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ABSTRACT 

Hierarchically porous carbons containing oxygen (NC/O) and, oxygen and nitrogen (NC/O,N) were synthesized 

by nanocasting using furfuryl alcohol and furfuryl amine as the carbon precursors and hierarchically porous silica (SiO2) 

monoliths as the template. Gold nanoparticles (Au NPs) supported on the nanocast carbons were synthesized by solution 

infiltration followed by reduction by heating in a hydrogen atmosphere. The materials were characterized by transmission 

electron microscope (TEM), scanning electron microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy and N2 adsorption for textural parameters determination. The mesoporous and 

macroporous structures of the SiO2 template were well replicated in the nanocast carbons giving high surface area and 

mesopore volume. Au NPs were well dispersed on the carbon support and were in zero oxidation state. Amorphous carbon 

was present in all samples and a new type of disorder could be seen in NC/O,N consistent with the presence of nitrogen. 

Catalytic oxidation of benzyl alcohol by hydrogen peroxide showed that Au NPs on both NC/O and NC/O,N were 

catalytically active, with the NC/O,N supported Au NPs being more active and showing less decrease in activity with reuse. 

KEYWORDS: Heterogeneous, Nitrogen, Porous, Au NPs, Benzyl alcohol, Catalysis 

INTRODUCTION 

The oxidation of alcohols is an interesting organic transformation that has been extensively studied using 

catalysts[1-6]. The selectivity of formation of a desired product depends strongly on the properties of the catalyst. 

Production of the corresponding acid from the alcohol after complete oxidation[7,8], the aldehyde by partial oxidation[9-

12] or production of more than one product[6,13] has been reported in many studies. Nanoparticles (NPs) are attractive 

catalysts due to their high surface to volume ratio[14] but using NPs in homogeneous catalysis possess distinct 

disadvantages. Principally, the catalyst is hard to remove from the reaction mixture limiting the potential industrial use[15]. 

Product purification is therefore more difficult. Generally, in order to remove NPs they need to be aggregated and 

precipitated[16], which limits their reuse as catalysts.This is a major limitation for precious metal NPs and NPs that are 

expensive to synthesize[17]. NPs tend to aggregate to minimize the surface area when they are not covered by a ligand 

layer, reducing the catalytic activity. Even NPs passivated by ligands can aggregate in the reaction mixture due to changes 

in the chemical environment. In order to prevent such aggregation NPs are protected with capping agents such as 
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polymers[18] and dendrimers[19] that can assist in producing ultra small NPs. The drawbacks of NPs for homogeneous 

catalysis could be eliminated by stabilizing NPs onto a solid support as the solid catalysts could be easily removed from the 

reaction mixture[15,17]. Au NPs stabilized on solid supports have attracted interest for many chemical reactions like 

hydrogenation [20,21], oxidation[3,9] and coupling reactions[21]. Au NPs incorporated onto carbon supports including 

activated carbon, graphitic carbon and reduced graphene oxide have been investigated for catalytic activity in benzyl 

alcohol oxidation[22]. It has been reported that incorporation of two kinds of metal NPs like Au and Pd on activated 

carbon[13,23], carbon nanofibers[24], and mesoporous carbon[25] increases the catalytic activity. Furthermore, bimetallic 

NPs like Au and Pd on mesoporous carbon has shown high selectivity for conversion of benzyl alcohol to 

benzaldehyde[25]. In addition to carbon other supports including mesoporous SiO2[26], ceria[27], and alumina[28] have 

also used as supports for Au NPs and bimetallic Au and Pd NPs. Carbon is particularly suitable as a support because 

carbon materials show high resistance to acids and bases, and the surface chemical structure and porosity can be well 

controlled[29]. In this work mesoporous carbons incorporating oxygen, and oxygen and nitrogen have been synthesized by 

using furfuryl alcohol (FA) and furfuryl amine as carbon precursors for nanocasting into mesoporous silica monoliths. 

HAuCl4 was introduced into these mesoporous carbons by the incipient wetness method followed by reduction to form Au 

NPs. The catalytic activities of the resulting materials have been investigated for the benzyl alcohol oxidation reaction. The 

stability of Au NPs on oxygen and oxygen and nitrogen rich carbon has been evaluated. 

MATERIALS AND METHODS 

Materials 

Polyethylene glycol PEG 35,000, nitric acid 70%, potassium hydroxide, benzyl alcohol, potassium carbonate, 

ethanol (95%), acetone and ethyl acetate were obtained from VWR. Aqueous ammonium hydroxide (NH4OH, 29%) and 

hydrogen peroxide (30%) were purchased from Fisher Scientific. Furfuryl alcohol (FA) 98% and Furfuryl amine were 

purchased from Acros Organics. Tetraethyl orthosilicate (TEOS) 98% and anhydrous oxalic acid (OA) 98% were 

purchased from Alfa Aesar. Octadecyltrimethylammonium bromide (C18TAB) was obtained from Genescript. 

HAuCl4.3H2O 49% was purchased from Sigma-Aldrich. All chemicals were used as received without further purification.  

Catalyst Synthesis 

Synthesis of SiO2Monoliths 

Synthesis of SiO2 monoliths was carried out according to a literature procedure[32]. Briefly, PEG 35000 (2.2 g) 

was added to deionized water and was stirred until it completely dissolved. Then 6.5 ml of 30% HNO3 was added to the 

stirring mixture. After that 32 ml of TEOS was added and stirred until a homogeneous mixture was obtained. C18TAB (5.5 

g) was then added and the mixture was stirred until all surfactant was dissolved. The resulted sol was degassed for a few 

minutes under low vacuum. They were poured into well plates and were incubated at 40 °C for 72 h. The gels were 

removed from the well plates and immersed in 1 M NH4OH at 90 °C for 12 h. Then the monoliths were washed with 0.1 M 

HNO3 and then washed with deionized water several times until the solution pH was within 1 unit of pH=7. The monoliths 

were then washed with acetone to remove residual water and dried at 40 °C for 72 h. The monoliths were calcined at 550 

°C for 5 h at a heating rate of 1 °Cmin-1. 
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Synthesis of NC/O 

Preparation of NC/O was performed according to a modified version of a published procedure [49,50]. The SiO2 

monoliths, which are the templates for formation of the mesoporous carbon monoliths, were degassed for several hours 

prior to use. FA was diluted with ethanol in a 5:1 volume ratio, and OA was dissolved in the mixture at a molar ratio of 

FA: OA of 200:1. The SiO2 monoliths were infiltrated in FA mixture for 12 h. The monoliths were then heated at 80 °C for 

24 h to polymerize the FA. The infiltration and polymerization were repeated. The monoliths were heated to 800 °C under 

a flowing nitrogen atmosphere in 4 h and were held at that temperature for 2 h. After cooling, the monoliths were etched in 

3 M KOH at 75 °C for 24 h in order to remove the SiO2 template. They were then washed with deionized water several 

times and dried at room temperature. 

Synthesis of NC/O,N 

Synthesis of NC/O,N was carried out according to a modified version of an existing procedure[30]. The SiO2 

monoliths were degassed for several hours prior to use. They were infiltrated in furfuryl amine solution for 12 h. Then they 

were heated at 100 °C for 24 h and then at 160 °C for another 24 h in order to enhance the cross linking of the furfuryl 

amine. The infiltration and heating were repeated three times to provide sufficient robustness for the monolith to survive 

pyrolysis and etching. These were carried out as described above for NC/O.  

Synthesis of Au NPs Supported NC 

HAuCl4 was introduced to mesoporous carbon by a solution infiltration method. Powdered NC was addedto 

HAuCl4 (1 mg/ml) aqueous solution in which the Au concentration is prepared to be 1 wt% relative to the carbon weight. 

The suspension was stirred for 24 h at room temperature and then heated at 80 °C while stirring until the solution 

evaporated. Then the powder was washed three times with deionized water until no Cl- ions were detected in washings. 

The powder was then dried at 70 °C for 24 h. To reduce the gold ions to metallic gold the powder was heated to 250 °C in 

4 h and held at that temperature for 2 h in 5% H2/N2 flow.  

Characterization 

XRD patterns were collected by Bruker D2 phaser equipped with a Cu Kα source (Wavelength, 1.54 Å) Lynx-Eye 

1D strip detector, and an anti-scatter blade fixed at 3 mm. The interlayer spacing, d was calculated from the Bragg 

equation, d= λ/2sinθ, in which λ is the wavelength of the Cu Kα x-ray source, θ is the Bragg angle and d is the interlayer 

spacing. Crystallite size (LC) was calculated by the Debye-Scherrer equation, LC = Kλ/B cosθ, in which LC is the crystallite 

size, K is the shape factor (0.9), and B is the full width at half maximum of the peak in radians. The acquisition time for all 

samples was 1 h. TEM images were obtained on a FET Tecnai F20, equipped with a cold field emission gun and a super 

twin objective lens with an accelerating voltage of 200 kV. Samples were prepared on holey carbon supported by a Cu 

grid. The morphology was imaged by bright field image. 

Raman spectra were acquired by using a 10× objective lens and 532 nm laser wavelength as the excitation source. 

The laser power at the sample was kept around 0.5 mW to avoid heating effects. The spectra were deconvoluted with 

Lorentizian curves by using the peakfit software. A base line subtraction was performed before fitting the data. The region 

with frequencies ranging from 1200 to 1800 cm-1 (the D- and G-bands) was fitted with three bands. XPS were acquired on 

a Kratos Axis 165 XPS system that is operated with a dual Mg/Al anode and a monochromatic x-ray source at 1486.6 
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eV,corresponding to the Al Kα line. Photoelectrons were collected with a takeoff angle of 90° relative to the sample 

surface. Survey and high resolution spectra were acquired in order to determine the chemical states of C, O, N and Au. The 

survey spectra were taken at a pass energy of 160 eV, with a step size of 0.1 eV, using a single scan. The dwell time was 

500 ms for the survey spectra and 1000 ms for the high resolution spectra. The peak deconvolution of all the high 

resolution spectra was performed using a Gaussian line shape. 

SEM images were collected using a JEOL 7000 FE-SEM operated at 30 kV, with diode based back scatter 

detector and an Oxford EDS detector for elemental analysis. N2 adsorption measurements were taken on a Quantachrome 

Nova 2200e pore size analyzer at -197 °C with He mode to determine the surface area and void volumes of the monoliths. 

The interpretation of the isotherms was carried out with Quantachrome Nova Win software version 11.03, using a 

multipoint BET method[51] to determine the surface areas and the BJH method[52] was applied to the adsorption branch 

to determine the pore size distribution. The volume of micropores was determined by the t-plot method. Product analysis 

was carried out on an HP 6890N gas chromatograph using a DB-1701 30 m × 320 µm × 1.0 µm column. A Waters 

Micromass Quattro micro mass spectrometer was used as detector.  

Catalytic Tests 

The oxidation of benzyl alcohol was carried outby using a batchreaction vessel with a refluxing condenser. 

Typically, the powdered catalyst (20 mg) was added into an appropriate volume of deionized water in a 50 ml round 

bottom flask. Then 0.4 mmol of K2CO3 (0.053g) was added while stirring followed by 0.2 mmol of benzyl alcohol. The 

reaction mixture was heated to 95 °C while refluxing and then 1 mmol of H2O2 (30%) was quickly added and the reaction 

mixture was stirred for 24 h. The contents of the flask were cooled to room temperature and transferred into a centrifuge 

tube. The flask was washed with 1 ml of ethyl acetate and that was also transferred into the centrifuge tube. Then the 

reaction mixture was centrifuged at 10,000 rpm for 1 h. The supernatant was collected and was centrifuged again using the 

same conditions and then that supernatant was filtered through a 0.2 µm filter. The pH of the filtrate was adjusted to 2 and 

then the reactants and products were extracted with ethyl acetate using 1 ml of ethyl acetate, repeated three times to ensure 

complete collection. The extracts were collected and a trace of water was removed using MgSO4. The internal standard 

method was used for quantification, where the internal standard, toluene, was added to the extracted reactant and product 

mixture. Then reactants and products were analyzed by GC-MS. 

Reusability study of the catalyst: the used catalyst was washed with deionized water twice, and separated by 

centrifugation at 10,000 rpm for 10 minutes and then used for the catalytic reaction as described above. 

RESULTS AND DISCUSSIONS 

Materials Characterization 

Silica monoliths, cylindrical in shape and of about 7 mm in length and 5 mm of diameter, were used as templates 

for nanocasting carbon. Carbon monoliths made using FA will be referred to as NC/O as these monoliths have surface 

oxygen functionality after they are etched.Carbon monoliths made using furfuryl amine have added nitrogen and so will be 

referred to as NC/O, N. As described in the experimental section, NC/O monoliths showed shrinkage compared to the SiO2 

monoliths. When formed in the nanocasting process, NC/O,N appeared to be monoliths, but broke into pieces during 

polymerization of the furfuryl amine and during etching to remove the SiO2. The SEM image in Figure 1a shows the 

macropore structure of an SiO2 monolith. SEM images in Figure 1b and c show that the carbon produced by nanocasting 



Heteroatom Rich Mesoporous Carbon Supported Gold Nanoparticles – An Efficient                                                                        17 
Catalyst for Benzyl Alcohol Oxidation 

 

 
Impact Factor(JCC): 3.8624 - This article can be downloaded from www.impactjournals.us 

 

(NC/O and NC/O,N respectively) both show similar macropore structure to the SiO2 monoliths. However, the macropore 

structure broke somewhat during grinding as shown in Figure 1d and e for Au NPs supported on NC/O (NC/O/Au) and Au 

NPs supported on NC/O,N (NC/O,N/Au) respectively. 

As noted in the experimental section (below) significantly more infiltrations with furfyl amine were required than 

produced monoliths from FA. This is likely a reflection of the underlying chemistry. The temperatures used for the 

polymerization of furfuryl amine were 100 °C and 160 °C where the latter temperature is greater than the boiling 

temperature of furfuryl amine which is 145 °C. The higher temperature. This leads to a trade-off: the higher temperature 

likely increases the rate of polymerization of furfuryl amine but at the price of faster evaporation. This evaporation will 

have led to the larger number of infiltration cycles required to form a replica (four for furfuryl amine compared with two 

for FA). It is also possible the extensive evaporation and the large amounts of gaseous furfuryl amine may also be the 

cause of the extensive fracturing of the template observed. It is difficult to tell if this was also an issue for other examples 

of furfuryl amine nanocasting reported[30] as this was nanocasting into SiO2 powders for which any fracturing produced 

would not be noticed. However, for that report[30] only two nanocasting cycles were reported as being necessary. This 

may reflect the incorporation of FeCl3: as we have previously reported for FA[31] nanocasting, transition metal salts such 

as FeCl3 added during the nanocasting process are sufficient acidic to act as acid catalyst.  

 

Figure 1: The SEM images of (a) SiO2(b) NC/O (c) NC/O,N(d) NC/O/Au (e) NC/O,N/Au 

The nitrogen isotherms and pore size distribution plots of template and replicated materials are given in Figure 2a 

and 2b, respectively, and the values of the textural parameters are given in Table 1. The nitrogen sorption isotherm of SiO2 

shows two regions of N2 uptake. The first N2 uptake region around P/Po = 0.4 is due to the surfactant mesopores and the 

second uptake region round P/Po = 0.9 is due to the textural mesopores[32]. In isotherms of both NC/O and NC/O,N the 

uptake around relative pressure of 0.9 is almost absent indicating that the textural mesopores in the SiO2 templates are 

completely filled with carbon. But the uptake around relative pressure of 0.4 indicates the presence of surfactant mesopores 

in both types of carbon. The BJH pore size distribution shows a narrow peak at 3.4 nm in SiO2 which is consistent with the 
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octadecyl trimethylammonium bromide (C18TAB) used as a porogen to make SiO2. The maxiuma in the pore size 

distributions for NC/O and NC/O,N are 3.2 nm and 4.4 nm, respectively, but the pore size distributions are much broader 

than in the SiO2templates. This is consistent with earlier work[33,34] andclearly shows that the mesopore structure is 

replicated in both NC/O and NC/O,N. The broad pore size distributions in the nanocast materials (NC/O and NC/O,N) 

result from the variable mesopore wall thickness in the SiO2 monolith, because the surfactant mesopores are randomly 

organized rather than an ordered array. Since both types of carbon produced via nanocasting are negative replicas of the 

mesopores they show a broader pore size distribution. The isotherms and pore size distributions of NC/O/Au and 

NC/O,N/Au show similar behavior to NC/O and NC/O,N, with minor differences in surface areas and pore volumes which 

are not believed to be significant. 

 

Figure 2: (a) N2 Sorption Isotherms and (b) BJH Pore Size Distributions of Template and Replicated Materials 

Table 1: Textural Parameters of Template and Replicated Materials 

Sample 
BET Surface 

Area 
(m2/g) 

Total Pore 
Volume 
(cc/g) 

Mesopore 
Volume 
(cc/g) 

Micropore 
Volume 
(cc/g) 

BJH Pore Diameter 
(nm) 

SiO2 673 0.62 0.62 0.00 3.4 
NC/O 650 0.48 0.48 0.00 3.2 
NC/O,N 222 0.19 0.19 0.00 4.4 
NC/O/Au 781 0.58 0.58 0.00 4.2 
NC/O,N/Au 203 0.18 0.18 0.00 4.4 

 
TEM images of NC/O/Au and NC/O,N/Au are given in Figure 3a and b, respectively. The corresponding gold 

nanoparticle size distributions are given in Figure 3c and d, respectively. The Au NPs are well distributed on the carbon 

matrix at this length scale, but have a relatively wide range of particle sizes as can be seen in the TEM images and particle 

distribution histograms. Qualitatively the Au NPs appear to be better dispersed for the NC/O,N/Au sample than in the 

NC/O/Au sample. The average particle sizes are 39 nm and 25 nm respectively, in NC/O/Au and NC/O,N/Au. In both 

samples nanoparticleswere observed that appear to be formed by partial merging of two or more spherical particles. Two 

mechanisms can be envisaged that would give this result: one in which reduction in a AuCl3 nanoparticle starts at multiple 

locations each of which grows to give a spherical particle leading to the observed conjoined spheres.Alternately, Au NPs 
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formed during the reduction process could move across the carbon surface and start to sinter, but not be completely 

mergedduringthe reduction process. 

 

Figure 3: TEM Images of (a) NC/O/Au (b) NC/O,N/Au Particle Size Distributions of (c) NC/O/Au (d) NC/O,N/Au 

The SEM images of NC/O/Au and NC/O,N/Au taken with a backscatter detector (COMPO) are given in Figure 

4a and b, respectively. Those images show that the NPs are distributed on the macropores and show that in addition to the 

dispersed NPs, aggregated NPs are also present. These images also show that NPs are heterogeneously distributed on the 

macropores. The metal loading relative to carbon was 1 wt%, which is relatively low. The method used to introduce metal 

precursor was solution infiltration where the precursor solution was stirred with the carbon powder while heating until all 

the solution evaporated. The size and distribution of the AuCl3 nanoparticles will depend upon the concentration and 

distribution of any surface nucleation sites compared to the volume of solution remaining when the saturation 

concentration of the AuCl3 is reached. A high number of surface sites would be expected to yield smaller nanoparticles, 

whereas a lower number would produce larger AuCl3 particles and so larger Au NPs.The particle size distribution would 

therefore depend upon the number, distribution and nature of oxygen and nitrogen surface functional groups. The atomic 

percentage of oxygen relative to carbon determined by XPS (below) is 3.53 % and 3.34% in NC/O/Au and NC/O,N/Au 

respectively, and that of nitrogen of NC/O,N/Au is 5.07%. That the average particle size observed by TEM is smaller for 

NC/O,N/Au than for NC/O/Au is consistent with the nitrogen acting as a nucleation site for AuCl3 binding and reduction.  
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Figure 4: SEM Images of (a) NC/O/Au (b) NC/O,N/Au Taken using the Back Scatter Detector 

The wide angle XRD patterns are given in Figure 5. The XRD patterns of NC/O and NC/O,N show a broad peak 

around 2θ, 23.5° indicating the presence of amorphous carbon. In addition to that there is another small broad peak around 

43.7° which is due to scattering from carbon (10) and (100) planes. The XRD patterns of NC/O/Au and NC/O,N/Au show 

peaks at 38.4°, 44.6°, 64.8°, 77.6° and 81.8° which could be assigned to diffractions of (111), (200), (220), (311), and 

(222) of fcc metallic Au. Debye-Scherrer analysis was performed on (111) diffraction peak of NC/O/Au and NC/O,N/Au 

to determine the crystallite size of the Au crystals. The crystallite size calculated for NC/O/Au is 23.7 nm and for 

NC/O,N/Au it is 20.1 nm. The d-spacings were also calculated by using the (111) diffraction peak and they are 0.2345 nm 

and 0.2341 nm in NC/O/Au and NC/O,N/Au respectively. The crystallite sizes found by XRD although smaller than those 

found by are consistent with the TEM images, as a number of the particles were formed from multiple crystallites.  

 

Figure 5: The Wide Angle XRD Patterns 

Carbon materials are characterized by Raman spectroscopy to determine the vibrational modes of the material, 

which can be interpreted to give insight into the atomic level structure of the carbon. The Raman spectra of NC/O, 

NC/O,N, NC/O/Au, and NC/O,N/Au are shown in Figure 6 a, b, c, and d, respectively. The G band appeared around 1600 

cm-1 corresponding to the zone center phonons of E2g symmetry and the D band appeared around 1350 cm-1 corresponds to 

the K- point phonons of A1gsymmetry [35,36]. The G band is due to the bond stretching of sp2 atoms in both rings and 

chains and the D band is due to the breathing modes of sp2 atoms in six membered rings[37]. The third peak in between the 

D and G band is added to get a better fit, and is believed to be from a combination of sp2 and sp3 carbons that have not 

crystallized [35,38-40]. The D band appeared at about 1347 cm-1 in NC/O and in NC/O/Au but in NC/O,N and NC/O,N/Au 
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it appeared at about 1359 cm-1. The shift of the D band in nitrogen functionalized carbon indicates a new type of disorder 

compared to the oxygen functionalized carbon[41]. The G band was not shifted. The intensity ratio of the D and G bands is 

the same in all samples indicating that there is no change in crystallinity in carbon by incorporation of nitrogen. 

 

Figure 6: Raman Spectra of (a) NC/O (b) NC/O,N (c) NC/O/Au (d) NC/O,N/Au 

The high resolution XPS spectra (Figure 7) were acquired in order to determine the chemical states of the 

elements of the catalysts. The high resolution spectra of the C 1s for NC/O/Au (Figure 7a) shows sp2 hybridized C-C at 

284.4 eV and that in NC/O,N/Au (Figure 7b) is observed at 286.3 eV. The C-O feature appears at 285.7 eV in the high 

resolution spectrum of C 1s of NC/O/Au. The various forms of C-N also appear in the region of 285-287 eV[42]. So in the 

high resolution spectrum of C 1s of NC/O,N/Au the peak at 285.6 eV is assigned to C-O and C-N features. The peak at 

287.5 eV in C 1s of NC/O/Au and NC/O,N/Au corresponds to the C=O bond[43]. The higher binding energy peak at about 

290 eV for both NC/O/Au and NC/O,N/Au can be assigned to a shake-up peak. The high resolution spectra of O 1s of 

NC/O/Au and NC/O,N/Au are given in Figure 7c and d, respectively. The peaks appearing around 531 eV correspond to 

the C=O bond, the peaks around 532 eV are assigned to the C-O bond[43] and the peaks around 533.8 eV can be assigned 

to O-H bonds[42]. The high resolution spectrum of N 1s of NC/O,N/Au is shown in Figure 7e. The peak at 399.9 eV is 

assigned to pyrrolic N[44] where N is bound to two C atoms and the peak at 403.6 eV corresponds to oxidized N. It can be 

considered that furfuryl amine forms pyrrolic N when N is present in a five member ring bound to two C atoms during 

pyrolysis and it does not form any graphitic N which should appear at around 401 eV[45]. The oxidized N could be due to 

the KOH used for etching. The high resolution spectra of Au 4f of NC/O/Au and NC/O,N/Au are given in Figure 7f and g, 

respectively. The Au 4f7/2peak in NC/O/Au appeared at 84.4 eV and that of NC/O,N/Au at 83.9 eV indicating that the 

oxidation state of the surface of Au NPs is zero. That the binding energy of Au 4f7/2for NC/O/Au is slightly higher is 

attributed to slight charging of the sample. That the gold surface remains unoxidized is consistent with the relative 
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inertness of Au. The elemental composition as atomic percentage relative to carbon is given in table 2. That the atomic 

percentage of oxygen in NC/O/Au (3.53%) is higher than in NC/O,N/Au (3.35%) is not surprising, as thereare two oxygen 

atoms in furfuryl alcohol and one oxygen atom in furfuryl amine. That the difference is not in the ratio of 2:1 can be 

attributed to a number of factors, including differences in pyrolysis mechanisms, and potential contributions to the oxygen 

signal from the OH ions from the KOH used to etch SiO2, and reactions with atmospheric oxygen and H2O vapor. The 

atomic nitrogen percentage relative to carbon, 5%, indicates reasonably high nitrogen incorporation has been achieved by 

using furfuryl amine as the nitrogen precursor. That it is less than the approximately 23% nitrogen in the amine precursor 

indicates that nitrogen is preferentially lost during the carbonization procedure. The atomic percentages of Au are 0.09% 

and 0.14% in NC/O/Au and NC/O,N/Au respectively. They can be considered as similar within the error range as they are 

only a little above the detection threshold for XPS. 

 

Figure 7: High Resolution XPS Spectra of, C 1s of (a) NC/O/Au (b) NC/O,N/Au, O 1s of (c) NC/O/Au (d) 

NC/O,N/Au, N 1s of (e) NC/O,N/Au, Au 4f of (f) NC/O/Au (g) NC/O,N/Au 

Table 2: Atomic Percentages Relative to C based on XPS Quantification 

Catalyst Atomic Percentage Relative to C 
 O N Au 
NC/O/Au 3.53 - 0.094 
NC/O,N/Au 3.34 5.07 0.14 

 
 
 



Heteroatom Rich Mesoporous Carbon Supported Gold Nanoparticles – An Efficient                                                                        23 
Catalyst for Benzyl Alcohol Oxidation 

 

 
Impact Factor(JCC): 3.8624 - This article can be downloaded from www.impactjournals.us 

 

Catalytic Activity 

The catalytic activity found is summarized in Figure 8 which shows the extent of conversion and the selectivity 

for formation of benzaldehyde and benzoic acid. Fresh NC/O/Au catalyst gave 81.5% conversion compared to 91.5% 

conversion by NC/O,N/Au. NC/O/Au had a high selectivity for benzoic acid (96.7%) compared to 3.3% of benzaldehyde. 

Fresh NC/O,N/Au showed somewhat higher activity (90%) but significantly lower selectivity for benzoic acid (61.4%) 

with a commensurate increase in benzaldehyde formation (38.6%). The turn over number (TON) and turn over frequency 

(TOF) found for NC/O/Au were 0.815 mol/g and 0.034 mol/g.h, and 0.915 mol/g and 0.038 mol/g.h for NC/O,N/Au. The 

higher conversion observed for NC/O,N/Au is not surprising, as the smaller nanoparticles in NC/O,N/Au would have a 

surface area approximately twice that of NC/O/Au. The difference in product selectivity is rather interesting: the primary 

product for both catalysts is benzoic acid, but the selectivity is higher for NC/O/Au, the less active catalyst, suggesting that 

there may be differences in the mechanism for the two catalysts.  

 

Figure 8: Reusability Study of (a) NC/O/Au (b) NC/O,N/Au 

The recyclability results are also rather interesting. For the NC/O/Au the percentage conversion drops rapidly: 

from 81% in the first run to about 15% in the 5th experiment. This drop is matched by changes in the selectivity, with less 

benzoic acid and more benzaldehyde being formed.For NC/O,N/Au the scatter in the data is significantly larger and with 

no statistically significant change in overall conversion being seen. There does appear to be a trend in the selectivity which 

decreases for benzaldehyde and increases for benzoic acid, however the correlation coefficient is only R2=.45 which gives 

a slope significant at the 68% confidence level but not at the 95% confidence level. 

To determine the cause of the drop in activity of the NC/O/Au catalyst, SEM images were taken with a back 

scatter detector (COMPO) of NC/O/Au and NC/O,N/Au after five cycles of catalysis (shown in Figures 9a and b, 

respectively). Since the images were not obtained from the same sample and positions as those in Figure 4 a direct 

comparison is not possible and it is not clear that there are major differences in the number, size and extent of 

agglomeration of the Au NPs as seen at the magnification used for the SEM. This would tend to rule out large loss of 

particles from the surface of the carbon. It is still possible that there were changes in the size distribution resulting in a 

lower gold surface area, but this can not be determined from the SEM images. 

The differences in behavior of NC/O/Au compared to NC/O,N/Au for benzyl alcohol oxidation suggest that there 

are significant differences in activity. An XANES experiment found that the electronic properties of 3 nm and 9 nm 

diameter Au NPs incorporated into a mesoporous carbon were significantly different,[46] and the smaller particles were 
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observed to be significantly more active. However, in our experiment the two sets of supported Au NPs used are both 

relatively large and almost certainly above the limit at which quantum effects might be expected. Further, Jawale et al.[47] 

reported that the difference in reactivity of 3 and 20 nm Au NPs supported on carbon nanotubes could be completely 

explained by the differences in surface area.  

It seems possible therefore that the presence of the nitrogen impacts the activity of the catalyst, in ways beyond 

impacting the average Au NP size. This is perhaps not surprising as nanoporous graphitic carbon nitride (g-C3N4) without 

any metals is reported to be an effective catalyst for oxidation of toluene to benzaldehyde by molecular 

oxygen[48].Interestingly, the presence of the g-C3N4 acts to suppress the homogenous auto-oxidation of the benzyl alcohol 

and benzaldehyde formed from toluene to give benzoic acid and other products. This is suggested to occur due to trapping 

of the superoxide radical anion (•O2
-).We have used hydrogen peroxide which is a more aggressive oxidant. At the basic 

pH used hydrogen peroxide is approximately 90% ionized and so trapping of HO2
- on the surface could significantly 

impact the reaction pathway. Oxygen species could bind to or react with nitrogen to give active N=O that could act as an 

intermediate. 

 

Figure 9: SEM Images of the used Catalysts after Five Cycles of (a) NC/O/Au (b) NC/O,N/Au  

Taken from the Back Scatter Detector 

CONCLUSIONS 

Oxygen, and oxygen and nitrogen rich hierarchically porous carbons were synthesized by nanocasting of furfuryl 

alcohol and furfuryl amine respectively into a mesoporous SiO2 template. Unlike the oxygen only carbon, the nitrogen rich 

carbon could not be formed as a monolith. This was ascribed to the reduced precursor polymerization in the absence of 

added transition metal or other acid catalyst.With less polymerization, the furfuryl amine evaporated giving lower carbon 

yield and higher gas volumes which are suggested to be the cause of the observed fracturing of the silica template. HAuCl4 

was introduced by a solution infiltration method followed by reduction in 5% H2/N2 to produce AuNPs supported on the 

two carbons. The nitrogen rich carbon gave significantly smaller Au NPs. These catalysts were able to catalyze the 

oxidation of benzyl alcohol by H2O2. Nitrogen rich catalysts werefound to be more active than oxygen only catalysts, with 

a somewhat different product distribution. The oxygen only catalysts rapidly lost activity, whereas the nitrogen rich 

catalyst showed less reduction in activity with reuse. 
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