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A B S T R A C T   

Reversible ionic liquids (RevILs) are ionic liquids that can be switched between molecular and ionic forms via 
two stimuli, and they can assist in the synthesis of colloidal gold nanoparticles. The RevIL-stabilized gold 
nanoparticles are deposited in the pores of SBA-15 mesoporous silica via incipient wetness without the func
tionalization of the SBA-15 surface. The location of nanoparticles inside the pores was confirmed by transmission 
electron microscopy technique and by a measured increase in the thermal stability of the nanoparticles in SBA-15 
compared to non-porous silica. The porous gold catalysts are active in the selective oxidation of benzyl alcohol 
without calcination due to the absence of the ligands on the gold surface after deposition. Additionally, they are 
more active than the non-porous gold catalysts, indicating that the pore geometry enhances catalytic perfor
mance. Ultimately, the catalysts prepared by RevIL technique are thermally stable and active and show fine 
control over particle size.   

1. Introduction 

The modern catalyst design approach aims to prepare catalysts with 
dual functionalities: the highly active surface of metallic nanoparticles 
with the beneficial in-pore orientation and confinement effects afforded 
by high-surface area mesoporous silica [1–3]. Mesoporous silica con
tained metallic nanoparticle catalysts are commonly prepared by: 1. 
incorporating nanoparticles before the growth of pores (this leads to 
potential mass transport issues due to blocked pores) [4], 2. synthesizing 
nanoparticles within the pores [5], or 3. depositing nanoparticles inside 
the pores. However, all of these methods require surface modification of 
mesoporous silica to tether the nanoparticles (or their precursors) then 
necessitates calcination that leads to the deterioration of the nano
particle morphology before the catalyst is even used [3,6–8]. 

Reversible Ionic Liquids (RevILs) have been shown to facilitate the 
preparation of SiO2-supported gold nanoparticle catalysts by elimi
nating the need for calcination [9–11]. RevILs are ionic liquids that can 

be switched between a molecular (or non-ionic form) and ionic form via 
two different stimuli. RevILs are formed from a reaction of silylamine 
molecular liquids (e.g., 3-aminopropyltriehtylsilane, APTES) with CO2, 
which forms an ammonium− carbamate ion pair (Scheme 1). Upon 
removal of CO2 (via sparging with an inert or gentle heating), RevILs 
reverse to APTES molecular liquids. RevILs facilitate the preparation 
and deposition of surface-clean nanoparticles onto the surface of 
non-porous SiO2 [9,10]. Additionally, RevILs have been shown to lessen 
the extent of sintering of nanoparticles during calcination compared to 
traditional thiol ligands [10]. However, the nanoparticles supported on 
a surface have facile pathways for particle migration and coalescence 
(PMC) or Ostwald ripening (OR) [12], inevitably increasing the occur
rence of sintering during use or calcination. These catalysts could 
theoretically be further improved by replacing the non-porous silica 
with that of a structured, mesoporous silica. The pore geometry of 
mesoporous supports (e.g., SBA-15) can create geometric barriers to 
inhibit the sintering of nanoparticles [13]. 

Abbreviations: RevIL, Reversible ionic liquid; APTES, 3-aminopropyltriethylsilane; A.S., as-synthesized. 
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An SBA-15 mesoporous silica is an ideal candidate-host for metallic 
nanoparticles due to its large surface area and pore volume, adjustable 
pore size, and various morphology [14]. Traditionally, SBA-15 sup
ported gold nanoparticle catalysts are prepared in one of two methods: 
nucleation and growth of the nanoparticles within the pores or depos
iting prepared nanoparticles in the pores [15]. Both methods require the 
functionalization of the SBA-15 surface with aminosilanes before 
nanoparticle synthesis or deposition, where the terminal amines bind to 
the tetrachloroaurate ions (AuCl4− 1) or the already-prepared nano
particles [16–18]. Calcination removes the aminosilanes for catalyst 
activation [19]. Functionalizing the SBA-15 surface is time-consuming 
and creates potential mass-transport barriers [17,20,21]. Calcination 
often does not fully remove the ligands and results in the sintering of 
nanoparticles [22]. Furthermore, the gold nanoparticle catalysts pre
pared with traditional methods have a large particle size (> 30 nm), 
poor dispersion, or wide size distribution [23–26]. 

Herein, we demonstrate an improved SBA-15 supported gold nano
particle catalyst preparation—the RevIL-stabilized gold nanoparticles 
are deposited in the prepared SBA-15 mesoporous silica via an incipient 
wetness (IW) technique, leveraging the switchable nature of RevILs. This 
will provide two clear improvements compared to traditional methods: 
1. removing the need to modify the mesoporous silica surface, and 2. 
eliminating the need for calcination, thus improving the control over 
nanoparticle size. 

2. Materials and methods 

2.1. Materials 

Gold (III) chloride trihydrate (HAuCl40.3H2O; ≥ 99.9 % trace metal 
basis), allylamine (C3H5NH2; 98 %), hydrochloric acid (HCl; 37 %; ACS 
Reagent), poly(ethylene glycol) -block-poly(propylene glycol)-block- 
poly(ethylene glycol) (P123, C3H3O[C2H4O]x[C3H6O]y[C2H4O] 
zC3H3O2; average Mn ~5800), tetraethyl-orthosilicate (TEOS, Si 
(OC2H5)4; ≥ 99.0%), toluene (C7H8; 99.8 %, ACS), and hexane 
(CH3(CH2)4CH3; ≥98.5 %; HPLC grade) were obtained from Sigma. 
Silica-gel, (SiO2; 0.060–0.2 mm), benzyl alcohol (C7H8O; 99+ %, ACS), 
benzyl benzoate (C14H12O2; 99+ %), benzaldehyde (C7H6O; 99 + %), 
biphenyl (C12H10; 99 %), and potassium carbonate (K2CO3; 99.0 %, 
ACS) were obtained from Alfa Aesar. Triethylsilane (C6H16Si; 99%) and 
sodium borohydride (NaBH4; 99%, Tracemetal) were obtained from 
ACROS ORGANICS. Nitric acid (HNO3; 67–70 %, Tracemetal™) was 
obtained from Fisher Chemical. Platinum− divinyltetramethyldisiloxane 
complex (C24H54O3Pt2Si6; ~2 % Pt in xylene) was obtained from Gelest. 
Reagent grade water was obtained from Thermo Scientific. Compressed 
nitrogen gas (N2, ≥ 99.9 %) and compressed oxygen gas (O2, ≥ 99.5 %) 
were supplied by A-L Compressed Gases, INC. Compressed carbon di
oxide gas (CO2, ≥ 99.9 %) was purchased from NorLAB. Carbon/ 
formvar-coated copper TEM grids were purchased from Ted Pella. 
Toluene was dried over molecular sieves for at least 24 h before usage. 
The silica-gel was dried in a vacuum oven for 24 h at 150 ℃ before 
deposition. All other materials were used without any further purifica
tion or processing. 

2.2. Synthesis of SBA-15 

An SBA-15 mesoporous silica was synthesized following a literature 
procedure [27], and is described in the Supporting Information. The 
obtained solid materials will be referred to as the “prepared SBA-15 

mesoporous silica”. 

2.3. Synthesis of the molecular liquids and conversion to reversible ionic 
liquids (RevILs) 

The APTES molecular liquid was synthesized following a literature 
procedure [9], which is described in the Supporting Information. The 
RevILs are formed by sparging the molecular liquid with CO2 in a 
nitrogen-purged vial under magnetic stirring. The mass of the vial was 
measured every 10 min. Sparging was stopped when no mass change 
was observed in three consecutive measurements (2 h). 

2.4. Synthesis of the reversible ionic liquid (RevIL)-stabilized 
nanoparticles 

The RevIL-stabilized gold nanoparticles were synthesized using a 
modified method available in the literature [9,10]. HAuCl40.3 H2O 
(0.0298 g; 0.076 mmol) was dissolved in the RevIL (3.7665 g; 
0.00943 mmol). 17.6 mL of hexane was added, and the solution was 
mixed at 600 rpm until the HAuCl4 was completely dissolved. 400 µL of 
a 0.1 M NaBH4 aqueous solution was added to the vial while stirring. 
The solution was stirred at 600 rpm for 30 min to completely reduce the 
gold precursors. The nanoparticles prepared in this manner will be 
referred to as “colloidal RevIL-stabilized nanoparticles.” 

2.5. Deposition of the RevIL-stabilized nanoparticles on the non-porous 
SiO2 

This deposition is followed in a literature procedure [9]; the depo
sition procedures are presented in the Supporting Information. The 
prepared materials will be referred to as “Au/SiO2/A.S.”, for gold 
nanoparticles deposited on non-porous SiO2 as synthesized. 

2.6. Deposition of nanoparticles in the prepared SBA-15 mesoporous 
silica 

The deposition of the RevIL-stabilized gold nanoparticles in SBA-15 
mesoporous silica was conducted via an incipient wetness (IW) tech
nique. In a typical deposition, the RevIL-stabilized nanoparticles are first 
diluted with hexane (1:1—RevIL-stabilized nanoparticles:hexane by 
volume). The diluted nanoparticle dispersion is then added dropwise to 
the prepared SBA-15 mesoporous silica with constant mechanical stir
ring of the solid. The constant stirring ensures that the nanoparticle 
solution is equally distributed across the SBA-15 mesoporous silica, 
preventing isolated locations from becoming oversaturated. It takes 
approximately 40 min to saturate the SBA-15 mesoporous silica fully; 
the SBA-15 mesoporous silica changes to a pinkish color, implying that 
the nanoparticles are deposited on the SBA-15 mesoporous silica. The 
saturated SBA-15 mesoporous silica is left in a loosely capped vial 
overnight, allowing for complete deposition. The vial is then placed in a 
vacuum oven until the solid is completely dry the next day. The vacuum 
oven is regulated at 0.44 atma and 45 ◦C. The prepared solid materials 
will be referred to as “Au/SBA-15/A.S.” for gold nanoparticles deposited 
in SBA-15 mesoporous silica, as synthesized. It is noted that adding so
lution too quickly and without constant stirring often results in the 
appearance of bulk liquid, indicating that the SBA-15 mesoporous silica 
is over-saturated. The saturated pores prevent the entrance of nano
particles, leading to the accumulation of nanoparticles on the external 
surface of SBA-15 (a failed deposition). It should be noted that it is 

Scheme 1. The reversible reaction of silylamine molecular liquids with CO2 to form reversible ionic liquids.  
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possible to increase the gold loading by repeating the deposition process. 
The efficiency of this deposition method is approximately 96 %, which is 
comparable to SBA-15 surface-modified methods (~ 99 %) [6]. 

2.7. Thermal treatment 

When indicated, the supported nanoparticles were exposed to a 
vacuum treatment at 100 ◦C or a 230 ◦C calcination at ambient pressure. 
In the vacuum treatment, 0.03 g of the Au/SBA-15/A.S. preparations 
were placed in a vacuum oven regulated under 0.44 atma for 24 h at 
100 ◦C. The prepared solid materials are named “Au/SBA-15/100 ◦C”, 
for the Au/SBA-15/A.S. preparations with an additional 100 ◦C vacuum 
calcination. In a typical 230 ◦C calcination, 0.05 g of Au/SBA-15/A.S. or 
Au/SiO2/A.S. preparations were calcined in air using a Thermolyne 
Benchtop 1100 C Muffle Furnace. The calcination conditions are as 
follows: the temperature was ramped at 5 ◦C min− 1 to 230 ◦C from the 
room temperature, held for 180 min, and then allowed to cool to the 
room temperature. The prepared solid materials are named “Au/SBA- 
15/230 ◦C”, for the Au/SBA-15/A.S. preparations with additional 
230 ◦C calcination and “Au/SiO2/230 ◦C” for the Au/SiO2 preparations 
with additional 230 ◦C calcination. 

2.8. Thermogravimetric analysis (TGA) 

TGA was performed to measure the mass fraction of the remaining 
APTES molecular liquids. In a typical TGA experiment, 0.002 mg of the 
Au/SBA-15/A.S. or the Au/SBA-15/100 ◦C preparations were placed in 
a platinum pan attached to a TA Instruments Q50. The TGA conditions 
are as follows: the temperature was ramped at 5 ℃ min− 1 to 230 ◦C 
from an equilibrium temperature (40 ◦C), held for 180 min, and then 
allowed to cool to 40 ◦C. 

2.9. Catalyst characterization 

Nanoparticle size was determined using transmission electron mi
croscopy (TEM) utilizing an FEI Technai G2 T20 Twin TEM with an 
operating voltage of 200 kV. Samples were dispersed in hexane and 
drop-cast onto a 75-mesh, Cu grid. Image analysis was performed using 
ImageJ software with at least 200 particles sized. 

The nanoparticle gold loadings of catalyst preparations were deter
mined using the Total Reflection X-Ray Fluorescence (TRXF) analysis 
using a Bruker S4 TSTAR spectrometer. 0.052 g of Au/SBA-15/230 ℃ 
preparations or 0.054 g of Au/SiO2/A.S. preparations were dissolved in 
1 mL of HNO3 then submerged in a 40 ℃ water bath for 25 min until no 
pink color was observed. 40 µL of 1000 mg/L Vanadium (V) (internal 
standard) in HNO3 was subsequently added and mixed using vortex- 
mixer. 10 µL of solution was cast-drop onto a clean quartz disk. The 
quantification measurement method is as follows: Si (Silicon), Mo 
(Molybdenum), and Ar (Argon) are assigned as the deconvoluted ele
ments; V (Vanadium) is assigned as the standard element; Au (Gold) is 
used for quantification. The acquisition is as follows: Mo 17.5 excitation, 
air, and 1000 s with the “Escape,” “Pile up,” and “Background” correc
tions following the profile setting Mo-K. 

Attenuated Total Reflectance (ATR) Fourier Transform Infrared 
Spectroscopy (FTIR) was used to characterize the chemical state of the 
APTES molecular liquids and RevILs in the catalyst preparations and 
prepared SBA-15 mesoporous silica utilizing a ThermoScientific Nicolet 
IS10. The spectra were collected from 650 to 4000 cm− 1 and scanned 
512 times at a resolution of 4 cm− 1. 

Brunauer-Emmett-Teller (BET) surface area and pore dimension 
analyses were performed via N2 adsorption-desorption. A complete 
isotherm analysis was performed at liquid nitrogen temperature (77 K) 
using a commercial gas adsorption analyzer (Micromeritics 3Flex). 
Before the isotherm measurement, the bare SBA-15 mesoporous silica 
samples (60 mg) were de-gassed in-situ at 150 ℃ at the analysis port for 
15 h to remove all the adsorbates from their surface. 

2.10. Catalytic activity evaluation 

The catalytic activities of all the catalyst preparations were tested in 
the oxidation of benzyl alcohol. (Scheme 2). 

All the reactions were reacted with a base (K2CO3) to increase the 
total rate of reaction. The base (15 mg) and the gold nanoparticle cat
alysts were added into a 9 mL sealed glass reaction vessel. The total 
amount of gold was maintained at 0.0559 µmol, accounting for the 
different mass loadings: 15 mg Au/SBA-15/A.S., 12.3 mg Au/SBA-15/ 
100 ℃, 11.4 mg Au/SBA-15/230 ℃, 16.3 mg Au/SiO2/A.S., or 14.7 mg 
Au/SiO2/230 ℃. Finally, a stock solution of benzyl alcohol (9.6 mmol) 
and biphenyl (10 µmol, internal standard) was added to the gold catalyst 
and the base. The glass vial was sealed, sonicated for one minute to mix 
all species, and then attached to a pressurized O2 cylinder. The vessel 
was pressurized to 6 bars of O2 before venting. The pressurization/ 
venting cycle was repeated three times and allowed to remove all air. 
Once reduced to atmospheric pressure (~ 99.5 % O2), the vial was 
submerged in a 100 ℃ oil bath and magnetically stirred at 600 rpm. 
After a three-minute thermal equilibration period, the pressure of 
headspace was raised to 6 bar (> 99.9 % O2) and the reaction was 
allowed to react for one hour under 600 rpm stirring. It should be noted 
that the glass vial was maintained at 6 bar for the duration of the re
action. The reaction was quenched by submerging vials into room 
temperature water, reduced to atmospheric pressure, and then centri
fuged at 6000 rpm for 6 min before taking a 0.5 mL sample for Gas 
Chromatography with Flame Ionization Detection (GC-FID) analysis. All 
reactions were performed in triplicate. 

GC-FID was conducted using a Thermo Scientific Trace 1310 gas 
chromograph with an SGE Analytical Science BP5 column (30 m x 
0.25 mm x 0.25 µm). A 1.0 µL sample was injected at 300 ℃ under 
constant pressure mode (25 psi) with a split flow of 90 mL and the 
following temperature profile: initial temperature 40 ℃, ramp at 7.5 ℃ 
min− 1 to 70 ℃, ramp at 15 ℃ min− 1 to 145 ℃, ramp at 45 ℃ min− 1 to 
280 ℃, and hold for 3 min. The concentrations of all species are 
determined based upon the calibration curve (Fig. S2) compared to 
biphenyl internal standard. 

3. Results and discussion 

To explore the effectiveness of this new nanoparticle deposition 
technique, we analyzed the location of the nanoparticles (e.g., in the 
pores of the mesoporous silica vs. on the external surface), studied the 
impact of the deposition technique on the morphology of nanoparticles, 
investigated the impacts of various thermal treatment to understand 
how the reversible ionic liquids’ switchable nature is leveraged, and, 
finally, investigated the impact of the new deposition method on the 
catalytic activities of the prepared catalysts. 

3.1. Physical properties of the prepared SBA-15 mesoporous silica 

SBA-15 mesoporous silica was synthesized as the quality of com
mercial mesoporous silica was not sufficient for fundamental material 
characterization. We found that the commercial SBA-15 mesoporous 
silica was difficult to microscopically observe nanoparticles inside pores 
as there was generally low alignment and there were large amorphous 
regions. The surface area and average pore diameter of the prepared 
SBA-15 mesoporous silica was determined via an N2 adsorption- 
desorption isotherm (Fig. S3). The average pore diameter and surface 
areas are as follows: 6.63 nm, 665 m2/g (macro), and 152 m2/g (micro). 

3.2. Determination of the location of the nanoparticles in the Au/SBA- 
15/A.S. preparations 

We needed to confirm that this RevIL deposition technique was able 
to deposit nanoparticles in the pores of SBA-15 mesoporous silica and 
not only on the external surface of SBA-15. Fig. 1A is a TEM micrograph 
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showing the nanoparticles aligning with the channels of mesoporous 
silica. However, simply demonstrating the alignment of nanoparticles 
with the channel is insufficient to conclude that nanoparticles are inside 
the pores (e.g., they could be on the external surface of the SBA-15 
mesoporous silica). By tilting the TEM platform, we confirm that the 
observed nanoparticles that align with the channels are inside the pores 
by then observing the same nanoparticles from a different perspective. 
The TEM platform was then rotated to +20 degrees to obtain Fig. 1B. 
Fig. 1B shows that the nanoparticles aligned with the channels in Fig. 1A 
are in the interior of the pore. This confirms that we can use this RevIL 
deposition technique to easily deposit nanoparticles in the pores of SBA- 
15 mesoporous silica without the needs for functionalizing the SBA-15 
surface. 

3.3. Effect of deposition on nanoparticle size 

After confirming that this RevIL deposition technique can deposit 
nanoparticles in the pores of SBA-15 mesoporous silica, we need to 
confirm, similar to our prior experience [9], that this RevIL technique is 
able to maintain the nanoparticle size throughout the deposition, 
providing a level of size control. Fig. 2A is a TEM micrograph of the 
colloidal RevIL-stabilized nanoparticles with 3.46 ± 0.53 nm average 
diameter (Table 1). The histograms of all nanoparticle size distributions 
are available in the Supporting Information. Fig. 2B is a representative 
TEM micrograph of the Au/SBA-15/A.S. preparations used for 

nanoparticle sizing. The gold nanoparticles in the Au/SBA-15/A.S. 
preparations were determined to be 3.28 ± 0.42 nm average diameter. 
There was no significant statistical change (determined by a 
single-factor ANOVA analysis and Tukey HSD [28] with p > 0.05 in all 
cases) in the particle size from the colloidal RevIL-stabilized gold 
nanoparticles to the Au/SBA-15/A.S. preparations. The ANOVA analysis 
is presented in the Supporting Information. Hence, we can conclude that 
this RevIL deposition technique is able to maintain the nanoparticle size 

Scheme 2. Gold-catalyzed sequential oxidation of (A) benzyl alcohol into (B) benzaldehyde, (C) benzoic acid, and (D) benzyl benzoate.  

Fig. 1. The TEM micrographs of the Au/SBA-15/A.S. preparations. (B) was 
obtained by rotating (A) to +20 degrees. 

Fig. 2. The representative TEM micrographs of (A) colloidal RevIL-stabilized 
nanoparticles, and (B) Au/SBA-15/A.S. preparations. 

Table 1 
Nanoparticle size, gold loading, and number of gold surface atoms/g catalyst for 
all catalyst preparations. All nanoparticle size distributions are available in the 
Supporting Information.  

Catalyst sample 
naming 

Average 
nanoparticle 
diameter (nm) 

Gold loading 
(mg Au/ g 
catalyst) 

Au surface 
atoms/g catalysts 
x 1018 

Colloidal 
nanoparticles 

3.46 ± 0.53     

Au/SBA-15/A.S. 3.28 ± 0.42  0.734  0.754 
Au/SBA-15/ 

100 ◦C 
3.48 ± 0.58  0.898  0.847 

Au/SBA-15/ 
230 ◦C 

3.65 ± 0.57  0.966  0.868 

Au/SiO2/A.S. 2.62 ± 0.75  0.678  0.753 
Au/SiO2/230 ◦C 7.41 ± 3.02  0.753  0.277  
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throughout deposition. 

3.4. ATR-FTIR analysis 

The ATR-FTIR spectrums of APTES molecular liquids, RevILs, 
colloidal nanoparticles, catalyst preparations, and prepared SBA-15 
mesoporous silica are shown in Fig. 3. The APTES molecular liquids 
are identifiable by the CH2 peaks at 2900 cm-1 and the N-H stretching of 
amine at 3250–3370 cm-1 [29]. The CH2 peaks are seen again in the 
RevIL spectrum as the reaction of APTES molecular liquids with CO2 
forms RevILs. The RevILs are characterized by the asymmetric NCO2

- 

stretch of the carbamate ion at 1575 cm-1 [29]. The colloidal nano
particles are only stabilized by RevILs as the N-H stretching of amine is 
absent. The absence of the asymmetric NCO2

- stretch of the carbamate 
ion, and the presence of the CH2 peaks are observed in the 
Au/SBA-15/A.S. spectrum, suggesting that vacuum-oven drying was 
sufficient to reverse the RevILs to the APTES molecular liquids. The 
full-scale NCO2

- and N-H stretches are shown in Fig. S7 (A) and (B), 
respectively. It should be noted that the peak towards 1650 cm-1 for the 
Au/SBA-15/A.S., Au/SBA-15/100 ℃, and prepared SBA-15 is likely 
ascribed to the adsorbed water [30] and does not belong to carbamate 
ions. Furthermore, the N-H stretching of amine (3250–3370 cm-1) is 
observed in the Au/SBA-15/A.S. spectrum. This implies that at least 
some APTES molecular liquids do not bind with gold nanoparticles as 
the N-H stretch of amine should disappear when amines interact with 
gold nanoparticles [31]. However, we cannot exclude the possibility 
that some APTES molecular liquids bind to the gold nanoparticles. 
Previous analysis [10] using x-ray photoelectron spectroscopy (XPS) has 
concluded that these reversal conditions result in the gold surface being 
effectively bare without any APTES molecular liquids. Comparatively, 
the N-H stretch of molecular liquids was not observed in the 
Au/SBA-15/100 ◦C spectrum. In comparing the 3100–3500 cm-1 re
gions in the prepared SBA-15 and the Au/SBA-15/100 ◦C spectrums, we 
see a broad water peak. This broad water peak overlaps with the N-H 
stretching of amine, leading to the underrepresentation of the intensity 
of the N-H stretching of the amine in the Au/SBA-15/100 ◦C spectrum. 
In summary, the FTIR results indicate that the incipient wetness RevIL 
catalyst synthesis technique is sufficient to completely reverse RevILs to 
APTES molecular liquids, and if this is in an agreement with previous 
results, should be catalytically active. Additionally, the further reduc
tion of the molecular liquids during low-temperature calcination should 
further increase catalytic activity due to greater surface accessibility. 

3.5. Calcination experiments 

One major benefit of catalyst designs leveraging nanoparticles inside 
the pores of mesoporous silica is the improved thermal stability. 
Furthermore, it has been demonstrated that RevIL-prepared catalysts 
reduce the sintering of nanoparticles during calcination compared to 
traditionally prepared thiol-stabilized nanoparticles [10]. The 

calcination experiments are used to determine if leveraging the pore 
structure of SBA-15 would improve the thermal stability, resulting in 
less change in nanoparticle size. 

As a control, the Au/SiO2/A.S. preparations (Fig. 4A) can be 
compared to the Au/SiO2/230 ◦C preparations (Fig. 4B) to investigate 
the expected degree of nanoparticle sintering in the absence of a pore 
environment. The Au/SiO2/230 ◦C preparations show much larger 
nanoparticles than the Au/SiO2/A.S. preparations where the calcination 

Fig. 3. ATR-FTIR spectra of all the synthesis components, catalyst preparations, 
and prepared SBA-15 mesoporous silica. Note: Au/SBA-15/100 ◦C and Pre
pared SBA-15 are shown at a greater magnification to show greater detail. 

Fig. 4. The representative TEM micrographs of (A) Au/SiO2/A.S. preparations, 
(B) Au/SiO2/230 ◦C preparations, (C) Au/SBA-15/A.S. preparations, and (D) 
Au/SBA-15/230 ◦C preparations. 
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leads to a 183 % (7.41 ± 3.02 nm vs. 2.62 ± 0.75 nm) increase in the 
average diameter of Au/SiO2/230 ◦C preparations (Table 1). Previous 
work indicated that the RevIL promotes sinter-resistance compared to 
traditionally prepared thiol-stabilized nanoparticles exposed to the same 
calcination [10]. The growth of these nanoparticles likely proceed via a 
particle migration and coalescence and/or Ostwald Ripening mecha
nism during calcination [32,33]; therefore, the sintering of the gold 
nanoparticles in the SiO2 preparations is thermodynamically favorable. 
Comparatively, no practical nanoparticle morphology changes were 
observed between the Au/SBA-15/A.S. preparations (Fig. 5C) and the 
Au/SBA-15/230 ◦C preparations (Fig. 5D). The calcination results in an 
11.3 % (3.65 ± 0.57 nm vs. 3.28 ± 0.42 nm) increase in the average 
diameter of the Au/SBA-15/230 ◦C preparations (Table 1). This in
dicates that the pore structure of SBA-15 improves the nanoparticles’ 
thermal stability under calcination conditions compared to the 
non-porous SiO2, thus providing an additional confirmation that the 
nanoparticles are inside the pores of SBA-15. Furthermore, Fig. 5C 
shows that the nanoparticles are far from each other as they are 
geometrically separated by the pores—the SBA-15 pore structure has 
created the additional energy barriers for inhibiting the sintering rate of 
nanoparticles [13,34,35]. These results agree with literature—the gold 
catalysts supported by mesoporous material have superior thermal sta
bility compared to those prepared on high surface metal oxide supports 
[13,36,37]. 

3.6. Catalytic activity evaluation 

The catalytic activities of all the catalyst preparations were evaluated 
in the oxidation of benzyl alcohol. This reaction has been used as a 
popular model catalytic test due to simple setup and handling proced
ures and relatively mild reaction conditions [38–40]. More importantly, 
this reaction is a benchmark to assess the activities of gold catalysts for 
promoting selective oxidation of benzyl alcohol [41]. 

The conversion of benzyl alcohols and the selectivity and yield of 
benzaldehyde and benzyl benzoate are reported as percentages and 
defined in Eqs. (1–4): 

X =
nBnOH I − nBnOH

nBnOH I
(1)  

SBnCHO =
nBnCHO

nBnOCO + nBnCHO
(2)  

SBnOCO =
nBnOCO

nBnOCO + nBnCHO
(3)  

Yi = X⋅Si (4) 

Where X is the conversion of benzyl alcohol, nBnOH is the number of 
moles of benzyl alcohol at the conclusion of the reaction, nBnOH_I is the 
initial number of moles of benzyl alcohol, SBnCHO is the selectivity to
wards benzaldehyde, nBnCHO is the number of moles of benzaldehyde 
after the reaction, nBnOCO is the number of moles of benzyl benzoate after 
the reaction, SBnOCO is the selectivity towards benzyl benzoate, and Y is 
the yield of benzaldehyde or benzyl benzoate. Furthermore, the sum of 
the yields of benzaldehyde and benzyl benzoate is considered as the 
conversion of benzyl alcohol as the overall mass balance is less than 5 % 
different from the stock solution. 

The molar turnover frequency (TOFM) is shown in Table 2 and 
defined as: 

TOFM =
nBnOH

nAu⋅t
(5) 

Where nAu is the total moles of gold that were determined based on 
the TRXF and TGA results, and t is the time of reaction. A TOFM value is 
often reported as a “turnover frequency” in the literature [42–44], 
making it a useful comparison when the nanoparticle size is similar [45]. 
However, such comparison is not normalized based upon the active 
sites. 

To compare the fundamental catalysis, the turnover frequency on the 
surface atom basis was calculated for each catalyst preparation 
(Table 2). A surface turnover frequency (TOFS) is defined in Eq. 6: 

TOFS =
nBnOH

nAuSurface ⋅t
(6) 

Where nAuSurface represents the number of moles of gold surface 
atoms across the total surface area of the active phase in a given reac
tion. The surface gold atoms are calculated geometrically based upon 
gold loading (determined by the TRXF and TGA results), average 
nanoparticle size, and population polydispersity (Table 1). A demon
stration of such calculation can be found in the Surface Atom Calcination 
Method section of the Supporting Information. 

3.7. The catalytic activities of the Au/SBA-15/A.S. and the Au/SBA-15/ 
100 ◦C preparations 

It should be noted that the selective oxidation of benzyl alcohol does 
not proceed in the absence of catalyst. The benzyl alcohol conversions 
using the Au/SBA-15/A.S. and Au/SBA-15/100 ◦C preparations are 
shown in Fig. 5. The Au/SBA-15/A.S. preparations show an 18.6 % 
conversion and 79.0 % selectivity toward benzaldehyde. The Au/SBA- 
15/A.S. preparations are catalytically active, indicating that calcina
tion is not needed to remove the ligands from the gold surface, in 
agreement with the FTIR results. Additionally, they show a statistically 
significant decrease in the conversion (determined by a single-factor 
ANOVA analysis and Tukey HSD [28] with p < 0.05 in all cases, 
except cycle 3 vs. cycle 4) during four consecutive cycles, where cycle 1 
is statistically significant from cycles 2–4; cycle 2 is statistically signif
icant from cycles 3–4, which do not show a statistical significance. The 
ANOVA statistical analysis is presented in the Supporting Information. 
The conversion reduces in cycles 1–2, from 18.0 % to 9.80 % (approx
imately 53.5 % of initial conversion), and then remains roughly constant 

Fig. 5. The product yields using the Au/SiO2/A.S., Au/SiO2/230 oC, Au/SBA- 
15/A.S., Au/SBA-15/100 oC, and Au/SBA-15/230 oC preparations. Reaction 
conditions: gold loadings of all catalyst preparations were maintained at 
0.0559 µmol, 15 mg of K2CO3 for all reactions, 99.9 % O2, 1 h, 
600 rpm, 100 ℃. 

Table 2 
A molar and surface turnover frequency of each catalyst preparation in the se
lective oxidation of benzyl alcohol.  

Catalyst sample TOFM (s-1) TOFS (s-1) 

Au/SBA-15/A.S.  8.89  26.4 
Au/SBA-15/100 ◦C  9.75  31.5 
Au/SBA-15/230 ◦C  6.44  21.9 
Au/SiO2/A.S.  7.54  20.7 
Au/SiO2/230 ◦C  2.00  16.5  
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for the subsequent consecutive runs (Fig. S9). The apparent decrease in 
the conversion can be explained by the reaction-induced growth of 
nanoparticles as a 56 % increase (3.28 ± 0.42 nm to 5.12 ± 0.92 nm) in 
the particle size is observed during the reaction (Fig. S6). While there are 
practical impacts that reduce the conversion, the fundamental mea
surement of activity (TOFS) indicates that the activity remains relatively 
constant from cycle 1 (TOFS = 25.5 s-1) to cycle 2 (TOFS = 22.2 s-1). 
Comparatively, the Au/SBA-15/100 ◦C preparations show an increase in 
conversion (20.4 %) without sacrificing the selectivity toward benzal
dehyde (79.5 %). Additionally, the TOF values of the Au/SBA-15/100 ◦C 
preparations (TOFM = 9.75 s-1, TOFS = 31.5 s-1) are higher than that of 
the Au/SBA-15/A.S. preparations (TOFM = 8.89 s-1, TOFS = 26.4 s-1). 
These differences in TOF values can be explained due to the presence of 
some APTES molecular liquids remaining on the catalyst’s surface. The 
FTIR results (Fig. 3) have demonstrated the presence of APTES mole
cules on the catalyst surface; however, FTIR cannot distinguish if they 
are chemisorbed to the gold surface, are chemisorbed to the SBA-15 
silica, or are physisorbed to the catalyst surface. Furthermore, a previ
ous work [10] using XPS has demonstrated that the APTES molecular 
liquids are not chemisorbed to the gold surface but are chemisorbed to 
the non-porous silica. However, this XPS result cannot eliminate the 
possibility that some APTES molecular liquids are physisorbed to the 
gold surface to block sites, thus reducing the number of active sites. The 
TGA results show a 250 % greater mass loss for the Au/SBA-15/A.S. 
preparations than the Au/SBA-15/100 ◦C preparations, indicating that 
a 100 ℃-calcination is sufficient to remove the APTES molecular liquids 
and effectively increases the total number of surface sites. The TGA re
sults are shown in Fig. S8. Since the surface area used in the TOF 
calculation is a geometric determination and not a measurement, we are 
likely overestimating the number of sites for the Au/SBA-15/A.S. 
preparation, thus decreasing the true TOF value. Therefore, the num
ber of sites and TOF value for the Au/SBA-15/100 ℃ preparation are 
more accurate. 

3.8. The activities of the non-porous and porous gold catalysts before and 
after a 230 ◦C calcination 

The catalytic activities of the Au/SiO2/A.S. preparations and the Au/ 
SBA-15/A.S. preparations are compared to investigate the impacts of 
pore and non-pore environments on the catalytic activities. The catalytic 
activities of the Au/SBA-15/230 oC preparations and the Au/SiO2/ 
230 oC are compared to investigate the impact of particle size on the 
catalytic activities. 

The conversion using the Au/SiO2/A.S., Au/SiO2/230 ℃, Au/SBA- 
15/A.S., and Au/SBA-15/230 ℃ preparations are shown in Fig. 5. The 
Au/SiO2/A.S. preparations show a 15.8 % conversion and 83.3 % 
selectivity toward benzaldehyde. Comparatively, the Au/SBA-15/A.S. 
preparations show a higher conversion (18.6 %) and a 79.0 % selec
tivity toward benzaldehyde. Furthermore, the TOF values of the Au/ 
SBA-15/A.S. preparations (TOFM = 8.89 s-1, TOFS = 26.4 s-1) are 
higher than that of the Au/SiO2/A.S. preparations (TOFM = 7.54 s-1, 
TOFS = 20.7 s-1), implying that there is an improved fundamental 
catalytic-activity after correcting for any impacts of loading or differ
ences in the number of surface sites. Since the gold surface is effectively 
the same, all the other impacts must be due to the SBA-15 pore envi
ronment. Furthermore, the data is practically and statistically significant 
for activity analysis (determined by a single-factor ANOVA analysis and 
Tukey HSD [28] with p < 0.05 in all cases). The ANOVA statistical 
analysis is presented in the Supporting Information. Hence, the 
improved activity and the statistical significance in the data support the 
enhancement of catalytic activity induced by the SBA-15 pore geometry. 
The Au/SiO2/230 oC preparations show only a 4.20 % conversion and 
98.0 % selectivity toward benzaldehydes; the increase (98.0 % vs. 83.3 
%) in the benzaldehyde’s selectivity (compared to the Au/SiO2/A.S. 
preparations) is consistent with this. The nature of thermodynamically 
favorable reactions in series inherently leads to an increase in selectivity 

towards the intermediate products at lower conversions [45]. Addi
tionally, the TOF values of the Au/SiO2/230 ℃ preparations (TOFM =

2.00 s-1, TOFS = 16.5 s-1) are significantly smaller than that of the 
Au/SiO2/A.S. preparations (TOFM = 7.54 s-1, TOFS = 20.7 s-1), implying 
the significant reduction in the activities of the non-porous gold catalysts 
after a 230 ℃ calcination. Such dramatic reduction in the activities can 
be attributed to a particle size effect (183 % increase in the particle size 
after a 230 ℃ calcination) in which the larger nanoparticles are 
fundamentally less active, likely due to significant reductions in the true 
active sites [46]. Comparatively, the Au/SBA-15/230 oC preparations 
show a 13.5 % conversion and 91.8 % selectivity toward benzaldehydes. 
Compared to the Au/SBA-15/A.S. preparations, the TOF values of 
Au/SBA-15/230 oC preparations (TOFM = 6.44 s-1, TOFS = 21.9 s-1) 
were slightly reduced; however, they are still as active as the Au/SiO2/A. 
S. preparations (TOFM = 7.54 s-1, TOFS = 20.7 s-1) and are significantly 
more active than the Au/SiO2/230 oC preparations (TOFM = 2.00 s-1, 
TOFS = 16.5 s-1). 

4. Conclusion 

We have demonstrated that without the needs of the SBA-15 surface 
functionalization, the RevIL catalyst synthesis technique can deposit the 
RevIL-stabilized gold nanoparticles inside the pores of the SBA-15 
mesoporous silica. The nanoparticles inside the SBA-15 pores show 
improved thermal stability under a 230 ℃ calcination compared to 
those supported on the surface of non-porous SiO2. Nanoparticles sin
tered on the surface of the non-porous SiO2, where the sintering was 
evidenced by TEM images and a 183 % increase in particle size. As the 
FTIR results indicated, vacuum-oven drying has completely reversed the 
RevILs to the APTES molecular liquids. Hence, the as-synthesized porous 
gold catalysts are active in the selective oxidation of benzyl alcohol 
without calcination. Additionally, they are more active than the as- 
synthesized non-porous gold catalysts, indicating that the pore geome
try enhances catalytic activities. Furthermore, catalysts’ activities were 
improved following a 100 ℃ calcination, which is significantly milder 
than a 500 ℃-calcination benchmark. Up to a 230 ℃ calcination, the 
calcined porous gold catalysts are as active as the as-synthesized non- 
porous gold catalysts and are significantly more active than the calcined 
non-porous gold catalysts. The significant reduction in the activities of 
the calcined non-porous gold catalysts is likely due to the particle size 
effect (an 183 % increase in particle size). Lastly, the perceived benefits 
of this RevIL catalyst synthesis technique and the catalytic performance 
of the gold catalysts prepared by the RevIL technique are summarized. 
The RevIL technique is able to deposit gold nanoparticles in the pores of 
SBA-15 mesoporous silica, evidenced by the representative TEM images 
(Fig. 1) and the measured increase in the thermal stability from the 
porous SBA-15 silica to the non-porous silica. Additionally, the RevIL 
technique has effectively eliminated the needs for passivating the cata
lyst surface, potentially leading to more advanced catalyst structures 
that leverage triple-phase boundaries or strong metal-support in
teractions (SMSI), allowing for this technique to be translated to other 
types of mesoporous supports with minimal effort. Furthermore, the 
RevIL technique is able to provide a fine control over the nanoparticle 
size during deposition, agreeing with our previous results [9]. The 
as-synthesized gold catalysts prepared by the RevIL technique do not 
require calcination for catalysis, as they are immediately active in the 
selective oxidation of benzyl alcohol reaction due to the bare surface 
sites after deposition [10]. Additionally, the porous SBA-15 supported 
gold catalysts show a statistically significant increase in activity 
compared to the non-porous silica supported gold catalysts, implying 
that the pore geometry enhances catalytic performance. Furthermore, 
their activity does increase after a low-temperature (e.g., 100 ℃) 
calcination treatment—likely due to the removal of unbounded APTES 
molecular liquids; it should be noted that a 100 ℃-calcination is 
significantly milder than the 500 ℃-benchmark calcination. 
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