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Abstract

As a promising catalytically active nano reactor, gold nanoparticles intercalated in mesoporous silica (GMS) were successfully synthesized and
properties of the materials were investigated. We used a one pot sol-gel approach to intercalate gold nano particles in the walls of mesoporous
silica. To start with the synthesis, P123 was used as template to form micelles. Then TESPTS was used as a surface modification agent to
intercalate gold nano particles. Following this process, TEOS was added in as a silica source which underwent a polymerization process in acid
environment. After hydrothermal processing and calcination, the final product was acquired. Several techniques were utilized to characterize the
porosity, morphology and structure of the gold intercalated mesoporous silica. The results showed a stable structure of mesoporous silica after
gold intercalation. Through the oxidation of benzyl alcohol as a benchmark reaction, the GMS materials showed high selectivity and recyclability.

Video Link

The video component of this article can be found at https://www.jove.com/video/52349/

Introduction

As an emerging technology that has great potential in catalysis applications, nanoscale materials have received intensive research interest in the
past decades. Amongst the nanoscale catalysts reported, noble metal catalysts such as Au, Ag, Pd and Pt have attracted world-wide attention
1-3. Select catalytic reactions include the oxidation of carbon monoxide researchers on Au, Heck reaction on Pd catalysts, and water splitting with
Pt. In spite of the promising catalytic potential, nanoscale gold is limited in its applicability due to deactivation from poisoning, coking, thermal
degradation, and sintering. It has been reported that gold, as a representative for noble metals, has high selectivity and is less prone to metal
leaching, over-oxidation, and self-poisoning4. However, the catalytic performance of gold strongly depends on the particle size. Haruta et al.
has reported the relationship between catalytic performance and gold cluster diameter, demonstrating the highest activity of gold catalysts with
particle size ~ 2.7 nm5.

The particle size of noble metals can be controlled by the preparation method6-9; however, the major hindrance towards broad application
remains aggregation and loss of activity. To solve the problem of sintering, a common method is to immobilize nanoscale particles on a
support material. Various support materials have been applied including porous silica10-11, semiconducting metal oxides12-13, polymers14,
graphene15 and carbon nanotubes16. Amongst the materials used, porous silica is an attractive material as a support because it is only mildly
acidic, relatively inert, thermally and chemically stable, and can be prepared with very well defined meso-/micro-porosity. The porous structure
provides good support for metal particles but also imparts size selective substrate access to the metal catalysts. This selectivity is particularly
promising because of the tunability associated with these porous materials. Often, gold particles are found to be extremely mobile on silica
surfaces17-18 and readily form very large (50+ nm) unreactive particles when exposed to high temperatures, thus making it difficult to prepare
gold nanoparticles on silica19. Mukherjee et al. reported immobilization of monodispersed gold nanoparticles on mesoporous silica MCM-41 by
3-aminopropyl-trimethoxysilane and 3-mercaptopropyl-triethoxysilane, and the supported gold nanoparticles were found to be highly active for
hydrogenation reactions and no leaching of gold was found in the reaction20.

Following the report of surface modification of mesoporous silica, we reported a method to prepare gold intercalated into the wall of mesoporous
silica (GMS). Additionally, the mesoporous silica supported approach offers a scalable approach to potentially independently alter the catalyst
and porous environment. Since catalytic processes are of vital economic importance, the benefits could be far reaching. The ability to develop
“green” catalysts would have a profound positive impact on the environment and improve the economic feasibility and resource efficiency of
important industrial processes.
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Protocol

1. Preparation of GMS

1. Use all chemicals in the following process as received.
2. Prepare 75 ml of 2 M of hydrochloric acid (HCl) solution. Weigh 2.0 g of poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (P123, MW = 5,800) and transfer into the prepared 75 ml of 2 M HCl solution. At RT, apply magnetic stirring to the
solution at a speed of 350 r/min until P123 is completely dissolved. The solution will be clear.

3. Weigh 4 g of tetraethoxysilane (TEOS, MW = 208.33) in a small vial and transfer 180 µl of Bis[3-(triethoxysilyl)propyl]-tetrasulfide (TESPTS,
MW = 538.94) into the vial. Slowly shake the vial to mix the two chemicals. In another vial, weigh 38 mg of chloroauric acid (HAuCl4, 99.90%)
and dissolve in 1 ml of DI water.

4. Increase the P123 solution temperature to 35 °C in an oil bath with temperature controlled by thermocouple.
5. Add all of the mixture of TEOS and TESPTS prepared in step 1.3 to the P123 solution, and keep the solution at vigorous magnetic stirring of

700 r/min. Keep the solution stirring for 2 min, then add all of HAuCl4 solution prepared in step 1.3 dropwise within 30 sec.
6. Keep the solution stirring at 700 r/min for 24 hr at 35 °C.
7. After 24 hr, transfer the solution into a sealed bottle and store in an oven set at 100 °C for 72 hr. This is called hydrothermal processing.
8. After the hydrothermal processing, filter the solution with a #1 filtration paper and negative pressure under a funnel, then wash with water two

times and ethanol three times to remove remaining HCl. During each wash process, add water or ethanol 1 cm above solid and wait for the
material to dry.

9. Transfer precipitation from filtration to a ceramic crucible and calcine at 550 °C for 4 hr. Set the ramp program as follows: 25 °C to 550 °C for
2 hr, keep at 550 °C for 4 hr, then allow the sample to remain in furnace with the door closed until the temperature falls below 40 °C.

10. After calcination, transfer the product to a glass vial with a plastic spatula. The synthesized material has a red color.

2. Catalytic Reaction, Oxidation of Benzyl Alcohol

1. Since the oxidation of benzyl alcohol is a liquid phase reaction without a separate solvent, measure 5 ml of benzyl alcohol (99.8%) and
transfer it into a 25 ml three-neck flask, then weigh 10 mg of GMS catalyst and it add to benzyl alcohol.

2. Set up a temperature-controlled oil bath with magnetic stirring to ensure accurate and uniform control of the reaction temperature.
3. Put the flask with benzyl alcohol and catalyst into the oil bath, then set the temperature to 100 °C and stir at 150 r/min.
4. Flow oxygen gas with 99.9% purity into the flask at 2 ml/min controlled by a mass flow controller.
5. When the temperature of the oil bath reaches 100 °C and stabilizes, introduce oxygen gas into the three neck flask.
6. Keep the oxygen flow rate and temperature constant, and allow the reaction to proceed for 6 hr.
7. After the reaction, filter the product with a #1 filtration paper. Collect the liquid phase and transfer an aliquot to a gas chromatography (GC)

vial. In the GC vial, mix four parts HPLC grade acetic acid for every one part sample (For example, use 36 µl sample and 144 µl acetic acid.)
Put the vial on a gas chromatograph auto sampler for analysis. Wash off the solid precipitate on the filter paper with DI water and ethanol
then allow to dry in air. Collect the dried solid with a spatula as recycled catalyst.

8. Repeat the same experiment procedure from step 2.3 through 2.7 with recycled catalyst three times. In each repeat, adjust the amount of
benzyl alcohol to match the ratio described in step 2.2.

3. Thermal Treatment of GMS for Testing of Thermal Stability

1. Weigh three separate 300 mg portions of synthesized GMS, and store them in glass vials. These are marked as batch 1, batch 2 and batch 3.
Keep batch 1 as control group, and put batch 2 and batch 3 into a furnace for thermal processing.

2. Program the furnace as follows for processing at 400 °C: ramp from 25 °C to 400 °C in 0.5 hr, maintain at 400 °C for 4 hr, allow the sample to
remain in the furnace with the door closed until the temperature falls below 40 °C. Put batch 2 in a crucible and start the program.

3. Program the furnace as follows for processing at 650 °C: ramp from 25 °C to 650 °C in 0.75 hr, maintain at 650 °C for 4 hr, allow the sample
to remain in furnace with the door closed until the temperature falls below 40 °C. Put batch 3 in a crucible and start the program.

4. Characterization of GMS Materials21,22

1. On the physisorption instrument, degas GMS materials with the following program: 90 °C for 60 min and then 350 °C for 480 min. Run full-
isotherm analysis on the degased materials to obtain physisorption data.

2. Disperse GMS sample on a 200-mesh holey carbon TEM grid and observe the sample under a transmission electron microscope. Restrict
magnification under 44,000X to protect the material.

3. Run XRD with Cu Kα radiation (λ = 1.5418 Å). Set tube voltage of 45 kV, and tube current of 40 mA. Collect intensity in the 2θ range between
10° and 90° with a step size of 0.008° and a measuring time of 5 sec at each step.

Representative Results

This method was used to compare the levels of heme synthesis in normal (HBEC30KT) vs. cancer (HCC4017) lung cells. Figure 2 shows a
higher level of heme synthesis in cancer cells (HCC4017) than normal lung cells (HBEC30KT). The level of heme synthesis was also measured
in normal and cancer cells in the presence of mitochondrial uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP). Cells were treated
with 10 μM CCCP for 24 hr before the measurement of heme synthesis levels. As expected, the levels of heme synthesis (Figure 2) decreased
in the presence of CCCP in both normal and cancer cells. It has been shown previously that heme synthesis can be inhibited by succinyl acetone
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(SA), a potent and specific inhibitor of 5-aminolevulinic acid dehydratase (ALAD) which is the second enzyme in heme bio. The synthesized
GMS material was characterized by transmission electron microscope (TEM), X-ray diffraction (XRD) and nitrogen physisorption.

As shown in Figure 1 (batch 1 GMS), images from TEM reveal the structure of mesoporous silica. The silica matrix formed well-defined
long channels with stable wall. The pore diameter from TEM was identified to be around 5 nm and hexagonal in the shape as is typical for
mesoporous silica. Immobilization of gold nanoparticles was achieved from the synthesis process, as evidenced from the TEM image, there
were no gold particles explicitly distributed on the surface or in the mesoporous channel, indicating that the gold particles were successfully
intercalated into the walls of mesoporous silica matrix.

To further establish whether the gold particles are intercalated in the walls of the silica matrix, nitrogen physisorption was used. Figure 2A is the
BET physisorption isotherm for silica matrix without gold intercalation, Figure 2B is for GMS with gold intercalated in the walls (batch 1). As seen
from the figure, there was no significant difference between the two materials. Both of them showed the typical shape for mesoporous materials
with a hysteresis loop. This further indicates the gold intercalation did not impose any alternation on the pore structure (pore size, shape or
volume), which taken together with the XRD and TEM (showing the gold is in the form of 4 nm particles) strongly infers that the gold particles are
in the walls of silica matrix.

Gold nanoparticles, promising as catalysts, suffer from sintering and loss of activity at elevated temperatures. GMS material synthesized with
this method exhibits thermal stability with no aggregation observed after heating. The GMS materials treated at several high temperatures have
been characterized by physisorption. Figure 3A and 3B are BET pore structure and BJH pore distribution for GMS material calcined at different
temperatures. As indicated in the figure, high temperature calcination did not alter the mesoporous silica matrix. Further, both pore structure and
pore distribution remained the same after temperature treatment as high as 650 °C (i.e., the gold did not aggregate and block pores).

The thermal stability of the gold in GMS was further verified by XRD. Figure 4 is the XRD pattern of GMS material calcined at different
temperatures. The two peaks corresponded to Au (110) and Au (111). Peak location, peak intensity and peak width (all indicators of aggregation
and particle size) did not show any change due to the calcination process, indicating that gold particles did not change in size or morphology. The
high stability is very promising for catalytic reactions at harsh conditions.

Using the oxidation of benzyl alcohol to benzaldehyde as a benchmark, the catalytic properties of GMS were studied. At 100 °C, GMS served
as good catalyst for the oxidation reaction. Conversion of benzyl alcohol was 44.1%, and the selectivity of towards benzaldehyde was 92.8%.
Recycling experiments of GMS were conducted with the GMS material; the results are shown in Table 1. As can be seen from the table, GMS
material exhibited good recyclability. For each round of the recycling experiment, the conversion of benzyl alcohol decreased slightly, probably
due to small losses of catalyst in transfer. Even after the third time recycling, selectivity remained at a high level, around 90%.

 

Figure 1. TEM image of GMS material. Through transmission electron microscopy, the morphology of GMS material was observed.
Mesoporous silica serves as a matrix for the GMS materials; the structure of mesoporous silica was shown in two different orientations. The
TEM image clearly illustrated well-defined long channels and hexagonal pores of mesoporous silica. During the formation of GMS material, the
basic structure of the mesoporous matrix was not affected: the pores were not blocked by gold nano particles. Please click here to view a larger
version of this figure.
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Figure 2. BET pore structure of silica matrix and GMS material. (A) The BET pore structure of mesoporous silica matrix without gold
intercalation. (B) The BET pore structure of GMS material. Nitrogen physisorption was used to further prove the pore stability. Full isotherm
physisorption was performed on GMS material with mesoporous silica as control group. Both the isotherm of mesoporous silica and GMS
material showed isotherm with hysteresis loop for typical mesoporous material as defined by IUPAC. The formation of gold nano particles was
not blocking the channel nor the pores in the mesoporous matrix. Please click here to view a larger version of this figure.

 

Figure 3. BET pore structure (A) and BJH pore distribution (B) of GMS materials calcined at different high temperatures. Nitrogen
physisorption was again used for investigation into thermal stability of GMS materials. Material treated at 400 °C and 650 °C were measured
along with the original material which was labeled as as-prepared in the graph. For GMS materials calcined at different temperatures,
no changes were observed in isotherm or the BJH pore distribution. The results proved that GMS material was thermally stable at high
temperatures, with no structural change in the mesoporous matrix. Please click here to view a larger version of this figure.
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Figure 4. XRD pattern of GMS material calcined at different temperatures. X-ray diffraction was used to show the thermal stability of gold
nanoparticles. Materials treated at 400 °C and 650 °C were measured along with original material which was labeled as as-prepared in the
graph. During the high temperature calcination, the peak location and peak height of gold nanoparticles did not go through changes, proving that
gold nanoparticles did not alter in structure, phase, or morphology. Please click here to view a larger version of this figure.

Table 1. Conversion and selectivity of benzyl alcohol oxidation with GMS recycled three times.

Conversion of benzyl alcohol (%) Selectivity of benzaldehyde (%)

GMS 1st cycle 44.1 92.8

GMS 2nd cycle 37.2 89.6

GMS 3rd cycle 35.3 90.1

Discussion

Within the synthesis protocol, attention to surfactant concentration, pH of solution and reaction temperature is critical to the successful formation
of GMS. The critical steps are 1.2, 1.3, 1.4 and 1.6. The above mentioned parameters control the critical packing parameter and phase of
micelles formed from surfactant. The phase and morphology of micelle determines the final state of silica matrix, which serves as the framework
for GMS. Also important in the formation process is the sequence and time to add the HAuCl solution. TEOS and TESPTS act as the silica
source and surface modification agent, respectively. Adding the two chemicals first ensures proper polymerization of silica onto micelles and
incorporates the sulfur bond into the silica wall, which will further attract gold atoms to form gold nano clusters. Proper sequence and timing
ensure the gold particles will be intercalated into the walls of the silica matrix instead of dispersed on the surface.

The synthesis of GMS with this approach provides a new paradigm of immobilizing gold particles in mesoporous silica supports. As GMS
exhibits great thermal stability, high catalytic activity and good recyclability, this material is very promising in batch production and application in
industrial catalytic process. The successful intercalation of gold is a proof of concept study, with possibility of intercalation of other catalytically
active metals under similar protocol. Modifications can be made to this protocol to synthesize AgMS, PtMS and PdMS. The modification
procedure can be simply adjusted by changing the metal salt as described in step 1.3. Replace chloroauric acid with corresponding Ag, Pt or
Pd salt. Modifications can also be made by altering the gold nano particle size according to reported procedures and following the intercalation
procedure23. Further expansion of this synthesis method can be made to intercalating facet-controlled metal particles, metal oxides, and nano
metal alloys.

This synthesis protocol requires precise control of experimental parameters. In case of failure, troubleshooting can be focused on solution
concentration as listed in step 1.2 and 1.3. Carefully monitoring the temperature is also important with particular sensitivity associated with steps
1.4 and 1.6. We have observed that a change of 0.5 °C in solution temperature can result in a failed preparation.

Research efforts have been directed to addressing the challenge of gold particle stability to make robust catalyst for many years. As compared
with traditional methods of preparing gold nano particles, such as incipient wetness and direct precipitation, this method to make GMS can
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stabilize gold nano particles in the walls framework of silica, thus achieving high levels of durability. The robustness has been confirmed by the
thermal stability experiment as described in procedure 3.

Using oxidation of benzyl alcohol as benchmark reaction, the GMS material is proven to be active and recyclable. Application of similar materials
(GMS, PtMS, PdMS, etc.) can be extended to catalytic processes such as pyrolysis, water splitting and waste disposal, providing a new
approach to providing a green and sustainable future.
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