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Abstract 

Extremely high specific surface area mesoporous carbon supported Pd nanoparticle 

catalysts were prepared with both impregnation and polyol-based sol methods. The silica 

template used for the synthesis of mesoporous carbon was removed by both NaOH and 

HF etching. Pd/mesoporous carbon catalysts synthesized with the impregnation method 

has as high specific surface area as 2250 m
2
/g. In case of NaOH etched impregnated 

samples, the turnover frequency of cyclohexene hydrogenation to cyclohexane at 313 K 

was obtained ~14 molecules∙site
-1

∙s
-1

. Specific surface area of HF etched samples was 

higher compared to NaOH etched samples. However, catalytic activity was ~3-6 times 

higher on NaOH etched samples compared to HF etched samples which can be attributed 

to the presence of sodium and surface hydroxyl-groups of the catalysts etched with 

NaOH solution. 
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1. Introduction 

 

Amorphous carbon supported Pd nanoparticles are promising catalysts due to the 

extremely high specific surface area, which can range from a few hundred to several 

thousand m
2
/g [1,2,3,4]. Also, amorphous carbon structures are easily prepared from 

almost any organic materials, like nutshells, corn straw, oat hull, sunflower shell etc; 

which makes them relatively inexpensive [5]. 

Catalytic hydrogenation of cyclohexene is a vigorously studied research field of 

catalysis as the reaction is the basis of several key processes of fuel industry, thus making 

cheaper, more durable catalysts and acquiring more knowledge about the underlying 

processes is of paramount importance []. 

Several factors in palladium based catalysts, like the effect of pore structure, 

metal/support interaction were studied in recent years [6,7,8]. The promotion effect of 

alkali metals on different noble metal based catalysts has also been investigated 

[9,10,11,12,13]. It has been found that alkali metals generally have a beneficial effect on 

both conversion and selectivity on metal oxide supported catalysts, depending on the 

alkali loading concentration. However, the effect of alkali promotion on high surface area 

activated carbon supported Pd catalyst prepared with the template method [14] has not 

been studied earlier to our knowledge. 

In this paper, we investigate the catalytic hydrogenation of cyclohexene to 

cyclohexane in the gas phase over mesoporous carbon supported Pd nanoparticles, where 

the support was prepared with a silica-based template method. The silica template of the 

high surface area carbon was removed by etching samples in either NaOH or HF. Pd was 

loaded by the well-known wet impregnation method and a method based on the 

premixing of the silica template with as-prepared Pd nanoparticles. Pd/mesoporous 

carbon samples made by wet impregnation method showed higher activity in 

cyclohexene hydrogenation compared to the premixing-based catalysts. One of the Pd 

loaded mesoporous carbon catalysts based on the impregnation method has reached as 

high as 2250 m
2
/g specific surface area. In case of NaOH etched samples based on the 

impregnation method, turnover frequency for cyclohexene hydrogenation to cyclohexane 

at 313 K has reached ~14 molecules∙site
-1

∙s
-1

. Etching with HF has resulted in higher 



specific surface area then etching with NaOH. However, the turnover frequency was 

found to be 3-6 times higher on samples etched with NaOH compared to the HF treated 

samples as these samples containing trace amounts of sodium and higher amount of 

hydroxyl groups as evidenced by X-ray Photoelectron Spectroscopy. 

 

2. Experimental 

 

2.1. Materials 

As template material for the carbon structures Ludox SM30 (30 wt% silica content) 

colloid silica sol from Sigma-Aldrich was used. Acetylene (Messer) served as carbon 

source for the mesoporous carbon supports and was diluted in nitrogen (Messer) during 

the synthesis. Pd-acetate (Sigma-Aldrich) was the precursor for the catalyst and all Pd 

impregnated samples were annealed in Argon (Messer) atmosphere. For the removal of 

the silica template either concentrated solution of NaOH (Molar Chamicals) or HF 

solution (37 wt%, Molar Chemicals) was used. 

 

2.2. Synthesis methods 

A simple schematic is provided in Fig. 1. to help understand all the routes taken to 

produce samples. The basis of the synthesis method used (Chemical Vapor Infiltration or 

CVI) for the production of the mesoporous carbon (MC) structures is described 

elsewhere [14]. Shortly described, an appropriate amount of silica sol was vacuum 

evaporated to obtain 30 g of solid silica powder, which was further dried in air at 353 K 

overnight. The silica powder was placed in a quartz tube using a quartz boat. The tube 

was purged with pure nitrogen (300 ml/min) for 10 min, after which the reactor was 

placed in the preheated furnace (973 K) and an acetylene flow (30 ml/min) was 

introduced on the silica powder for 1 h. After the reaction, purging was performed to 

continue the carbonization process in pure nitrogen atmosphere for 1 h, where the 

nitrogen flow was kept at 300 ml/min. Two different temperatures were chosen for the 

carbonization process (973 K and 1173 K) to evaluate the effect of temperature on 

various properties of the final products. For easy referencing, samples prepared at 

carbonization temperatures 973 K and 1173 K will be denoted as MC77 and MC79 



respectively, which stand for Mesoporous Carbon 700+700°C or Mesoporous Carbon 

700+900°C. 

For the removal of the silica templates two methods were used. One of the method 

utilized HF solution for the removal of silica, whereas the second method was based on a 

concentrated solution of NaOH. Shortly described, the as synthesized carbon-silica 

composite material (~30 g) was placed in a plastic vessel and 100 ml of HF solution was 

drop-wisely added. After addition of the HF solution, the mixture was allowed to cool to 

room temperature and the material was kept in the solution for 24 h. The samples were 

then washed to neutral pH with distilled water and dried overnight at 353 K in air. The 

procedure was repeated to ensure all silica was removed. 

The NaOH etching was performed in a PTFE coated steel autoclave (400 cm
3
 total 

volume), where the composite material was mixed with 10 mol/dm
3
 NaOH solution. The 

sealed autoclave was then placed in a furnace preheated to 413 K for 24h. Afterwards, 

the material was cleaned with filtration and was washed with distilled water until neutral 

pH was reached. The samples were finally dried in air at 353 K overnight. 

Pd nanoparticles were introduced into the mesoporous carbon structures by selecting 

two different methods. The first method is the well established wet impregnation 

procedure, where 22 mg of Pd-acetate was dissolved in 100 ml of toluene, and then 200 

mg of carbon material was added to the solution. The mixture was ultrasonically treated 

in an ultrasonic bath for 15 min, and then stirred with a magnetic stirrer for 24 hrs at 

room temperature. The solvent was finally separated with centrifugation, and the carbon 

material was dried overnight at 353 K. Nanoparticles were formed by thermal annealing 

of the samples in Ar atmosphere, where the samples were placed in a quartz tube using 

ceramic crucibles. The tube was purged with pure argon (300 ml/min) for 10 min to 

remove oxygen, after which the tube was placed into a preheated furnace. The furnace 

was operated at 458 K for 2h, then was further heated to 653 K at a rate of 20 K/min and 

was left there for 1 h. The tube was finally allowed to cool naturally to room temperature 

outside of the oven. Samples modified with this method has got an ―–I‖ suffix in their 

names (MC77-I and MC79-I). 

The second method, which is from now on called the ―Pd-sol method‖, required a 

separate synthesis of Pd nanoparticles and a slight modification of the original synthesis 



method of the mesoporous carbon support. Pd nanoparticles were synthesized as 

described by Nutt et al [15]. The as-prepared Pd-sol was simply added to the SM-30 

colloid silica sol prior to vacuum evaporation, which ensured a very even distribution of 

nanoparticles. The mixture was then treated as described earlier to obtain the carbon 

deposition on the sample; no further modifications were made to the procedure. Samples 

prepared with this method has got a ―–C‖ suffix in their names (MC77-C and MC79-C). 

 

 

Fig. 1: A simplified schematic of the different routes taken for the synthesis of Pd/mesoporous carbon 

catalysts. The upper path represents a catalyst prepared with the wet impregnation method, while 

the bottom path shows the “Pd-sol method”. 

 

 

2.3. Characterization methods 

Powder X-ray diffraction patterns were recorded with a Rigaku Miniflex II desktop 

diffractometer using CuKα radiation with a scan speed of 1°∙min
-1

. Microscopy images 

were acquired using a FEI Tecnai G
2
 20 X-TWIN Transmission Electron Microscope 

(TEM) with a tungsten cathode operated at 200 kV. Nitrogen adsorption isotherms were 

measured with a Quantachrome NOVA 3000e instrument. 

X-ray photoelectron spectra (XPS) were taken with a SPECS instrument equipped 

with a PHOIBOS 150 MCD 9 hemispherical electron energy analyzer operated in the 

FAT mode. The excitation source was the Kα radiation of an aluminum anode (hν = 

1486.6 eV). The X-ray gun was operated at 210 W (14 kV, 15 mA). The pass energy was 

set to 20 eV, the step size was 25 meV and the collection time in one channel was 250 

ms. Typically, 5-10 scans were added to acquire a single spectrum. Energy referencing 

was not applied, spectra are represented as acquired. For data acquisition, both 



manufacturer‘s (SpecsLab2) and commercial (CasaXPS, Origin) software were used. In 

all cases the powder-like samples were evenly laid on one side of a double-sized adhesive 

tape, the other side being attached to the sample holder of the XPS instrument. The 

samples were evacuated at room temperature, and then inserted into the analysis chamber 

of the XPS instrument. No other treatments were applied. 

Catalytic hydrogenation of cyclohexene to cyclohexane were performed in a ―U‖ 

shaped glass flow reactor at 313 K with an on-line GC system (Agilent 6820) equipped 

with FID detection for gas analysis, where the ratio of cyclohexene:hydrogen:nitrogen 

was 1:10:90 with a total flow rate of 101 ml∙min
-1

 at 1 bar. The only product was 

cyclohexane during the reactions. Number of active sites for each catalyst was calculated 

based on the particle size (TEM) and Energy Dispersive Spectroscope (EDS) integrated 

onto a Hitachi S-4700 Scanning Electron Microscope (SEM), assuming the same atomic 

density on the Pt nanoparticle surface as Pt (111). 

 

3. Results and discussion 

 

3.1. Nitrogen adsorption 

 

Nitrogen adsorption measurements were conducted on the raw mesoporous carbon 

supports and the mesoporous carbon supported Pd nanoparticle catalysts. Specific surface 

area (SBET) was calculated with the Brunauer-Emmett-Teller (BET) equation in every 

case. Mesoporous carbon support carbonized at 900 °C has a specific surface area of 

1780 m
2
/g, which value is significantly higher compared to specific surface area values of 

other carbon allotropes (Fig. 2A). xxxx All the Pd nanoparticle/mesoporous carbon 

samples have high specific surface area (650-2250 m
2
/g) as shown on Fig. 2B. Samples 

synthesized by the impregnation method show higher surface area compared to the 

samples based on the ―Pd-sol method‖. 

A clear difference is visible between HF and NaOH etched samples. All HF etched 

samples exhibit considerably higher specific surface area compared to NaOH treated 

samples. This could be the result of the better efficiency at which HF removes the silica 

template from the carbon structure, since SiO2 form gaseous SiF4 during the reaction. The 



reaction between SiO2 and NaOH is slower and resulting waterglass, a less favorable 

outgoing component. XPS results show small amount of fluorine in case of HF etching, 

and showing sodium in samples treated by NaOH. Silicon was not observable in any of 

the samples. 

Higher carbonization temperatures resulted in higher specific surface area, which 

observation is in agreement with literature data [16]. 

 

 

 

Fig. 2: A) Mesoporous carbon carbonized at 900 °C has outstanding specific surface area compared 

to other carbon allotropes (commercial activated carbon – Com. AC, carbon nanotubes - CNT and 

graphite). B) Specific surface area of the various Pd/mesoporous carbon catalysts. Samples prepared 

with the “Pd-sol method” clearly demonstrate about twice as low specific surface area then samples 

prepared with the wet impregnation method. HF etching resulted in materials with higher specific 

surface area compared to the NaOH treated catalysts. 

 

The method by which the carbon material is modified with Pd also seems to affect 

SBET values. If Pd is introduced prior to the carbon synthesis, the specific surface area of 

the catalysts is lower for the end product compared to samples made by the impregnation 

method. This might be due to the presence of sodium citrate and tannic acid in the 

system, which is used for the synthesis of the Pd nanoparticle sol. After vacuum 

evaporation, the organic content covers the surface of the silica template, resulting in a 

carbon source that does not decompose in the same manner as acetylene due to the far 

more complex structure of these substances. This could easily produce a different carbon 

structure which would yield lower surface area, if compared to samples synthesized 

without these organics. This assumption is validated by the carbon structures seen on 



TEM micrographs as seen on Fig. 3. The presence of Pd during the carbon deposition can 

have an effect on the decomposition of the acetylene as Pd can act as a catalyst for 

(de)hydrogenation and cracking.  

 

3.2. Transmission electron microscopy 

Transmission electron microscopic images were acquired of all Pd modified 

mesoporous carbon (Fig. 3.). The images clearly show the amorphous nature of the 

carbon structure on all samples; however some distinct differences are visible between 

samples modified with different methods. Samples prepared by the impregnation method 

(MC79-I and MC77-I) show carbon structures that resemble foams, whereas samples 

prepared with the ―Pd-sol method‖ (MC79-C and MC77-C) clearly have a more dense 

structure. This is due to the leftover organics and/or the catalytic effect of Pd as described 

earlier. The etching agents on the other hand do not seem to have any fundamental effect 

on the general look of the materials, only the specific surface area values are different. 

Pd nanoparticles are well dispersed within the carbon structure, no separate particles 

are visible. Average particle diameters are plotted on Fig. 4. The diameter of particles 

supported on MC79-C and MC77-C samples are 8-8.9 nm and 4.2-5.6 nm, respectively, 

which are about twice as large as particles supported on their impregnated counterparts 

MC79-I and MC77-I with diameters 3.4-3.6 nm and 3-4.2 nm, respectively. Since the 

original average diameter of Pd nanoparticles in the Pd-sol was 4.9 nm, it can be assumed 

that the increased size is the result of the sintering of the nanoparticles at high 

temperatures of the mesoporous carbon synthesis. It is also noteworthy that the size of 

nanoparticles on all HF etched samples prepared with the ―Pd-sol method‖ is slightly 

smaller than on the NaOH etched ones, which may be a result of the slow dissolution of 

the Pd by the concentrated HF solution. 

Such a clear difference is not evident on samples modified with impregnation. 

Particles on samples MC79-I are virtually identical regardless of the type of the etching 

method. However, catalysts prepared at lower carbonization temperature (MC77-I) show 

a larger diameter for the HF etched carbon structure. This difference could mean that 

higher carbonization temperatures indeed give more stable carbon structures for the Pd 

nanoparticles. 



 

 

 

Fig. 3: TEM micrographs of Pd/mesoporous carbon catalysts (MC79-C, MC77-C, MC79-I, MC77-I) 

etched with NaOH and HF, respectively. Samples prepared with the “Pd-sol method” clearly 

demonstrate a more dense structure compared to samples prepared with the wet impregantion 

method. Uniform Pd nanoparticles with a diamater of 3-9 nm are well dispersed on the various 

mesoporous carbon supports in case of all catalysts. 

 

 



 

Fig. 4: Average diameter of Pd nanoparticles supported on various mesoporous carbon supports. 

Samples made by impregnation resulted in 3.4-4.2 nm Pd nanoparticles, however premixing of the 

as-synthesized Pd nanoparticles with the silica template (Pd-sol method) resulted in larger particle 

diameter (4.2-8.9 nm) due to the sintering of the particles at higher carbonization temperature. 

Etching method has no significant effect on the particle diameter. 

 

 

3.3. X-ray photoelectron spectroscopy 

All four mesoporous carbon supported Pd nanoparticle catalysts (MC79-C, MC77-C, 

MC79-I, MC77-I) were investigated by XPS. Low resolution survey, and high resolution 

O 1s, C 1s, Na 1s and F 1s (where relevant) spectra were taken. Since the spectra 

obtained were practically energy correct, no further calibration was applied. The O 1s 

signal can be fitted with three components in all cases. The most intense component is at 

534.3 eV, supposedly from water, but in NaOH treated samples the most intense signal is 

at 532.5 eV, due to OH groups. 

Very intense strongly asymmetric C 1s spectra were recorded in all four Pd-loaded 

samples. The peak maxima were at 285.1 eV, characteristic of amorphous carbon. At 

least three, or even more components could be identified on the high binding energy side 

of the spectra. These all originate from various carbon-oxygen groups, among them from 

-COOH. 

Weak signal maxima between 1072.3-1072.6 eV can be attributed to sodium in 

NaOH etched samples. The high binding energy reveals that sodium is very positive, 

possibly in the form of oxide, hydroxide, or halogenide. Fluorine 1s spectra were also 



taken in relevant samples. This very low intensity signal peaks at 689.7 eV, marking a 

very positive fluorine ion. This binding energy is much higher than found in alkali-

fluorides, but matches the values found in C-F containing compounds. 

 

3.4. Catalytic tests 

Catalytic hydrogenation of cyclohexene to cyclohexane was performed on all Pd-

loaded mesoporous carbon. Results indicate that samples prepared with the ―Pd-sol 

method‖ (MC79-C and MC77-C) catalytically are not very active, as TOF values of these 

samples do not exceed a value of 0.5 molecules∙site
-1

∙s
-1

. Samples prepared with the wet 

impregnation method however (MC79-I and MC77-I), show high TOF values of 2.2-5.9 

and 13.7-14.3 molecules∙site
-1

∙s
-1

. The former related to samples etched by HF and the 

latter values correspond to catalysts prepared with NaOH etching. 

The low TOF values of samples prepared by the Pd-sol method could be the result 

of several factors. The most obvious factor is that the Pd nanoparticles covered by the 

mesoporous carbon getting trapped into the pores as they premixed with the silica 

template prior to the carbon deposition. The presence of organic stabilizing agent 

originated from the Pd nanopaticle synthesis can result an active site blocking. This 

assumption is supported by both BET and TEM studies as described earlier. The other 

possible reason for low TOF values could be the enlarged nanoparticle diameters due to 

sintering of the particles at the high carbonization temperatures of the mesoporous carbon 

synthesis. 

 



 

Fig. 5: Catalytic performance of various mesoporous carbon supported Pd catalysts in cyclohexene 

hydrogenation to cyclohexane at 313 K. Catalysts with nanoparticles impregnated onto NaOH etched 

mesoporous carbon show extremely high TOF values if compared to HF etched ones (MC79-I and 

MC77-I). Samples prepared with the “Pd-sol method” (MC79-C and MC77-C) show very low 

activity regardless of synthesis temperature, which is a result of nanoparticles trapped into the pores 

of the support during the carbonization process of the mesoporous carbon synthesis. 

 

 

Impregnated samples etched by NaOH exhibit outstandingly high TOF values (~ 14 

molecules∙site
-1

∙s
-1

), which is several times higher than normal TOF values found in other 

reports [17]. These extremely high values however are only found on samples etched 

with NaOH, despite the fact that the SBET values of these materials are 25-35% lower than 

the values of impregnated samples etched with HF. This extraordinary leap in TOF is 

possibly a promoting effect of sodium which presents in the carbon structure as 

evidenced by XPS data. An elevated concentration of hydroxyl groups was also found in 

NaOH etched samples which could also contribute to these high TOF values. 

Interestingly, the fluorine containing groups found in HF etched samples did not seem to 

have any major effect on the catalytic activity of these catalysts. 

 

3.5. Conclusion 

Mesoporous carbon supported Pd nanoparticles prepared with both impregnation and 

―Pd-sol method‖ were tested in cyclohexene hydrogenation to cyclohexane at 313 K. 

Samples prepared with the ―Pd-sol method‖ showed very low TOF values regardless of 

mesoporous carbon synthesis temperature, which can be attributed to the amorphous 



carbon coverage of the Pd nanoparticles formed during high temperature carbon 

synthesis. Specific surface area values were ~2 times lower for such samples if compared 

to samples prepared with the wet impregnation method. HF and NaOH etched samples 

prepared with the wet impregnation method on the other hand showed TOF values of ~2-

5 molecules∙site
-1

∙s
-1

 and ~14 molecules∙site
-1

∙s
-1

, respectively. Samples etched by HF 

resulted in higher specific surface area compared to NaOH etched samples. However, 

TOF values were ~3-6 times higher on samples etched by NaOH compared to HF etched 

samples, which clearly demonstrates the promoting effect of Na and high concentration 

of hydroxyl groups evidenced by XPS. Carbonization temperature has a slight effect on 

the mesoporous carbon support as well as on the specific surface area values of them. In 

case of HF etched samples made by the impregnation method, higher carbonization 

temperature (900 °C) resulted in twice as high TOF compared to samples carbonized at 

700 °C, which could be a result of the higher specific surface area of the carbon structure 

synthesized at 900 °C. Future works will be oriented on the true nature of the outstanding 

effect of sodium and hydroxyl groups. 
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