisoning by adsorption the surface of gold particles. However, TEM observations of the 

gold catalyst after the liquid-phase reaction (run 2, 3 and 4) also showed that gold nanoparticles 

have coalesced and that the mesostructure of the support has been strongly modified to become 

macroporous with regular pore size while the particle morphology remained the same (Figure 9). 
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Figure 9. TEM images of (A) the fresh AuNPs@SBA-15 catalyst and the spent AuNPs@SBA-15 

catalyst after (B) 2nd, (C) 3rd and (D) 4th run. 

The coalescence observed on TEM images is confirmed by XPS analysis of the catalyst after 

reaction. Indeed, Si, C, O and Au are still the main elements found from the survey spectra of the 

nanocomposites materials (Figure 10a). The energy spectrum of Au 4f 7/2 (84.20 ± 0.1 eV) is 

reported in Figure 10b. The position of the peak corresponds to Au0 and there is no change from 

the spectrum of the fresh catalyst where AuNPs are still present.   
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Figure 10. a) XPS survey spectrum of the spent AuNPs@SBA-15 catalyst after 4th run at the 

reaction conditions of temperature 130 ºC and time 4 h; XPS spectra of b) Au4f 7/2 c) C, Si and O 

of this sample. 

A quantity of 0.17 %at of Au has been determined after reaction in opposition to 0.94 %at before 

reaction (Table 6). Such decrease is probably not due to a loss of gold nanoparticles during the 

catalytic reaction, but rather to the sintering process of the nanoparticles as shown by TEM (Figure 

9).   

Table 6. XPS results of the spent AuNPs@SBA-15 catalyst after 4th run at the reaction conditions 

of temperature 130 ºC and time 4 h 

Block Id Name Position %At Conc. 

Au 4f Au 4f 7/2 Au0 84.20 0.17 

a) b) 

c) 
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C 1s C-C C-H 284.66 2.95 

C 1s C-O 286.55 0.26 

O 1s Si-O C-O 532.57 62.10 

Si 2p Si-O 103.25 34.39 

 

4. Conclusions 

In this study, a photochemical approach has been developed to produce AuNP@SBA-15 

nanocomposites using green solvent. Different gold precursor concentrations ranging from 0.025 

to 0.25%, light intensity and solvents have been studied in order to obtain gold nanoparticles with 

controlled size, well dispersed on an SBA-15 type ordered mesoporous silica surface. A 

concentration of 0.05 % of gold precursor, with a light intensity 50 mW/cm2 with an exposure time 

of 4 min allowed to obtain a nanocomposite which exhibits an average gold nanoparticles size of 

6.0 ± 0.5 nm on the mesoporous support where the structure and texture of the host matrix is 

maintained after irradiation.   

The method developed herein is fast, simple to implement and based on water as a solvent. TEM, 

XRD and XPS studies confirmed the possibility of photochemically producing a new 

nanocomposite while controlling the size and insuring an excellent dispersion of the 

photogenerated spherical nanoparticles on SBA-15 host surface. 

The catalytic performance of the optimized AuNPs@SBA-15 sample was evaluated in the 

selective oxidation of benzyl alcohol under oxygen atmosphere. Remarkable conversion (71%) 

and BzCHO selectivity (92%) was observed after 4 h reaction time, which makes AuNPs@SBA-

15 very promising catalysts under the reaction conditions prevailing in this study. The catalyst has 
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been recycled and reused; however, the TEM observations after 4 cycles showed that gold 

nanoparticles have a tendency towards coalescence. 

 

Appendices 

The following file is available free of charge in the supplementary information file: 

Scheme A.1. General reaction network involving benzyl alcohol conversion 

Figure A.1. High-pressure device used for catalytic tests. 

Table A.1. Experimental conditions of photochemical treatments in ethanol and water mediums 

and visual observations over time 

Table A.2. Experimental conditions of photochemical treatments in water mediums on 

formulations of different gold salt concentrations and visual observations 

Abbreviations 

AuNPs: gold nanoparticles, AuNPs@SBA-15: nanocomposites of gold nanoparticles on 

mesoporous silica of type SBA-15, BzOH: benzyl alcohol, BzCHO: benzaldehyde, BzCOOH: 

benzoic acid and BnBzO: benzyl benzoate, EtOH: ethanol. 
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