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Nanostrucutured and nanoporous materials are the materials with at least one dimension and a pore 

size in nanoscale, respectively. The nanomaterials have been intensively studied for various 

applications ranging from energy storage to catalysis due to their unique physical and chemical 

properties. Nanoporous materials also plays a key role in a broad range of applications where high 

surface area and specific pore structures are important. Heterogeneous catalysis has been 

developed for over 100 years with numerous applications in the petroleum and chemical industries, 

where zeolites and porous materials are widely used. The development of novel nanostructured 

and nanoporous materials with specific properties and morphologies is of great interest for 

application in heterogeneous catalysis. In this work, various types of nanostructured and 

nanoporous materials were synthesized and characterized. Some of these materials were employed 

as heterogeneous catalysts for several different reactions. 
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2 

1.1 Nanostructured and nanoporous materials for heterogeneous catalysis. 

Nanomaterials usually possess at least one dimension within nanoscale (<100 nm) and 

show unprecedented physical and chemical properties compared to bulk materials with the same 

composition due to quantum size effects1. Nanomaterials have been widely studied for a variety 

of applications such as biomedicine2, energy storage, energy conversion3–6, catalysis7 and 

electronics8. Common morphologies include nanoparticles, nanotubes, nanowires, nanorods or 

nanoribbons, which can be either crystalline or amorphous materials. The composition of 

nanomaterials ranges from metal oxides and metals to carbon and polymers. Additionally,  

nanostructured materials with two or three dimensional architectures nanopores play an important 

role for industry9,10. 

The study of crystalline nanoporous materials started with the discovery of natural 

zeolites. Zeolites are crystalline aluminosilicates with micropores less than 2 nm. The development 

of synthetic chemistry for zeolites resulted in numerous zeolites with new structures as well as 

emerging applications for zeolites11–13. Common zeolites such as zeolite X, zeolite Y, ZSM-5, 

MCM-22 and zeolite-beta possess pores smaller than 0.8 nm with less than 8 tetrahedral units(8-

MR) connected in the pore structure, which are categorized into small pore and medium pore 

zeolites. The ones with 10-14 member rings are denoted as large pore zeolites, which allow for 

diffusing of larger molecules that cannot enter the pores of small and medium pore zeolites. There 

have been recent advances in the synthesis of extra-large pore zeolites having pore sizes between 

1 and 2 nm. UTD-1 is the first high silica extra-large pore zeolite with 14 member rings and a pore 

size close to 1nm14,15. In addition to UTD-1, a number of new extra-large pore zeolites have also 

been prepared, for example, CIT-516 and ITQ-5117. These zeolites exhibit superior applications in 
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petrochemical processes because of the uniform pore size of zeolites, which are able to dealing 

with small molecules from petroleum refinery and sometimes provides shape selectivity for 

chemical reactions. 

The discovery of mesoporous molecular sieves is another milestone in the development 

of synthetic porous materials. Kresge and co-workers at Mobil first reported on ordered 

mesoporous silica, MCM-41 which can be prepared using liquid crystal templates with a large 

pore size of ~3 nm18,19. The high surface area and large pore size makes MCM-41 attractive for 

applications in catalysis and absorption that involves large molecules not possible with traditional 

microporous zeolites. Since then mesoporous materials have played an important role in a variety 

of emerging fields. By tuning the template concentration, other mesoporous molecular sieves have 

been prepared including the cubic structure (MCM-48) and lamellar structure (MCM-50)20. 

Another mesoporous molecular sieve, denoted as SBA-15, was synthesized using co-polymers as 

the templates resulting in a large pore size of ~6 nm, which doubles the pore size of MCM-4121. 

Both MCM-41 and SBA-15 possess channel like and one-dimensional straight pores, which stack 

together in parallel. Recently, a novel wrinkled mesoporous silica (WMS) was invented with a 

unique three-dimensional pore structure which is different from conventional one-dimensional 

pore system22–24. The WMS materials are generally nanospheres and their pores are conical shaped 

but with wrinkled pore walls. The pores in WMS radiate from the center of each particle to the 

surface resulting in a gradually increasing pore size. The openings on the surface of each sphere 

are able to reach as large as 50 nm. This unique structure has attracted considerable attentions and 

has been studied for many applications, such as catalysis25–27, energy conversion28, and drug 
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delivery29,30. The WMS has shown superior performance in these applications and for then there 

is continued interest in the study of this novel mesoporous structure. 

Heterogeneous catalysis has made a huge impact on modern society in almost every 

aspect. Since the 19th century, the invention of Haber-Bosch process enabled the production of 

ammonia to meet the demand for nitrates and ammonia31. It is an important heterogeneous catalytic 

process to convert N2 to NH3 over a solid state catalyst which is still being used today. The 

evolution of the petroleum industry lead to the use of zeolites as the heterogeneous catalysts for 

petrochemical production12. The diversity of bulk chemical production would be not possible 

without the use of heterogeneous catalysts. The technologies involved in heterogeneous catalysis 

provides the foundation for cheap transportation fuels, plastics, drugs, cosmetics, foams, cleansers, 

lubricants and thousands of products that is in high demand by modern society. The development 

of heterogeneous catalysts has shifted its focus from bulk solid materials to porous materials and 

nanomaterials7. Most of the industrial catalysts are either porous solid acid/base or an active 

component supported on high surface area solids. Therefore, there has been extensive research on 

designing nanoporous materials and nanoparticles for catalysis. Nanostructured and nanoporous 

based heterogeneous catalyst research has expanded the applications to a wider range including 

waste treatment, and environmental catalysis. 

In this dissertation, several heterogeneous catalyst systems have been developed based on 

the wrinkled mesoporous structure. In combination with other nanoparticles or by putting catalytic 

active species into the framework of the wrinkled mesoporous structure, those catalytic systems 

are able to work for oxidation and hydrogenation in either gas phase or liquid phase reactions. 



 

5 

Some of the nanostructured materials, such as nanorods, were also investigated as catalyst by 

themselves and presented superior catalytic performance. 

Chapter 2 described a titanium containing wrinkled mesoporous silica for cyclohexene 

epoxidation, where Ti species were put into the framework of wrinkled mesoporous silica as 

isolated Ti sites. The isolated Ti sites in combination with the unique wrinkled mesoporous 

structure resulted in superior catalytic performance over Ti-MCM-41 with one-dimensional pores. 

In chapter 3, the Ti containing wrinkled mesoporous silica was further tested for propylene 

epoxidation using tert-butyl hydroperoxide, which is an industrial process. The Ti-WMS showed 

better performance than Ti-MCM-41. In order to expand the applications of the wrinkled 

mesoporous structure, the carbon version of the wrinkled mesoporous structure was prepared by 

nanocasting of the wrinkled mesoporous silica in chapter 4. The resulting wrinkled mesoporous 

carbon maintained the unique wrinkled structure from the silica templates. In chapter 5, the 

wrinkled mesoporous carbon was demonstrated to be an excellent catalyst support for Pd 

nanoparticles for styrene hydrogenation and the aerobic oxidation of benzyl alcohol. Chapter 6 

describes the synthesis of graphitic wrinkled mesoporous carbon using lanthanum oxides 

supported on wrinkled mesoporous silica. The graphitic pore walls of the wrinkled mesoporous 

carbon result in good conductivity and the possibility for energy storage applications. Following 

the concept in chapter 7, lanthanum oxide nanorods were used directly as templates to synthesize 

graphitic carbon, which exhibited excellent electrochemical performance as an electrode material 

for supercapacitors. Chapter 8 describes Y-doped cerium oxide nanorods for dehydrogenation of 

cyclohexane and cyclohexene. By doping with Y, cerium oxide nanorods exhibited an increase in 

the concentration of oxygen vacancies which are the active sites for the catalytic oxidation of a 
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variety of substrates. The Y-doped cerium oxide nanorods lowered down the reaction temperature 

for oxidative dehydrogenation of cyclohexane compared to pure CeO2. In chapter 9, the cerium 

oxide nanorods were engineered to increase the amount of oxygen vacancies. Gold nanoparticles 

deposited on both pure cerium oxide nanorods and Sn-doped cerium oxides were heated in a 

vacuum at different temperatures, in an attempt to reconstruct the nanorod surface. Surprisingly, 

craters were generated on the surface of these nanorods with well-defined shapes. The XPS showed 

a loss of the Au signal after heating. The unusual state of Au and cerium oxides nanorods in chapter 

9 may influence the future applications of cerium oxide nanorods for catalysis. 
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2.1 Abstract 

Ti containing wrinkled mesoporous silica (Ti-WMS) has been prepared by direct 

synthesis with various Si/Ti ratios. Under similar conditions, Ti containing periodic mesoporous 

organosilicas (Ti-PMO) has been prepared with benzene bridges in the framework while 

maintaining the wrinkled structure. Both Ti-WMS and Ti-PMO samples have the radial wrinkled 

structure, and were further modified by trimethylsilylation to adjust the surface hydrophobicity. 

All catalysts were tested for the oxidation of cyclohexene with and without solvent using tert-butyl 

hydroperoxide as the oxidant. Ti-WMS catalysts showed superior catalytic performance over 

conventional Ti-MCM-41 when acetonitrile was used as the solvent. The radial wrinkled structure 

ensures better diffusion pathways for the reactants. For the catalytic reaction without solvent, Ti-

WMS catalysts exhibit similar behavior to the conventional Ti-MCM-41 catalyst. Silylation was 

demonstrated to be an effective methodology to improve the catalytic activity because of enhanced 

surface hydrophobicity. The maximum turnover frequency was 1401 h-1 with an epoxide 

selectivity of 95% obtained using the silylated Ti-WMS catalyst with a Si/Ti ratio of 209. 

2.2 Introduction 

Titanium containing microporous and mesoporous materials have been widely studied for 

oxidation catalysis1. Since the discovery of titanium silicate-1 (TS-1) by Enichem2 in 1983, there 

has been a considerable effort to incorporate titanium into a variety of zeolitic materials. For 

example, Ti-beta3, Ti-MWW4, and Ti-UTD-15 zeolites have been prepared as well as mesoporous 

Ti containing molecular sieves, such as Ti-MCM-416, Ti-MCM-487,8, Ti-HMS9, Ti-TUD-110, and 
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Ti-SBA-1511. These Ti containing zeolites and mesoporous materials have shown good catalytic 

activity for the oxidation of various organic substrates using either H2O2 or organic hydroperoxides 

as the oxidants. In particular, TS-1 was shown to be highly active and selective for the partial 

oxidation of alkanes and alkenes using H2O2, resulting in the commercialization of propylene 

oxidation based on TS-1 and H2O2
12.      

The microporous Ti-zeolites are not effective for bulky organic substrates and oxidants, 

such as tert-butyl hydroperoxide (TBHP) and ethylbenzene hydroperoxide (EBHP). However, the 

discovery of mesoporous molecular sieves opened up the possibility of diffusing larger substrates 

into Ti containing molecular sieves. Among these mesoporous materials, Ti-MCM-417,13–24 and 

Ti-SBA-1511,25,26 have been well studied for the catalytic oxidation of substrates using bulky 

organic hydroperoxides. 

While the mesoporous silica based catalysts have shown promise, there are some 

disadvantages. For example, the amorphous nature of the pore walls and the abundance of surface 

silanol groups result in a hydrophilic surface and low activity11. There are several methods to 

improve the hydrophobicity of mesoporous materials, including introducing framework organic 

segments26–28 and silylation of surface silanol groups7,11,16,24. Trimethylsilylation of surface silanol 

groups was shown to enhance the hydrophobicity of Ti-MCM-4116,24 and Ti-SBA-1511, resulting 

in a dramatic increase in catalytic activity for the oxidation of cyclohexene with TBHP. Silylation 

not only increases the alkene affinity of the catalyst, but also prevents poisoning of Ti sites by 

water. The weak acidity of surface silanol groups also contributes to hydrolysis of epoxides 

products to glycols. The incorporation of organic moieties into the pore walls of Ti containing 
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mesoporous materials by direct hydrothermal synthesis is another effective approach to enhance 

hydrophobicity. Several types of organic-inorganic hybrid mesoporous materials or periodic 

mesoporous organosilicas (PMO) containing titanium species have been reported, such as methyl-

functionalized Ti-MCM-4127, ethane-bridged Ti-SBA-1526. The homogenous distribution of the 

organic groups enhanced the adsorption of organic reactants, leading to higher probability of 

contact between reactants and catalytic active sites. In addition, it was demonstrated by thermal 

gravimetric analysis that less water were adsorbed on this type of catalyst24. Consequently, the 

catalytic activities of these catalysts were enhanced. Another disadvantage is the one dimensional 

pore structure of MCM-41 or SBA-15 based catalysts, which would affect the diffusion of 

reactants. 

In recent years, wrinkled mesoporous silica (WMS) has been studied29–31 for applications 

ranging from nanomedicine32–35 to heterogeneous catalysis36–44. The wrinkled mesoporous silica 

has been studied as a novel catalyst support, trying to take advantage of the pore structure39–44. In 

this case, the pores are conical and radiate from the core as shown in Figure 2.1. This type of 

mesopore may allow for better diffusion of reactants than MCM type materials. 

In the present study, we report the synthesis of Ti-containing wrinkled mesoporous silica 

(Ti-WMS) in which Ti is in the framework of the silica matrix is reported. Also, periodic 

mesoposous organosilicas of Ti-WMS were synthesized by direct hydrothermal synthesis with 

benzene-bridges in the structure, denoted as Ti-PMO. Postsynthesis modification by 

trimethylsilylation has also been done to select Ti-WMS and Ti-PMO samples to enhance the 
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hydrophobicity of Ti-WMS and Ti-PMO. The catalytic performance of these catalysts were 

investigated for the oxidation of cyclohexene using tert-butyl hydroperoxide (TBHP) as oxidant. 

 

Figure 2.1. A schematic illustration of the structure differences between WMS type and MCM-

41 type catalysts. 

2.3 Experimental  

2.3.1 Synthesis of Ti containing wrinkled mesoporous silica (Ti-WMS)  

Titanium containing wrinkled mesoporous silica samples were prepared by modification 

of a reported procedure31. In a typical synthesis, 18 g of urea, and 10 g of cetyltrimethylammonium 

bromide (CTAB) were mixed with 12.4 mL of 1-butanol and 150 mL of water. The mixture was 

stirred vigorously at room temperature in a round bottom flask until the entire solid dissolved. 

Then 150 mL of cyclohexane were added to the above mixture and stirred for another 30 min to 
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form a milky emulsion. To the emulsion, 10 g of tetraethyl orthosilicate (TEOS) were added 

followed by stirring at room temperature for another 30 min. After that, the resulting mixture was 

heated to 70 ℃ for 0 h, 2 h, 4 h and 8 h with stirring. A solution of titanium isopropoxide (TIP), 

for which the Si/Ti ratio varied from 20 to 80, in 0.4 mL isopropanol were then added. The reaction 

mixture was further heated at 70 ℃ to achieve 24 h in total. The reaction was then cooled to room 

temperature, the solid products were collected by centrifugation and washed thrice with acetone 

and water. In order to remove the templates, the as synthesized products were redispersed in a 

mixture of 30 mL of 12 M HCl and 300 mL ethanol, and then refluxed at 70 ℃ for 24 h in a round 

bottom flask equipped with normal condenser. Finally, the products were collected by 

centrifugation and washed with ethanol. 2.5 g of product was obtained after being dried overnight 

at 100 ℃. 

2.3.2 Synthesis of Ti containing periodic mesoporous organosilicas (Ti-PMO)  

Titanium containing periodic mesoporous organosilicas with the wrinkled structure were 

prepared by a similar procedure described above for Ti-WMS, except that a certain amount of 1,4-

bis(triethoxylsilyl)benzene (TESB) was added into the mixture together with TEOS. The TESB to 

TEOS molar ratio ranged from 3:7 to 10:0, whereas the molar ratios of (TESB+TEOS)/TIP of all 

Ti-PMO samples were fixed at 40 in the synthesis mixture.  

Ti-MCM-41 was synthesized for comparison following the reported procedure16 with a 

Si/Ti= 40 in the synthesis gel. 
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2.3.3 Silylation of Catalysts  

Trimethylsilylation of selected Ti-WMS and Ti-PMO samples were conducted in a three-

neck round bottom flask equipped with a condenser11,24. Prior to silylation, all samples were heated 

at 200 ℃ for 2 h under vacuum. In a typical reaction, 0.4 g of catalyst was dispersed in a solution 

of 10 mL of anhydrous toluene and 0.27 g of hexamethyldisilazane (HMDS), and refluxed at 120℃ 

for 2 h under N2. The reaction was then cooled to room temperature, and the silylated catalyst was 

collected by centrifugation, washed with acetone thrice, and finally dried at 100℃ overnight. 

2.3.4 Characterization  

The structure and porosity of the catalysts were examined by transmission electron 

microscopy (TEM) using a JEOL 2100 transmission electron microscope operating at 200 kV. 

Scanning electron microscopy (SEM) images were obtained using a Zeiss-LEO model 1530 

scanning electron microscope. Diffuse reflectance ultraviolet-visible (DR UV-vis) spectra were 

collected on a PerkinElmer Lambda 900 UV-vis spectrophotometer. Fourier transform infrared 

(FT-IR) spectra were recorded on a Nicolet 380 FT-IR spectrometer. Powder X-ray diffraction 

(PXRD) patterns were obtained on a Rigaku Ultima IV X-ray diffractometer using Cu Kα 

radiation. Elemental analysis was performed on an Agilent 7900 inductively coupled plasma mass 

spectrometry (ICP-MS). Textural properties of the catalysts were analyzed by nitrogen adsorption-

desorption using a Quantachrome AS1 autosorb.  
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2.3.5 Catalytic Tests  

Catalytic activities of all catalysts were studied for the epoxidation of cyclohexene using 

tert-butyl hydroperoxide as oxidant. For the epoxidation reactions using acetonitrile as solvent, 25 

mg catalyst were mixed with 5 mmol of cyclohexene and 5 mL of acetonitrile, then heated at 60℃ 

with stirring. The reaction was started by adding 5.5 mmol TBHP, and the reaction time was 2 h. 

For the epoxidation of cyclohexene without solvent, 56 mmol cyclohexene, 30 mg catalyst, and 

14 mmol TBHP were mixed together and heated at 60℃ for 2 h. After reaction, the catalyst was 

separated by centrifugation and the products were analyzed by a Shimadzu GC-2014 Gas 

Chromotography equipped with Supelco SPB-1 capillary column and FID detector. 

2.4 Results and discussion 

2.4.1 Catalyst Characterization  

In the synthesis of Ti-WMS with a Si/Ti ratio of 40, combining all the reagents together 

resulted in a mixture of impurity phases with some spherical shaped particles having the wrinkled 

structure (Figure 2.2a). However, when the Ti source was added after 2 h, the impurity phases 

started to disappear (Figure 2.2b). The overall uniformity was better, and there was no impurity 

morphologies in the final products when Ti source was added after 8 hours from the start of the 

reaction. When the Ti source was added after 2 and 4 h, some non-spherical, irregular shapes and 

uniform spherical particles with wrinkled structure formed as shown in the SEM images in Figure 

1.2b and 1.2c. The average particle sizes were 215±33 nm, 225±18 nm, 251±37 nm, and 238±27 

nm for the samples in which the Ti source was added after 0 h, 2 h, 4 h, and 8 h, respectively. The 
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irregular shaped impurities may result from fast hydrolysis and condensation of the Ti 

isopropoxide. Since the Ti source forms nuclei very quickly but with weak interaction with 

surfactant and the microemulsion, irregular shaped impurity titanosilicate phases form. These 

observations are similar to the aluminum containing wrinkled mesoporous silica prepared by Yi et 

al.42, where they found that the wrinkled structure would not form unless the aluminum source was 

added 2 hours into the hydrothermal treatment with pH adjustment.  

 

Figure 2.2. SEM images of Ti-WMS samples in which Ti source was added (a) 0 h, (b) 2 h, (c) 4 

h, (d) 8 h after the reaction started. 
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Figure 2.3. TEM (a-d), SEM images (e-h) of Ti-WMS samples with different Si/Ti ratios in 

synthesis gels; (a, e) Ti-WMS-1(Si/Ti =20), (b, f) Ti-WMS-2(Si/Ti = 40), (c, g) Ti-WMS-3(Si/Ti 

=67), (d, h) Ti-WMS-4(Si/Ti =80). 

After the successful synthesis of Ti-WMS (Si/Ti=40), Ti-WMS samples with different 

Si/Ti ratios were synthesized. Figure 2.3 shows the Ti-WMS samples having the same wrinkled 

radial structure and spherical morphology. The change in Ti content doesn`t affect the overall 

morphology. The particle sizes were 300±87 nm, 277±19 nm, 287±23, and 347±82 nm for the 

sample with a Si/Ti ratio of 20, 40, 67, and 80, respectively. In general, the majority of Ti-WMS 

samples have a particle size distribution as stated above. The reference catalyst, Ti-MCM-41 has 

a large particle size ranging from 5 to 10 µm (Figure S2.1), but the overall shape of these particles 

are not well defined due to high Ti loading using titanium isoproxide as the source18. SEM and 

TEM images in Figure 2.3 show an increasing pore size from the core to the surface of the particles. 

The openings on the particle surface can reach a pore size of 50 nm at maximum, unlike the 
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conventional channel structures in MCM-41 or SBA-15 with uniform pore sizes. The radial 

wrinkled structure can provide a new type of diffusion pathway for reactants. 

 

 

Figure 2.4. SEM (a-c, g-i) and TEM (d-f, j-l) images of Ti-PMO samples with a TEOS/TESB 

ratio of (a, d) 7:3 (Ti-PMO-1), (b, e) 6:4 (Ti-PMO-2), (c, f) 5:5 (Ti-PMO-3), (g, j) 4:6 (Ti-PMO-

4), (h, k) 8:2 (Ti-PMO-5), (i, l) 0:10 (Ti-PMO-6).  
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Figure 2.4 shows the SEM and TEM images of the Ti-PMO samples with different 

organic content in the framework. The Ti-PMO samples were synthesized with a fixed amount of 

Ti with various molar ratio of TEOS to TBSE in the synthesis gels from 7:3 to 0:10 (Table 2.1). 

The Ti-PMO sample with the lowest organic content (TEOS/TESB=7:3) maintained the original 

morphology where the wrinkled walls, radial structure, and spherical shape are clearly observed 

by SEM and TEM (Figure 2.4a, d). Also, the particle size distribution was similar to the Ti-WMS 

samples. As the organic content increased to a TEOS/TESB ratio of 6:4, the overall particle size 

decreased to 200 nm, and the particles became dense (Figure 2.4b, e). When TEOS to TESB ratio 

reached 5:5, the particle size of Ti-PMO-3 is below 150 nm, and the wrinkled walls became thicker 

(Figure 2.4c, f). Increasing the organic content further, Ti-PMO-4 with a TEOS to TESB ratio of 

4:6 shows similar morphology (Figure 2.4g, j). Surprisingly, the highest organic contents, 

TEOS/TESB=2:8 and 0:10, result in a wormhole like structure with nanoparticle aggregates 

(Figure 2.4h, k, i, l). 

Low angle powder XRD patterns of both Ti-WMS and Ti-PMO samples do not show any 

low angle reflections for wrinkled mesoporous silica such as those observed for MCM-41 (Figure 

S2.1) or SBA-1511,16. The lack of a XRD pattern is consistent with the wrinkled structure with the 

pore size gradually increasing from the core to the outside surface. In the wide angle XRD patterns 

(Figure 2.5), all of Ti-WMS and Ti-PMO samples show a broad peak around 23°, characteristic of 

amorphous silica. However, as the organic content in Ti-PMO samples increase, a small broad 

shoulder peak around 10° (asterisk) arises. This is attributed to increasing π-π interactions between 

benzene bridges in the silica matrix of Ti-PMO45. This is also the reason that wrinkled structures 

are not formed with the high TEOS/TESB ratios of 2:8 and 0:10.  
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Figure 2.5. Wide-angle XRD patterns of Ti-WMS and Ti-PMO samples (*=10°). 

The coordination environment of the Ti was examined by diffuse reflectance UV-vis 

spectroscopy (Figure 2.6). Both Ti-WMS and Ti-PMO samples, except the reference catalyst Ti-

MCM-41, exhibit no obvious absorption greater than 300 nm, indicating that bulk titanium dioxide 

is not present in the Ti-WMS and Ti-PMO samples. For the Ti-WMS samples, there is a a narrow 

absorption band at 215~225 nm, which is assigned to the isolated tetrahedrally coordinated Ti sites 

and is due to charge transfer from oxygen to Ti atom in a tetrahedral  environment46. A shoulder 

around 270 nm is observed, however, as the Si/Ti ratio increases, the main absorption band 

becomes broader, suggesting the formation of Ti sites with higher coordination numbers. The small 

portion of Ti sites with higher coordination number arises from the adsorption of water onto Ti 

species. For the Ti-PMO samples, a strong absorption band at 215~225 nm is observed. The 
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benzene bridged PMO exhibit absorption around 280 nm and 230 nm, but this overlaps with the 

absorption band from isolated Ti sites. Thus, the UV-vis spectrum is not strong evidence for Ti 

species incorporated into the PMO. The existence of Ti in the Ti-PMO samples was confirmed by 

elemental analysis (Table 2.1).  

Moreover, no evidence of bulk titanium dioxide such as anatase was found in the Ti-PMO 

samples according to the UV-vis spectrum and XRD pattern. Thus, the Ti-PMO samples appear 

to have dispersed isolated Ti sites with tetrahedral coordination. As a reference catalyst, Ti-MCM-

41 shows a typical absorption at 215~225 nm but the onset starts at 350 nm, which indicates more 

Ti sites with coordination numbers other than tetrahedral or even bulk titanium dioxide. The high 

dispersion level of Ti atoms in Ti-WMS and Ti-PMO samples is due to the slow and continuous 

hydrolysis and condensation of the Si and Ti sources catalyzed by urea. Lee et al31 studied the 

synthesis of wrinkled mesoporous silica, and suggesting that urea plays a crucial role in the 

formation of this unique spherical wrinkled structure. The continuous decomposition of urea 

during the reaction enables the Ti source to be highly mixed in the Si source and co-condensed 

before forming bulk TiO2 as a result of the fast hydrolysis and condensation rate of the Ti source. 

It has been reported that various nano-structured TiO2 morphologies can be prepared by slower 

hydrolysis and condensation of the Ti source utilizing urea as the catalyst47. 
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Figure 2.6. DR UV-vis spectra of Ti-WMS and Ti-PMO samples. 

In order to determine the actual Ti content in each sample, elemental analysis was 

performed using ICP-MS (Table 2.1). The amount of Ti in all Ti-WMS and Ti-PMO samples 

decreased relating to the gel content. The Ti-WMS samples are consist of about half of the 

originally Ti content added. The Ti-PMO samples showed a dramatic decrease in the Ti content, 

as low as a third of the original Ti content. The urea controlled slow hydrolysis and condensation 

account for part of the low Ti content. The introduction of TESB in the synthesis gel further hinders 

Ti incorporation into the silica matrix. There is only a small difference in Ti content of Ti-MCM-

41 compared with the gel since it was prepared under strong basic conditions, which ensures both 

Ti and Si source are fully reacted. 
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Table 2.1. Physical and textural properties of Ti-WMS and Ti-PMO samples. 

 Synthesis condition  Si/Ti ratio 

BJH 

Pore 

Size 

BET 

surface 

area 

Sample 
(TEOS+TESB)

/TIPa 
TEOS/TESB  In gel 

ICP 

analysisb 
(Å) (m2/g) 

Ti-WMS-1 20 -  20 39 30 715 

Ti-WMS-2 40 -  40 59 30 680 

Ti-WMS-3 67 -  64 81 30 773 

Ti-WMS-4 80 -  80 190 29 769 

Ti-MCM-41 40 -  40 32 29 1072 

Ti-PMO-1 40 7:3  52 148 15 714 

Ti-PMO-2 40 6:4  56 264 7 613 

Ti-PMO-3 40 5:5  60 216 7 781 

Ti-PMO-4 40 4:6  64 217 7 846 

aTEOS= tetraethyl orthosilicate, TIP=titanium isopropoxide, TESB=1,4-

bis(triethoxylsilyl)benzene. bICP-MS analysis 

The N2 adsorption-desorption isotherms for all Ti-WMS and Ti-PMO samples were 

recorded (Figure S2.2) and the data was summarized in Table 2.1.  All Ti-WMS and Ti-PMO 

samples exhibited a similar isotherm, type IV isotherm with H3 hysteresis loop, indicating a 

mesoporous slit structure (Figure S2.2). The samples possess large Brunauer-Emmett-Teller 

(BET) surface areas ranging from 613 to 846 m2/g, which is smaller than conventional MCM-41 

type mesoporous materials (Table 2.1). Ti-MCM-41 showed a typical type IV isotherm, indicating 

ordered mesostructure (Figure S2.3). The Barret-Joyner-Halenda (BJH) pore size distribution plots 

of the Ti-PMO samples, except for Ti-PMO-1, did not exhibit pores in the mesopore range like Ti-

WMS. Since the conical shape of pore structure and gradually increasing of pore sizes, all the Ti-
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WMS samples have a main broad peak around 3 nm and small broad peaks at greater sizes in the 

BJH pore size distribution, which is similar to the previously reported results for WMS type 

materials39. Ti-PMO-1 still keeps the wrinkled morphology by SEM (Figure 2.4a), but the 

mesopore size shifts to 1.5 nm compared to pure wrinkled titanosilicates (Figure S2.2). This 

reflects the disappearance of the wrinkled structure as the organic component is increased in the 

synthesis gel, and increasing π-π interactions between framework benzene as mentioned above 

leads to more compact wormhole structure. The BJH pore size distribution of Ti-MCM-41 showed 

a sharp peak at 3 nm, which is consistent with the uniform one dimensional mesopores (Figure 

S2.3). 

    The Ti-PMO samples provide the advantage of enhanced hydrophobicity from the 

benzene bridges, which promotes reactant adsorption. Trimethylsylilation is another easy and 

convenient method to increase the surface hydrophobicity of silica based mesoporous materials. 

Trimethylsilylation of selected Ti-WMS and Ti-PMO samples was confirmed by FT-IR (Figure 

S2.4). The appearance of the band at 2973 cm-1 is attributed to the C-H stretching vibration from 

the methyl groups on silylated samples. The relative intensity of the band around 3500 cm-1 is also 

reduced after silylation for all samples, indicating a decrease in hydrogen-bonded silanol groups. 

In addition, elemental analysis of silylated Ti-WMS and Ti-PMO samples shows a large increase 

in the Si/Ti ratio consistant with the Si atoms from silylation (Table 2.2). It was observed that the 

intensity of the band at 960 cm-1, which is assigned to the silanol groups or tetrahedral Ti species, 

decreased but did not disappear for all silylated samples. This is also evidence for the removal of 

silanol groups. The clear observation of the band at 960 cm-1 after silylation indicates the presence 

of tetrahedral Ti species (Figure S2.4). 
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2.4.2 Catalytic performance of Ti-WMS and Ti-PMO  

The catalytic performance of Ti-WMS and Ti-PMO samples were evaluated for the 

oxidation of cyclohexene as a model substrate, and compared with the reference catalyst, Ti-

MCM-41. All the catalysts were tested for the oxidation of cyclohexene using acetonitrile as the 

solvent (Table 2.2). TBHP was chosen as the oxidant over H2O2 due to higher epoxide selectivity 

when TBHP is being used, and TBHP was demonstrated to be able to diffuse into the pores of TS-

1 but the Ti-peroxo complex formed as the intermediate, which has a larger size and hindered the 

reactants` access to Ti sites48. Mesoporous Ti molecular sieve do not present this problem for 

oxidation reactions using TBHP as the oxidant. For Ti-WMS samples, the conversions of 

cyclohexene are maintained at approximately the same level between 20% and 30%. The 

conversion initially increases as the Si/Ti ratio increases but decreased at a Si/Ti ratio of 190. Not 

all the Ti species are isolated and effective sites in Ti-WMS samples with a high Ti loading. As 

the Ti content decreases, the amount of accessible and effective Ti species eventually decreases, 

thus, the catalyst activity starts to decrease. At a similar Si/Ti ratio, the Ti-MCM-41 shows a lower 

conversion level as well as lower TOF, which is half the TOF of Ti-WMS-1. The TOF based on 

epoxide reaches a maximum around 297 h-1 for the Ti-WMS samples, and epoxide selectivity 

above 80%. Only small amounts of allylic by-products and diols were observed. In this case, the 

polar solvent, acetonitrile, is able to solvate the catalyst and ensures good contact between 

cyclohexene and the catalyst in spite of the surface hydrophobicity/hydrophilicity, thus, we 

hypothesize that superior activity of Ti-WMS catalysts results from better diffusion of reactants 

due to intrinsic radial wrinkled structure compared to one dimensional pores of Ti-MCM-41. 
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Table 2.2. Oxidation of cyclohexene with TBHP over non-silylated and silylated Ti-WMS and 

Ti-PMO catalysts using acetonitrile as the solvent. 

Sample 
Si/Ti 

ratioa 

Conv. 

(mol%) 

Selectivity (mol%)  TOF(h-1) 

EPb 1-olc 1-oned diole Othersf  CHg EPh 

Ti-PMO-1 148 16±2 82±5 12±7 0±0 5±4 1±1  168±20 138±24 

Ti-PMO-2 264 22±4 94±2 3±1 0±0 2±1 0±0  448±74 419±64 

Ti-PMO-3 216 24±2 81±10 4±1 0±0 4±1 11±11  363±26 293±25 

Ti-PMO-4 217 26±4 88±8 3±1 0±0 3±0 6±8  437±74 378±27 

Ti-PMO-4-Sil 241 15±5 59±13 6±1 1±0 20±2 13±13  309±97 170±19 

Ti-WMS-1 39 20±4 79±13 5±1 0±0 7±3 9±9  96±18 74±12 

Ti-WMS-2 59 29±2 89±5 5±2 0±0 5±4 1±0  213±17 191±26 

Ti-WMS-3 81 30±1 85±5 4±0 1±0 5±3 6±5  350±15 297±17 

Ti-WMS-4 190 19±2 91±1 3±1 0±0 5±0 1±1  235±28 213±25 

Ti-MCM-41 32 14±1 81±10 4±0 3±2 12±10 0±0  32±2 26±3 

Ti-WMS-2-Sil 134 21±2 92±2 3±1 0±0 5±1 0±0  164±18 151±15 

Ti-WMS-3-Sil 209 22±5 68±12 3±0 1±0 5±4 23±16  317±72 206±17 

Ti-WMS-4-Sil 206 17±1 66±18 4±1 1±0 12±2 18±18  210±18 135±27 

Ti-MCM-41-

Sil 
40 14±1 88±5 2±1 0±0 8±3 1±1  43±2 38±3 

Reation Condition:  5 mmol cyclohexene, 5.5 mmol TBHP, 25 mg catalyst, 60℃, 2 h. 
aDetermined by ICP-MS. bcyclohexene epoxide. c2-cyclohexen-1-ol. d2-cyclohexen-1-one. e1,2-

Cyclohexanediols. fNot detectable on GC or carbon balance loss. gTurnover frequency based on 

cyclohexene. hTurnover frequency based on cyclohexene epoxide. 

It was unexpected that Ti-PMO-1 would exhibit a lower conversion than the Ti-WMS 

samples while keeping a good wrinkled morphology. As the organic component increases, the 

catalytic activity of the Ti-PMO samples increased even though the pore structure changes. On 



 

28 

average, similar epoxide selectivities and higher epoxide TOFs were obtained on the Ti-PMO 

samples at low Ti content. Thus, most Ti-PMO samples were more effective than the Ti-WMS 

samples as catalysts in the oxidation of cyclohexene using acetonitrile as the solvent, which reflects 

the enhanced hydrophobicity of catalysts. Even though most Ti-PMO samples lose mesoporosity 

at different levels, the observable big openings on particle surfaces and smaller particle sizes might 

also contribute to higher catalytic activities.  

It was surprising that either silylated Ti-WMS samples or silylated Ti-PMO-5 showed 

slightly lower activities than the non-silylated samples. The silylated Ti-WMS samples show lower 

conversions, epoxide selectivities and TOFs due to largely increased Si/Ti ratio, meaning less 

effective Ti sites per unit weight of samples. The abundance of silanol groups on Ti-WMS surfaces 

introduced more Si atoms that dilute the Ti species. In constrast, Ti-MCM-41 showed an increase 

in catalytic activity since the enhanced hydrophobicity did not cut the Ti content extremely. The 

catalytic activity was decreased on silylated Ti-PMO-4, which may result the pores partially filled 

after trimethylsilylation considering the poor porosity of Ti-PMO-4. The hydrophobicity of Ti-

PMO-4 is enhanced compared to the Ti-WMS samples, such that surface silylation did not benefit 

from the hydrophobicity. Even though the catalytic activity of the Ti-WMS catalysts decreased 

after silylation, they were still better than Ti-MCM-41 which is attributed to the fast diffusion of 

reactants/products as well as more accessible Ti sites in the unique radial wrinkled pores of Ti-

WMS. Silylation filled the pores of Ti-WMS partially, but the resulting catalysts still allowed the 

reactants/products to go in/out of the conical pores from all directions. Taking advantage of this 

special pore structure, Ti-WMS type catalysts exhibits better catalytic activity with various Si/Ti 
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ratios using TBHP as oxidant, compared to several different Ti molecular sieves, such as TS-1, Ti-

Beta, and Ti-MCM-414.  

Table 2.3. Oxidation of cyclohexene with TBHP over non-silylated and silylated Ti-WMS and Ti-

PMO catalysts without solvent. 

Sample Si/Ti ratioa 
Conv. 

(mol%) 

Selectivity (mol%)  TOF(h-1) 

EPb 
1-

olc 

1-

oned 
diole  CHf EPg 

Ti-WMS-2 59 4±0 67±1 10±2 1±0 22±0  74±4 49±1 

Ti-WMS-3 81 6±2 69±0 11±2 1±0 19±2  56±7 39±6 

Ti-WMS-4 190 5±0 44±6 12±0 2±0 42±6  155±5 68±8 

Ti-MCM-41 32 12±2 89±2 6±1 0±0 4±1  63±9 56±10 

Ti-PMO-4 217 17±4 89±0 8±0 0±0 3±1  668±143 592±129 

Ti-WMS-2-Sil 134 43±4 96±0 3±0 0±0 0±0  792±74 763±73 

Ti-WMS-3-Sil 209 42±6 95±0 4±0 0±0 1±0  1401±183 1325±176 

Ti-WMS-4-Sil 206 30±2 94±1 4±0 0±0 2±1  894±46 839±52 

Ti-MCM-41-Sil 40 36±1 96±1 3±0 0±0 1±0  251±9 241±10 

Ti-PMO-4-Sil 241 20±3 88±1 7±1 0±0 4±2  981±154 867±145 

Reation Condition:  56 mmol cyclohexene, 14 mmol TBHP, 30 mg catalyst, 60℃, 2 h. aDetermined 

by ICP-MS. bcyclohexene epoxide. c2-cyclohexen-1-ol. d2-cyclohexen-1-one. e1,2-

cyclohexanediol. fTurnover frequency based on cyclohexene. gTurnover frequency based on 

cyclohexene epoxide. 

Another series of cyclohexene oxidation reactions were conducted without solvent. 

Instead, cyclohexene was used as both solvent and reactant, while TBHP served as the limiting 

reagent. In this case, all the non-silylated catalysts, except Ti-PMO-4, exhibited poor activity with 

low conversions, epoxide selectivities and TOFs (Table 2.3). During the reaction, some catalyst 
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aggregation was observed on the reactor walls, which means the catalysts were poorly dispersed 

in the reaction media. The hydrophilic nature of the catalyst surfaces resulted in aggregation rather 

than solvation by cyclohexene. Ti-PMO-4 is much more hydrophobic because of the benzene 

bridges, enabling Ti-PMO-4 catalyst to be dispersed in the reaction media very well. As a result, 

Ti-PMO-4 showed much higher conversion, epoxide selectivity as well as the epoxide TOF. All 

the silylated catalysts shows improved catalytic activities (Table 2.3). The silylated catalysts also 

showed improvement in the epoxide selectivity and reduction in diol formation. This observant is 

similar to the studies by Corma et al.24 and Wu et al11. The diol is derived from hydrolysis of 

epoxide with water, such that the hydrophobic surface results in less adsorption of water and the 

elimination of surface silanol groups reducing the possibility of hydrolysis. The activity 

improvement of silylated Ti-PMO-4 is not as large as other catalysts due to the hydrophobicity of 

the non-silylated Ti-PMO-4 itself, therefore, the enhancement is not as large as the other catalysts. 

The best catalyst was Ti-WMS-3-sil, which showed an increase in epoxide TOF more than 30x 

that for the non-silylated catalyst. Since the Ti content of Ti-WMS type catalysts decreased after 

silylation, it is hard to compare them with Ti-MCM-41, but in general, Ti-WMS catalysts show 

better catalytic behavior than Ti-MCM-417 and Ti-SBA-1511 with various Si/Ti ratios for oxidation 

of cyclohexene without solvent. Ti-MCM-41 catalysts were found to have an increasing activity 

as the Si/Ti increases11. Ti-WMS catalysts exhibit similar behavior due to highly isolated 

tetrahedral Ti sites at high Si/Ti ratios. As Wu et al reported11, Ti-SBA-15 possess much larger 

pores than Ti-MCM-41, however, Ti-SBA-15 showed similar catalytic behavior as Ti-MCM-41, 

and it was concluded that Ti-SBA-15 and Ti-MCM-41 are catalytically analogous due to the same 
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type of one dimensional mesopores. Compare to these two types of catalysts, Ti-WMS catalysts 

provide a totally new structure feature contributing to the higher catalytic activity. 

Overall, under the conditions above, Ti-WMS type catalysts can exceed an epoxide TOF 

> 1000 h-1 taking advantage of silylation, the mesoporosity and unique wrinkled structure. For the 

oxidation of cyclohexene using solvent, the Ti-WMS catalysts show superior catalytic activity 

compared to conventional 1D channel type Ti-MCM-41 catalyst. The accessibility of reactants to 

Ti sites is not hindered by the hydrophilic surface of Ti-WMS catalysts when a polar solvent, 

acetonitrile, was used. The Ti-WMS catalysts possess radial shaped pores with disordered 

wrinkled thin walls as spherical particles, and the pore size gradually increases from the core to 

outer surface, whereas Ti-MCM-41 only has one dimensional mesopores. The diffusion pathway 

of reactants to active sites can be from all the directions since the pore openings of Ti-WMS 

catalysts are large. In contrast, the Ti-MCM-41 mesopores may result in diffusional issues. The 

wide openings of the surface of the Ti-WMS catalysts ensures facile diffusion of reactants/products 

to and from the Ti sites in pores.  

2.5 Conclusion 

In conclusion, Ti containing wrinkled mesoporous silica (Ti-WMS) was successfully 

prepared, and hybrid inorganic-organic versions (Ti-PMO) were synthesized with benzene bridges 

in the framework for the first time. The hydrophobicity of catalysts was further enhanced by 

trimethylsilylation which accounts for improved catalytic activities in cyclohexene oxidation 

without solvent. In this case, a highly active Ti-WMS catalyst was achieved with an epoxide TOF 

of 1325 h-1. The Ti-WMS type catalysts exhibit superior catalytic performance over Ti-MCM-41 
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in cyclohexene oxidation with solvent due to better diffusion of reactants provided by the unique 

wrinkled radial structure. The initial results presented in current work shows promising aspects of 

this novel catalyst with special porous structure and morphology, and Ti-WMS catalysts exhibit 

excellent performance in oxidation chemistry as well as great potential for oxidation processes. 
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2.7 Appendix - Supplementary material  

 

Figure S2.1 XRD pattern and SEM image (top right) of Ti-MCM-41 (Si/Ti=40). 
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Figure S2.2 N2 adsorption-desorption isotherms (a,c) and BJH pore size distributions (b,d) of Ti-

WMS and Ti-PMO samples. 
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Figure S2.3 N2 adsorption-desorption isotherm (a) and BJH pore size distribution (b) of Ti-

MCM-41. 
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Figure S2.4 FT-IR spectra of selected Ti-WMS, Ti-PMO samples and Ti-MCM-41 before and 

after silylation. Silylated samples are denoted as xxx-sil. 
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3.1 Abstract 

Titanium containing wrinkled mesoporous silica (Ti-WMS) was prepared by direct 

synthesis and showed unique conical pores with wrinkled pore walls. The pores of this type of 

titanosilicate radiate from the center of each particle to the surface of the sphere with gradually 

increased pore size. These catalysts showed superior performance over traditional Ti-MCM-41 for 

liquid phase propylene oxidation with tert-butyl hydroperoxide as the oxidant in a batch reactor. 

3.2 Introduction 

Propylene oxide (PO) is a highly reactive chemical intermediate and one of the most 

important building blocks in chemical industry. PO is largely produced globally over 7 million 

tons per year by 2010, and the demand for PO is increasing every year. The majority of PO is 

consumed in the production of polyols, which is then used for the production of polyurethane, 

namely, foams. Propylene glycol is also produced from PO with applications in antifreezes, 

lubricants, toothpaste and cosmetics1,2.  

Currently, the commercial processes being used in the worldwide production of PO 

mainly fall into three categories, which include the chlorohydrin process, the hydrogen peroxide 

process and the organic hydroperoxide process3. The chlorohydrin process, which is operated by 

Dow, Asahi Glass and Tokuyama, produces a large amount of chlorine containing waste water and 

chlorinated organics which cause environmental issues1,2,4. Organic hydroperoxide based 

processes (Figure 3.1) are the major technologies being used globally by several companies, 

including the tert-butyl alcohol/propylene oxide process (TBA/PO) by Lyondellbasell5 and 

Huntsman, the styrene monomer/propylene oxide process (SM/PO) by Lyondellbasell and Shell6, 
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and the cumene hydroperoxide/propylene oxide process (CH/PO) by Sumitomo7. These processes 

usually generate equal molar amount of co-products which also have applications. The TBA/PO 

process starts with isobutene as the feedstock for the production of tert-butyl hydroproxide with 

air or oxygen. The peroxides are further reacted with propylene over a molybdenum catalyst1,2,5. 

The SM/PO is a similar process but Ti/SiO2 is employed as a heterogeneous catalyst1,2,6. In the 

CH/PO process by Sumitomo, there is no co-product produced together with PO since the co-

produced alcohol is recycled back to cumene in a hydrogenation step. The CH/PO process is the 

first one to utilize a surface silylated mesoporous titanosilicate as the catalyst, demonstrating the 

importance of three key factors in this type of reaction: tetrahedral Ti sites, mesoporosity and 

hydrophobicity7. The hydrogen peroxide/propylene oxide process (HPPO) is the latest technology 

with the first plant built in 2008 by a joint venture between Dow and BASF8. This process produces 

only water as the coproduct over a microporous TS-1 catalyst. However, this requires the 

production of hydrogen peroxide on site to ensure profitable economics1,2,9. 

 

 

Figure 3.1. Three major PO technologies using organic hydroperoxides as the oxidants. 

 



 

43 

Even though the HPPO process has achieve great success and is environmental friendly, 

organic hydroperoxide processes still dominate the market due to inexpensive feedstocks, 

economical aspects and connections with downstream chemical products. Additionally, the highly 

efficient TS-1 catalysts cannot be employed in processes involving large organic hydroperoxides 

or large reaction intermediates because of the small zeolite pore size (~ 0.5 nm)10. There have been 

efforts to generate mesoporosity in TS-1, however, the performance of the resulting catalysts have 

not been transformative11. There have been reports of mesoporous titanosilicates for the liquid 

phase epoxidation of olefins involving large organic hydroperoxides, and excellent catalytic 

activity has been reported12–15. The performance of Ti-MCM-41 catalysts have been improved by 

simple surface silylation, leading to the commercialization of a silylated mesoporous titanosilicate 

for propylene oxidation with cumene hydroperoxide in a fixed bed reactor16.  

There is still need to develop novel and more reactive mesoporous titanosilicate catalysts 

for epoxidation reactions using large organic hydroperoxides, such as tert-butyl hydroperoxide. 

The heterogeneous catalysts also offer advantages of recyclability and ease of separation. In recent 

years, wrinkled mesoporous silica (WMS) has attracted considerable attention due to its unique 

radial pores with wrinkled pore wall shape17–19. The WMS has been widely studied for applications 

ranging from drug delivery20,21 to catalysis22–26. Higher activity of several different WMS based 

catalysts compared to traditional mesoporous silica have been reported22,24,27. The unique wrinkled 

structure of WMS may result in highly active titanosilicate catalysts for propylene epoxidation. 

Herein, we report the synthesis of titanium containing WMS and investigated the catalytic 

performance of these catalysts in the liquid phase epoxidation of propylene with tert-butyl 

hydroperoxide as the oxidant. 
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3.3 Experimental 

Titanium containing wrinkled mesoporous silica (Ti-WMS) catalysts with different Si/Ti 

ratios were synthesized using a modified procedure for WMS19. Ti-WMS with a Si/Ti ratio of 67 

was prepared by combining 18 g of urea, 12.4 mL of n-butanol and 10 g of 

cetyltrimethylammonium bromide (CTAB) in 150 mL of deionized water. To this solution, 150 

mL of cyclohexane were added and the resulting white emulsion was stirred for 30 min at room 

temperature. Then 10 g (48 mmol) of tetraethylorthosilicate (TEOS) were added to the emulsion 

and stirred for 30 min before heating at 70 ⁰C for 8 h. After that, a solution of 0.2 g (0.72 mmol) 

of titanium isopropoxide in 0.4 mL of isopropanol was added and the reaction mixture was heated 

at 70 ⁰C for another 16 h. Finally, the solid products were collected by centrifugation and washed 

with water and acetone 3 times. The resulting products were suspended in 30 mL of conc. HCl and 

300 mL of ethanol and refluxed for 24 h to remove the remaining templates. The template-free 

products were washed with ethanol and dried overnight. Catalysts with various Ti contents were 

also prepared by the same procedure with 2.4 mmol (Si/Ti=20), 1.2 mmol (Si/Ti=40) and 0.6 mmol 

(Si/Ti=80) of titanium isopropoxide in the synthesis gel. The catalysts with a Si/Ti ratio of 20 and 

67 were chosen as the best ones to perform catalytic test based on the previously reported results 

for Ti-WMS catalysts28. The silylated Ti-WMS catalysts were prepared by refluxing a mixture of 

0.4 g of Ti-WMS catalyst, 0.27 g of hexamethyldisilazane (HMDS) and 10 mL of anhydrous 

toluene at 120 ⁰C for 2 h under a N2 atmosphere. Ti-MCM-41 was prepared with a Si/Ti ratio of 

40 as the reference catalyst according to a literature procedure29. The samples with different Si/Ti 

ratios (Si/Ti=x) are designated as Ti-WMS(x) or Ti-MCM-41(x), and the silylated catalysts are 

designated as Ti-WMS-Sil(x). 
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Transmission electron microscopy (TEM) and Scanning electron microscopy (SEM) 

images were recorded on a JEOL 2100 transmission electron microscope operating at 200 kV and 

a Zeiss-LEO model 1530 scanning electron microscope, respectively. Diffuse reflectance 

ultraviolet-visible (DR UV-vis) spectroscopy was used to determine the coordination environment 

of Ti using a PerkinElmer Lambda 900 UV-vis spectrophotometer. The Ti content was determined 

on an Agilent 7900 inductively coupled plasma mass spectrometry (ICP-MS). Nitrogen 

adsorption-desorption isotherms were recored on a Quantachrome AS1 autosorb. Small Angle 

powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku Ultima IV X-ray 

diffractometer (Cu Kα radiation). Raman spectra were collected on a Jobin Yvon Horiba high-

resolution LabRam Raman microscope. Thermogravimetric analysis (TGA) was conducted on a 

TA Instruments Q600 Simultaneous TGA. 

Propylene epoxidation was carried out in a 300 mL stainless steel batch reactor. In a 

typical run, 0.1 g of catalyst, 30 mmol of tert-butyl hydroperoxide and 30 mL of solvent were 

placed in the reactor, and then charged with propylene (0.25 MPa) at room temperature. The 

reaction mixture was heated to 80 ⁰C with stirring for 2 h. In the recycle test, the catalyst was 

carefully recovered by centrifugation, washer with acetone and dried at 60 °C overnight before 

reuse. The catalyst can also be regenerated by calcination at 500 °C for 3 h in air. In the epoxidation 

of cyclooctene, 25 mg of catalyst, 10 mmol of cyclooctene, 10 mmol of TBHP and 5 ml of 1,2-

dichloroethane were combined and heated at 70 C for 2 h. The products were analyzed using a 

Shimadzu GC-2014 with a Supelco SPB-1 capillary column and FID detector. 
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3.4 Results and discussion 

 

 Figure 3.2. TEM and SEM images of (a, c) Ti-WMS(39) and (b, d) Ti-WMS(81). 

 

The morphologies of the Ti-WMS catalysts were examined by SEM and TEM as shown 

in Figure 3.2. Both the Ti-WMS(39) and Ti-WMS(81) particles show the same morphology and 

pore structure which is not affected by the Si/Ti ratios. The SEM images (Figure 3.2c, d) clearly 

show three-dimensional spheres with large openings on the surfaces of each particle. The shape of 

the openings on the surfaces is disordered and irregular with a broad pore size as well as the 
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wrinkled pore walls. The big pores on the surfaces of these spheres can be as large as 50 nm. The 

particle sizes for Ti-WMS(39) and Ti-WMS(81) are 325±80 nm and 353±120 nm, respectively. 

The TEM images (Figure 3.2a, b) confirm the radial pore structure of Ti-WMS with the pore size 

increasing from the core to the outer surface of the particles. Impurity phases other than well-

defined spheres were not observed, indicating that the incorporation of Ti into the framework of 

WMS using our method resulted in a uniform spherical morphology maintaining the unique 

wrinkled structure observed with the pure silica WMS19. According to a previous report on Al 

containing WMS, the addition of an Al source directly with the Si source results in non-wrinkled 

morphologies. This issue was resolved by late addition of Al source and the adjustment of pH24, a 

similar methodology was used to achieve the metal containing WMS. 

Table 3.1. Physical and Textural properties of Ti-WMS catalysts and Ti-MCM-41 catalyst. 

 Synthesis condition   ICP analysisa Pore Size BET 

Sample TEOS/TIP  Ti (wt%) Si/Ti ratio         (Å) (m2/g) 

Ti-WMS(39) 20  1.00 39 30 715 

Ti-WMS(81) 67  0.65 81 30 773 

Ti-WMS-Sil(209)b 67  0.34 209 - - 

Ti-MCM-41(32) 40  2.07 32 29 1072 

               aICP-MS. bTi-WMS(81) was used as the precursor catalyst for surface silylation. 

The Ti content of each Ti-WMS catalyst and Ti-MCM-41 was measured by ICP-MS 

(Table 3.1). Both Ti-WMS(39) and Ti-WMS(81) show a drop in Ti content in the final samples 

compared to the synthesis gels. This might be a result of using urea as the catalyst for the hydrolysis 

and condensation of both Si and Ti sources. The urea was continuously decomposed during heating 

and the pH of the reaction mixture was kept at a low level. As a result, the slow hydrolysis and 
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condensation rate incorporates less Ti. The Ti contents are comparable to Ti-MCM-41 due to the 

strong basic conditions in the synthesis. However, the weight percent of Ti for Ti-WMS(39) and 

Ti-MCM-41(32) are very different, which might reflect more silanol defective sites in Ti-

WMS(39) compared to Ti-MCM-41(32). This is supported by silylation of Ti-WMS(81) where 

the Si/Ti ratio changed from 81 to 209 indicating the abundance of surface silanol groups to react. 

 

Figure 3.3. Small angle XRD patterns of Ti-WMS(39), Ti-WMS(81) and Ti-MCM-41(32). 

 

The small angle powder X-ray diffraction patterns of Ti-WMS(39), Ti-WMS(81) and 

show no peaks due to absence of ordered mesopores but Ti-MCM-41(32) exhibits characteristic 

peaks of ordered hexagonal structure (Figure 3.3). The coordination environment of Ti was 

examined by DR UV-vis spectroscopy (Figure 3.4). No significant absorption is observed around 

330 nm, which would indicate the absence of bulk TiO2. This implies a good dispersion of Ti 
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atoms inside the framework of the WMS. The narrow band at 220 nm is assigned to isolated 

tetrahedrally coordinated Ti atoms, which are known to be the active sites for epoxidation of 

olefins with peroxides as the oxidants30. Overall, most Ti atoms are well dispersed in the 

framework of WMS representing the tetrahedral Ti sites active for epoxidation reactions. The Ti-

MCM-41 shows lower intensity of the 220 nm band and the onset starts from 350 nm, which might 

be suspected for bulk TiO2. Raman spectra of these catalysts are shown in Figure 3.5 in order to 

detect extraframework Ti species. The characteristic peaks for TiO2 around 136 cm-1, 394 cm-1, 

512 cm-1 and 633 cm-1 are missing for all these three catalysts, indicating the absence of 

extraframework Ti species. In general, the Ti states in Ti-WMS and Ti-MCM catalysts are similar. 

 

Figure 3.4. DR UV-vis spectra of Ti-WMS(39), Ti-WMS(81) and Ti-MCM-41(32). 
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Figure 3.5. Raman spectra of Ti-WMS(39), Ti-WMS(81), Ti-MCM-41(32) and commercial 

TiO2. 

 

The textural properties of the Ti-WMS catalysts were examined by N2 adsorption-

desorption as shown in Figure 3.6. The Ti-WMS catalysts showed isotherms similar to type IV 

isotherm with H3 hysteresis loop corresponding to the mesoporous structure, which are consistent 

with similar wrinkled structures18,19,24. The calculated BJH pore size distributions of Ti-WMS is 

meaningless and do not reflect the full pore size range for Ti-WMS since the conical shaped pores 

as large as 20 nm were observed on both SEM and TEM images (Figure 3.2). The surface areas 

are summarized in Table 3.1, and the Ti-WMS type catalysts possess surface areas around 700-

800 m2/g, which are smaller than conventional Ti-MCM-41 with one-dimensional channels. 
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Figure 3.6. N2 adsoption-desorption isotherms of Ti-WMS(39) and Ti-WMS(81). 

 

The catalytic performance of the Ti-WMS catalysts for propylene epoxidation under 

different conditions with tert-butyl hydroperoxide as the oxidant is shown in Table 3.2. Initially, 

tert-butanol was chosen as the solvent and conversion level of peroxide stayed below 10% even 

when more catalyst was used. Using more catalyst did result in higher conversion and the TOF for 

propylene remains similar as expected. The silylated Ti-WMS(81) [Ti-WMS-Sil(209)] improved 

the conversion slightly as well as the TOF for propylene. Other solvents were tested for this 

reaction, such as methanol, acetonitrile and 1,2-dichloroethane. The protic solvents like methanol 

and tert-butanol showed lower conversion of peroxide. In contrast, the aprotic solvents like 

acetonitrile and 1,2-dichloroethane improved the conversion. Due to the amorphous nature of the 
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catalyst, the surface, which has abundant of silanol groups, is hydrophilic. When alcohol is used 

as the solvent, the adsorption for alcohol is stronger over propylene and TBHP, which leads to low 

activity. But is employed, the adsorption of aprotic 1,2-dichloroethane does not compete strongly 

with propylene and TBHP. This might be attributed to better wetting of the catalyst surface when 

the aprotic solvents were used. This enables better contact between the active sites and the 

reactants. Surprisingly, acetonitrile gives the highest conversion of peroxide, but the peroxide 

efficiency is the lowest and only a small amount of propylene oxide was detected. Propylene oxide 

is the only product detected without any by-products using all catalyts. When 1,2-dichloroethane 

was used as the solvent, the peroxide efficiency was higher than using acetonitrile as well as the 

TOF for PO. After the amount of TBHP was increased from 30 mmol to 45 mmol, the peroxide 

conversion dropped but PO yield increased slightly. So the final TOF for PO increased because 

more PO were produced per Ti site and the reaction rate was enhanced by increasing TBHP 

concentration while the large pores of Ti-WMS are still accessible with more TBHP. Increasing 

propylene pressure to 0.8 MPa at room temperature improved the performance. The conversion of 

peroxide changed from 30% to 63% with a peroxide efficiency of 100% and a PO TOF of 1110 h-

1. Compared to Ti-WMS(81), Ti-WMS(39) showed similar activity but the utilization of Ti sites 

was less efficient as reflected by the PO TOF. Ti-MCM-41 also gives comparable conversions but 

the PO TOF was only half of that for Ti-WMS(32). This suggests the Ti-MCM-41 has less active 

Ti sites than the Ti-WMS catalysts. This suggests the Ti sites in Ti-MCM-41 might be less 

accessible than the Ti sites in Ti-WMS, and it might also be the reason that more Ti sites are buried 

in the walls of Ti-MCM-41. PO yields above 90% were reported due to either higher temperature, 
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longer reaction time or higher propylene pressure compared to our results3. The PO yield by Ti-

WMS could be further enhanced with harsher reaction conditions. 

Table 3.2. Catalytic performance of Ti-WMS catalysts under different conditionsa 

Catalysts 

Conditions  Catalytic Performance 

Sol. 
Cat.b 

/g 

P 

/MPa 
 

TBHP 

Conv. 

/% 

TBHPc 

Effici./

% 

POd 

Sel. 

/% 

POe 

Yield 

/% 

POf 

TOF 

/h-1 

Ti-WMS(81) TBA 0.1 0.25  3 100 100 3 50 

Ti-WMS-

Sil(209) 
TBA 0.1 0.25  4 100 100 4 82 

Ti-WMS(81) TBA 0.3 0.25  8.4 92 100 7.7 45 

Ti-WMS(81) ACN 0.1 0.25  58 19 100 11 192 

Ti-WMS(81) MeOH 0.1 0.25  2 100 100 2 35 

Ti-WMS(81) DCE 0.1 0.25  30 62 100 19 323 

Ti-WMS(81)g DCE 0.1 0.25  25 83 100 21 549 

Ti-WMS(81) DCE 0.1 0.8  63 100 100 63 1110 

Ti-WMS(39) DCE 0.1 0.8  59 100 100 59 425 

Ti-MCM-

41(32) 
DCE 0.1 0.8  61 100 100 61 213 

Ti-WMS-

Sil(209) 
DCE 0.1 0.8  44 100 100 44 938 

aConditions: 30 ml solvent, 30 mmol TBHP, 80 ⁰C, 2 h. 
bAmount of catalyst. 
cTBHP efficiency = moles of PO/ moles of TBHP consumed. 
dPO selectivity = moles of PO/(moles of PO + propylene glycols + other by-products). 
ePO yield = moles of PO/moles of TBHP started 
fPO TOF = moles of PO/moles of Ti/reaction time. 
g45 mmol TBHP 

 

The silylated Ti-WMS(81) [Ti-WMS-Sil(209)] showed the opposite results when 1,2-

dichloroethane was used as the solvent compared to the results using tert-butanol. This may reflect 

the increased hydrophobicity of the silylated Ti-WMS catalyst. Silylation enables stronger 
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adsorption of reactants in the presence of tert-butanol, whereas silylation also enhanced the 

adsorption of 1,2-dichloroethane. This phenomenon is opposite to what mentioned above for the 

non-silylated catalysts and as expected. In the recycle test of Ti-WMS(81) (Figure 3.7), the PO 

yield dropped from around 60% to above 30% after 6 runs, which might due to the coverage of 

the catalyst surface by any organic by-products or oligomers generated in the reaction. After the 

catalyst was calcined at 500 °C for 3h, the catalyst resumes most of its activity. TGA profile 

(Figure 3.8) in air also shows around 15 % weight loss that may come from the decomposition of 

various organics on the catalyst.  

 

Figure 3.7. Recycle test of Ti-WMS(81) for propylene epoxidation. Star is the result from the 

regenerated catalyst after 6 cycles by calcination in air at 500 °C for 3 h. 

 

Ti-WMS(39) and Ti-MCM-41(32) were also tested for epoxidation of cyclooctene with 

TBHP in order to compare their catalytic performance when larger reactant was involved (Table 

3.3). Under the same condition, Ti-WMS(39) shows higher epoxide yield and TOF than Ti-MCM-
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41(32) (252 vs 95 h-1). The difference between these two catalyst is larger than that in the case of 

propylene epoxidation. It might due to the broad pore size range and unique pore structure of Ti-

WMS(39), which could diffuse larger molecules easier than Ti-MCM-41(32). 

 

Figure 3.8. TGA profile of Ti-WMS(81) after 6 cycles for propylene epoxidation. 

 

  

Table 3.3. Cyclooctene epoxidation over Ti-WMS and Ti-MCM-41 

Catalyst Conv.a/% EP Sel.b/% 
EP 

Yieldc/% 

TBHP 

efficiencyd/% 
EP TOFe/h-1 

Ti-WMS(39) 30 89 27 93 252 

Ti-MCM-41(32) 21 95 20 91 95 

Conditions: 25 mg catalysts, 5 mL 1,2-dichloroethane, 10 mmol cyclooctene, 10 mmol TBHP, 

70 °C, 2 h. 
aCoversion = (moles of cyclooctene converted)/(moles of cyclooctene started) 
bEpoxide selectivity = (moles of cyclooctene oxide)/(moles of cyclooctene converted) 
cEpoxide yield = Coversion×(Epoxide selectivity) 
dTBHP efficiency = (moles of cyclooctene converted)/(moles of TBHP consumed) 
eTurnover frequency = moles of epoxide/moles of Ti/reaction time 
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In general, the Ti-WMS catalysts showed superior performance over the traditional Ti-

MCM-41 catalyst with one-dimensional channels. This may reflect the unique conical pore 

structure of Ti-WMS with continuously increased pore size radiating from the center of the particle 

to the outer surface. The spherical shape of the catalyst also provides more diffusion directions for 

the reactants to access the active Ti sites. These structural features make Ti-WMS an efficient 

oxidation catalyst especially when bulky molecules like tert-butyl hydroperoxide are involved. 

The Ti-WMS may also be a potential catalyst for other chemical processes that use large oxidants, 

which cannot fit in the microporous TS-1 catalyst. 

3.5 Conclusion 

In summary, titanium containing wrinkled mesoporous silica particles were prepared 

where the unique wrinkled pores radiate from the core of the particles in all directions. The 

particles are well-shaped spheres with the pore size gradually increases from the center to the edge 

due to the conical shape of the pores. The Ti-WMS catalysts exhibit a good dispersion of isolated 

tetrahedrally coordinated Ti atoms resulting in higher catalytic activity than the traditional Ti-

MCM-41 with one-dimensional pores for propylene oxidation using tert-butyl hydroperoxide as 

the oxidant. The large pores and easy access for reactants make the Ti-WMS catalysts promising 

candidates for PO technologies involving large oxidants, such as tert-butyl hydroperoxide, 

ethylbenzene hydroperoxide or cumene peroxide. 
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CHAPTER 4 
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4.1 Abstract 

Wrinkled mesoporous silica was used as a template for the synthesis of carbon with the 

same morphology and pore structure. The resulting wrinkled mesoporous carbon not only 

maintains the unique conical pore structure radiating from the core to the outside surface but also 

exhibits an increased surface area relative to silica.  The high surface area (1344 m2/g) and highly 

accessible voids make the wrinkled mesoporous carbon attractive for applications such as 

supercapacitors and catalyst supports. 

4.2 Introduction 

Porous carbon materials have attracted attention for applications ranging from 

supercapacitors1, lithium ion batteries2, adsorbents3 to catalyst support4,5. In the last two decades, 

there has been considerable effort to synthesizing mesoporous carbon templated by different types 

of mesoporous silica. Successes has been achieved using MCM-486,7, SBA-158, SBA-19, et al. as 

the hard templates. In addition to ordered mesoporous carbon, mesoporous carbon spheres were 

reported using mesoporous silica spheres with wormhole type pores10,11 or straight channels12,13 as 

well as silica hollow spheres14,15. There is continued interest in the development of novel carbon 

materials with unique structures for applications ranging from energy storage to catalysis. 

Wrinkled mesoporous silica (WMS) has recently been studied for drug delivery and as a 

catalyst support16–21. Compared to the small and compact channels in conventional mesoporous 

silica spheres, the unique radial and wrinkled conical shape of the large mesopores of WMS 

enables better diffusion of reactants as a catalyst support or higher loadings of drugs when used 

for drug delivery. We have found it is possible to make a carbon version by nanocasting8,22, 
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transferring the unique wrinkled radial structure to carbon material. To the best of our knowledge, 

mesoporous carbon spheres were synthesized with one-dimensional channels12,13,23 or wormhole 

type pores10,11 but one with large openings radiating from the center to the outer surface has not 

been reported, especially with wrinkled pore wall structure as WMS. Herein, we report the 

synthesis of wrinkled mesoporous carbon (WMC) using wrinkled mesoporous silica as the 

template and sucrose as the carbon source, which is known as the superior carbon source for high 

surface area synthesis of carbon material24. 

4.3 Experimental 

Wrinkled mesoporous silica (WMS) was synthesized as follows: first, 1 g of 

cetyltrimethylammonium bromide (CTAB), and 1.8 g of urea were mixed with 15 mL of water 

and 1.2 mL of n-butanol in a round bottom flask and then stirred at room temperature until clear. 

To this solution, 15 mL of cyclohexane were added and stirred for another 30 min. Then 1.25 mL 

of tetraethylorthosilicate (TEOS) was added to the mixture and stirred for 30min. Finally, the 

reaction mixture was heated at 70 ⁰C for 24 hours. The products are collected by centrifugation 

and washed with acetone and water for three times. To remove the templates, the WMS solid was 

re-dispersed in 40 mL of ethanol and 4 mL of concentrate HCl, and then reflux at 70⁰C for 24 

hours. The final solid was collected by centrifugation and washed with ethanol followed by drying 

overnight at 60 ⁰C. 

In a typical synthesis of wrinkled mesoporous carbon (WMC), 0.25 g of WMS were 

immersed in a solution of 0.31 g sucrose, 0.035 g of concentrate H2SO4 and 1.25 mL of water. The 

mixture was dried overnight at 100 ⁰C and then the temperature was increased to 160 ⁰C for 
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another 6 hours. The resulting solid was again immersed into a solution of 0.19 g sucrose, 0.02 g 

H2SO4 and 1.25 mL water.  The heating process was repeated again by drying the mixture at 100 

⁰C overnight and 160 ⁰C for 6 hours. Then carbonization was completed by heating the above 

product in vacuum at 900 ⁰C for 3 hours. After carbonization, the template-containing carbon was 

washed with hot 1 M NaOH solution (ethanol:water = 1:1) twice to remove the silica template. 

The template-free product was washed with water and ethanol before drying at 100 ⁰C overnight. 

The WMC sample was characterized by thermogravimetric analysis (TGA) using a TA 

Instruments Q600 Simultaneous TGA in air with a ramp rate of 10 ⁰C/min, transmission electron 

microscopy (TEM) using a JEOL 2100 transmission electron microscope operating at 200 Kv, 

scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) on a Zeiss-LEO 

model 1530 scanning electron microscope. The textural properties was measured from nitrogen 

adsorption-desorption using a Quantachrome AS1 autosorb.  

4.4 Results and discussion 

The images in Figure 4.1 show that the wrinkled mesoporous carbon (WMC) synthesized 

using the WMS exhibits the same wrinkled pore walls as the template. Most of the carbon particles 

are spheres with a broad particle size distribution between 200 nm to 700 nm with the majority of 

the wrinkled carbon spheres are around 400 nm. The particle size distribution of WMC matches 

the size distribution of WMS template. Thus, the carbon replication process does not change the 

particle size.  In Figure 4.1d, some incomplete spheres are found to be half-sphere shapes with 

large openings showing the inner structure of the particle. Inside the WMC, it is clearly observed 

that the pore shape is conical and radiated from the center of the particle with wrinkled walls, 
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which is consistent with the pore wall structure of WMS. The carbon replica of WMS looks like 

the layer coated along the surface of WMS without carbon formation outside the pores of WMS.  

 

Figure 4.1. SEM images of (a, b) WMS and (c, d) under different magnification. 

 

Figure 4.2 shows TEM images of the WMC particles. Compared to WMS, the pores of 

the WMC particles become more compact, which can be explained by the carbon coating process 

during the synthesis. Unlike the WMS particles, WMC particles are not dense at the core, which 

was usually found in the TEM images of WMS due to more dense area in the center of each 

particle. This is consistent with sucrose selectively coating along the surface of the WMS where 

incomplete coating results in partial-spheres shown in Figure 4.1d. 
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 Figure 4.2. TEM images of (a) WMS and (b) WMC. And (c) formation process of WMC from 

WMS. 

Thermogravimetric analysis was performed in air (Figure 4.3a) to evaluate the thermal 

stability of WMC and the removal efficiency of the silica template. Significant weight losses 

happened from 400 ⁰C to 560 ⁰C for WMC, indicating the oxidation of carbon but lower than the 

weight-loss profile of Multi-walled carbon nanotubes (MWCNT)25. Thus, it can be concluded that 

the thermal stability of WMC in air is due to the lower graphitization level of the pore walls of 

WMC using sucrose as the carbon source. It is known that when aromatic compounds, such as 

acenaphthene, acenaphthylene, et al, are used as the carbon source, the resulting mesoporous 

carbon show higher graphitization levels than ones made with sucrose or other biomass 

derivatives25. For example, highly graphitic carbon molecular sieves were recently made with 

acetylene and ethylene26. The weight-loss profile of WMC also shows 3% weight remaining 

because of minor amounts of residual of NaOH and SiO2. EDS analysis shows a Si atomic content 
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of 0.18% indicating that the washing process removes most of the template with any trace amounts 

of silica left. 

The N2 sorption isotherm and BJH pore size distribution are shown in Figure 4.3b for 

WMC and WMS. Both of them exhibits a curve shape similar to type IV isotherm, which is 

consistent with typical wrinkled mesoporous silica17,18,21, but WMC shows increased adsorption 

volume due to larger surface area generated by the inner surface of WMC compared to WMS. The 

half- or incomplete- carbon spheres discussed above possess some narrow entrances into the inner 

surface, resulting in larger hysteresis loop on the isotherm of WMC. The BET surface area for 

WMC is 1370 m2/g almost double the surface area of WMS (711 m2/g), which could also be 

attributed to the opening of inner surface of WMC.  

 

 Figure 4.3. (a) TGA of WMC after removal of template. (b) N2 adsorption-desorption isotherms 

of WMC and WMS. 
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4.5 Conclusion 

In conclusion, wrinkled mesoporous carbon was successfully synthesized for the first 

time using wrinkled mesoporous silica as the template and sucrose as the carbon source. While 

this carbon material maintains the unique radial wrinkled structure from WMS, it also opened its 

inner surface resulting in increased surface area. It is expected that this carbon material will find 

application in areas, such as supercapacitors and catalysts, taking advantage of the unique radial 

wrinkled pore structure. 
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5.1 Abstract  

Wrinkled Mesoporous Silica (WMS) was employed as a hard template to synthesize a 

carbon replica. The resulting carbon materials, wrinkled mesoporous carbon (WMC) retained the 

main structural features from the WMS, which has conical pores that radiate from the center of the 

spherical particle to the outer surface in all directions resulting in wrinkled shaped pore walls. This 

WMC material was used as a catalyst support for Pd nanoparticles. The Pd on WMC catalyst 

showed superior performance over commercial Pd on activated carbon for both styrene 

hydrogenation and the aerobic oxidation of benzyl alcohol.  

5.2 Introduction 

Carbon based materials have attracted considerable attention with applications in energy 

storage1 and catalysis2. Carbon nanotubes and carbon nanofibers have been widely used for 

electronic composite materials as well as catalysis supports3, which exhibit promising catalytic 

performance compared to conventional metal oxide or ceramic supports. In past two decades, 

porous carbon has been prepared with various morphologies using either a soft-templating 

approach or hard templates, such as zeolites and mesoporous silica4,5. The resulting carbon 

materials from zeolite or mesoporous silica templates maintain the pore structure with high surface 

areas, a benefit for applications such as energy conversion and storage1,2,6–8. Porous carbon 

materials have also been used as catalyst supports for fuel production9, environmental catalysis2,10 

and biomass conversion11,12. Such catalysts often show excellent catalytic performance, taking 

advantage of the hydrophobicity and large surface area of the carbon supports. 
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The mesoporous carbon CMK-3 has been used as a support for tungsten carbide12 and 

ruthenium11 for biomass conversion, showing improved catalytic activity and selectivity towards 

target products compared to normal activated carbon. The CMK-3 supported Ru catalyst also 

exhibits good activity in ammonia decomposition9. N-doped porous carbon supported Pd 

nanoparticles showed turnover frequencies up to 210,000 for the aerobic oxidation of alcohols13, 

which is more active than most Pd based catalysts. The aerobic oxidation of hydrocarbons and 

alcohols is a greener approach than using toxic oxidants, such as KMnO4 and K2Cr2O7
14–18. The 

Pd on carbon catalyst has also been demonstrated to be highly effective for the hydrogenation of 

carbonyls19 and C-C coupling reactions14,20–22. The diversity of such catalysts results in a 

potentially broad range of industrial applications. The use of carbon supports makes it easy to 

recover noble metals by burning the support. Additionally, the high dispersion of noble metal 

catalysts on carbon supports with large surface areas enable efficient utilization of the noble metals. 

All these features of porous carbon supports encourage researchers to continue to develop new 

heterogeneous catalysts based on porous carbon materials. 

Mesoporous silicas are common hard templates for synthesizing porous carbon materials. 

Several types of porous carbons have been synthesized with different morphologies and ordered 

mesopores5,23–28. However, wrinkled mesoporous silica (WMS) spheres with wrinkled, conical 

pores radiating from the core to the surface of the particle have not been tested as a template29–31. 

In contrast to the conventional one dimensional channels of MCM-41 or SBA-15, the WMS pores 

gradually increase and can be as large as 50 nm at the surface. Thus, the pores of WMS are highly 

accessible from all directions. Superior catalytic activities have been reported for WMS as a 

catalyst support32–35. The unique wrinkled radial pore structure leads to better transport of reactants 
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and products into the pores. Herein, the application of WMS as a hard template to synthesize 

carbon (WMC) with the same unique wrinkled structure is reported. In order to evaluate this new 

type of carbon as a catalyst support, Pd nanoparticles were deposited on the mesopores (Figure 

5.1) and tested for the hydrogenation of styrene as well as the aerobic oxidation of benzyl alcohol. 

 

 Figure 5.1. Synthesis process of Pd nanoparticles supported on wrinkled mesoporous carbon. 

5.3 Experimental 

5.3.1 Synthesis of wrinkled mesoporous silica (WMS) 

The WMS samples used as the template for the synthesis carbon material were prepared 

according to a previously reported method31. In a typical synthesis, 18 g of urea, 10 g of 

cetyltrimethylammonium bromide (CTAB), 12 mL of n-butanol and 150 mL water were combined 

in a round bottom flask. The mixture was stirred to a clear solution followed by the addition of 

150 mL of cyclohexane. The resulting microemulsion was stirred for 0.5 hour followed by the 

addition of 12.5 mL of tetraethylorthosilicate (TEOS). The reaction mixture was stirred at room 

temperature for another 0.5 hour, and heated at 70 ⁰C in a water bath for 24 h. The mixture was 

cooled to room temperature, the solid products were collected by centrifugation and washed with 

acetone/water 3 times. The solid was redispersed into a solution containing 40 mL of con. HCl and 
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400 mL of ethanol then refluxed for 24 h at 70 ⁰C. The final product was washed with ethanol and 

dried overnight in an 80 ⁰C oven. 

5.3.2 Preparation of Wrinkled Mesoporous Carbon (WMC)  

The WMC material was prepared by a nanocasting technique using sucrose as the carbon 

source. In a typical synthesis, 3.1 g of sucrose and 0.35 g of conc. H2SO4 were dissolved in 12.5 

mL water. To this solution, 2.5 g of WMS were added and the mixture was stirred until 

homogeneous. Then the mixture was placed in a 100 ⁰C oven overnight and further dried at 160 

⁰C for another 6 hours. The whole process was repeated using a solution of 1.9 g of sucrose, 0.2 g 

of conc. H2SO4 and 12.5 mL of water. The as-synthesized material containing the WMS template 

was carbonized at 900 ⁰C for 3 h in vacuum.  The template-free WMC sample was washed with 

hot NaOH solution (1 M) to remove the WMS. 

5.3.3 Deposition of Pd nanoparticles on WMC 

Pd nanoparticles were deposited on WMC using palladium(II) acetate as the source 

following a reported procedure14. First, 33.6 mg of Pd(OAc)2 was dissolved in 54 mL of THF and 

then 300 mg of WMC were added. The suspension was stirred under flowing N2 before heating to 

70 ⁰C for 48 h. The reaction was cooled to room temperature and the solid was collected by 

centrifugation followed by washing with THF. The final product was dried overnight before 

catalytic reactions. The Pd content was determined to be 4.92% by ICP-OES. The particle size 

distribution of Pd was determined from TEM images using ImageJ software. 
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5.3.4 Characterizaton 

The morphologies and structures of the samples at each step was examined by a JEOL 

2100 transmission electron microscope (TEM) and a Zeiss-LEO model 1530 scanning electron 

microscope (SEM). The Raman spectra was recorded on a Jobin Yvon Horiba high-resolution 

LabRam Raman microscope. The temperature profile of thermogravimetric analysis (TGA) was 

obtained on a TA Instruments Q600 Simultaneous TGA. Nitrogen adsorption-desorption isotherm 

was recorded using a Quantachrome AS1 autosorb. The products of catalytic reactions were 

analyzed using a Shimadzu GC-2014 gas chromatography equipped with Supelco SPB-1 capillary 

column and FID detector. 

5.3.5 Hydrogenation of styrene 

The hydrogenation reactions were carried out in a 25 mL round bottom flask at 

atmosphere pressure. The conditions of the reaction were varied in the following experiments, but 

in general, a solution of 1.15 mL (10 mmol) of styrene and 10 mL of toluene was prepared and 

used to suspend 21.3 mg (0.1 mol%) Pd/WMC or commercial Pd/C (Aldrich, 5% Pd on activated 

carbon). Then the reaction was heated at the desired temperature for different periods of time with 

H2 bubbled at a flow rate of 250 mL·min-1. 

5.3.6 Aerobic oxidation of benzyl alcohol 

The oxidation of benzyl alcohol was conducted without solvent. For example, 20.5 mg 

(0.01 mol%) of Pd/WMC or Pd/C catalyst was suspended in 10 mL of benzyl alcohol. The mixture 

was heated to 80 ⁰C for 4 h while bubbling air into the reaction at a flow rate of 250 mL·min-1. 
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After reaction, the mixture was centrifuged and 0.2 mL of the supernatant were dissolved in 5 mL 

of acetone for GC analysis. 

5.4 Results and Discussions 

5.4.1 Preparation of Pd/WMC catalyst 

The SEM images in Figure 5.2a show the silica template, WMS, have a spherical 

morphology with irregular openings at the surface. The particle size of the WMS ranges from 200 

nm to 700 nm with an average around 400 nm. The TEM image in Figure 5.2b shows the wrinkled 

structure of the WMS template. The wrinkled conical pores radiate from the center to the surface 

in all directions. The pore size also gradually increases from the center to the surface. The WMS 

was used as a template to prepare the carbon material shown in Figure 5.2c and 5.2d. The resulting 

WMC maintains most of the structural features of the WMS, such the spherical morphology and 

radial wrinkled pores (Figure 5.2c and d). It appears that the sucrose did not fill the pores 

completely and make a reverse structure of WMS. The WMS was more likely coated with sucrose 

on the surface which is due to the large mesopores. As a result, the pore walls become much thicker 

than the WMS as shown in the TEM image (Figure 5.2d). The inner core of the WMC is empty 

after removal of WMS which is also apparent in the SEM image (Figure 5.2c) where partial spheres 

with exposed cores can be seen. The particle size distribution of WMC is similar to WMS. The 

TGA analysis of the WMC shows only minor amount of silica (<3%) template is left after washing 

with a NaOH solution. Also, the WMC is stable up to 500 ⁰C in air. 
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Figure 5.2. SEM and TEM images of (a, b) WMS, (c, d) WMC. TGA profile of WMC in shown 

in (e). The WMS is coated with Pt/Au for SEM in (a), and all other SEM images were taken 

without coating.  

The WMC support for Pd nanoparticles exhibited a BET surface area of 1344 m2/g as 

calculated from the N2 adsorption-desorption isotherm shown in Figure 5.3a. This can be compared 

to the commercial Pd on carbon catalyst which was 924 m2/g. The WMC exhibits a type IV 

isotherm with a H3 type hysteresis between 0.5 and 1.0, indicating mesoporous structure. The BET 

surface area of WMS template was measured to be 711 m2/g, which is much smaller than the WMC 

carbon. As noted above in Figure 5.2, the shapes of some of the WMC particles are partial spheres, 

and the inside of each particle is empty due to the removal of silica template. This would account 

for the nearly double the surface area of the WMC. The Raman spectrum of the WMC in Figure 

5.3b shows the intensity of the G band (~1600 cm-1), indicating sp2 hybridized carbon atoms, is 

higher than the D band (~1330 cm-1), representing disordered carbon structure. The ratio of G band 

to D band is 1.03 which indicates high graphitic content (CMK-3 IG/ID<1 27). This might be 
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beneficial for hydrogenation reactions since graphene is proven to have excellent hydrogen storage 

capacity. 

 

 Figure 5.3. (a) N2 adsorption-desorption isotherm and (b) Raman spectrum of the WMC. 

Figure 5.4a and 5.4d show the SEM and TEM images of the Pd loaded WMC, respectively. 

The Pd nanoparticles are well dispersed on the WMC without aggregation. The average particle 

size of the Pd nanoparticles is 7 nm, which is bigger than those in commercial Pd/C catalyst (4 nm) 

shown in Figure 5.4d and 4e. The commercial catalyst shows aggregation of Pd nanoparticles. The 

catalytic properties of Pd nanoparticles are largely influenced by particle size and the distribution 

on the support36–38, where the catalytic activity increases as the particle size decreases (eg. for 

Suzuki reaction36). The commercial Pd/C catalyst shows smaller Pd nanoparticles, which might be 

expected to exhibit higher catalytic activity than bigger Pd particles on WMC. The irregular 

wrinkled pores of the WMC might hinder the aggregation of Pd nanoparticles. 
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Figure 5.4. SEM and TEM images of (a, b) Pd/WMC, (d, e) commercial Pd/C. Pd Particle size 

distribution of (c) Pd/WMC, (f) commercial Pd/C. 

5.4.2 Catalytic Performance of Pd/WMC  

Pd nanoparticles are known to catalyze C-C coupling, hydrogenation and oxidation 

reactions, which makes Pd nanoparticles versatile catalysts13,22,37. In order to evaluate the WMC 

as a support, the hydrogenation of styrene and the aerobic oxidation of benzyl alcohol were tested 

as model reactions for the Pd/WMC catalyst. 

For the hydrogenation of styrene (Scheme 5.1), H2 was bubbled into the reaction at 

atmospheric pressure. The results in Table 5.1 show that, when the reaction was run at 80 ºC or 

for 1 h at room temperature, there was complete conversion of styrene for both the Pd/WMC and 

the commercial Pd/C catalysts. Therefore, the reaction time was reduced to 20 min to compare the 
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performance between these two catalysts. The Pd/WMC catalyst showed higher conversions than 

the commercial Pd/C did with smaller standard deviation. The reproducibility of the Pd/WMC 

catalyzed reaction was attributed to the more homogeneous distribution of Pd on the WMC 

compared to the commercial Pd/C. In theory, the 4 nm Pd nanoparticles on commercial Pd/C 

should be more active than the 7 nm Pd nanoparticles in Pd/WMC, however, Pd/WMC exhibits 

much higher activity in terms of TOF and conversion. This might reflect the unique structure of 

the WMC support which makes the Pd nanoparticles highly accessible compared to the 

commercial Pd/C with irregular shaped and large morphology of the carbon. As the concentration 

of the catalyst is reduced in the reaction to 0.01 mol%, even higher TOF were achieved. A similar 

trend was observed for the Heck coupling reaction when the concentration of Pd catalyst was 

reduced20. The TOF of Pd/WMC was almost double that of the commercial Pd/C. Recycle tests 

were conducted for the Pd/WMC catalyst, showing no drop in activity after 5 runs. The catalytic 

activity of Pd/WMC for styrene hydrogenation is higher than most Pd nanoparticle based catalyst 

systems reported in literature at ambient temperature and pressure (Table 5.1)39–43. 

 

Scheme 5.1. Hydrogenation of styrene over Pd/WMC 
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Table 5.1. Catalytic hydrogenation of styrene over Pd/WMC and commercial Pd/C catalysts. 

Catalyst 
Pd amounta 

(mol%) 

PH2 

(bar) 
Temp. 

(⁰C) 

T 

(min) 

Conv. 

(%) 

TOFb 

(h
-1

) 

 Ref 

Pd/WMC 0.01 - 25 60 77±7 7512  This work 

Pd/C 0.01 - 25 60 44±18 4224  This work 

Pd/WMC 0.1 - 25 20 68±2 1990  This work 

Pd/C 0.1 - 25 20 46±12 1325  This work 

Pd/WMC 0.1 - 25 60 100±0 -  This work 

Pd/C 0.1 - 25 60 100±0 -  This work 

Pd/WMC 0.1 - 80 60 100±0 -  This work 

Pd/C 0.1 - 80 60 100±0 -  This work 

Fe3O4dpa@Pd0.5  3 25 60 - 4880  39 

Pd/Tm-MOF - 1 35 90 10.3 703  42 

Pd/ZIF-8 - 1 35 90 4.5 307  42 

Pd/MOF-5 - 1 35 90 10 703  43 

Pd Complex/Polymer - 1 25 234 98 766  40 

PdCl2/Polivinilpiridina - 1 25 - - 6944  41 

Reaction conditions: 10 mmol styrene, 10 mL toluene, H2 flow rate=250 

ml·min-1. aAmount of Pd catalyst in the reaction. bMoles of product per 

moles of Pd per hour. 

For the oxidation of benzyl alcohol, the reactions were also conducted by bubbling air 

into a reaction mixture under solvent free conditions. In this case, benzylaldehyde is the only 

product detected. The aerobic oxidation of benzyl alcohol is a difficult reaction where many past 

efforts have focused on various Pd based catalysts13,16,17,44. Pd catalysts have shown promise using 

either air or pure oxygen as the oxidant under mild conditions. For the Pd/WMC catalyst, higher 

catalytic activity was observed compared to the commercial Pd/C using air (Table 5.2). Increasing 

the reaction temperature to 120 ºC results only in a small increase in the catalytic activity and was 
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not investigated further. Using more catalyst in the reaction increased the conversion of benzyl 

alcohol but the general efficiency decreased as reflected by the TOF in Table 5.2. The higher 

catalytic activity of Pd/WMC relative to Pd/C might be again due to the unique wrinkled structure 

allowing better diffusion of reactants. Even with relatively big Pd particles, the WMC support lead 

to an increase in activity. The Pd/WMC catalyst shows excellent performance under milder 

conditions than the Pd on mesoporous carbon16, activated carbon16 and CMK-317 (Table 5.2), 

which catalyze the reaction either at high temperature or using pure O2. Other supports for Pd, 

which are not pure carbon like N-doped carbon13,16, N-SBA-1545, MPTMS-TUD46, MnOx/CNT47, 

zeolite X48 and ZrSBA-1544, also require pure O2 or high temperature to achieve good results. 

Further tuning of the Pd particle size, modification of the WMC support and using pure oxygen 

may improve the activity even more.  

 

Scheme 5.2. Aerobic oxidation of benzyl alcohol over Pd/WMC 

5.5 Conclusion 

In summary, the novel templated carbon, WMC, was successfully synthesized using 

wrinkled mesoporous silica retaining the unique structure but with larger surface area. As a catalyst 

support, the WMC was used to support Pd nanoparticles and compared with a commercial Pd/C 
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for the hydrogenation of styrene and aerobic oxidation of benzyl alcohol, showing superior 

performance in both cases. This is attributed to the wrinkled structure and radial conical pores of 

the WMC, which enables the reactants to access Pd sites more easily. Through variation of reaction 

conditions and modification of catalyst, the WMC material may be an excellent support for other 

catalysts for various applications. 

 Table 5.2. Solvent-free aerobic oxidation of benzyl alcohol. 

Catalyst 
Pd size 

(nm) 

Pd loading 

(wt%) 

Pd amounta 

(mol%) 

P 

(bar) 

T 

(h) 

Temp. 

(⁰C) 

Conv. 

(%) 

TOFb 

(h-1) 
Ref 

Pd/WMC 7 4.9 0.026 1 4 80 22±2 191 
This 

work 

Pd/WMC 7 4.9 0.01 1 4 120 17±3 414 
This 

work 

Pd/WMC 7 4.9 0.01 1 4 80 16±2 390 
This 

work 

Pd/C 4 5 0.01 1 4 80 11±3 264 
This 

work 

Pd/MC 7.4 1 0.008 1c 1 160 58.7 - 16 

Pd/AC - 1 0.008 1c 1 160 41.7 - 16 

Pd/CMK-

3 
<1 1.3 0.31 -d 13 80 42.3 - 17 

Reaction conditions: 10 mL benzyl alcohol, 4h, air flow rate=250 ml·min-1. 
aAmount of Pd catalyst in the reaction. bMoles of product per moles of Pd per hour. 
cUsing pure O2. 

dSupercritical CO2, 8.5% O2. 
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6.1 Abstract  

Wrinkled mesoporous silica (WMS) has been shown to be a promising material for 

catalysis and drug delivery. The WMS possesses a unique wrinkled structure with conical shaped 

pores radiating from the center to the surface of each particle. Lanthanum oxide was supported on 

wrinkled mesoporous silica as a hard template for the synthesis of graphitic carbon. The resulting 

carbon material retains the unique wrinkled structure and has high surface area (~879 m2/g) as well 

as graphitic walls which were observed by transmission electron microscopy. The amount of La 

loaded onto the silica support plays a key role in the formation of the mechanically and chemically 

stable carbon material.  

6.2 Introduction 

Nanoarchitectonics has recently developed as a concept to build nano-structured and 

nanoporous materials for a wide range of applications, where templated porous materials, such as 

mesoporous metal oxide, ceramics and carbon, have attracted considerable attentions1–8. These 

templated porous materials are usually prepared using hard templates such as porous silica by a 

nanocasting technique or soft templates like liquid crystals. In the case of the synthesis of porous 

carbon by hard templating method, the pore surface of the silica, such as zeolites and mesoporous 

silica, is impregnated with organic precursors followed by carbonization and removal of the 

template9–11. These materials have attracted considerable attention due to their high surface area, 

large pore volume, hydrophobicity and acid/base resistance. The synthesis of mesoporous carbon 

using SBA-1512–15, MCM-4813,16,17 has generated interest in templated porous carbon materials for 

catalysis18–24, separations25,26, and energy storage9,15,18. The porosity and high surface area of these 
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templated carbon materials enables fast diffusion and higher uptake of molecules, which improves 

the catalytic activity for catalysis and the capacitance for either absorbents or energy storage 

devices. The anti-corrosive property of carbon based materials enables longer lifetimes when 

employed in electronic devices. The advantages of porous carbon materials drives the development 

of porous carbon materials. 

In general, the porous carbon materials have been synthesized by either hard templating 

or soft templating methods. Zeolite or mesoporous silica hard templates are particularly interesting 

since the pore structure or reverse structure of the template is replicated. The hard templating 

method provides controlled morphology and pore structure compared to activated porous carbon. 

Silica nanoparticles have been intensively studied for biomedical applications with various 

morphologies and pore structures27. They are biocompatible and have controlled pores for drug 

delivery. The core-shell type magnetic mesoporous silica nanocomposites are easy to be recovered 

and they also broadened the applications in bioimaging28. The recent development of wrinkled 

mesoporous silica (WMS) reveals a new type of 3-D radial mesoporous structure with wrinkled 

pores, which provides excellent diffusion of molecules in catalysis and drug delivery29–37. 

Compared to the conventional channel type pores in MCM-41 or SBA-15, the WMS has a 

spherical shape with conical pores radiating from the core to the surface, where the pore size 

opening at the surface can be as large as 50 nm. The WMS based catalysts have exhibited higher 

catalytic activity over traditional mesoporous silica with one dimensional pores in several catalytic 

processes38,39. Thus, it is of interest to use WMS as a hard template for the synthesis of carbon 

materials to combine its unique structure with the features of a carbon based material, such as 

corrosion resistance, hydrophobicity and light weight. 
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In the past two decades, many mesoporous carbons were synthesized by a nanocasting 

technique using different organic precursors. However, most of the resulting carbon frameworks 

are amorphous in nature with low graphitic content, which limits their use in electrochemical 

applications. Graphene and carbon nanotubes have advantages when employed as catalyst 

supports40,41. Therefore, it is important to develop porous carbon materials with high graphitic 

content. Graphene-like carbons were recently synthesized using lanthanum exchanged zeolites, 

and showed high graphitic content and conductivity42. The lanthanum ions function as the catalyst 

to grow graphitic carbon along the external and inter surface of zeolites at lower reaction 

temperature without blocking the pores or carbon formation outside of the templates compared to 

previously reported zeolites templated carbon43–45. This method enables the synthesis of carbon 

materials with high graphitic content and high conductivity compared to CMK series mesoporous 

carbon using bulk organic precursors13. Herein, we have developed this concept further using 

lanthanum oxide supported on WMS as a template to prepare carbon with a unique wrinkled 

mesoporous structure and graphitic walls. 

6.3 Experimental 

The WMS was synthesized using the following procedure. 10 g of 

cetyltrimethylammonium bromide (CTAB) and 18 g of urea were dissolved in 12 mL of n-butanol 

and 150 mL of water, and then 150 mL of cyclohexane was added. The mixture was stirred for 0.5 

h followed by addition of 12.5 mL of tetraethyl orthosilicate (TEOS). After stirring for 0.5 h, the 

mixture was heated at 70 ⁰C for 24 h. The solid products were filtered and washed with acetone 

and water. To remove the templates, the product was added to a mixture of 40 mL of concentrated 
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HCl and 400 mL of ethanol and refluxed for 24 h. The template-free products were washed with 

ethanol and dried overnight at 80 ⁰C. 

La2O3 was deposited on WMS by incipient wetness impregnation using La(NO3)3·6H2O 

with two different Si to La ratios. For the sample with a Si/La ratio of 1.4:1, 2.5 g of 

La(NO3)3·6H2O was dissolved in 1.4 mL of DI water. Then the solution was mixed with 0.5 g of 

WMS and stirred until homogeneous. The resulting mixture was sonicated for 15 min and dried at 

100 ⁰C overnight. Finally, the solid product was calcined at 500 ⁰C for 4 h. The sample with a 

Si/La ratio of 1.4:1 was designated as La@WMS, and the one with a ratio of 8:1 was designated 

as La/WMS. 

In a typical synthesis of templated carbons, 1 g of La/WMS or La@WMS was placed in 

a ceramic boat centered in a horizontal quartz tube. The system was heated to a preset temperature 

under N2 flow (200 mL/min) at a ramp rate of 5 ⁰C /min (the ramp rate is determined following 

reported procedures for carbonization and synthesis of mesoporous carbon46,47). Then acetylene 

(30 mL/min) and steam (5mL/min) were feed into the system at this temperature for a certain 

period of time. To carbonize the sample, acetylene and steam were discontinued after the reaction, 

and the system was heated to 850 ⁰C for 2 h. In order to remove the templates, the product was 

firstly washed with HCl and then hot NaOH (2 M in 50 vol%:50 vol% water:ethanol) solution 

several times.  

The morphology of the samples was examined by a JEOL 2100 transmission electron 

microscope (TEM) and a Zeiss-LEO model 1530 scanning electron microscope (SEM). The 

thermogravimetric analysis (TGA) was performed on a TA Instruments Q600 Simultaneous TGA. 
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The Raman spectra of carbons were recorded on a Jobin Yvon Horiba high-resolution LabRam 

Raman microscope. The textural properties of samples were measured using a Quantachrome AS1 

Autosorb.  

6.4 Results and discussion 

Figure 6.1 shows the SEM and TEM images of pure WMS, La/WMS and La@WMS. 

The pure WMS (Figure 6.1a,d) has spherical shape with wrinkled pores radiating from the core to 

the surface of each particle. The TEM image of La/WMS (Si/La=8:1) (Figure 6.1b) shows that the 

contrast becomes darker especially around the center which indicates some coverage of the WMS 

surface with heavy atoms. At higher La loading, the La@WMS sample (Si/La=1.4:1) shows 

darkness all around the particle, and the La2O3 may fully cover the surface of the WMS particles 

as a thick layer (Figure 6.1c). The overall particle size, around 400 nm, of the WMS particles did 

not change after deposition of La2O3 with two different Si/La ratios.  

 

Figure 6.1. TEM and SEM images of the templates for carbon synthesis: (a,d) WMS; (b,e) 

La/WMS (Si/La=1.4:1); (c,f) La@WMS (Si/La=1.4:1). 
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 Figure 6.2. SEM and TEM images of the La/WMS (Si/La=8:1) templated carbon products 

before (a-e) and after (f-o) acid base wash from different reaction conditions. The reaction was 

performed at (a,f,k) 300 ⁰C for 1.5 h; (b,g,l) 400 ⁰C for 1.5 h; (c,h,m) 500 ⁰C for 1.5 h; (d,i,n) 

600 ⁰C for 50 min; (e,j,o) 600 ⁰C for 1.5 h. 

For initial investigation, La/WMS with the lower La loading was chosen for the carbon 

synthesis under different conditions (Figure 6.2). Acetylene and steam were allowed to contact 

with the templates at a temperature ranging from 300 ⁰C to 600 ⁰C for either 50 min or 90 min. 

When the pure WMS was used as the template, no carbon product was formed which demonstrates 

the importance of La in the reaction. Figures 6.2a-e show the carbon/template composite after the 

reaction but before acid and base wash to remove the templates. All the samples before wash 

maintain the wrinkled structure as the templates, however, after removal of the templates, the 
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remaining carbons fell apart. For the reaction temperature of 300 ⁰C and 400⁰C, the carbon 

products are amorphous with irregular shapes. When the temperature increased to 500 ⁰C, the 

product was still amorphous carbon but with some degree of spherical shape. At 600 ⁰C, the 

product started to show some sheets with a wrinkled structure but no spherical wrinkled carbon 

was found. These sheets might come from well-formed carbon with a wrinkled structure but lacked 

the mechanical strength and stability to survive the acid and base wash due to the low content of 

ordered carbon. This is also the reason for the formation of the irregular amorphous carbon 

products at lower temperatures (300-500⁰C) with low graphitic content. 

In order to increase the graphitic content in the final carbon product, La@WMS with 

much higher La2O3 loading was employed as the templates. From previous TEM images, 

La@WMS has La2O3 covering the surface of the WMS spheres. It functions not only as the catalyst 

to activate acetylene but also the substrate to grow carbon on the surface. As shown in Figure 6.3, 

the final carbon product after removal of the template (Figure 6.3c-e) maintains the exact wrinkled 

structure from the template. The SEM image in Figure 6.3c clearly shows some broken spheres 

exposing empty inner space due to the removal of templates, and the surface of the spheres possess 

the same morphology as the templates. The TEM image (Figure 6.3d) exhibits a well-formed 

spherical particle, and the center area of the particle is more transparent than the particle before 

the removal of the silica templates (Figure 6.3b), which is consistent with what is observed in the 

SEM image (Figure 6.3c). The TEM image at higher magnification (Figure 6.3e) shows lattice 

fringes in the pore walls of the carbon product with an average d-spacing of 0.37 nm in a range of 

0.34-0.4 nm attributed to (002) plane of the carbon, indicating the graphitic nature of the particles. 

It is proposed that lanthanum carbide was first formed during the reaction, and then was damaged 
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by steam resulting in the growth of the carbon. Compared to the template with lower La loading 

(La/WMS, Si/La=8:1), more La on WMS (La@WMS, Si/La=1.4:1) is important for making 

carbon with a more ordered carbon network and stronger mechanical and chemical stability. 

 

Figure 6.3. SEM and TEM images of carbon synthesized using La@WMS (Si/La=8:1) as the 

template. Products (a,b) before  and (c-e) after the removal of templates. 

Figure 6.4 shows the Raman spectra of the carbon products obtained from the two 

different templates and various reaction conditions. All the products exhibit a strong G band 

(~1600 cm-1) which is attributed to ordered sp2 hybridized carbon atoms. Even though the products 

obtained at low temperatures (300-500 ⁰C) did not maintain the wrinkled structure, they still show 

a IG/ID ratio higher than 1.1. And the products obtained at 600 ⁰C, which have wrinkled structure, 

show similar Raman spectra. The chemical vapor deposition (CVD) method is known to grow 

good quality of graphene48, and the products obtained at low temperatures might contain more 

defects compared the ones obtained at higher temperature, which makes them fragile. The five or 
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seven member rings of carbon might also contribute to the D band (~1330 cm-1) in the Raman 

spectra, but they are still sp2 hybridized42. Therefore, the synthesis at 600 ⁰C using La@WMS as 

the template results in much more sp2 hybridized carbon and fewer defects. 

 

Figure 6.4. Raman spectra of the carbon products obtained using La/WMS as the templates at (a) 

300 ⁰C for 1.5 h; (b) 400 ⁰C for 1.5 h; (c) 500 ⁰C for 1.5 h; (d) 600 ⁰C for 50 min; (e) 600 ⁰C for 

1.5 h, and (f) La@WMS as the template at 600 ⁰C for 1.5 h. 

The La@WMS templated carbon shows thermal stability up to 550 ⁰C as shown in the 

TGA analysis in air (Figure 6.5a), which is comparable to the decomposition temperature of 

commercial graphene and La-zeolite templated graphene like carbon, and higher than conventional 

mesoporous carbon (~500 ⁰C). The TGA profile also shows all the lanthania and silica are removed 
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during washing. Figure 6.5b shows the N2 adsorption-desorption isotherms of the WMS and 

La@WMS templated carbon. Both show patterns similar to type IV isotherm, which matches the 

reported isotherms for typical wrinkled mesoporous silica31,37,39. The surface areas for WMS and 

La@WMS templated carbon are 711 m2/g and 879 m2/g, respectively. The BJH pore size 

distribution of WMS shows a broad peak around 3 nm but La@WMS templated carbon doesn`t 

show any significant peak for a certain pore size due to the disordered large mesopores. The BJH 

pore size distributions could not reflect the real pore size well since the conical shaped disordered 

pores, which can be as large as 50 nm on the surface of the spheres. The carbon was expected to 

possess much higher surface area than WMS due to light weight and the accessibility of the inner 

surface, however, part of the surface area was sacrificed due to the empty core of the carbon. The 

center of the WMS particle is silica and the small end of the pores filled with La2O3 are not 

accessible for acetylene during the reaction (Figure 6.6). In general, the carbon exhibits higher 

surface area than WMS. 

 

 
Figure 6.5. (a) TGA profile of La@WMS templated carbon in air and (b) N2 adsorption-desorption 

isotherms of WMS and La@WMS templated carbon. Inserted window is the BJH pore size 

distributions of WMS and La@WMS templated carbon. 
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Figure 6.6. Schematic illustration of the area change on the particles of silica template and resulting 

carbon. 

6.5 Conclusion 

Overall, La2O3 supported on WMS was employed as the template for carbon synthesis, 

and the reaction was investigated under various conditions. The template with high La loading is 

crucial to obtain high quality carbon materials maintaining the wrinkled structure as spherical 

particles with graphitic pore walls. The resulting carbon material possesses high surface area and 

high content of graphitic nature. The combination of the unique, highly accessible wrinkled pores 

with graphitic property makes this material an excellent candidate for catalysis and energy storage. 
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7.1 Abstract 

Lanthanum oxide nanorods were employed as both a template and catalyst for carbon 

synthesis by chemical vapor deposition (CVD). The resulting carbon possesses hollow nanorod 

shapes with graphitic walls. The hollow carbon nanorods were interconnected at some junctions 

forming a maze-like network, and the broken ends of the tubular carbon provides accessibility to 

the inner surface of the carbon, resulting in a surface area of 771 m2/g. The hollow carbon was 

tested as an electrode material for supercapacitors. A specific capacitance of 128 F/g, an energy 

density of 55 Wh/kg and a power density of 1700 W/kg at 1 A/g were obtained using the ionic 

liquid, 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), as the 

electrolyte. 

7.2 Introduction 

Graphene-based materials with designed nanoarchitectures have been studied for a wide 

range of applications1,2. Many methodologies have been established to prepare three dimensional 

or porous carbons with graphitic walls in order to achieve high surface area and high conductivity, 

which are of great importance for electrical double-layer capacitors (EDLCs)3–7. The hydrophobic 

nature and high surface area of carbon based materials also provide advantages when employed as 

catalyst supports, which allows better adsorption and diffusion of reactions8,9. Among these carbon 

materials, templated carbon has been prepared using hard templates, such as zeolites and 

mesoporous silica10–16. Unfortunately, most of them have low graphitic content which limited their 

use in energy storage as well as catalysis. Graphene- and CNT- based carbon electrodes with 

porous or three dimensional structures have shown excellent performance in supercapacitors17–21. 
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Therefore, it is of great interest to make templated carbon with graphene-like walls for energy 

storage and other applications. Mesoporous silica has been used with various organic precursors 

to produce carbons with improved graphitic content22. Recently, a lanthanum exchanged zeolite 

was reported to be an excellent template for carbon synthesis23. The resulting carbon replicated the 

zeolite pore structure with graphene-like walls and conductivity comparable to gold. It is assumed 

that the carbon source reacts with La2O3 first to form LaC2 which is then turned back to La2O3 by 

reacting with steam leading to the growth of graphitic carbon (Figure 7.1). This work demonstrated 

the application of La as a catalyst for the synthesis of graphitic carbon with controlled morphology 

and structure. In the present study, pure lanthanum oxide nanorods (LaNR) were employed as 

templates to produce hollow carbon nanorods. Compared to the La-zeolite, the pure lanthanum 

oxide avoids the use of HF or NaOH to remove the silica and form high quality graphitic carbon. 

7.3 Experimental details 

7.3.1 Synthesis of La2O3 nanorods  

In a typical synthesis, 5.77 g of La(NO3)3•6H2O in 10 mL of DI water were mixed with a 

solution of 14.7 g of NaOH in 20 mL of water and heated to 110 ⁰C in a 45 mL Teflon-lined 

autoclave for 24 h. The solid product was collected by centrifugation and washed with water 

several times then dried overnight at 100 ⁰C. The product was then annealed at 200 ⁰C for 1 h. 

7.3.2 Synthesis of La2O3 nanorods templated carbon  

The La2O3 nanorods (~1 g) were placed in a ceramic boat centered in a horizontal quartz 

tube reactor. The reactor was heated to 600 ⁰C under N2 (200 mL/min). Then acetylene (30 mL/min) 
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and steam (5 mL/min) were fed into the reactor for 1.5 h followed by carbonization under N2 at 

850 ⁰C for 2h. The resulting carbon/ La2O3 composite was washed with concentrated HCl and 

water to remove the La2O3 template. 

7.3.3 Fabrication of coin cell type supercapacitors  

Symmetric JME cells were fabricated according to a previously reported procedure for 

JME packaging24. Electrodes were prepared by mixing the La2O3 nanorods templated carbon with 

2% Polytetrafluoroethylene (PTFE) binder. The carbon electrodes were immersed in the 

electrolyte, 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), for 1 

h at room temperature under vacuum prior to assembling the coin cell. The two electrodes were 

separated by a Teflon film (0.02 mm) and constructed under inert environment. 

7.3.4 Characterizations  

Scanning electron microscope (SEM) images were recorded on a Zeiss-LEO model 1530 

scanning electron microscope, Transmission electron microscope (TEM) images were recorded 

using a JEOL 2100 transmission electron microscope. Powder X-ray diffraction (XRD) patterns 

were acquired on a Rigaku Ultima IV diffractometer using Cu Kα radiation. Raman spectra was 

obtained on a Jobin Yvon Horiba high-resolution LabRam Raman microscope. The N2 adsorption-

desorption isotherms and BET surface areas were measured using a Quantachrome AS1 Autosorb. 

Electrochemical measurements were made using a BT2000 Arbin battery testing system. 

Electrochemical impedance spectroscopy (EIS) was measured on a EG&G Princeton Applied 

Research potentiostat/galvanostat. 
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7.4 Results and discussion 

 

Figure 7.1. Schematic illustration of the carbon formation mechanism on La2O3 surface. 

The LaNR shown in Figure 7.2a and d possess a rod shape with an average diameter of 

16 nm and an average length of 140 nm. The lattice fringes of LaNR (Figure 7.2b) have a d-spacing 

of 0.3 nm, corresponding to the (101) face of La2O3 (JCPDS 05-0602). Figure 7.1b and e show the 

morphology of the templated carbon before removal of LaNR. The TEM image shows that carbon 

covers the surface of the LaNR. The SEM image (Figure 7.2b) shows better contrast compared to 

that of the pure LaNR since the carbon covered on the surface of LaNR is conductive. These 

images indicate the carbon was grown only on the surface of LaNR without formation of 

amorphous carbon elsewhere. After removal of the LaNR by using acid, the resulting carbon 

retains the rod shape morphology with similar particle size (Figure 7.2c) and the inner space is 

empty as shown in the TEM image (Figure 7.2f). The acid may access LaNR through defects in 

the carbon coating, leading to openings in the tubular carbon network. The edge of the resulting 

carbon exhibits lattice fringes with a d-spacing of 0.40 nm attributed to the (002) planes of 

graphitic carbon, indicating the graphitic nature of the lanthanum oxide nanorods templated carbon. 

The d-spacing is bigger than graphite (0.34 nm) due to less than five graphene layers on the edge 

of the carbon, where the d-spacing has been reported to increase as the number of the graphene 

layers decreases25. 
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Figure 7.2. SEM and TEM images of (a,d) lanthanum oxide nanorods (LaNR); lanthanum oxide 

nanorod templated carbon (b,e) before (C@LaNR) and (c,f) after (LaNRTC) template removal. 

The LaNRTC after template removal shows a broad peak around 22⁰ in the XRD, which 

is consistent with the d-spacing measured in the TEM image. This is attributed to the (002) planes 

of the carbon whereas the LaNR and C@LaNR mainly exhibit XRD patterns for nanocrystalline 

La2O3 (Figure 7.3a). This is also consistent with the TEM images (Figure 7.2), where the LaNRTC 

shows a few layers of carbon. The Raman spectra (Figure 7.3) exhibits a strong G band (~1600 

cm-1) with a IG/ID ratio of 1.03. Previously, a La-zeolite templated carbon was reported to possess 

five- or seven- member rings which contributed to the peaks for disordered carbon (D band) but 

they are still sp2 hybridized23. In that case, the overall carbon material has high graphitic content 
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with good conductivity. Combining the results from TEM and Raman, the LaNRTC shows strong 

graphitic features.  

 

Figure 7.3. (a) Powder X-Ray diffraction spectra of LaNR, C@LaNR and LaNRTC; (b) Raman 

spectra of LaNRTC; (c) N2 adsorption-desorption isotherms of LaNR and LaNRTC. 
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Figure 7.4. Schematic illustration of the formation and TEM images of broken ends and connected 

junctions in the LaNRTC. 

Figure 7.3c shows the N2 adsorption-desorption isotherms for the LaNR template and the 

resulting carbon, LaNRTC. The isotherm of the pure LaNR is most likely a type II isotherm 

showing no porosity just space between nanoparticles with a low BET surface area of 54 m2/g. In 

contrast, the LaNRTC shows a type IV isotherm corresponding to mesoporous features with a clear 



 

109 

hysteresis between 0.4 and 1.0. The absorption below 0.1 also indicates some microporosity. The 

BET surface area of the LaNRTC is much higher than that of the pure LaNR (771 m2/g vs 54 m2/g). 

The large increase in surface area is due to the transformation of the morphology from rods to 

tubular network with accessibility to inner surface of the tubes. The TEM images in Figure 7.4 

show both closed ends and open ends. The open ends result in pore openings as large as 30 nm 

(Figure 7.4). Micropores resulting from defects are not apparent in these images. Additionally, 

some of the tube junctions were fused together as interconnected L-shaped channels. It is assumed 

that the carbon grows from one rod to the other across the tightly packed junctions rather just cover 

an individual rod. This arises because during the CVD process the carbon cannot completely coat 

the randomly stacked La2O3 nanorods. Thus, there are hollow nanorods and a complicated tubular 

carbon network. Overall, the material is composed of carbon tubes, tube stacks and fused maze-

like nano carbon tube networks. The large increase in the surface area from pure LaNR to LaNRTC, 

is much higher than that of most CNTs (< 500 m2/g)7. 

The LaNRTC was tested as an electrode material for supercapacitors using 1-Ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIMTFSI) as the electrolyte. Figure 7.5a 

shows the cyclic voltammograms (CV) of the LaNRTC at different scan rates (10, 25, 50, 75 and 

100 mV·S-1). The shape of the CV is nearly rectangular indicating ideal double layer capacitive 

behavior. The capacitances of the electrodes were calculated from CV using the following 

equation.  

𝐶 =  ∫
𝐼

ʋ
𝑑𝑡 

where I is the integrated discharge current over the potential range, Ʋ is the scan rate. The 

specific capacitance in different scan rates was calculated using following equation  
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𝐶𝑠𝑝 = 4𝐶/𝑚 

where m is mass of both electrodes. The highest Specific capacitance obtained for the 

LaNRTC was 128 ±2 F/g at 10 mV/s. Table 7.1 summarizes the obtained specific capacitance 

values at different scan rates. The capacitance of LaNRTC is among the best results for 

mesoporous graphenes19,26–32, and aligned CNTs17,33 as well as activated carbons34–37 using ionic 

liquids as the electrolyte. The ionic liquids allow a higher operating voltage window which is more 

practical for various applications. 

Table 7.1. Specific capacitance (F/g) in different scanned rates. 

Scan rates 

(mV/s) 

Specific capacitance 

(F/g) 

10 128.1 

25 126.2 

50 125.0 

75 122.6 

100 120.2 

 

Figure 7.5b shows the charge-discharge curves for the LaNRTC in different current 

densities (1-6 A/g). The JME cells were charged to 3.5 V and discharged completely at different 

current densities. Linear discharge curves show the ideal capacitive behavior. At 1 A/g, the IR 

drop is ~ 0.1 V which shows the good conductive behavior of the JME cell. Energy densities (Ed) 

and power densities (Pd) were calculated using following Equations.  

𝐸𝑑 =
1

2
𝐶𝑉2 

𝑃𝑑 = 𝐸𝑑/𝑡 
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where t is the time taken to discharge to 0 V from the initial voltage (ΔV), subtracting IR 

drop at the beginning of discharge. The energy density and power density of the LaNRTC was 

found to be 55 Wh/kg and 1700 W/kg respectively at 1 A/g.  

Figure 7.5c shows the Nyquist plots for the LaNRTC in EMITFSI electrolyte. 

Electrochemical impedance spectroscopy (EIS) can provide information such kinetics in the 

double-layer charging-discharging processes. The almost vertical increase in the lower frequency 

region is indicative of an ideal capacitance behavior. In the Nyquist plot, the x axis intercepts at 

the highest frequency region indicating bulk electrolyte resistance which mainly depends on the 

electrolyte solution.  

Figure 7.5d shows the Ragone plot of the LaNRTC at different current densities 1-10 A/g 

by comparing energy densities and power densities. Energy densities were determined by 

discharging from 3.5 V to 0 V. When the current density increases, the energy density decreased 

but retained 80% of its original energy density at discharge rate of 10 A/g. The energy density of 

the LaNRTC is much higher than the pure CNTs (55 vs 8.5 Wh/kg)33. 

Figure 7.5e shows the plot of specific capacitance retention against cycle number. After 

the 100th cycle, 97% of the specific capacitance was retained while 88 % of the capacitance was 

retained after 1000th cycle, indicating the good cycling ability. This combined with the high 

energy density and power density of the LaNRTC makes this carbon a good electrode material for 

supercapacitors.    
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Figure 7.5. Electrochemical characterizations of LaNRTC: (a) cyclic voltammograms; (b) charge 

discharge curves from 1-6 A·g-1; (c) Nyquist plots; (d) Ragone plot; (e) Specific capacitance 

retention as a function of cycle number. 

7.5  Conclusion 

In conclusion, the lanthanum oxide nanorods function as both catalyst and template for 

carbon growth, resulting in hollow carbon nanorods. The hollow carbon nanorods possess 

connected junctions and open ends which results in a maze like structure with high surface area 

and porosity. The LaNRTC shows excellent performance as an electrode material for 

supercapacitors taking advantage of its unique structure as well as low resistance. The templating 

method using lanthanum oxide nanoparticles also creates possibilities for the preparation of other 

graphitic carbons with controlled morphology. 
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8.1 Abstract  

The Y-doped and pure CeO2 nanorods were tested as dehydrogenation catalysts in the 

oxidative dehydrogenation of cyclohexene and cyclohexane. The dehydrogenation process 

involves a redox process and the increased amount of oxygen vacancies improved the catalytic 

activity. At a temperature as low as 150 ⁰C, compared to the temperature of ~600 ⁰C required for 

vanadium catalysts, the Y-doped CeO2 nanorods exhibits a cyclohexane conversion of ~20% with 

a product distribution for 38% cyclohexene, 11% benzene, 1% 1,3-cyclohexanediene and 50% 

combustion products. 

8.2 Introduction 

In the last two decades, cerium oxide has attracted considerable attention for applications 

ranging from catalysis1, and nanotherapeutics2,3 to fuel cells4,5.  As a catalytic material or catalyst 

support, cerium oxide has been studied for a variety of different catalytic reactions, including CO 

oxidation6–9, alcohol oxidation10, alkane dehydrogenation11,12, and water gas shift reaction13. Most 

of the applications for ceria are based on its excellent redox properties (Ce4+/Ce3+), which generate 

oxygen vacancies. The number of oxygen defect sites may be directly correlated with the catalytic 

activity for CO oxidation6 and ethylbenzene dehydrogenation11,12. Thus, there is interest in 

developing nano-structured cerium oxide containing more defect sites. Doping of cerium oxide 

with metals like Ni and Y also introduce more intrinsic defect sites with improved catalytic 

activities for ethylbenzene dehydrogenation and photocatalysis14, respectively. Thus, the 
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engineering of oxygen vacancies in cerium oxide could result in tuning the catalytic activity for 

various types of reactions. 

The dehydrogenation of hydrocarbons is one of the most important processes in petroleum 

refining and chemical industry. The transformation of hydrocarbons to olefins and aromatics 

provides more valuable chemical intermediates for the downstream chemical industry, including 

polymers, fine chemicals, etc. This includes the oxidative dehydrogenation of light hydrocarbons, 

such as propane dehydrogenation, iso-butane dehydrogenation15. Natural gas provides more 

sources of light hydrocarbons like ethane and propane. Aromatic compounds are largely produced 

from cyclic aliphatic hydrocarbons at high temperature, and among the non-precious metal 

catalysts for this type of reactions, vanadium based catalysts have been well studied for oxidative 

dehydrogenation of hydrocarbons, such as cyclohexane16–18. However, high temperature(> 400 ⁰C) 

is required to achieve notable conversion of cyclohexane16. Therefore, there is need to develop 

dehydrogenation catalysts with higher activity at lower reaction temperatures. The 

dehydrogenation of cyclohexane provides a new route for the production of cyclohexene, a  

starting material for adipic acid19, which is an important intermediate in the production of nylon. 

Previous reports of ethylbenzene dehydrogenation over cerium oxide11,12 encouraged us to explore 

nano-structured cerium oxide with high concentration of defect sites for the oxidative 

dehydrogenation of hydrocarbons. Herein, we report the catalytic dehydrogenation of cyclohexene 

and cyclohexane as model substrates using Y-doped cerium oxide nanorods (Scheme 8.1).  

 

Scheme 8.1 Oxidative dehydrogenation of cyclohexane and cyclohexene. 
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8.3 Experimental 

The Y-doped cerium oxide nanorods were synthesized according to a reported method14 

as follows. For example, the nanorods with a Y/Ce ratio of 1:1 were synthesized from a solution 

containing 2.89 g of Ce(NO3)3•6H2O, 2.55 g of Y(NO3)3•6H2O and 10 mL water. Then the solution 

was added into 20 mL of a 14M NaOH solution. The mixture was transferred to a 45 ml Teflon-

lined autoclave and heated at 110 ⁰C for 24 h. After the reaction mixture cooled down to room 

temperature, the solid product was washed with water 3 times and dried at room temperature 

overnight. The final product was obtained after calcination in air at 200 ⁰C for 2 h. 

Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Ultima IV X-ray 

diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM) images were 

recorded on a JEOL 2100 transmission electron microscope operating at 200 kV. Raman spectra 

were recorded on a Jobin Yvon Horiba high-resolution LabRam Raman microscope. X-ray 

photoelectron spectroscopy (XPS) was done on a Perkin-Elmer PHI system. 

Oxidative dehydrogenation tests were conducted using a vertical packed-bed flow reactor. 

Cyclohexene or cyclohexane was fed into the reactor by bubbling pure cyclohexene or 

cyclohexane at room temperature with air at a flow rate of 200 mL/min and atmosphere pressure. 

The GHSV was 1.5x104 h-1 and the reactant residence time was 0.24 s. In a typical run, 0.3 g of 

catalyst (particle size of ~ 45 μm) was packed in the between of two balls of quartz wool and 

heated to the desired temperatures. The temperature of the reaction was monitored by placing a 

thermocouple at the center of the catalyst bed. The products were introduced into a Shimadzu GC-

2014 through a 6-port sampling valve, separated by Stabliwax column and analyzed by FID 
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detector. The CO2 and H2O formed during the reaction were qualified with the same GC system 

but equipped with porapak Q column and TCD detector. 

8.4 Results and discussion 

Table 8.1. Chemical composition and structure properties of Y-CeO2 nanorods. 

Sample 
 Chemical Composition (Y:Ce)  Structure Properties 

 In gel ICP analysisa  2θ111/⁰ a/Å d/Å 

CeNR  0 0  28.6 5.4159 3.127 

Y-CeNR-0.04  0.1 0.04  28.4 5.4405 3.141 

Y-CeNR-0.21  0.3 0.21  28.48 5.4270 3.133 

Y-CeNR-0.36  0.5 0.36  28.6 5.4046 3.120 

Y-CeNR-0.53  0.7 0.53  28.64 5.3953 3.115 

                         aICP-OES 

The Y-doped CeO2 nanorods after calcination can be indexed to the fluorite cubic 

structure (JCPDS 34-0394) as shown in the XRD patterns in figure 8.1b. As the Y content 

increases, new peaks attributed to the formation of Y(OH)3 arise. At a Y/Ce ratio higher than 0.21, 

the as-synthesized samples are a mixed oxide, Ce(OH)3 and Y(OH)3. However, after calcination 

only a single phase having the fluorite structure was observed, the hydroxides are fully converted 

to the oxide. The oxide/hydroxide mixture turns into Y-doped cerium oxide as a single phase, 

which is consistent with reported results14. The diffraction peaks of the calcined samples in Figure 

8.1b are assigned to (111), (200), (220), (311) and (222) reflections. The Y atoms were successfully 

introduced into ceria with loadings of Y as high as a Y/Ce ratio of 7:3, while maintaining the 

fluorite structure. The unit cell decreases as the Y content increases (Table 8.1) which is consistent 

with the previously reported relationship between lattice parameters and oxygen vacancies14,20. 
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The elemental analysis showed a lower Y content in the final products compared to the synthesis 

mixture with the highest Y:Ce ratio of 0.53 (Table 8.1).  

 

Figure 8.1. XRD patterns of (a) as-synthesized and (b) calcined Y-doped CeO2 nanorods. 

 

Figure 8.2. (a) Raman spectra of bulk CeO2, pure CeNR and Y-CeNRs. (b)XPS spectra of Pure 

CeNR and Y-CeNR-0.04 

Raman spectra were collected in order to examine the concentration of oxygen vacancies 

(Figure 8.2a). All the samples exhibit a characteristic peak for fluorite-type structure at 465 cm-1. 

As the Y content increases, an increasing band rises around 570 cm-1 and 610 cm-1, which was 
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assigned to the extrinsic oxygen vacancies due to Y3+ and intrinsic oxygen vacancies due to Ce3+, 

respectively21,22. Both of these two bands became more intense at higher Y concentration. Ce3+ 

maintains electroneutrality with Y3+ doping compared to the pure CeO2 nanorods. The pure CeO2 

nanorods show stronger peaks for oxygen vacancies than bulk CeO2 does, which is attributed to 

the small size effect22,23 and the nanostructured CeO2 possess more intrinsic defect sites than bulk 

CeO2, thus, justifying the use of nanorods for the applications. Figure 8.2b shows the XPS spectra 

of pure CeNR and Y-CeNR-0.04, and the content of Ce3+ can be estimated according to the method 

described ref14, by using the areas of v´ and u´ where v and u stand for Ce 3d3/2 and 3d5/2. The 

resulting Ce3+ fractions are 19.83% and 23.38% for pure CeNR and Y-CeNR-0.04, respectively. 

It is reported that the amount of Ce3+ correlates to the number of oxygen vacancy sites24,25, so the 

results from XPS indirectly demonstrates the higher oxygen vacancy concentration in Y-doped 

cerium oxide nanorods, which is also consistent with the increasing band at 610 cm-1 in Raman 

spectra. 

The morphologies of the Y-CeO2 nanorods were investigated by transmission electron 

microscopy (Figure 8.3). All the samples exhibit a rod shape with the pure CeO2 nanorods having 

an average particle length around 100 nm and with of 15 nm; The introduction of Y into CeO2 

nanorods decreases the particle length to 40 nm and 30 nm on average for Y-CeNR-0.04 and Y-

CeNR-0.21 (Figure 8.3b), respectively. Initially, small amount of Y doping largely reduce the two 

dimensional size of CeO2 nanorods. Further increase in Y content results in longer nanorods, which 

have sizes of 70 nm for Y-CeNR-0.36 and 250 nm for Y-CeNR-0.53. All these samples possess a 

d-spacing of 0.31 nm, corresponding to (111) facets of CeO2. The change trend in particle length 
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is consistent with previously reported results, where the length of Y-CeNR starts to increase after 

reaching a certain contentration of Y14.  

 

Figure 8.3. TEM images of (a) CeNR, (b) Y-CeNR-0.04 (c) Y-CeNR-0.21 (d) Y-CeNR-0.36 (e) 

Y-CeNR-0.53.  

The catalytic activity was measured for the different CeO2 based catalysts as shown in 

Figure 8.4. The nanostructured CeO2 based catalysts exhibit much higher activity than the bulk 

CeO2 catalyst. This might be attributed to increased amount of defect sites in the CeO2 nanorods 

compared to the bulk. The defects are assumed to provide better adsorption of reactants and higher 

activity in the reaction. Benzene is the main hydrocarbon product with small amount of 1,3- and 

1,4- cyclohexanediene (Figure 8.4). At the same time, nanostructured CeO2 based catalysts show 

larger fractions of combustion products than the bulk CeO2, indicating the Ce3+ sites may favor 

converting the reactants into combustion products. Initially, the introduction of Y leads to a drop 
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in cyclohexene conversion and lower hydrocarbon selectivity as the Y content increases. However, 

the catalyst with the highest Y content reached a maximum at a Y/Ce ratio of 0.36. The Y-CeNR-

0.36 catalyst shows higher conversion but lower selectivity to hydrocarbon products compared to 

the non-doped CeNR. The dehydrogenation reaction is speculated to involve both the redox 

process between Ce4+ and Ce3+ and the combustion over Ce3+ sites. The oxygen vacancies are 

increased by doping with Y but the catalysts lose reductive sites. Thus, the selectivity to 

combustion products is increased due to the increase of the amount of oxygen vacancies by 

introducing higher Y content. The conversion reflects both redox processes over Ce4+ sites and 

combustion over defect sites. So when the Y content was low, the conversion increased from 

combustion does compensate for the loss from a decrease in redox sites, resulting in lower 

conversion compared to pure CeNR. As the Y content increases, the conversion exceeds that of 

the pure CeNR. 

 

Figure 8.4. Catalytic activity of different catalysts for oxidative dehydrogenation of cyclohexene 

at 200 ⁰C.  
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Figure 8.5. Dehydrogenation of cyclohexene over different reaction temperatures. (a) Conversion 

versus temperature. (b) Product selectivity over Y-CeNR-0.04 in N2 atmosphere. (b) Product 

selectivity over pure CeNR. (b) Product selectivity over Y-CeNR-0.04. 

Figure 8.5 shows the temperature profile for the dehydrogenation of cyclohexene over 

selected catalysts. The pure CeNR shows increased activity and selectivity to hydrocarbon 

products as the reaction temperature increases and the hydrocarbon selectivity shifts to pure 

benzene above 350 ⁰C. At higher temperature, the oxygen ion vacancies become mobile26 and they 

move from the bulk of the catalyst to the surface to replenish the redox sites and the surface also 

gets oxygen back faster from air at higher temperatures. The Y-doped CeNR exhibits activity even 

at low temperature. The intrinsic and extrinsic defect sites generated by Y doping are able to 

enhance the reactant adsorption and activation compared to the pure CeNR. It is surprising the 
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activity of Y-CeNR-0.04 didn`t increase as the temperature increased, and the conversion level is 

constant around 40%. The product selectivity over Y-CeNR-0.04 shows similar behavior as the 

pure CeNR, but the hydrocarbon selectivity to benzene only happens at lower temperatures above 

260 ⁰C compared to pure CeNR. For the non-oxidative dehydrogenation of cyclohexene in a N2 

atmosphere over Y-CeNR-0.04, a low conversion was observed and the products were mainly 

benzene and combustion products. In the absence of oxygen from air, the catalyst was able to 

conduct the reaction using the lattice oxygen and larger fraction of hydrocarbon products was also 

observed at higher temperature. 

 

Figure 8.6. Oxidative dehydrogenation of cyclohexane over CeNR, Y-CeNR-0.04 and NaCl 

promoted CeNR. (a) Conversion versus temperature. (b) Products selectivity over NaCl 

promoted CeNR. (d) Products selectivity over CeNR. (d) Products selectivity over Y-CeNR-

0.04. 



 

128 

Cyclohexane is more difficult to activate compared to cyclohexene which has allylic 

hydrogens. The catalytic activity of CeNR, Y-CeNR-0.04 and NaCl promoted CeNR were tested 

for oxidative dehydrogenation of cyclohexane (Figure 8.6). The CeNR and Y-CeNR-0.04 shows 

similar conversion for cyclohexane and the CeNR catalyst gave slightly higher conversion. 

However, Y-CeNR-0.04 exhibits higher selectivity to hydrocarbon products than pure CeNR does, 

which is not consistent with the trend in cyclohexene dehydrogenation discussed above. We 

assume the Cl- would be possibly coordinates with Ce3+ in oxygen vacancy clusters and block the 

defect sites resulting in higher activation temperaures but higher selectivity to hydrocarbons. As 

shown in Figure 8.6a and figure 8.6b, the NaCl promoted CeNR shows higher activation 

temperature but higher conversion above 200 ⁰C. The product selectivity over NaCl promoted 

CeNR shows a similar trend as the pure CeNR. The NaCl promoted CeNR has higher selectivity 

to hydrocarbons at higher temperature compared to the pure CeNR, which might be a result of 

blockage of defect sites preferring combustion. The selectivity (~50%) to hydrocarbons over Y-

CeNR-0.04 did not change much as the temperature increased. On the other hand, all catalysts 

show higher selectivity to benzene at high temperature, which is similar to dehydrogenation of 

cyclohexene. Therefore, more oxygen vacancies generated by Y doping improved the CeNR 

catalyst activity where the defect sites provide better adsorption and activation of cyclohexane, 

which enables the catalyst to possess good activity even at low temperatures. One of the best 

catalyst reported for this reaction, silica supported V2O5, shows a conversion above 20% around 

600 ⁰C16, in contrast, the Y-doped CeNR exhibits similar activity at much lower temperature 

without utilizing noble metals like Pt, Pd or Au, providing potential applications for low energy-

consuming dehydrogenation processes.  
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Figure 8.7. (a) Raman spectra and (b) XRD patterns of catalysts before and after dehydrogenation 

of cyclohexene. 

Figure 8.7. shows the Raman spectra and the XRD patterns of the catalysts after 

dehydrogenation reactions as well as the XRD pattern after steaming the CeNR catalyst. Compared 

to the fresh catalysts, both Y-CeNR-0.04 and pure CeNR show an increase in the intensity at 610 

cm-1 related to intrinsic oxygen vacancies, which further confirms that more Ce4+ sites were 

reduced to Ce3+ during the reactions. The Ce4+ sites were reduced by the reactants and the lattice 

oxygens were used to form water. The resulting oxygen vacancies can be refilled with molecular 

oxygen from air to complete the catalytic cycle. Also, the used catalysts retained crystallinity even 

after steaming at 200 ⁰C for 2 hours, which indicates good stability of the catalysts. 

8.5 Conclusion 

In summary, CeO2 nanorods were doped with Y by direct synthesis and the rod length 

changes with different Y content. It was observed that the amount of oxygen vacancies increases 

as the Y content increases, and the Y3+ also introduced extrinsic oxygen vacancies. These catalysts 
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were able to catalyze the oxidative dehydrogenation of cyclohexene and cyclohexane, which 

involves redox process between Ce4+ and Ce3+. The Y-doped CeO2 nanorods exhibited good 

catalytic activity and selectivity for dehydrogenation of cyclohexane with a conversion of ~20% 

at a low reaction temperature of 150 ⁰C, which is 450⁰C lower the required temperature to achieve 

similar performance for reported vanadium catalyst. The results are inspiring for future 

development of non-precious metal catalysts based on ceria. Thus, it is promising to use ceria 

based catalysts for the applications in fundamental chemical transfomations, such as 

dehydrogenation of light hydrocarbon into olefin or cyclic alkane dehydrogenation into aromatics. 

8.6 Acknowledgement 

This work is supported by the Robert A. Welch Foundation (AT-1153



 

 
 

131 

8.7 References 

(1)  Trovarelli, A.; de Leitenburg, C.; Boaro, M.; Dolcetti, G. Catal. Today 1999, 50, 353–367. 

(2)  Hirst, S. M.; Karakoti, A. S.; Tyler, R. D.; Sriranganathan, N.; Seal, S.; Reilly, C. M. 

Small 2009, 5, 2848–2856. 

(3)  Celardo, I.; Traversa, E.; Ghibelli, L. J. Exp. Ther. Oncol. 2011, 9, 47–51. 

(4)  Zhang, T. S.; Ma, J.; Huang, H. T.; Hing, P.; Xia, Z. T.; Chan, S. H.; Kilner, J. a. Solid 

State Sci. 2003, 5, 1505–1511. 

(5)  Kharton, V. V.; Figueiredo, F.; Navarro, L.; Naumovich, E.; Kovalevsky, A.; 

Yaremchenko, A.; Viskup, A.; Carneiro,  a; Marques, F.; Frade, J. J. Mater. Sci. 2001, 36, 

1105–1117. 

(6)  Lawrence, N. J.; Brewer, J. R.; Wang, L.; Wu, T. S.; Wells-Kingsbury, J.; Ihrig, M. M.; 

Wang, G.; Soo, Y. L.; Mei, W. N.; Cheung, C. L. Nano Lett. 2011, 11, 2666–2671. 

(7)  Zhou, K.; Wang, X.; Sun, X.; Peng, Q.; Li, Y. J. Catal. 2005, 229, 206–212. 

(8)  Guzman, J.; Carrettin, S.; Corma, A. J. Am. Chem. Soc. 2005, 127, 3286–3287. 

(9)  Lee, Y.; He, G.; Akey, A. J.; Si, R.; Flytzani-Stephanopoulos, M.; Herman, I. P. J. Am. 

Chem. Soc. 2011, 133, 12952–12955. 

(10)  Abad, A.; Concepción, P.; Corma, A.; García, H. Angew. Chemie - Int. Ed. 2005, 44, 

4066–4069. 

(11)  Murugan, B.; Ramaswamy, A. V. J. Am. Chem. Soc. 2007, 129, 3062–3063. 

(12)  Xu, J.; Xue, B.; Liu, Y. M.; Li, Y. X.; Cao, Y.; Fan, K. N. Appl. Catal. A Gen. 2011, 405, 

142–148. 

(13)  Si, R.; Raitano, J.; Yi, N.; Zhang, L.; Chan, S.-W.; Flytzani-Stephanopoulos, M. Catal. 

Today 2012, 180, 68–80. 

(14)  Liyanage, A. D.; Perera, S. D.; Tan, K.; Chabal, Y.; Balkus, K. J. ACS Catal. 2014, 4, 

577–584. 

(15)  Bhasin, M. M.; McCain, J. H.; Vora, B. V.; Imai, T.; Pujadó, P. R. Appl. Catal. A Gen. 

2001, 221, 397–419. 

(16)  Panizza, M.; Resini, C.; Busca, G.; Lopez, E. F.; Escribano, V. S. Catal. Letters 2003, 89, 

199–205. 

(17)  Feng, H.; Elam, J. W.; Libera, J. A.; Pellin, M. J.; Stair, P. C. J. Catal. 2010, 269, 421–

431. 



 

132 

(18)  Kung, M. C.; Kung, H. H. J. Catal. 1991, 128, 287–291. 

(19)  Sato, K.; Aoki, M.; Noyori, R. Science (80-. ). 1998, 281, 1646–1647. 

(20)  Rey, J. F. Q.; Muccillo, E. N. S. J. Eur. Ceram. Soc. 2004, 24, 1287–1290. 

(21)  Sakar, M.; Rajkumar, R.; Tripathy, S.; Balakumar, S. Mater. Res. Bull. 2012, 47, 4340–

4346. 

(22)  Goto, Y.; Takahashi, K.; Omata, T.; Otsuka-Yao-Matsuo, S. J. Phys. Conf. Ser. 2009, 165, 

12041. 

(23)  Zhang, F.; Chan, S.-W.; Spanier, J. E.; Apak, E.; Jin, Q.; Robinson, R. D.; Herman, I. P. 

Appl. Phys. Lett. 2002, 80, 127–129. 

(24)  Trogadas, P.; Parrondo, J.; Ramani, V. ACS Appl. Mater. Interfaces 2012, 4, 5098–5102. 

(25)  Dutta, P.; Pal, S.; Seehra, M. S.; Virginia, W.; Uni, V.; Virginia, W.; Shi, Y.; Eyring, E. 

M.; Ernst, R. D. Chem. Mater. 2006, 18, 5144–5146. 

(26)  Mori, T.; Drennan, J.; Lee, J. H.; Li, J. G.; Ikegami, T. Solid State Ionics 2002, 154–155, 

461–466. 

 

 

 



 

 
 

133 

CHAPTER 9 

SURFACE RECONSTRUCTION OF CERIUM OXIDE NANORODS BY GOLD 

NANOPARTICLES  

 

Authors - Zijie Wang, Kui Tan, Yves J. Chabal, Beth S. Guiton, Kenneth J. Balkus, Jr. 

 

Department of Chemistry and Biochemistry, BE26 

 

 

The University of Texas at Dallas 

 

 

800 West Campbell Road 

 

 

Richardson, Texas 75080-3021 

 

 

 

  



 

134 

9.1 Abstract 

Cerium oxide nanorods and tin-doped cerium oxide nanorods were successfully 

synthesized and used as supports for Au nanoparticles. Two sizes of Au nanoparticles were 

achieved by using two different deposition methods. The smaller Au nanoparticles (~1 nm) on 

cerium oxide nanorods were invisible under TEM. The samples heated in vacuum at a temperature 

higher than 600 °C show reconstruction of the surface of the nanorods. Different heating 

temperatures and times were investigated to better understand the change in the morphology of 

CeO2. The XPS spectra shows unexpected results that the concentration of Ce3+ decreased and no 

Au signal was detected after heating. 

9.2 Introduction 

Nanostructured cerium oxide has attracted considerable attention for the last two decades. 

The redox property of cerium oxide makes it a promising oxidation catalyst for a variety of 

chemical reactions1,2. The oxygen vacancies on cerium oxides are usually the catalytic active sites 

and the concentration of oxygen vacancies could be tuned by doping with other metals or reducing 

the crystal size to the nanoscale3–5. The nanosize effect6 introduces more oxygen vacancies with 

enhanced catalytic performance. The engineering of cerium oxide nanostructures and the 

concentration of oxygen vacancies creates applications for cerium oxide based catalysts in a 

variety of chemical reactions. 

In particular, Au nanoparticles supported on cerium oxide have also been intensively 

studied for some important chemical reactions related to energy industry, such as methanol 

reforming7, the water gas shift reaction8,9 and CO oxidation10–13. The strong support interaction 
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between gold and cerium oxide stabilized Au nanoparticles and avoid sintering of Au into larger 

particles during high temperature reactions, where the interface between gold and ceria was found 

to be the active sites for CO oxidation and water gas shift reaction14. And the non-metallic Au 

supported on nanostructured cerium oxide shows superior catalytic performance for low 

temperature water gas shift reaction, where the oxygen vacancy sites serve as the anchoring sites 

of Au and the positively charged Au is atomically dispersed on cerium oxide15–18. The positively 

charged Au was demonstrated experimentally by Flytzani-Stephanoupolus to be the active sites 

and stabilized by oxygen vacancies with strong interaction with ceria nanoparticles15. The state of 

Au ions is crucial to achieve excellent catalytic activity for different catalytic applications. The 

shape of nanostructured ceria also plays a key role in determining the catalytic activity of Au on 

ceria for both water gas shift reaction and methanol steam reforming reaction, where ceria 

nanorods exhibits the best activity over cubes and polyhedral due to exposure of different crystal 

planes19,20. Corma and co-workers also reported superior catalytic performance of Au on 

nanocrystalline ceria in CO oxidation compared to conventional ceria, and this catalyst is very 

effective for selective oxidation of alcohols as well13,21. Therefore, it is of interest to further 

investigate the property of Au nanoparticles on nanostructured cerium oxides and the interaction 

between Au and the oxygen vacancies of cerium oxide. Recently, Guiton and co-wrokers reported 

the dissolution of SnO2 using metallic gold nanoparticles22. If the CeO2 was doped with Sn, then 

it may be possible to selectively remove the Sn leaving defect sites. Both Au decorated CeO2 and 

Sn doped CeO2 nanorods were prepared and heated to created defects. Surprisingly, both CeO2 

and Sn doped CeO2 show significant reconstruction. In present work, a study of the heating 
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temperature and gold loading was used to transform the cerium oxide nanorods into new 

morphologies containing etched spots on the surface of cerium oxide nanorods. 

 

9.3 Experimental details 

9.3.1 Synthesis of cerium oxide nanorods (CeNR) and tin-doped cerium oxide nanorods 

(Sn-CeNR) 

In a typical synthesis of Sn-CeNR with a Sn/Ce ratio of 3:7, 2.02 g (4.66 mmol) of 

Ce(NO3)3·6H2O and 0.451 g of SnCl2·2H2O are mixed in 5 mL of water. To this solution, another 

solution of 7.35 g NaOH in 10 mL water was added. The mixture was then transferred to a 23 mL 

Teflon lined autoclave and heated at 110 °C for 24 h. The resulting solid product was centrifuged 

and washed with water for several times. After dried overnight, the product was annealed at 200 

°C for 1 h in air. The sample with a Sn/Ce ratio of 7:3 was prepared by adjusting the ratio of Sn 

and Ce salts while the pure CeNR (yellow) was prepared by using Ce source only. The samples 

with Sn/Ce ratios of 3:7 and 7:3 are denoted as Sn-CeNR-0.3 (yellow) and Sn-CeNR-0.7 (light 

yellow), respectively. 

9.3.2 Deposition of Au nanoparticles on CeNR and Sn-CeNR 

Au nanoparticles were deposited on the nanorods by two different methods. In the first 

method, 1 g of nanorods were treated with 100 mL of 0.6 M thiolactic acid solution in dark for 30 

min. Then the nanorods were collected by centrifugation and washed with water before dried at 50 

°C overnight. The resulting product was immersed into a 10-4 M chloroauric acid solution for 15 
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min or 20 h. Then the product was washed with water and dried overnight. Finally, the product 

was photoreduced in a quartz container using a 450W mercury arc lamp for 60 min. The second 

method of depositing Au on the nanorods is as follows: 0.134 g of CeNR was dispersed in 5 mL 

of water and the pH of this mixture was adjusted to 9 by adding 0.9 M NaOH solution. After that, 

2 ml of 0.025 M chloroauric acid solution was added dropwise. The solid product was collected 

by centrifugation and washed with water. The final product was calcined at 300 °C for 5 h after 

dried overnight at 100 °C. The sample codes according to different conditions are summarized in 

Table 9.1. 

Table 9.1. Synthesis conditions and appearances of Au@CeNR and Au@Sn-CeNR samples 

Sample No. Nanorods used Au treatment Appearance 

Au@CeNR-1 CeNR 15 min Dark yellow 

Au@CeNR-2 CeNR 20 h Dark yellow 

Au@Sn-CeNR-1 Sn-CeNR-0.3 20 h Dark yellow 

Au@Sn-CeNR-2 Sn-CeNR-0.7 20 h Dark yellow 

Au@CeNR-3 CeNR NaOHa Purple 

                     aAu NP were deposited on CeNR using NaOH method. 

9.3.3 Heating treatment of Au supported on CeNR and Sn-CeNR 

The samples placed in a ceramic boat was centered in a horizontal tubular furnace. Then 

the system was pumped to vacuum (<25 Torr) and heated to desire temperature for certain period 

of time. The samples were taken out after the system cooled down to room temperature. 

9.3.4 Characterizations 

Powder X-ray diffraction (XRD) patterns were obtained on a Rigaku Ultima IV X-ray 

diffractometer.  A JEOL 2100 transmission electron microscope (TEM) operating at 200 kV was 
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used to obtain TEM images. X-ray photoelectron spectroscopy (XPS) was conducted on a Perkin-

Elmer PHI system. 

9.4 Results and discussion 

The pure cerium oxide nanorods and tin-doped cerium oxide nanorods show the fluorite 

cubic structure as shown in Figure 9.1 (JCPDS 34-0394).  The peaks are assigned to the (111), 

(200), (220), (311) and (222) reflections for fluorite structure. The Sn atoms were incorporated 

into cerium oxide matrix successfully while remaining the crystal structure of cerium oxide even 

at high tin content of 70%. 

 

Figure 9.1. XRD patterns of CeNR, Sn-CeNR-0.3 and Sn-CeNR-0.7. 

 

The nanorods were used to support Au nanopariticles by a method previously reported to 

deposit ~1 nm Au nanoparticles on titanium oxide nanotubes23. However, no Au nanoparticles 

were observed in the TEM images for both pure CeO2 and Sn-doped CeO2 nanorods as shown in 
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2theta/degrees
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Figure 9.2a-d. This is consistent with previous reports that Au atomically dispersed on CeO2 

nanorods are invisible by TEM7. Interestingly, after the heat treatment in a vacuum, all samples 

showed spots on the surface of the nanorods (Figure 9.2e-h). These spots range from 1 nm to 8 nm 

with lower contrast compared to the nanorods. The spots on the surface were suspected to be holes 

but no deep pits were observed on the edges of the nanorods. As shown in the inserted image in 

Figure 9.2g, the d spacing inside these spots are the same as the CeO2 nanorods. Au@CeNR-2 is 

assumed to have high Au loading, but no Au particles are visible in the TEM images before or 

after heat treatment. Au nanoparticles are known to etch tin oxide22, but both Au@Sn-CeNR-1and 

Au@Sn-CeNR-2 are not etched more than pure CeO2. Even Au@Sn-CeNR-2 which has a high 

Sn/Ce ratio of 7:3 shows a similar morphology to Au on pure CeNR.  

 

 

Figure 9.2. TEM images of the samples (a-d) before and (e-h) after heating at 600 °C in a 

vacuum for 1 h. (a,e) Au@CeNR-1; (b,f) Au@CeNR-2; (c,g) Au@Sn-CeNR-1; (d,h) Au@Sn-

CeNR-2. 
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Heat treatment at various temperatures were also investigated as shown in Figure 9.3. 

Au@CeNR-1 was heated in vacuum at 600 °C, 700 °C and 800 °C for 1 h with no obvious 

difference in morphology. All three samples showed similar spots on the surface. All three samples 

are remain yellow as before heating, which indicates the Au particles did not sinter. This is 

consistent with the TEM images, where no large Au particles were found. 

 

Figure 9.3. TEM images of Au@CeNR-1 after heated in vacuum for 1h at (a) 600 °C; (b) 700 

°C; (c) 800 °C. 

 

 

Figure 9.4. TEM images of Au@CeNR-1 after heated in vacuum at 600 C for (a) 1 h; (b) 3 h; (c) 

5 h. 

 

Figure 9.4 shows the TEM images of Au@CeNR-1 after being heated for different period 

of time at 600 °C. As the heating time becomes longer, the concentration of the surface spots was 

not changed, such that after heating for 1 h, the morphology of the surface of CeNR seems to be 
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fixed and stable over longer heating time. However, the appearance of the samples after heating 

for 3 h and 5 h are both light purple compared to the yellow color of the one heated for 1h. This 

indicates the existence of gold nanoparticles larger than 1 nm but no Au particles were seen by 

TEM. 

Another preparation method was used to deposit larger Au nanoparticles on CeNR from 

a NaOH solution14. The Au nanoparticles on the resulting sample has an average diameter of 7 nm, 

which is clearly observed under TEM as shown in Figure 9.5a. The d spacing of Au is about 0.24 

nm while the CeNR has a d spacing of 0.31 nm. After this sample was heated at 600 °C for 30 min 

in vacuum, the spots appeared. Inside some spots, black dots (~1.4 nm) were observed, which are 

suspected to be gold nanoparticles (Figure 9.5b). The d spacing inside these spots are the same as 

CeNR. The appearance of Au@CeNR-3 before and after heat treatment are both purple, which 

indicates the existence of large Au nanoparticles. 

 

Figure 9.5. TEM images of Au@CeNR-3 (a) before and (b) after heated at 600 °C in vacuum for 

30 min. 
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Figure 9.6. Images extracted from movies of Au@CeNR-3 heating by in situ TEM. 

 

 

Figure 9.7. (a) TEM image of Au@CeNR-3 after heating and inserted image is before heating . 

EDS spectrum of Au@CeNR-3 before (b) and after (c) heating corresponding to the area shown 

in the TEM image. 
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Real time TEM analysis of the process of heating Au@CeNR-3 from 20 °C to 800 °C 

was recorded as shown in Figure 9.6. The spots start to appear at 588 °C, and the number of the 

spots increased rapidly from 661 °C. Finally, the size of these spots reached maximum at 800 °C. 

After continuous heating at 800 °C, no further morphology change was observed. The spots seem 

to be stabilized after heated to 800 °C. In the las few images for 800 °C, some black dots showed 

up which did not exist before 539 °C. This indicates the sintering of some Au into large and visible 

particles. The EDS spectrum before and after heating Au@CeNR-3 are shown in Figure 9.7. Both 

of them exhibit peaks for Au, even no Au particles are observed in the TEM image before heating. 

It is assumed that the Au was atomically dispersed on CeNR but part of them sintered to form 

larger particles after heating. 

The XPS spectra of Au@CeNR-1 before and after the heat treatment is shown in Figure 

9.8. In the spectra of Au@CeNR-1 before heating, there are clear peaks for Au. The XPS spectra 

of the sample after heating was also taken in order to investigate the distribution of the oxidation 

states of Au or any shift in binding energies. However, no signal for Au was observed for the 

sample after heating. The content of Ce3+ is estimated using a previous reported method3. The 

sample before heating has 23% of Ce3+ while it was only 13% after heating. It was not expected 

that the amount of Ce3+ would decrease since the CeNR might lose oxygen during heating in 

vacuum and generate more Ce3+. It is assumed that the spots appeared on the surface of CeNR are 

oxygen vacancy clusters, but due to the large size of these vacancy clusters, Au might be binding 

to the Ce3+ in these vacancy clusters and stabilize the oxygen vacancy clusters. It still unknown 

why there is no signal for Au in the XPS spectra for Au@CeNR-1 after heating, which might have 

relationship with the stabilized spots area on the CeNR. 
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Figure 9.8. XPS spectra of Au@CeNR-1 (a) before and (b) after heated in vacuum at 600 °C for 

1 h.  

9.5 Conclusion 

Overall, Au nanoparticles are deposited on CeNR and Sn-CeNR by two different 

methods. The small Au nanoparticles (~1 nm) is invisible under TEM while 7 nm Au nanoparticles 

were clearly observed on the sample using the NaOH method to deposit Au. All the samples were 

heated in vacuum at a temperature over 600 °C and generated a lot of spots or pits on the surface 

of the nanorods. These spots are not deep enough to be observed as pits on the edges of the 

nanorods and assumed to be stabilized oxygen vacancy clusters. The missing of Au signal in the 

XPS spectra for the sample after heating is still unknown and the decrease of the Ce3+ concentration 

after heating is unexpected. The state of Au on the nanorods needs to be further investigated to 
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explain the stabilized spots. And the state of Au also together with property of the spots would 

determine the future direction in catalytic applications. 
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