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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Au NPs are deposited into thiol modified 
SiO2 SBA-15 in scCO2 modified with 
EtOH. 

• The precursor HAuCl4⋅3H2O is soluble 
in scCO2 modified with ethanol. 

• SiO2 SBA-15 is modified with thiol 
groups in scCO2 to favor precursor 
adsorption. 

• Small NPs are uniformly distributed on 
high thiol grafting density SiO2. 

• Samples prepared using scCO2 and by 
wet impregnation are very similar.  
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A B S T R A C T   

Au/SiO2 SBA-15 materials were prepared using supercritical CO2 (scCO2) and by wet impregnation. First, SiO2 
SBA-15 was functionalized with thiol groups at different grafting densities using 3-(Mercaptopropyl)trime-
thoxysilane dissolved in scCO2. The support was then impregnated with HAuCl4⋅3H2O in scCO2 modified with 
EtOH. Wet impregnation of the supports with HAuCl4⋅3H2O in ethanol was also performed. Materials were 
calcined at 500 ◦C to remove the organic matter and promote particle growth. Materials prepared on the highest 
thiol grafting density support showed Au NP between 2.5 and 5 nm homogeneously distributed within the 
mesopores. Slightly larger Au NPs were obtained in scCO2 modified with EtOH. Materials prepared on the low 
thiol grafting density support showed a bimodal particle size distribution with particles up to 7 nm located inside 
the mesopores and larger ones of 10–20 nm on the external surface. A possible reaction mechanism was pro-
posed. These materials can be used in catalysis, sensing and biomedicine.   

1. Introduction 

Gold is one of the most precious metals and it has been used since 
ancient times to make decorative objects. When the particle size is 
reduced to the nanometer size, Au nanoparticles (NP) exhibit unique 
optical, electronic and physicochemical properties that strongly depend 

on their size, shape, aspect-ratio and chemical environment. These 
properties have been exploited in very different fields such as catalysis, 
sensors and in biomedicine. The use of Au NPs in catalysis, particularly 
in oxidation reactions, has attracted a lot of interest and it has been the 
topic of several reviews [1–3]. Gold has low inherent toxicity and high 
biocompatibility so Au NPs have been extensively used in biomedical 
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applications including labeling, imaging, diagnosis and sensing [4,5]. 
Gold NPs absorb radiation due to the plasmon resonance phenomena, 
causing local heating of the material. This fact has been exploited in 
cancer therapies to induce cell death in photothermal therapy (PTT) [6] 
and in radiation therapy (RT) [7]. X-ray imaging and computed to-
mography (CT) have been used in diagnosis [8]. Au NPs can be also used 
in advanced drug delivery formulations. 

Au NPs have been deposited into mesoporous SiO2 support to avoid 
particle aggregation and leaching as well as to facilitate handling. These 
composite materials have been used in both heterogeneous catalysts and 
drug delivery systems. Au NPs can be formed simultaneously to the 
mesoporous SiO2 support. However, part of the Au NP may become 
buried into the support walls. On the other hand, Au NP can be also 
deposited into preformed mesoporous SiO2 supports from solution by 
impregnation (wet impregnation or incipient wetness impregnation) 
and deposition precipitation (DP) followed by heat treatment, among 
others [9]. Chloroauric acid (HAuCl4) is the gold precursor normally 
used. However, the low isoelectric point of silica (< 1) and the formation 
of AuCl4- prevents the adsorption of the negatively charged species on 
the silica support during impregnation. In DP the pH of the solution is 
raised to induce the precipitation of Au(OH)3, AuClx(OH)4− x and 
AuClx(OH)3− x(H2O) (as a function of the pH) but on SiO2 supports, the 
process suffers from the same problems as impregnation [10]. In both 
cases, the presence of Cl- ions and the weak interaction of the gold 
species with the support promote particle growth during calcination. 
Therefore, to facilitate gold adsorption, the silica surface can be 
conveniently modified with amine or thiol groups [11]. Adsorption of 
Au species on the modified silica surfaces is favored and proceeds 
readily, although these methods may yield non-homogeneous materials 
[9]. The high surface tension and viscosity of most liquid solvents and 
the poor wetting of the support surface may hinder the penetration of 
the metal precursor into the support pores [12]. The heat treatment step 
may be also critical to maintain the precursor distribution of the 
impregnated support. 

On the other hand, different metal and metal oxides have been 
successfully deposited within different porous supports using super-
critical CO2 as a solvent [13–15]. The low surface tension, tunable 
density, low viscosity and high diffusivity of the supercritical solutions 
favors wetting and impregnation of the support [16]. The low critical 
pressure and temperature (31.0 ◦C, 7.38 MPa) of CO2, its innocuous 
nature, inertness and abundance (residue of the chemical industry) turn 
CO2 into a green solvent that can be also recycled. 

Several publications have previously addressed the deposition of Au 
NP into different supports using supercritical fluids. Organometallic 
precursors such as dimethyl(acetylacetonate)gold(III) and inorganic 
salts such as HAuCl4 were used. High-purity gold films and nano-
structures were deposited onto metal, ceramic, and polymeric substrates 
by the H2-assisted reduction of dimethyl(acetylacetonate)gold(III) in 
scCO2 at temperatures between 60 and 125 ◦C [17]. Au NPs were also 
deposited on SiO2 aerogel and polyamide supports by impregnation of 
the same precursor in scCO2 at 40 ◦C and 27.6 MPa followed by H2 
reduction. After depressurization, the impregnated material was 
reduced in pure H2 at 80 ◦C and 10 MPa [18]. Chatterjee et al. deposited 
Au NP on mesoporous SiO2 MCM-41 and MCM-48 materials [19,20]. 
The supports were impregnated with a HAuCl4 aqueous solution and 
treated in: (1) CO2 at 80 ◦C and 200 bar and further heat-treated in air at 
low pressure (MCM-41) [19] or in a mixture of H2 and CO2 at 70 ◦C and 
pressures from 7 to 17 MPa for 2–4 h (MCM-48) [20]. Although the 
authors claimed miscibility of the different components at the higher 
pressures, HAuCl4 is not soluble in CO2 and having CO2 + H2O very low 
miscibility at these conditions [21], some of the experiments may have 
been performed at biphasic conditions. Furthermore, from the TEM and 
N2-adsorption analysis, deposition within the support pores cannot be 
assured. 

With respect to the precursor selection, HAuCl4 is much less volatile 
and toxic than dimethyl(acetylacetonate)gold(III). HAuCl4 is also easily 

synthesized from Au ores whilst the organometallic precursor is syn-
thesized following a more complex synthetic procedure which multiplies 
the price of this reagent by more than 10-folds and generates more 
residues. However, HAuCl4 is not soluble in pure scCO2, therefore polar 
cosolvents must be used. Our group has previously demonstrated the 
deposition of different metal and metal oxide nanoparticles on different 
supports using inorganic salt precursors in CO2 modified with EtOH [16, 
22,23]. Materials were very homogeneous and NPs were very well 
dispersed. In this paper, we propose the use of scCO2 modified with 
ethanol as reaction medium to deposit Au NPs into a mesoporous SiO2 
SBA-15 support. The support was previously modified with thiol groups 
to favor Au adsorption. 

2. Experimental 

2.1. Materials 

Tetraethylorthosilicate (TEOS, 99 +%), poly(ethylene glycol)– 
block–poly(propylene glycol)–block–poly(ethylene glycol) (Mw =

5800) (PEO–PPO–PEO), HCl (37%), absolute ethanol (100%).and 
HAuCl4⋅3H2O (> 99.5%) were obtained from Sigma–Aldrich and used as 
received. CO2 (purity > 99.99%) was supplied by Carburos Metalicos. In 
the Surface modification of SiO2 SBA-15, (3-Mercaptopropyl) trime-
thoxysilane (MPTMS) (95%) was used. 

2.2. View Cell experiments 

The solubility of HAuCl4⋅3H2O in scCO2 modified in EtOH was 
assessed using a high-pressure variable volume view cell previously 
described [24,25]. Briefly ca. 10 mg of HAuCl4⋅3H2O were dissolved in 
EtOH (0.6–6 g depending on the experiment) resulting in a yellow so-
lution, which was introduced in the view cell along with 8.0–11.0 g of 
CO2 from a 10 mL auxiliary cell by pressure-drop. The concentration of 
EtOH in CO2 varied from 5 mol% to 30 mol% EtOH, whilst the mole 
fraction of HAuCl4⋅3H2O was (0.72–1.3) ⋅ 10-4. The cell was heated with 
a band heater connected to a PDI controller at temperatures up to 80 ◦C. 
The pressure was adjusted by moving the piston inside the cell using a 
manual pump filled with water as manometric fluid. Contents of the cell 
were visualized through a sapphire window. A borescope placed against 
the window allowed the lighting and observation of the cell contents. 
Imaging was performed using a digital camera connected to a computer. 
The stability of the solutions was also visually evaluated at the different 
conditions. 

2.3. High-pressure reactor 

All the experiments were performed in a ca. 60 mL custom made 
high-pressure reactor provided with an inlet and an outlet high-pressure 
valve, a relief valve (Swagelok) and a high-pressure transducer (Gems). 
The reactor was surrounded by a small aluminum jacket, connected to a 
PDI temperature controller (Micromega, model CN77322). The tem-
perature was measured using a J-type calibrated thermocouple allocated 
into a thermowell housed in the reactor. The reactor was mounted onto a 
stirring plate. CO2 was introduced into the reactor using a high-pressure 
syringe pump (ISCO 260D), thermostated at the temperature of the 
experiments. 

2.4. Surface modification of mesoporous SiO2 SBA-15 

Mesoporous silica SBA-15 was prepared following the procedure 
described by Zhao et al. [21,22]. The support was composed of large 
micron-size particles with ordered hexagonal cylindrical mesopores. 
Cylindrical pores were interconnected by smaller mesopores and mi-
cropores [26]. 

Modification of the silica SBA-15 supports was performed in scCO2 
following the procedure described by Tenorio et al. [27]. Approximately 
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0.8 g of liquid MPTMS was placed into the high-pressure reactor in a 
glass vial along with a magnetic stirrer. Then 200 mg of solid SBA-15 
wrapped into a filter paper were added to the reactor, avoiding the 
direct contact of precursor and support. The precursor was in large 
excess considering the maximum silanol content of 3.7 OH nm-2 [28]. 
The reactor was filled with CO2 at 80 ◦C up to a final pressure of 20.0 
MPa and kept at these conditions for 2–4 h under stirring. Then the 
reactor was extracted with scCO2 at a flow rate of 1–2 mL min− 1 for an 
additional 30–60 min and was slowly depressurized through a needle 
valve in about 30 min. Samples were dried at ambient conditions. 
Different grafting densities were obtained by varying the reaction time. 
Surface modification of SBA-15 SiO2 in scCO2 was performed at lower 
temperatures and shorter times than the conventional process in toluene 
under reflux and led to larger grafting densities [27]. 

2.5. Deposition of Au NPs into SiO2 SBA-15 using supercritical CO2 
modified with ethanol 

In a typical experiment, 20 mg of AuHCl4⋅3H2O were dissolved in 7 
mL of ethanol into a glass vial. 50 mg of the thiol-modified silica sample 
and a magnetic stirrer were added to the glass vial and placed into the 
reactor. The reactor was sealed and heated up to 40 ◦C. Then CO2 was 
added to the reactor from the thermostated high-pressure pump up to a 
pressure close to 9.0 MPa. These conditions were maintained for two 
hours. At these conditions, the mixture is in a single phase and below the 
decomposition temperature of the precursor. During this step, the pre-
cursor impregnated the SiO2 support. In a second step, the temperature 
of the reactor was raised to 80–120 ◦C and the pressure increased up to 
20–24 MPa to initiate the precursor decomposition and generate Au NPs. 
After 2–4 h, the reactor was slowly depressurized (30 min). The product 
was filtered and washed with small amounts of ethanol and air-dried 
overnight. The samples were heated in air at 500 ◦C for 2 h (heating 
ramp of 2.5 ◦C/min) to decompose the organic groups of the modified 
support and favor Au NP growth. 

2.6. Deposition of Au NPs into SiO2 SBA-15 by conventional wet 
impregnation 

Wet impregnation of the modified support with the mixture of the 
gold precursor and ethanol was also carried out. The same amount of 
AuHCl4⋅3H2O, thiol-modified SiO2 support and ethanol used in the high- 
pressure experiments were mixed at room temperature for ca. 5 h 
(equivalent to the sum of impregnation, reaction and depressurization 
times of the samples in CO2). Then the solvent was left to evaporate at 
room temperature and the sample was further heated in air at 500 ◦C for 
2 h (heating ramp of 2.5 ◦C/min). 

2.7. Materials characterization 

Fourier-Transform Infrared (FTIR) spectra of the modified SiO2 ma-
terials were recorded using Perkin Elmer apparatus with the Attenuated 
Total Reflection (ATR) attachment at a spectral resolution of 4 cm-1 

between 4000 and 650 cm-1. Thermogravimetric analysis (TGA) of the 
samples were measured on an SDT- Q600 at a heating rate of 10 ◦C/min 
in N2 flow. Elemental analysis was performed on a LECO CHNS-932 
microanalyser. The uncertainties in the elemental analysis were %C ±
0.26, %H ± 0.24, %N ± 0.25 and %S ± 0.35. N2 adsorption-desorption 
isotherms at 77 K were performed using Micromeritics ASAP-2020. 
Samples were out-gassed at 110 ◦C for 6 h before the measurement. 
Textural properties were obtained using standard procedures [29]. The 
BET equation and the BJH method were used for the specific surface area 
and pore size distributions calculation. The t-plot was used to calculate 
the micropore volume. The total pore volume was calculated from the 
amount adsorbed at a relative pressure of 0.95. Wide angle X-Ray 
Diffraction (XRD) patterns of the composite materials were collected 
using an X́PERT MPD diffractometer with Cu Kα radiation at 2θ values 

between 20◦ and 70◦. The Scherrer equation was employed to estimate 
the crystallite size. Transmission Electron Microscopy (TEM) was carried 
out using a JEOL JEM 1400 electron microscope working at 40–120 kV 
and a JEOL-JEM 3000 F electron microscope operating at 300 kV. Both 
TEM microscopes were equipped with double tilting sample holders and 
elemental analysis detectors (SSD and Oxford INCA). Samples were 
dispersed in 1-butanol over copper grids and dried in air. Metal content 
was measured by Energy Dispersive X-ray Spectroscopy (EDX). Average 
particle size was determined from the TEM images using ImageJ 
software. 

Absorption UV-Vis spectra in solution were recorded using an AGI-
LENT CARY 8454 UV-Vis spectrophotometer. For the solid materials, 
UV-Vis Diffuse Reflectance Spectroscopy (DRS) was employed using a 
CARY 5G spectrophotometer equipped with a Praying Mantis accessory. 
Measurements were taken between 400 and 800 nm. Baseline correction 
was performed using a bare mesoporous SiO2 support. 

FTIR, TGA, elemental analysis and N2-adsorption were used to 
quantify the grafting of the thiol groups to the silica surface. XRD, TEM, 
EDX, UV-Vis spectroscopy and N2-adsorption were used to characterize 
the Au/SiO2 composite materials. 

3. Results and discussion 

3.1. Solubility and stability tests 

HAuCl4⋅3H2O was not soluble in scCO2 but it dissolved in the 
ethanol + CO2 mixtures. Fig. 1 shows images of a solution of 
HAuCl4⋅3H2O (y = 1.3 10-4) in a mixture 20% mol EtOH in CO2. 

Below the critical temperature, two different phases were observed: a 
yellow liquid containing most of the precursor dissolved and a vapor 
phase rich in CO2. At 40 ◦C and 8.6 MPa, only one phase was observed. 
The bubble point at 40 ◦C was observed at 8.4 MPa, at a slightly higher 
pressure than the 20% mol EtOH + CO2 mixture which is equal to 
8.2 MPa [30]. At this concentration, the precursor started to decompose 
at 60 ◦C which could be observed by the appearance of red particles. 
Experiments were also performed varying the ethanol content in CO2 
from 5% to 35% mol. The decomposition temperature varied with the 
ethanol content and time, although no general trend was observed. 

The UV-Vis spectrum of a solution of HAuCl4⋅3H2O in ethanol was 
compared to that of the ethanol residue recovered from the view cell in  
Fig. 2. 

The precursor showed two intense absorption bands at 225 and 
320 nm. The residue, however, showed the disappearance of these 
bands and the appearance of a continuous band from 200 to 450 nm that 
is associated to the formation of Au seeds or nano-clusters of sizes lower 
than 1–2 nm [31,32]. These Au nano-clusters do not exhibit the local-
ized surface plasmon resonance (LSPR) band of Au NPs. Thus, at these 
conditions, EtOH was able to reduce the Au(III) precursor to Au(0) 
seeds. 

3.2. Surface modification of mesoporous SiO2 SBA-15 

Modification of the SiO2 support with the thiol groups was assessed 
by FTIR, TGA, N2-adsorption and elemental microanalysis. FTIR analysis 
showed weak bands close to 3000 cm-1 related to the symmetric and 
antisymmetric stretching of CH3 and CH2 groups in MPTMS. The SH- 
stretching band was however not visible. 

The grafting density φm (mol/g) and surface coverage φs (molecules/ 
nm2) of the modified SiO2 SBA-15 support were determined from the 
TGA analysis and the SBET of the SiO2 support following Tenorio et al. 
[27]. The total amount of thiol groups on the surface was established 
from the mass percent loss between 175 and 700 ◦C according to: 

φm =
% mass loss(175 − 700ºC)/75

100 − % total mass loss(T < 700ºC)
φs =

φmNA

SBET  
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where 75 g/mol is the molar mass of the organic part of MPTMS after 
hydrolysis, -(CH2)3SH. This value is an approximation, due to the large 
number of possible partially hydrolyzed structures and the possibility of 
having the precursor physisorbed [27]. 

Textural properties of the materials are provided in Table 1. FTIR, 
TGA and N2 adsorption-desorption isotherms of the supports are pro-
vided as Supplementary material. 

Two different thiol modified SiO2 supports with different grafting 
densities were used. Support-1 had a grafting density equal to 
1.55 mmol/g and surface coverage of 1.43 molecules/nm2. For Support- 
2 values were smaller and equal to 0.93 mmol/g and 0.85 molecules/ 
nm2. Grafting densities in both cases were slightly lower than those 
previously reported at similar conditions [27]. The process seems to be 
quite sensitive to the amount of water adsorbed onto the hydrophilic 
SiO2 support. 

SiO2 SBA-15 has a very well defined pore structure of interconnected 
cylindrical mesopores. BET surface area and pore size of the bare SiO2 
support were 655 m2/g and 7.0 nm, respectively. Modification of the 
SiO2 surface led to a decrease of the support surface area SBET down to 
192 m2/g for Support-1. Similarly, there was a reduction of the total 
pore volume in agreement with the extent of the modification. The pore 
size of the cylindrical mesopores decreased after grafting from 7.0 nm to 

5.8 nm, suggesting the formation of an almost compact thiol mono-layer 
on the SiO2 surface. Elemental analysis of the sample returned a C to S 
mass ratio of 1.2, very close to the theoretical one assuming complete 
hydrolysis and functionalization of the MTPMS precursor (1.13). 

Support-2 had a lower grafting density equal to 0.93 mmol/g. The 
surface area of the support after grafting was 397 m2/g. The pore size 
also decreased to 6.4 nm, but less than the value expected for a mono- 
layer. Furthermore, the C to S mass ratio was equal to 1.6, which sug-
gested partial hydrolysis of MPTMS or possible residual precursor 
physisorbed onto the support. 

In both samples, the t-plot indicated the absence of microporosity by 
functionalization of the micropores. 

3.3. Deposition of Au NPs into SiO2 SBA-15 using supercritical CO2 
modified with ethanol 

Deposition experiments on the thiol-modified SiO2 SBA-15 sample 
were performed in scCO2 modified with 20% mol ethanol following the 
procedure previously described: (i) dissolution and impregnation at 
40 ◦C and 90 bar and (ii) a second step increasing the temperature of the 
system above 80–120 ◦C up to 20–24 MPa to promote precursor 
decomposition. The critical point of a 20% mol EtOH + CO2 mixture is 
equal to 75.2 ◦C and 12.4 MPa [33]. Therefore, during the impregnation 
step, the EtOH + CO2 mixture was in the expanded-liquid region and 
only became supercritical after heating in the second step. 

For comparison purposes, experiments were also performed by wet 
impregnation in liquid ethanol. Impregnated samples prepared in CO2 
showed a light brown/pink color, whilst samples impregnated in liquid 
ethanol appeared pale yellow. 

For the same grafting density support, several experiments were 
performed at similar conditions yielding very similar results, showing 
that the method is reproducible. The ethanol content was also varied 
between 5 mol% and 20 mol%, without significant differences. 

In both methods, an additional (iii) heating step at 500 ◦C was 
required to remove the organic groups from the silica and generate Au 
NPs. After calcination, all the materials turned dark brown/garnet color.  
Table 2 summarizes the conditions of some of the experiments per-
formed and some of the results. Supercritical experiments were per-
formed with 20 mol% EtOH. 

3.4. X-ray diffraction analysis 

Fig. 3 shows XRD patterns of the different samples prepared 
compared to the pattern of a sample prepared by wet impregnation of 
HAuCl4⋅3H2O in liquid ethanol onto a bare SiO2 support. The broad 
band at 2θ between 15◦ and 25◦ is associated with the amorphous SiO2 

Fig. 1. HAuCl4⋅3H2O in 20% mol ethanol + CO2 at: (a) 22 ◦C and 5.6 MPa (two-phases); (b) 40 ◦C and 8.6 MPa (single phase); (c) 50 ◦C and 11.5 MPa (single- 
phase), (d) 60 ◦C and 12.0 MPa (the decomposition starts), (e) 60 ◦C and 12.9 MPa (red Au NPs appear). 

Fig. 2. UV-Vis absorption spectra of a solution of HAuCl4⋅3H2O in ethanol and 
the residue of the view cell experiment (Fig. 1e) after releasing the CO2. 

Table 1 
Textural properties of the SiO2 supports.   

SBET (m2/g) Pore size (nm) Vpore (cm3/g) Vmicro (cm3/g) φm (mmol/g) φS (molecules/nm2) C:S mass ratio 

SiO2 SBA-15  655  7.0  0.770 0.086 – – – 
Support-1  192  5.8  0.411 – 1.55 1.43 1.2 
Support-2  397  6.4  0.547 – 0.93 0.85 1.6  
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support. The additional peaks at ca 38◦, 44◦ y 65◦ 2θ values correspond 
to the (111), (200) and (200) planes for Au (JCPDS 04-0783, 04-0784). 
XRD peaks of the sample prepared on bare SiO2 were very narrow. 
Crystal size was estimated from the half-width of the peaks at ca. 38◦ and 
44◦ 2θ using the Scherer equation and was equal to 43.2 nm, much 
larger than the pore size of the support, indicating that Au is only 
deposited on the external surface of the support but not in the pores, due 
most likely to the weak interaction of the SiO2 surface and the Au pre-
cursor. Then deposition into the two different thiol-modified SiO2 sup-
ports of different grafting densities was attempted (Table 1). 

XRD peaks of samples prepared on Support-1 in scCO2 modified with 
ethanol and wet impregnation in liquid ethanol (SC-1 and L-1, respec-
tively) were quite broad indicating the small size of the Au NPs pro-
duced. Estimates of the crystallite size by the Scherer equation were very 
similar for both samples and close to 3.4 nm. The crystal size was smaller 
than the pore size, which suggested that Au NP were deposited into the 
support pores. 

XRD pattern of sample SC-2 prepared in scCO2 modified with ethanol 
on Support-2 only presented the broad peak associated to the SiO2 
support probably due to the very small amount of Au deposited ac-
cording to the EDX analysis (see discussion below). In contrast, XRD 
pattern of sample L-2 prepared by wet impregnation in liquid ethanol 
showed the presence of Au. XRD peaks were wide at the base and sharp 
and narrow at the top. This profile suggests the presence of small crystals 
which would make the base of the peak wide, along with much larger 
crystals that would produce sharp and narrow peaks. An average crystal 
size of 24.9 nm was estimated from the Scherer equation, much larger 
than the pore size of the support. 

3.5. Transmission Electron Microscopy 

TEM images of samples SC-1 and L-1 prepared in scCO2 and liquid 
ethanol are compared in Fig. 4. 

Images show the cylindrical pores of the SiO2 support filled with 
small dark Au NPs. For sample SC-1, particle sizes measured from the 
TEM images were between 2.5 and 5 nm and gave an average value of 
3.6 ± 0.6 nm. Very small Au NP well dispersed through the mesoporous 
support were observed. Similarly, the sample impregnated in the liquid 
medium had a similar particle size interval with a slightly smaller 
average equal to 3.2 ± 0.7 nm. Although particles were well distributed 
along the support, sample L-1 presented regions with NP arrays along 
the mesoporous channels (Fig. 2d). EDX analysis of these samples 
showed average Au percentages into the SiO2 support equal to 9% and 
19% mass of Au for samples CO2-1 and L-1, respectively. The amount of 
gold deposited by wet impregnation was larger than that deposited in 
the CO2 + ethanol mixture. 

Support-1 was also impregnated with HAuCl4⋅3H2O in scCO2 modi-
fied with ethanol at 40 ◦C and pressures up to 200 bar without the 
additional heating step. After depressurization, washing and calcina-
tion, samples did not show Au NP into the support. The heating step at 
80–120 ◦C was critical to initiate the precursor decomposition into the 
support pores. However, even after heating above the decomposition 
temperature of HAuCl4⋅3H2O in CO2 modified with ethanol, the pre-
cursor did not fully decompose at temperatures of 80–120 ◦C and a 
calcination step was required. Thiol groups seem to stabilize the gold 
precursor. In fact, after depressurization of the system, the reactor was 
covered with a brown/orange powder, whilst color of the samples was 
only light brown or white. EDX analysis of a sample prepared in CO2 on 
Support-1 before calcination showed Si:S:Au mole ratios close to 89:8:3. 
The S content was in agreement with the grafting densities estimated 
from the TGA data. The formation of Au NP under the electron beam 
during TEM analysis of these samples was also observed. Other experi-
ments using acetone as cosolvent led to visually inhomogeneous mate-
rials containing red and black regions. 

TEM images of samples deposited on Support-2 with a lower thiol 
grafting density in scCO2 modified with ethanol and by wet impregna-
tion (SC-2 and L-2) are shown in Fig. 5. Both samples showed a bimodal 
particle size distribution with very small particles along with larger ones 
clearly located outside the mesopores. EDX analysis of the images 
revealed Au mass loadings of 3% and 17% for samples SC-2 and L-2, 
respectively. The amount of Au deposited on support-2 was slightly 
lower than on support-1. The small amount of Au present in sample SC-2 
would explain the absence of the Au peaks in the XRD pattern (Fig. 1). 
TEM images of sample L-2 were in agreement with the XRD profile 
shown in Fig. 1 (broad base and sharp peaks). The small particles 
measured from the TEM images were between 4–7 nm and 3.5–7 nm for 
samples SC-2 and L-2, respectively, with average values ca. 6 nm. These 
small particles were on average larger than the average particle size of 
the samples deposited on Support 1 with a higher thiol content. The 
amount of Au determined by EDX was much larger in sample L-2 than in 
sample SC-2, which could indicate a larger amount of larger particles in 
sample L-2. 

Table 2 
Summary of the deposition experiments and the characterization of the samples.  

Sample Method Support Sizea (nm) XRD Size (nm) TEM % Au on SiO2 (EDX) SBET (m2/g) Pore volume (cm3/g) Vmicro (cm3/g) Pore size (nm) 

SC-1 scCO2 + ethanol Support-1 3.4 3.6 ± 0.6 9  392  0.397  0.092  6.6 
L-1 Liquid ethanol Support-1 3.4 3.2 ± 0.7 19  386  0.430  0.051  6.6 
SC-2 scCO2 + ethanol Support-2 – bimodal 

(4–7 nm) 
(10–20 nm) 

3  360  0.435  0.024  6.6 

L-2 Liquid ethanol Support-2 24.9 bimodal 
(3.5–7 nm) 
(10–20 nm) 

17  407  0.517  0.020  6.8  

a Estimate using the Scherrer equation. 

Fig. 3. XRD patterns of the Au/SiO2 samples prepared using HAuCl4⋅3H2O 
(Table 2): (a) sample SC-1, (b) sample L-1, (c) SC-2, (d) L-2 and (e) sample 
prepared on bare SiO2 in liquid ethanol. 
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In samples L-1 and L-2 prepared by wet impregnation, some regions 
with isolated large Au NPs were also found. This is because these sam-
ples were not washed after the impregnation process in liquid ethanol to 
maximize precursor absorption. In contrast, samples treated in scCO2 
modified with ethanol were filtered after the supercritical treatment and 
washed in ethanol, which would explain in part the different metal 
content. 

3.6. UV–vis spectroscopy 

Fig. 6 shows the UV-Vis DRS spectra of the different samples. All the 
samples showed a maximum absorption at values between 520 and 
529 nm associated to the LSPR band of Au NPs. The plasmon absorption 
depends on the particle size, shape and dielectric medium [4]. Sup-
ported Au NPs tend to give broader absorption profiles and shift to red or 
blue depending on the polarization of the external field [5]. Further-
more, if particles are very close, the coupling of the plasmons will also 
shift the absorption band [6]. Thus, the red shift of the LSPR is due to 
both, the SiO2 support and the proximity of the Au NPs within the 
mesopores. 

The absorption maximum in the samples prepared by wet impreg-
nation appeared at 520 and 522 nm for samples L-1 and L-2, respec-
tively, whilst the maximum in samples SC-1 and SC-2 appeared at 
529 nm. The shift to higher wavelengths or lower frequencies observed 
in the samples prepared in scCO2 may be due to the slightly larger 
particle size (Table 2). Apart from that, the spectrum was not sensitive to 
the particle size distribution. Differences were not significant to extract 
any further conclusion. 

3.7. N2 adsorption-desorption isotherms 

Adsorption isotherms of the different samples were compared to 
those of the bare SiO2 SBA-15 support in Figs. 7 and 8. The textural 
properties of the Au/SiO2 samples are also given in Table 2. The SiO2 
SBA-15 support exhibited a type IV adsorption isotherm, subtype H1 
hysteresis loop, which is characteristic of mesoporous materials with 
well-defined cylindrical-like pore channels. After Au deposition, the 
pore volume and BET surface area decreased in comparison to the bare 
SiO2 SBA-15 support. 

The Au/SiO2 sample prepared on support-1 in scCO2 modified with 
ethanol (sample SC-1) had a lower surface area (392 m2/g vs. 655 m2/g) 
and pore volume (0.397 cm3/g vs. 0.770 cm3/g) than the bare SiO2 
support. The hysteresis loop of the adsorption-desorption isotherm was 
kept, although its shape changed and a second shoulder appeared in the 
low-pressure range of the desorption branch of the isotherm (Fig. 7a). 
The shape of the hysteresis loop is similar to a H2 type associated with 
ink-bottle pores or interconnected pore networks of different shapes and 
sizes. The changes observed in the loop after deposition confirm that the 
Au NPs have been deposited into the SiO2 mesopores. 

The pore size estimated from the adsorption branch of the isotherm 
decreased slightly to 6.6 nm (maximum) in sample SC-1, in comparison 
to the pore size of the bare SiO2 support (7.0 nm). A decrease in the 
surface area and pore size has been previously reported for other SiO2 
SBA-15 materials containing metal NPs [34,35]. In the pore size distri-
bution obtained from the desorption branch of the isotherm, two max-
ima were clearly observed. The maximum at sizes larger than 5 nm is 
related to the mesopore size distribution, whilst the maximum at ca. 
3.6 nm is due to the N2 cavitation effect [30]. After Au deposition into 
the SiO2 mesopores many narrow necks of variable size. When the neck 

Fig. 4. TEM images and Au particle size distributions of samples prepared using HAuCl4⋅3H2O on Support-1 with high thiol-groups grafting density in: (a–c) sample 
SC-1 and (d–f) sample L-1. 
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size is smaller than 3.6 nm, N2 does not empty the pores gradually as the 
pore size decreases but it does suddenly since cavitation induced spon-
taneous evaporation takes place. The intensity of this peak is related to 
the amount of N2 partially blocked in the material. 

The adsorption-desorption isotherm of sample L-1 was quite similar 
to that of sample SC-1 and showed surface area and pore volume values 
equal to 386 m2/g and 0.430 cm3/g, respectively. The shape of the 
hysteresis loop, however, did not exhibit a clear shoulder in the low- 
pressure region of the desorption branch of the isotherm associated 
with the partial plugging of the mesopores. Nevertheless, some narrow 
necks formed according to the maxima at 3.6 nm in the pore size dis-
tributions from the desorption branch of the isotherm. The inter-
connecting pores of the SiO2 SBA-15 support which are in the range 
1–4 nm could also contribute to this maximum. In fact, the pore size 
distribution corresponding to the bare support, also showed a very weak 
maximum at 3.6 nm. 

The same comparison was also carried out for samples prepared 
using Support-2 with a lower thiol content and impregnated in scCO2 

modified with ethanol (SC-2) and liquid ethanol (L-2). N2 adsorption 
isotherms of both samples shifted downwards with respect to that of the 
bare SiO2 support. Sample SC-2 exhibited a slightly lower surface area 
(360 vs. 407 m2/g) and pore volume (0.435 vs. 0.517 cm3/g) than 
sample L-2. Pores sizes obtained from the adsorption branch of the 
isotherms in both samples were also smaller than those found in the bare 
SiO2 support (6.6 nm). Analysis of the desorption branch of the iso-
therms revealed a maximum above 5 nm almost coincident in both 
samples. However, the second maximum at ca. 3.6 nm was clearly 
observed in sample SC-2, whilst it was very weak in sample L-2. As 
previously discussed, this maximum is due to the narrow necks created 
after Au deposition in the SiO2 pores. The fact that this effect is very 
weak in sample L-2, given the large Au loading and the size of the Au 
NPs, may indicate that some mesopores are totally blocked. 

The large differences found with the thiol grafting density highlight 
the important role that functionalization plays in the adsorption process. 
It seems critical to have a homogeneous and high enough distribution of 
thiol groups on the internal SiO2 surface to deposit Au NP into the SiO2 

Fig. 5. TEM images of samples prepared using HAuCl4⋅3H2O on Support-2 with low thiol-groups grafting density in: (a–b) sample SC-2 (c–d) sample L-2.  
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mesopores. When the grafting density of thiol groups was large, the 
strong interaction between the precursor and support favored filling of 
the pores with Au, leading to small Au NPs with average sizes ca. 3.5 nm. 
In contrast, when the concentration of thiol groups was low, the inter-
action of the precursor and support was weaker and even though some 
Au NPs deposited into the mesopores (average sizes ca. 6 nm), many 
large size particles were located outside the pores. Precursor migration 
and particle aggregation may have taken place during drying and 
calcination, leading to much larger particles inside and outside de SiO2 
mesopores. 

Minor differences were observed with the deposition method. In the 
samples prepared in supercritical CO2 modified with ethanol, partial 
pore blockage of the mesopores was clearly observed in the desorption 
branch of the isotherms, whilst in the samples prepared in liquid ethanol 
this effect was not so important. This is certainly related to the slightly 
larger size of the Au NPs prepared in CO2 modified with ethanol. 

3.8. Proposed reaction mechanism 

Considering the previous analysis a tentative reaction mechanism is 

proposed for the decomposition of HAuCl4⋅3H2O in CO2/EtOH and its 
interaction with the thiol-modified SiO2 support. 

HAuCl4⋅3H2O in ethanol releases H2O and forms AuCl4- and H+. 
AuCl4- dissolves in the CO2/EtOH mixture and starts decomposing at 
mild temperatures (above 60 ◦C). The color change of the solution from 
yellow to brown observed upon heating HAuCl4⋅3H2O in CO2/EtOH 
indicated the reduction of the precursor (see Fig. 2) and the formation of 
very small Au nano-clusters/seeds. 

In the presence of the thiol-modified support (HS-(CH2)3-SiO2), the 
mechanism however seems to be different as AuCl4- interacts strongly 
with the thiol group of the SiO2 support. A mechanism, similar to that 
proposed for the Brust–Schiffrin Method can be postulated [36]. AuCl4- 

may be partly reduced to Au(I) by the formation of disulfur bridges 
according to (1) or (2):  

AuCl4- + 3HS-(CH2)3-SiO2 → Au-S-(CH2)3-SiO2 + SiO2-(CH2)3-S-S- 
(CH2)3-SiO2 + 3HCl + CI-                                                               (1)  

AuCl4- + 2 HS-(CH2)3-SiO2 → AuCl2- + SiO2-(CH2)3-S-S-(CH2)3-SiO2 
+ 2HCl                                                                                          (2) 

The direct reduction of AuCl4- to Au(0) is also possible:  

AuCl4- + 2 HS-(CH2)3-SiO2 → Au + SiO2-(CH2)3-S-S-(CH2)3-SiO2 
+ 2HCl + Cl2                                                                                 (3) 

Unfortunately, neither the thiol groups in the modified SiO2 support 
nor the proposed intermediate species are evident by FTIR. Other 
experimental techniques may be required to determine the exact reac-
tion mechanism. 

The first heating step at 40 ◦C is required to promote adsorption of 
the precursor on the support. If the first step is omitted and the system is 
heated straight to 80–120 ◦C, the precursor does not decompose on the 
support but in the supercritical phase. On the other hand, the heating 
step at 80–120 ◦C is also required for the reaction to take place as 
samples only impregnated at 40 ◦C in the CO2/EtOH mixture, after 
depressurization, washing with EtOH and calcination at 500 ◦C, do not 
yield Au NPs. 

However, heating at 80–120 ◦C is not enough to fully reduce the 
precursor according to (3), which suggests that reactions (1) or (2) may 
be predominant. The Au(I) species, particularly the thiolate are quite 
stable and are not reduced by ethanol at the temperatures used in the 
supercritical experiments. Thus, Au(I) species need to be further reduced 
and the organic groups removed, which happens during the heating step 

Fig. 6. UV-Vis DRS of the different samples showing the plasmon resonance.  

Fig. 7. (a) N2 adsorption-desorption isotherms of SiO2 SBA-15 support and Au/SiO2 SBA-15 samples SC-1 and L-1 prepared using HAuCl4⋅3H2O on Support-1. The 
pore size distributions obtained from the adsorption (b) and desorption (c) branches of the isotherm are also provided. 
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at 500 ◦C. 
With respect to the wet impregnation at room temperature, although 

there is a strong interaction between the precursor and the thiol groups, 
the yellow color of the impregnated samples suggests that the Au pre-
cursor is not reduced at these conditions. These samples were not 
washed after impregnation to prevent the removal of the Au precursor. 
In this case, the mechanism may proceed through thermal decomposi-
tion of HAuCl4⋅3H2O during heating in three steps: [37].  

HAuCl4⋅3H2O → AuCl3 + HCl + 3H2O; AuCl3 → AuCl + Cl2; 2AuCl → 2 
Au + Cl2                                                                                        (4) 

The thiol groups of the support can be also involved in the decom-
position process. 

4. Conclusions 

Au NPs were successfully deposited into mesoporous SiO2 SBA-15 
using HAuCl4⋅3H2O dissolved in supercritical CO2 modified with 
ethanol. The previous modification of the silica surface with thiol groups 
was required. Thiol modification with two different grafting densities 
was carried out in scCO2. For comparison purposes, materials were also 
prepared by wet impregnation in liquid ethanol. In both cases, deposi-
tion into the mesopores was confirmed. A strong dependence on the 
metal dispersion with the thiol grafting density was observed. When the 
concentration of thiol groups was high, very homogeneous materials 
with small Au NPs well dispersed inside the SiO2 SBA-15 channels were 
obtained in both liquid ethanol and the scCO2 and ethanol mixture. 
Particles were slightly larger when the process was performed in CO2/ 
EOH. In contrast, when the concentration of thiol groups was low, 
relatively large particles deposited on the external surface of the support 
and only a small fraction of Au NPs penetrated the SiO2 mesopores. 
Slightly more homogeneous materials were obtained in CO2/EtOH. The 
strong interaction between the thiol groups and the Au precursor favors 
pore wetting and filling with the liquid ethanol solution. Thus in 
contrast to our previous reports on the supercritical fluid assisted 
deposition of metal NP into bare mesoporous SiO2 SBA-15, for the Au 
NPs deposition on thiol modified SiO2 supports, the treatment in CO2 
does not seem to improve significantly the impregnation process. 
Although the addition of CO2 reduces the density and viscosity of the 
mixture and would help to better disperse the precursor, in this case, it 
leads to slightly larger Au NPs. A reaction mechanism compatible with 
the previous observations is proposed. 

The Au/SiO2 composite materials still exhibit a large surface area 
and pore volume which can be exploited for catalysis. They can be also 
loaded with different drugs to prepare an advanced drug delivery 
system. 
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