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Abstract

:

Ordered mesoporous carbon (OMC) was employed as a support for palladium nanoparticles in catalysts for the gas phase hydrodechlorination (HDC) of trichloromethane (TCM). 1 wt% palladium was incorporated using three methods: incipient wetness (IW); a dilute solution (DS) method; and a solid-liquid (SL) method. The effect of the preparation method on catalyst structure and activity was investigated. Catalyst composition and nanostructure were studied using gas physisorption, high specification transmission electron microscopy and X-ray photoelectron spectroscopy. Catalytic conversion and product selectivities were determined in steady-state activity tests at temperatures between 70 and 300 °C. Two of the catalysts (IW and DS) showed excellent dispersion of fine Pd nanoparticles of average diameter ~2 nm. These materials showed excellent activity for HDC of TCM which compares favourably with the performance reported for Pd on amorphous carbon catalysts. In addition, they showed relatively high selectivities to the more valuable higher hydrocarbons. However, the SL method gave rise to catalysts with larger particles (~3 nm) and a less uniform palladium distribution. This resulted in lower conversion and lower selectivities to higher hydrocarbons and in more severe catalyst deactivation at the highest reaction temperatures.
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1. Introduction


Trichloromethane (TCM), commonly known as chloroform, like many other chlorinated hydrocarbons, is a highly toxic and carcinogenic pollutant. Its emission into the atmosphere contributes to photochemical smog, ozone depletion and global warming [1,2,3,4]. Despite all of this, it is extensively used in industry, especially as a solvent and for cleaning, and as a result, it is one of the most common chlorinated compounds in residual gas streams, presenting a widespread and serious environmental threat. Among the methods for its removal, gas-phase catalytic hydrodechlorination (HDC) has been a subject of growing interest due to its economic and environmental advantages over other techniques [4,5]. HDC of chlorinated compounds has been reported using catalysts consisting of several precious metals supported on porous supports [4,6]. Supported Pd catalysts were found to show the highest activity in the complete HDC of chloromethanes [6]. The support material has a strong influence on the activity, selectivity and especially deactivation of these catalysts [7]. Supports, such as Al2O3, AlF3, SiO2, MgO, ZrO2 and TiO2, can be attacked by the HCl produced during HDC resulting in an increase of surface acidity and a decrease in surface area, which would worsen the effects of both HCl poisoning and coke deposition [7,8,9,10,11]. High surface area activated carbon is highly stable under acidic or alkaline conditions and is, therefore, commonly used as the catalyst support [12]. Previous studies have reported the use of Pd/C catalysts in the HDC of TCM and these catalysts were found to be unaffected by HCl under test conditions [4,5,6,7]. The drawback of using activated carbon is its irregular shaped micropores and broad pore size distribution. In addition, these textural properties vary considerably depending on the original source of the material, which is often biological [12]. Ordered mesoporous carbon had a much more uniform and well-defined pore structure which could favour high dispersion of the metal nanoparticles within the pores and also decrease the sintering of these particles by holding them in separate pores, so making particle coalescence less probable. OMCs may therefore be good alternative supports and may show better catalytic behaviour during HDC experiments.



The synthesis of ordered mesoporous carbon (OMC) was first reported by Rayoo et al. in 1999 by nanocasting using mesoporous silica MCM-48 as the hard template [13]. Although this method produced highly ordered mesoporous materials, its high cost and multistep nature was not practical for industrial-scale production and stimulated the search for other ways to synthesize OMC materials [14]. Using a soft templating method highly ordered mesoporous carbon materials have been produced using different routes, such as evaporation induced self-assembly (EISA) [15], an aqueous route [16] and phase separation [17]. Among these routes, the phase separation-or two-phase method-was found to be more simple, practicable and scalable [14]. Recently, some of us have reported a metal- and halogen-free synthesis of OMCs with a two-dimensional hexagonal arrangement of cylindrical pores using a two-phase method [18]. In the present study we used OMCs prepared using this method as catalyst supports for HDC of TCM. The absence of metals in the preparation method has the advantage of avoiding the risk of retention of these species which can act as catalyst poisons in the final product. Pd at a loading of 1 wt% was employed as the active phase and three different methods were studied for its incorporation into the mesoporous support: incipient wetness, dilute solution and solid-liquid methods. Textural and compositional information was obtained by gas physisorption, X-ray Photoelectron Spectroscopy (XPS) and Transmission Electron Microscopy and this was related to the catalytic activity of the samples for HDC of TCM. The effects of preparation method on the nanostructure and composition of the catalysts and, in turn, on their catalytic activity and product selectivity, were investigated.




2. Results and Discussion


2.1. Characterisation of Catalysts


Figure 1 shows the N2 adsorption-desorption isotherms recorded at −196 °C and the pore size distribution plots obtained from these for all three fresh Pd/C catalysts. It can be seen that all catalysts show Type IV isotherms, which, according to the IUPAC classification system, are characteristic of mesoporous materials, and Type H1 hysteresis loops, that indicate the presence of cylindrical mesopores. The pore size distributions in Figure 1b show that pores were uniform in size in all samples and very similar across the three materials. The plots in Figure 1b are very similar to those obtained for the corresponding bare OMC templates given in Figure S1 in Supplementary Information. In all cases, the quantity adsorbed in the desorption branch does not return completely to the initial value at low relative pressure. This phenomenon is ascribed to some small expansion and contraction of these materials, which can be considered to be polymeric, during the physisorption experiment [18]. The specific surface area (SSA), pore volume (Vp), micropore volume (Vmicro) and pore diameter (DP) of these catalysts, obtained from the isotherm and the pore size distribution plots, are given in Table 1. All three catalysts showed high and similar surface area values of around 550 m2·g−1. These SSA values are slightly lower than those obtained in this previous work in which the same synthesis procedure of OMCs was followed, indicating some influence of the impregnation processes on SSA [18]. Textural data for the OMC templates used to make these catalysts is presented in Table S1, Supplementary Information, and it can be seen that the impregnation procedures had little effect on the porosity of the final catalysts.



The surface concentrations of carbon, oxygen and palladium, and the oxidation state of palladium at the surface, were analysed by XPS. No N or Cl was detected in the XPS survey scans of any of the fresh, reduced or used catalyst samples. Deconvoluted Pd3d XPS spectra of the three fresh reduced and used catalysts are presented in Figure 2. The Pd3d region presents a doublet that corresponds to Pd5/2 and Pd3/2, separated by 5.3 eV, caused by spin-orbital splitting [19]. Two Pd5/2 peaks are observed in Figure 2, one at approximately 336.0 eV, which can be assigned to metallic palladium (Pd0), and another at about 338.0 eV, corresponding to electrodeficient-palladium (Pdn+) [20]. Table 2 summarizes the mass surface concentrations of C, O and Pd and the Pd0/Pdn+ ratios of the fresh reduced and used catalysts. The surface concentrations of carbon and oxygen are remarkably similar for all catalysts, both fresh and used. The high concentration of oxygen suggests that many hydroxide, carbonyl and ether groups persist on the surface of the support, which was prepared at 400 °C. This is in agreement with previous work in which significant loss of surface functional groups occurred only after heating the OMC at 600 °C and above [18]. All the catalysts showed somewhat higher Pd surface concentrations than the theoretical bulk value (1% wt), which suggests a small degree of preferential deposition of Pd particles on the external surface of the OMC support, especially in the case of the IW-Pd and DS-Pd samples. The values of the Pd0/Pdn+ ratio of the fresh catalysts follows the order IW-Pd > DS-Pd > SL-Pd, which highlights the strong influence of the deposition method on the oxidation state of the active phase. After the HDC reaction, the IW-Pd and DS-Pd catalysts showed an increased contribution of Pdn+, which was more marked for the IW-Pd catalyst. On the contrary, SL-Pd showed a decrease in the contribution of Pdn+ after use in the HDC reaction. The three used catalysts showed similar Pd0/Pdn+ ratios (≈2.30), which suggests that under reaction conditions there is sufficient time for the surface Pd to reach some redox steady state which is common across all three catalysts. After reaction, besides the changes in the Pd0/Pdn+ ratio, only small changes in the amount of surface palladium were observed in IW-Pd and DS-Pd but there was a more significant drop for SL-Pd, suggesting either some migration of the Pd particles into the support, or partial coverage or sintering of the Pd particles, during the HDC reaction.



Electron microscopy results for the catalyst samples after they had been used in the HDC tests are presented in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8. Particle size distribution histograms obtained by measuring ~300 particles for each of the three used catalysts are given together in Figure 3. For clarity, the few large Pd particles and Pd agglomerations (see below) external to the mesopore support which were seen in some images are not included in these histograms. In all three samples, Pd is present in the form of very small, roughly spherical nanoparticles. In each case, nearly all particles are smaller than the diameter of the mesopores (~7 nm) of the OMC support, which is consistent with their residing within these pores rather than being simply on the external surface. The nanoparticles are particularly small in the IW-Pd and DS-Pd catalysts, and noticeably larger in SL-Pd, having mean particle sizes of 2.2, 2.4 and 3.6 nm, respectively. All three distributions are bimodal, with a small second peak or shoulder at around 7 nm.



Figure 4. presents HAADF images of the catalyst, IW-Pd, after catalytic activity testing. The intensity in HAADF images increases with density. This means that Pd particles have high brightness and can be easily distinguished from the low-density carbon support. The low magnification image in Figure 4a shows the excellent dispersion of Pd nanoparticles, of uniform size, within a particle of the OMC support. In Figure 4b–d, intermediate and high magnification images show Pd nanoparticles and the pore structure of the support (not aligned with the microscope beam in these images) in more detail. The Pd particles appear to reside in the mesopores of the support. In addition to the nanoparticles of ~3–8 nm diameter, even smaller features of diameter ~1–2 nm, possibly Pd clusters, can be seen. Some of these are indicated using yellow arrows in Figure 4d, which also clearly exemplifies the bimodal particle size distribution seen in the histograms of Figure 3 and discussed above. Images and EDS elemental maps are presented for the used catalysts, DS-Pd and SL-Pd, in Figure 5 and Figure 6, and Figure 7 and Figure 8, respectively. In Figure 5a, in the HAADF image of DS-Pd, a small number of relatively large Pd particles are seen. Their diameters, at ~10–40 nm, are larger than the diameter of the mesopores of the support (~7 nm), indicating that they must be on the external surface of the support particle. In this image, and more clearly, in Figure 5b, many small Pd nanoparticles are seen inside the parallel cylindrical pores of the carbon support. This is a very desirable nanostructure because it is expected to favour excellent dispersion of the Pd and also hinder coalescence and sintering of the Pd nanoparticles during the time on stream. The high magnification image in Figure 5c shows a number of uniform Pd particles of diameter ~1–2 nm which appear to be located mainly on the walls of the cylindrical pores in the OMC support. These pores are viewed end-on here and appear as dark circles in the lower part of the image. A high-resolution TEM image is presented in Figure 5d in which the amorphous structure of the carbon of the support and some of the crystal lattice planes of the 3–5 nm diameter Pd particles (arrowed) can both be resolved. Lattice spacings are ~2.2 Å, which is consistent with the (111) planes of metallic Pd. EDS elemental maps corresponding to the HAADF image shown in Figure 6a are given in Figure 6b–d. The parallel pore structure of the carbon support can be seen in the HAADF image and the O and C maps whereas Figure 6d clearly confirms the location of the Pd nanoparticles inside the mesopores. The used catalyst, SL-Pd, showed fewer Pd nanoparticles to be associated with the OMC support, as can be seen in the relatively low number of bright features in Figure 7a. The region of support images in Figure 7b does contain Pd nanoparticles (some examples are arrowed) but this was not generally the case and much of the support contained little Pd. This can be explained by the large agglomerate of Pd metal seen in Figure 7c. It appears that the palladium precursor was not impregnated completely into the support and this gave rise to large concentrations of Pd separated from the support, which is clearly undesirable for catalysis. In confirmation of this, very little Pd is detected in the mesoporous material itself, as imaged and mapped in Figure 8, although the mesopore structure of the support is clearly seen in the image and C map.




2.2. Catalytic Activity


Figure 9 presents the evolution of TCM conversion and selectivities as a function of reaction temperature during the HDC process for the three catalysts prepared. All the catalysts showed high activity for the reaction but there were also significant differences in their conversion and selectivity patterns. In the reaction temperature range up to 175 °C, the conversion follows the order IW-Pd >DS-Pd>SL-Pd. IW-Pd and DS-Pd showed significantly higher conversion values than SL-Pd, which can be explained by their smaller average Pd particle sizes and the more uniform distribution of Pd particles throughout the support as shown in the TEM study. IW-Pd had the smallest average particle size (2.2 nm) and showed the highest conversion. Above 175 °C, both IW-Pd and DS-Pd achieved total TCM conversion. These TCM conversion values compare favourably with that reported for the same loading of Pd on a commercial carbon from Merck and tested under the same operating conditions by Gómez-Sainero et al. [21]. The authors reported a similar average Pd particle size of 1.8 nm [22]. In contrast, SL-Pd displayed a noticeable decrease in conversion at reaction temperatures of above 250 °C. Initially, the conversion of TCM increased with reaction temperature up to 200 °C at which point it reached a value of 98%. Conversion remained high and almost constant till 250 °C but then decreased to 23% at 300 °C. Results suggest that the larger Pd particles and their preferential location on the outer surface of the catalyst allowed the deactivation of SL-Pd catalyst. This deactivation appears to be favoured by the presence of large agglomerates of Pd separate from the OMC support and a sparser and non-uniform distribution of Pd nanoparticles within the support. The differences in Pd distribution, leading to dissimilar catalytic activity, seems to be related to the different catalyst preparation methods. While, in the preparation of IW-Pd and DS-Pd, palladium nitrate solution was continuously mixed using a pestle and mortar for more than 1 h, in the preparation of SL-Pd, the carbon template and palladium nitrate were simply ground together using a pestle and mortar. The thorough mixing in the preparation of IW-Pd and DS-Pd would be expected to result in well-distributed, small Pd particles, enhancing the performance during HDC. Another reason for the lower activity of SL-Pd and its loss of activity at high reaction temperatures may be the reduction of surface Pd concentration (from 1.56 to 1.04%) observed on used catalysts by XPS analysis. As mentioned above, deposition of carbon species formed during HDC tests probably deactivated the catalyst by blocking access of the reaction gas to the catalytically active surface of the Pd particles.



The selectivity patterns of the three catalysts to the reaction products are plotted in Figure 9 and presented in detail in Table 3, Table 4 and Table 5. In all cases, the reaction products detected were methane, ethane, propane, ethane and propene in addition to the incompletely dechlorinated species, dichloromethane (DCM) and monochloromethane (MCM). At low reaction temperatures, the main products, for all catalysts, were methane followed by ethane. The three catalysts showed an increase in the selectivity to C2-C3 hydrocarbons at the expense of CH4 as reaction temperature increased. IW-Pd showed the highest selectivity to ethane, which increased from 12.8% at 75 °C to around 40% at 300 °C. At this latter temperature, the selectivity to ethane is higher than that to methane. In addition, this catalyst also showed the highest selectivity to propane, which reached a maximum value of ca. 21% at 300 °C. The DS-Pd catalyst also showed an increase in selectivity to ethane from 9 to 31% at the expense of methane, and relatively high selectivity to propane at 300 °C (8%). On the contrary, for SL-Pd, the selectivity to C2-C3 alkanes was significantly lower than those obtained using IW-Pd and DS-Pd. This can be ascribed to the poorer distribution of the Pd phase in the SL-Pd catalysts because no significant differences in Pd oxidation state were observed between the catalysts (Table 2). Furthermore, with the SL-Pd catalyst, both conversion and selectivity to ethane dropped significantly at temperatures above 250 °C and selectivity to DCM increased, probably as a consequence of the deactivation of the catalyst. It is worth noting that SL-Pd was the only catalyst that showed ethene as a reaction product, with almost 20% ethene selectivity at 300 ℃, although with TCM conversion hardly higher than 20%. As ethane is obtained from the subsequent hydrogenation of the ethene intermediate [22], the higher selectivity to ethene can be attributed to the partial deactivation of the Pd active centres so hindering H2 adsorption and hydrogenation capability, as demonstrated by the high selectivity to DCM obtained at the highest reaction temperatures with this catalyst.



Several authors propose that HDC of TCM occurs via the methylene species (:CH2) as a reaction intermediate [5,21,23]. This species could be (i) completely hydrogenated to give methane, (ii) could react with a second methylene group to give ethene (which, in turn, may be hydrogenated to ethane) or (iii) be partially hydrogenated then react with a CH3 group to give ethane. Route (i) is considered to be more energetically favoured because the methane intermediate is more stable and energy barriers to generate the catalytic intermediate are lower. Because of this, only at low reaction temperatures is selectivity to methane high. As reaction temperature increases, these intermediates become relatively stabilised and the activation energy barriers to C1+ products are increasingly overcome, so selectivity to C1+ species increases. The morphology of the catalyst has also found to be important. In previous work, some of the authors found that increasing Pd particle size increased selectivity to C1+ products. This was attributed to an increased probability of two adsorbed CH3 species meeting and reacting on these larger particles.





3. Experimental Section


3.1. Catalysts Preparation


The 2D hexagonal OMCs were prepared using a two-phase method described elsewhere [20]. Briefly, in a typical preparation, a precursor solution is made by mixing 2.20 g of resorcinol with 2.26 g of 37 wt% formaldehyde solution. 2 mL of 0.1 M NH4OH was added to catalyse the polymerisation of the resorcinol and formaldehyde, and the solution was stirred for a further 1 h to obtain the resorcinol-formaldehyde resin, known as RF resol. This was cooled to 18 °C and mixed with a solution containing 1.60 g of the block copolymer, F127 (of the form H-[-O-CH2CH2-]x[-OCH(CH3)-CH2-]y-[O-CH2-CH2-]z-OH), 8 g of water and 10 g of ethanol. 0.225 g of oxalic acid—the polymer condensation catalyst was added with continuous stirring. The molar ratios of these reagents, resorcinol: formaldehyde: F127: NH4OH: oxalic acid, was 1:1.39:0.00635:0.01:0.125. After 5–10 min, the clear solution became cloudy indicating phase separation. After constant stirring for a further 1 h, the mixture was left standing overnight to obtain the polymer gel phase. This was dried for at least 12 h at room temperature, cured at 80 °C for 24 h then heated at 400 °C for 3 h (heating rate, 1 °C min−1) under flowing N2 (100 cm3 min−1) to obtain the OMC product. The catalysts were made by impregnating 1 wt% Pd into this 2D hexagonal OMC by incipient wetness (IW), dilute solution (DS) and solid-liquid methods (SL) and they were named as IW-Pd, DS-Pd and SL-Pd, respectively. In the IW method, 0.0505 g of Pd(NO3)2·2H2O dissolved in 3 mL of acetone was mixed with the OMC template using a pestle and mortar. The precursor solution was added a few drops at a time to 2 g of the OMC, and the powder mixed thoroughly to allow it to dry before making the next addition. 2 mL of additional acetone was used to rinse the last solution from the vial and added to the OMC in the same way. In the dilute solution (DS) method, 0.0511 g of Pd(NO3)2·2H2O was added to 7.59 g of acetone together with 2 g of the OMC template, to form a suspension. The mixture was stirred continuously for 24 h at room temperature and then heated at 40 °C with continuous stirring to evaporate the acetone. In the solid-liquid (SL) method, 0.0507 g of solid Pd(NO3)2·2H2O was mixed with 2 g of 2D hexagonal mesoporous carbon template in a pestle and mortar for several minutes. After impregnation, all three catalysts were dried overnight at 60 °C in the air in a muffle furnace.




3.2. Catalyst Characterisation


Nitrogen physisorption isotherms were measured using a Micromeritics TriStar II 3020 instrument (Norcross, GA, USA) with liquid nitrogen at −196 °C. Before analysis, samples were degassed at 120 °C for at least 12 h under vacuum. Micrometrics software was used to obtain specific surface areas using the BET (Brunauer–Emmett–Teller) equation and the micropore volume was calculated using the t-plot method. BJH (Barrett, Joyner, Halenda) pore size distributions were obtained from the adsorption branches of the isotherms.



XPS was performed with a Scienta 300, operating at 1 × 10−9 mbar and using an unmonochromated Al Kα source (photon energy 1486.6 eV). The pass energy was set to 75 eV. Survey scans were collected at a dwell time of 133 msec with a step size of 200 meV and two scans were added. For detailed scans, two scans were added and dwell time was 533 msec with a 20 meV step. Pd 3d Spectra were background-subtracted and deconvoluted using Casa-XPS software (Teignmouth, UK). The C1s peak (284.6 eV) was considered as an internal standard and used for corrections of changes occurring in BE caused by sample charging. For XPS analysis, fresh, as-prepared samples were pre-reduced at 250 °C for 2 h in flowing H2, to replicate the pre-reduction carried out prior to catalytic activity tests (see below). These samples are described as “fresh reduced” in this paper.



For TEM examination, the samples were suspended in acetone by ultrasonication and deposited onto holey carbon-coated Cu grids. A Titan Themis 200 keV (FEI) transmission and scanning transmission electron microscope (city, State Abbr. (if has), country) (S/TEM) equipped with an X-FEG Schottky field emission gun and a spherical aberration corrector was employed to obtain electron images in bright field, dark field and High Angle Angular Dark Field (HAADF) mode. HAADF images were particularly useful for studying the Pd/OMC catalysts because the intensity in the image increases with density. Since Pd has a much higher atomic number than the C of the support, Pd nanoparticles are observed very clearly. The Super-X high sensitivity windowless Energy Dispersive Spectroscopy (EDS) X-ray detector of the microscope was used to generate two-dimensional maps of the elemental composition of the samples. The diameters of ~300 Pd particles were measured from high magnification HAADF images of each of the used catalyst samples using the image analysis software, ImageJ, (Hillsboro, OR, USA) and these data were plotted as particle size distribution histograms.




3.3. Catalytic Activity Tests


The hydrodechlorination (HDC) experiments were carried out in a continuous flow reaction system described by Gómez-Sainero and co-workers [5,19], consisting of a quartz fixed-bed microreactor having an internal diameter of 4.0 mm, coupled to a gas chromatograph equipped with a flame ionization detection (FID) detector for the analysis of the reaction products. The catalysts were reduced in situ under an H2 flow (50 Ncm3 min−1) at 250 °C for 2 h prior to reaction. The experiments were performed at atmospheric pressure using a total flow rate of 100 Ncm3 min−1 and an inlet trichloromethane (TCM) concentration of 1000 ppm with a H2/TCM molar ratio of 100:1. The temperature was increased in steps from 75 to 300 °C at a heating rate of 10 °C min−1 and catalytic activity tests were performed under isothermal conditions for 90 min each at temperatures of 75, 100, 125, 150, 175, 200, 250 and 300 °C. In each experimental run, 0.213 g of catalyst was used resulting in a space time of 0.8 kg h mol−1 TCM. The performance of the catalysts was evaluated in terms of TCM conversion (X) and selectivities to different reaction products.





4. Conclusions


Three catalysts were prepared by incorporating 1 wt% Pd in a mesoporous carbon template using IW, DS and SL preparation methods. The catalysts were used in the gas-phase HDC of TCM at temperatures in the range of 75–300 °C with a space-time of 0.8 kg h mol−1. High conversion of the TCM along with low selectivities to chlorinated intermediates and high selectivities to alkanes, especially the higher alkanes, are all desirable properties of a catalyst for HDC. Interestingly, the Pd/C catalysts studied here show performance which is comparable with materials developed specifically for this reaction [4,7,21]. IW-Pd was found to be the best catalyst in terms of TCM conversion, this reaching 100% already at 175 °C and remaining constant on further increasing the reaction temperature. Its selectivity to non-chlorinated products was always higher than 90%, under the conditions used in this study, and this catalyst exhibited higher selectivity to the higher alkanes than the other two catalysts. The SL-Pd showed poor performance due to its lower dispersion and to the agglomeration of relatively large Pd particles on the outer catalyst surface, and indeed outside the OMC completely. This poor impregnation leads to lower conversion values and lower selectivity to the desired products, as well as a strong deactivation of the catalyst. This deactivation proceeded most likely through the blocking of active Pd sites by deposition of carbonaceous species. The performance of the catalysts can be explained by their nanostructure, as determined by TEM and XPS, and this is, in turn, a function of the preparation route used. The use of ordered mesoporous carbon as a support in these HDC catalysts presents an interesting avenue for future studies.
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Figure 1. Physisorption isotherms (a) and pore size distributions (b) for the Pd/OMC catalysts. 
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Figure 2. Pd 3d XPS spectra for the following catalysts: fresh, reduced (a) and used (b) IP-Pd; fresh reduced (c) and used (d) DS-Pd; fresh reduced (e) and used (f) SL-Pd. See text for details. 
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Figure 3. Pd nanoparticle size distribution histograms obtained from TEM images for catalyst samples after catalyst testing: (a) IW-Pd (b) DS-Pd; (c) SL-Pd. 
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Figure 4. HAADF images of the catalyst IW-Pd after HDC testing in which Pd has bright contrast: (a) at low magnification showing the excellent dispersion of Pd nanoparticles within a particle of the mesoporous carbon support; (b,c) at intermediate magnification showing Pd nanoparticles and the pore structure more clearly; (d) at high magnification showing that in addition to the nanoparticles of ~3–8 nm diameter, even smaller features, possibly Pd clusters are visible (examples arrowed). The intermediate-sized Pd particles appear to coincide predominantly with the mesopores (dark contrast) of the support. A further image is given in Supplementary Information. 
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Figure 5. HAADF images of the catalyst DS-Pd after HDC testing in which Pd has bright contrast: (a) at low magnification showing a few large Pd particles outside the mesopore structure; (b) at intermediate magnification showing the alignment of the Pd particles within the cylindrical pores; and (c) ~1 nm Pd particles located on the mesopore edges (examples arrowed). (d) TEM image showing the lattice planes of 3–5 nm Pd particles (arrowed). 
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Figure 6. HAADF image of the catalyst DS-Pd after HDC testing in which Pd has bright contrast (a), and corresponding EDS elemental maps for: C (b), showing the parallel pore structure; O (c); and Pd (d), confirming the presence of Pd nanoparticles inside the mesopores of the support. 
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Figure 7. HAADF images of the catalyst SL-Pd after catalyst testing showing: (a) the ordered mesoporous carbon structure with few visible Pd particles; (b) Pd nanoparticles within the mesopore structure (examples arrowed); and (c) a large agglomerate of Pd metal. 
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Figure 8. HAADF image of SL-Pd after catalyst testing (a), and corresponding EDS elemental maps of: Pd (K emission) (b); C (c), showing parallel pore structure; Pd (L emission) (d). 
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Figure 9. Conversion of TCM, XTCM, and selectivities, S, to the products indicated, as a function of temperature for the catalysts: (a) IW-Pd; (b) DS-Pd and (c) SL-Pd. 
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Table 1. Nitrogen physisorption data of IW-Pd, DS-Pd and SL-Pd.
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	Sample ID
	SSA

(m2/g)
	VP

(cm3/g)
	Vmicro

(cm3/g)
	Dp(nm)





	IW-Pd
	523
	0.54
	0.037
	7.4



	DS-Pd
	551
	0.58
	0.040
	7.0



	SL-Pd
	560
	0.61
	0.032
	7.1







SSA: Specific surface area; VP: Pore volume; Vmicro: Micropore volume; DP: Pore diameter.
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Table 2. Chemical compositions and oxidation states of Pd obtained from XPS analyses for the fresh reduced and used Pd/OMC catalysts.
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	%
	IW-Pd Fresh
	IW-Pd TCM
	DS-Pd Fresh
	DS-Pd TCM
	SL-Pd Fresh
	SL-Pd TCM





	C (1s)
	77.54
	77.64
	78.2
	78.28
	79.25
	78.73



	O (1s)
	20.03
	19.8
	19.35
	19.41
	19.19
	20.23



	Pd (3d)
	2.43
	2.56
	2.44
	2.31
	1.56
	1.04



	Pd0
	87.8
	69.71
	72.22
	69.65
	56.74
	68.45



	Pdn+
	12.2
	30.29
	27.79
	30.35
	43.26
	31.54
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Table 3. Selectivities to methane (SCH₄), C2 hydrocarbons (SC2s), hydrocarbons with more than two (SC2+), and more than one (SC1+), carbon atom(s), and to MCM and DCM (SCMs) for IW-Pd.






Table 3. Selectivities to methane (SCH₄), C2 hydrocarbons (SC2s), hydrocarbons with more than two (SC2+), and more than one (SC1+), carbon atom(s), and to MCM and DCM (SCMs) for IW-Pd.





	Reaction Temperature (°C)
	SCH₄ (%)
	SC2s
	SC2+ (%)
	SC1+ (%)
	SCMs (%)





	75
	80.3
	12.8
	1.6
	14.4
	5.4



	100
	74.2
	19.0
	2.6
	21.6
	4.2



	125
	69.0
	23.6
	3.2
	26.8
	4.2



	150
	64.9
	27.2
	3.8
	31.0
	4.2



	175
	58.3
	30.9
	5.9
	36.8
	4.9



	200
	49.3
	33.9
	10.4
	44.3
	6.4



	250
	35.2
	36.6
	18.6
	55.2
	9.6



	300
	31.2
	38.9
	21.4
	60.3
	8.5
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Table 4. Selectivities to methane (SCH₄), C2 hydrocarbons (SC2s), hydrocarbons with more than two (SC2+), and more than one (SC1+), carbon atom(s), and to MCM and DCM (SCMs) for DS-Pd.
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	Reaction Temperature (°C)
	SCH₄ (%)
	SC2s
	SC2+ (%)
	SC1+ (%)
	SCMs (%)





	75
	83.6
	9.4
	1.0
	10.4
	6.1



	100
	79.8
	13.3
	1.5
	14.8
	5.4



	125
	77.9
	15.4
	1.8
	17.2
	5.0



	150
	76.4
	16.4
	2.0
	18.4
	5.2



	175
	73.6
	17.6
	2.6
	20.2
	6.1



	200
	68.6
	20.1
	3.6
	23.7
	7.6



	250
	59.0
	25.0
	5.9
	30.8
	10.2



	300
	47.4
	31.4
	8.3
	39.8
	12.8
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Table 5. Selectivities to methane (SCH₄), C2 hydrocarbons (SC2s), hydrocarbons with more than two (SC2+), and more than one (SC1+), carbon atom(s), and to MCM and DCM (SCMs) for SL-Pd.






Table 5. Selectivities to methane (SCH₄), C2 hydrocarbons (SC2s), hydrocarbons with more than two (SC2+), and more than one (SC1+), carbon atom(s), and to MCM and DCM (SCMs) for SL-Pd.





	Reaction Temperature (°C)
	SCH₄ (%)
	SC2s
	SC2+ (%)
	SC1+ (%)
	SCMs (%)





	75
	64.9
	4.6
	1.9
	6.5
	28.6



	100
	89.2
	8.2
	1.7
	10.0
	0.9



	125
	88.8
	9.3
	1.3
	10.6
	0.6



	150
	88.6
	9.6
	1.2
	10.8
	0.6



	175
	88.9
	9.1
	1.3
	10.4
	0.6



	200
	90.1
	7.8
	1.3
	9.1
	0.7



	250
	87.4
	10.4
	1.0
	11.4
	1.2



	300
	46.3
	18.7
	1.9
	20.5
	33.1
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