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ABSTRACT 

Fundamental understanding of the effects of phase and 

exposed facets of transition metal carbide (TMC) 

catalysts on reactivity is a route to preparing more 

active and stable materials for targeted applications. In 

this work, two geometries of tungsten carbide 

nanomaterials, nanorods and nanoparticles, with 

differing exposed facets were synthesized to 

investigate the impact of morphological effects on 

catalytic performance for the dry methane reforming 

(DMR) reaction. β-W2C nanoparticles maintained high 

activity and exhibited less coke formation for more 

than 40000 turnovers while α-WC nanorods began to 

deactivate after only 8000 turnovers. The difference in 

reactivity is attributed to the promotion of coke 

formation by the exposed facets of the nanorods while 

the diverse facets of the nanoparticles inhibit coke 

formation and promote the DMR reaction. The 

synthesis of a variety of TMC morphologies provides 

an avenue for future study and design of viable 

catalysts for a wide range of applications. 

 
1. INTRODUCTION 

 

With growing concerns over increasing greenhouse gas 

emissions, there exists a critical challenge to develop 

technologies and materials to utilize carbon dioxide (CO2) 

as a feedstock.1-2 Dry methane reforming (DMR) is a 

promising alternative to steam methane reforming for the 

generation of synthesis gas because CO2 is used as an 

oxidant instead of steam,  thereby opening a pathway for 

the utilization of CO2 as a feedstock for the production of 

synthetic fuels. DMR is a highly endothermic reaction 

(ΔH298K = +247.3 kJ/mol) that generates a product mixture 

with a H2/CO ratio near unity, which is ideal for iron ore 

reduction, acetic acid production and can be used to 

increase selectivity in the Fischer Tropsch process toward 

the higher hydrocarbons3 integral to aviation and ground 

transportation fuels. Although DMR requires a high 

thermal input to reach appreciable conversions, it has 

become of increasing commercial interest due to the 

activities in support of climate concerns.4 The chemistry of 

reforming with CO2 has been studied for decades, yet no 

robust catalyst exists to perform this reaction on an 

industrial scale. A main disadvantage of the high 

temperatures required for the process is the high 

thermodynamic potential to form coke, resulting in rapid 

catalyst deactivation. Carbon can be deposited in different 

forms on the catalyst, either encapsulating the supported 

metallic nanoparticles, or diffusing into crystal lattice and 

forming filamentous carbon whiskers that disintegrate the 

catalyst into finer particles, drastically increasing the 

pressure drop along the reformer.5-7 Furthermore, high 

temperatures often result in sintering and agglomeration of 

metal particles reducing active surface area.8 Research 

efforts on nickel-alumina catalysts have focused on 

improving the coke and sinter resistance by minimizing 

particle size and adding small amounts of noble metals 

(NMs).9 However, due to the high costs associated with 

noble metals, more recent efforts have turned the focus to 

earth-abundant systems such as transition metal carbides 

(TMCs).10-17 

TMCs, such as molybdenum carbide and tungsten 

carbide, have shown promise for many energy applications, 

including hydrogen evolution, oxygen reduction, 

isomerization and water-gas shift reactions.18-26 Many of 

these studies have evaluated TMCs for replacing or 

lowering the loading of NMs in catalyst formulations as 
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originally detailed by Levy and Boudart.27-29 Advances in 

synthetic methods have focused on modifying their 

properties through the synthesis of varying morphologies, 

including nanoparticles, nanorods, and nanosheets.8, 30-31 

An important, but often overlooked byproduct of these 

efforts, is the exposure of facets that possess vastly 

different reactivity. While facet dependent reactivity trends 

have been studied in depth for thin oxide and metal films,32-

35 few of these studies for TMCs exist computationally,19, 

36 with even fewer experimental studies due to synthetic 

limitations. A targeted synthesis approach with facet 

control would allow direct analysis of structure reactivity 

relationships for TMCs.  

Several studies have investigated TMCs for DMR over a 

wide range of reaction conditions.10-12, 37-41 Green et al. 

demonstrated the activity and inherent resistance to 

macroscopic carbon formation of bulk molybdenum and 

tungsten carbides.38 The authors suggested similarities to 

noble metals as the reason for the observed activity.29, 42-43 

Green et al. expanded the investigation to include other 

transition metal carbides for DMR, discovering 

molybdenum and tungsten are the most resistant to 

deactivation through oxidative pathways.11 Furthermore, 

the authors offered some insight into the disparate catalytic 

behavior between the TMCs by calculating the temperature 

at which recarburization becomes favorable for vanadium, 

tungsten and molybdenum carbide. They found this it to be 

similar across all transition metals; yet found that vanadium 

carbide did not possess stability similar to the group VI 

carbides. From this observation, the authors suggested the 

carbide structure plays an important role in the kinetics of 

the oxidation/recarburization reaction due to a difference in 

exposed facets, as vanadium carbide is present in the fcc 

phase while both tungsten and molybdenum carbide are 

hexagonal. A similar hypothesis was reached by Thompson 

et al. in the study of transition metal nitrides (TMNs) and 

carbides for n-butane hydrogenolysis. TMNs and TMCs 

with the same metal atom and same crystal phase exhibited 

similar reactivity regardless of the heteroatom, while those 

with different structure had markedly different activity, 

indicating the importance of lattice structure on the 

reactivity of the catalyst. Furthermore, in a comparison 

across the several phases of tungsten carbide, hexagonal β-

W2C was the most active phase being slightly more active 

than hexagonal α-WC, and more than twice as active as fcc 

WC1-x.44 These studies also highlight the lack of 

understanding of the underlying effects of crystal phase, 

exposed facets, and morphology on activity within TMCs. 

Understanding the effects of morphology and facet size 

on reactivity and stability by way of rational 

nanostructuring is necessary to develop carbide-based 

DMR catalysts with improved sinter resistance and 

enhanced activity.8, 45 Overall, however, there is a paucity 

of studies relating the influence of crystallographic facets 

and morphology on activity and stability of TMCs during 

DMR. Yu et al. investigated the synthesis of WC 

nanoparticles in the range of 5-10 nm from tungsten-

promoted biochar and subsequent use of the catalysts for 

DMR.45 The authors found a uniform particle distribution 

with little coke formation after 500 h on stream suggesting 

the small particle size contributed directly to the stability 

of the catalyst. Wang et al. studied the use of tungsten and 

molybdenum carbide based catalysts to improve the sinter 

resistance of nickel-modified catalysts.8 Ni-WC was found 

to exhibit better stability than Ni-Mo2C, which was 

attributed to the sinter resistance of WC - observed through 

a similar crystallite size before and after reaction for the 

tungsten carbide particles. In addition, Ni-WC also proved 

resistant to oxidation during reaction as little change was 

observed in the XPS spectra for fresh and used samples 

while the molybdenum catalyst exhibited a significant 

decrease in the Mo2+
 species indicative of oxidation of 

Mo2C.  

In this work, β-W2C nanoparticles and α-WC nanorods 

were synthesized and studied as catalysts for DMR to 

elucidate the effects of morphology and aspect ratio on 

activity and stability. Reactions were carried out in packed 

bed reactors under DMR conditions at 1173 K and 1 atm. 

Material and textural properties were evaluated using N2 

physisorption at 77 K, high resolution transmission 

electron microscopy (HRTEM), and powder X-ray 

diffraction (PXRD) before and after reaction. WxC was 

chosen as a representative carbide system not only because 

it has displayed promising activity and stability for DMR,8, 

11, 45-46 but also because various morphologies of tungsten 

oxide have been synthesized for use as precursors for the 

preparation of diverse nanostructured WxC materials.47-48 γ-

alumina was chosen as the support for the tungsten 

nanomaterials as it has shown the best stability with Mo2C 

over several other oxide supports.37 Furthermore, γ-Al2O3 

has also been shown to provide high activity and high 

stability for Rh-based DMR catalysts.49-51 Overall, β-W2C 

nanoparticles exhibited higher activity and improved coke 

and sinter resistance than α-WC nanorods, suggesting the 

disordered phase is more favorable for DMR reactions and 

may facilitate an oxidation/recarburization reaction 

pathway that contributes to a more stable catalyst.  

 

2. EXPERIMENTAL 

 

Synthesis of WOx nanorods. WOx nanorods were 

synthesized following the procedure detailed in previous 

work with some modifications.48 In a typical synthesis, 

ammonium metatungstate hydrate (0.1 mmol) was added to 

20 mL of oleylamine in a 100 mL round bottom flask and 

slowly heated to 523 K at a rate of 2 K/min. The suspension 

was allowed to soak at 523 K for 2 h and cooled to room 

temperature. After cooling, 80 mL of acetone was added, 

creating a biphasic solution with dissolved oleylamine in 

acetone and dispersed nanorods. The resulting blue 

solution was centrifuged at 5000 rpm for 30 min and the 

supernatant was removed to yield blue nanoparticles that 
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could be collected by drying in air at room temperature. 

The dry blue powder was weighed and dispersed in toluene. 

Synthesis of WOx nanoparticles. WOx nanoparticles 

were synthesized following the procedure detailed in 

previous work with some modifications.48 In a typical 

synthesis, ammonium metatungstate hydrate (0.1 mmol) 

and trimethylamine N-oxide (TANO) (5 mmol) were added 

to 20 mL of oleylamine in a 100 mL round bottom flask 

and slowly heated to 523 K at a rate of 2 K/min. The 

suspension was allowed to soak at 523 K for 2 h and cooled 

to room temperature. After cooling, 80 mL of acetone was 

added, creating a biphasic solution with dissolved 

oleylamine in acetone and dispersed nanoparticles. The 

resulting yellow solution was centrifuged at 5000 rpm for 

30 min and the supernatant was removed yielding 

nanoparticles that could be collected by drying in air at 

room temperature. The dry powder was weighed and 

dispersed in toluene. 

Synthesis of WxC nanorods and nanoparticles. WOx 

nanomaterials dispersed in toluene were supported on γ-

Al2O3 (250-300 nm) through an incipient wetness 

impregnation (IWI). In a typical synthesis, 5 mL of the 

suspension of WOx nanomaterials was added to 1 g of γ-

Al2O3 to reach a nominal weight loading of 10 wt.% W in 

a 20 mL scintillation vial. The solution was stirred 

manually with a spatula to ensure dispersion of the 

nanomaterials on the support. The solvent was then 

evaporated in a vacuum oven to yield a dry powder. The 

dry powder was pelletized and sieved between 150-200 

μm. Synthesis of the carbide phase was performed through 

in situ carburization in a quartz reactor tube. The supported 

catalysts were subjected to a 2 K/min temperature ramp to 

1173 K under a 40 mL/min CH4:H2 flow with a 1:4 ratio. 

The temperature soak was maintained for 1 h followed by 

a 30 min hydrogen scavenging step under H2 flow at 32 

mL/min, after which the gas flow was switched to the 

reactant mixture. 

Catalytic activity and stability experiments. Activity 

and stability measurements were performed in a gas-phase 

packed-bed down-flow reactor. The reactor consisted of a 

quartz tube (6.35 mm OD, 4 mm ID) mounted in a single-

zone furnace (Applied Test Systems, Series 3210, 850 W 

and 115 V). The temperature was controlled by a 

temperature controller (Digi-Sense, model 68900-10) 

connected to a K-type thermocouple (Omega, model TJ36-

CAXL-116u) mounted downstream in direct contact with 

the catalyst bed. Each catalyst was pelletized to 150-200 

μm and packed between two 5 mm layers of quartz wool in 

the middle of the furnace. The total bed volume was ~2 

cm3. Prior to reaction, each catalyst was carburized as 

detailed in the previous section. After carburization, the 

carburization flow was switched directly to the reaction 

mixture of 1:1 CH4:CO2 with a total flow rate of 30 

mL/min, while maintaining a reaction temperature of 1173 

K. The reactor outlet concentrations were analyzed and 

quantified via an online gas chromatograph (GC) equipped 

with a thermal conductivity detector (TCD) for 

identification and quantification (Agilent Technologies, 

model 6890) The GC was fitted with a Carboxen 1006 

PLOT column (Agilent, 30 m × 0.32 mm × 10 μm). The 

following GC parameters were used for analysis: detector 

temperature of 463 K, injector temperature of 373 K, and 

split ratio of 1:1. An isothermal oven temperature of 308 K 

was used. 

The following equations were used to quantify 

experimental data: 

 

conversion (%) =  
mol reactant consumed

mol reactant fed
 × 100       (1) 

 

yield (%) =  
mol product

mol reactant fed
 × 100             (2) 

 

selectivity (%) =
yield

conversion
 × 100                 (3) 

 

Powder X-ray diffraction. Powder X-ray diffraction 

patterns were recorded on an Bruker Advance II 

diffractometer equipped with θ/2θ Bragg-Brentano 

geometry and Ni-filtered Cu Kα radiation (λ = 1.5418 Å) 

radiation at room temperature. The tube voltage and current 

were 40 kV and 40 mA, respectively. 

 N2 physisorption. Nitrogen physisorption isotherms 

were measured at 77 K for samples activated at 623 K for 

1 using the Quadrasorb EVO system from Quantachrome 

instruments. Nitrogen adsorption analysis was performed 

on all resulting products, and surface areas for the oxide 

and carbide materials were determined by applying 

Brunauer-Emmett-Teller (BET) theory over a range of data 

points derived for oxide materials.52  

Transmission Electron Microscopy. Transmission 

Electron Microscopy (TEM) was performed on a JEOL 

2010F equipped with a field emission gun (FEG) operating 

at 200 kV. All examined samples were sonicated for 10 s 

in toluene and then dispersed on carbon grids (Cu-300) 

from Sigma Aldrich. Several images were collected for 

each sample with varying levels of magnification. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization of pristine materials 

 

The phase and morphology of WOx on γ-Al2O3 was 

investigated with powder X-ray diffraction (PXRD) and 

transmission electron microscopy (TEM) after synthesis 

and preparation of each composite. Figure 1 shows the as-

prepared diffraction patterns of the supported tungsten 

oxide nanorods (WOx-NR), supported tungsten oxide 

nanoparticles (WOx-NP), as-received γ-Al2O3, and α-

Al2O3. All samples showed diffraction peaks associated 

only with the γ-Al2O3 support before carburization, with 

tungsten oxide nanomaterials having no observable 

reflections at the chosen nominal loading of 10 wt.%. TEM 
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images of the unsupported WOx nanomaterials are shown 

in Figure 2a,b. WOx-NR features a nanorod morphology 

with a particle size distribution of 3.96±0.86 nm x 

16.49±2.93 nm. The rods exhibit preferential growth along 

the [010] direction with the [100] family of planes being 

the primary exposed facet on the sides of the rods, in 

agreement with the previous report by Wong et al.48 Figure 

2b shows unsupported WOX nanoparticles with a particle 

size distribution of 5.96±1.43 nm. The small size of the 

nanoparticles allows for a variety of facets to be exposed, 

in contrast with the nanorods where only two different 

facets are exposed, one along the edges of the rod and one 

on the basal plane along the direction of growth of the rod.  

Table S1 shows the loading on a per mass basis as 

determined by energy dispersive X-ray spectroscopy 

(EDX) analysis and the BET surface area for each 

supported catalyst. The loading on a W wt.% basis is 

consistent across each sample, and within error of the initial 

nominal loading, allowing for a direct comparison between 

samples on a W wt.% basis. The unreacted supported 

catalysts exhibit high surface area similar to the surface 

area of the bare γ-Al2O3 support. Due to the low nominal 

loading of each catalyst and the inherent error in N2 

physisorption measurements it was difficult to determine 

an accurate surface area of either the nanorods or 

nanoparticles before reaction; instead, the surface area 

before reaction was used as one measure of coke deposition 

for the catalysts after reaction. To approximate the active 

area and thereby the number of active sites for each 

catalyst, a representative structural model (shown in Figure 

3) with dimensions equivalent to the average particle size 

after reaction was used. These models allowed an 

approximate number of surface tungsten atoms to be 

counted and used as the number of available sites for 

reaction. As depicted in Figure 3a-f, the density of surface 

tungsten atoms on each facet differs greatly for each phase. 

α-WC possess a more uniform distribution and spacing of 

tungsten atoms, while the uneven surface and diverse 

number of facets yields a wider range of spacing between 

surface tungsten atoms with numerous terrace sites and 

clusters created by the intersection of cleaved planes. A 

thin shell encompassing both models was used to count the 

total number of surface tungsten atoms, and provides an 

overestimate of the number of active sites on the 

nanoparticle as all tungsten atoms on the surface of the 

nanoparticle morphology may not be accessible by reactant 

molecules. Further discussion of the determination of 

active sites and calculation of the turnover number is 

detailed in the Supporting Information. 

WOx-NR and WOx-NP were carburized and 

characterized with XRD without reaction to determine the 

phase and structure of fresh carbide. As seen in Figure 1, 

WxC-NR exhibits strong reflections at 31.5, 35.6, and 48.2° 

2θ consistent with the (001), (100), and (101) facets, 

respectively, of the hexagonal α-WC phase. These 

reflections are absent from the WxC-NP sample; instead a 

small reflection is present at 39.6° 2θ consistent with the 

(101) facet of the hexagonal β-W2C phase. Preparation of 

visual models of each morphology in the observed crystal 

phase allows for further analysis of the exposed facets. As 

seen in Figure 3a, the nanorod morphology in the α-WC 

phase only exhibits two unique facets, (001) on the top and 

bottom basal planes and (100) on each of the four sides of 

the rod, while the nanoparticle morphology in the β-W2C 

phase possesses multiple exposed facets and numerous step 

sites with uncoordinated tungsten atoms. Synthesized 

particles in either morphology could possess a number of 

inherent defects; however, the nanorods will exhibit a 

significantly lower ratio of defects, i.e. uncoordinated 

atoms, in comparison to the nanoparticles. 

  

3.2 Dry methane reforming reactions 

 

Fresh supported oxide nanomaterial samples were 

pelletized and carburized in situ before testing as catalysts 

for DMR. Atmospheric pressures have been noted to lessen 

the formation of coke on carbide catalysts,45 and, therefore, 

were employed for testing of the various tungsten carbide 

morphologies to elucidate differences in coke resistance for 

each sample in addition to activity differences. A high 

temperature, 1173 K, was chosen for the reaction 

temperature, as it is consistent with the carburization 

temperature of tungsten carbide,24, 42 and allows near 

complete conversion at atmospheric pressure.5 Figure 4 

shows the reaction data for each catalyst in terms of 

reactant conversion and product yield plotted against TON 

calculated from an approximate site density as detailed in 

the SI. It is evident that WxC-NR undergoes an induction 

period for 3000 turnovers after which a pseudo-steady state 

is reached for 5000 turnovers, with 55% conversion of CO2 

and 45% conversion of CH4. A 90% selectivity to CO 

suggests some oxidation may be occurring during the 

dissociation of CO2 on the carbide surface, but this could 

also be associated with the reverse water-gas shift (RWGS)  

reaction occurring in parallel to the reforming pathway as 

has been noted in literature studies of carbides and other 

catalysts.7 A low H2 selectivity value of 66% supports the 

hypothesis of a prevalent RWGS pathway leading to the 

formation of water along with elevated CO2 conversion. It 

is well noted in dry reforming literature that a H2/CO ratio 

of less than unity points to the prevalence of a competing 

RWGS pathway, as the high temperature of the reaction in 

combination with high flow rates facilitates the reaction of 

hydrogen species formed from the dissociation of methane 

with abundant CO2 to form CO and water.53 After 8000 

turnovers, the catalyst began to deactivate in a linear 

fashion, suggesting either surface oxidation or, more likely, 

surface coke formation was responsible for catalytic decay 

(which is in accordance with previous studies of 

deactivation on supported carbide catalysts).11  

A similar wt.% loading of WxC-NP reacted under the 

same conditions undergoes a comparable induction period 
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for 3000 turnovers, and then approaches the 

thermodynamic limit of conversion, ~98% for CH4 and 

~96% for CO2, with conversions of 92% and 82% for CH4 

and CO2, respectively, maintaining a pseudo-steady state 

for nearly one hundred thousand turnovers. A slight 

decrease in CH4 conversion is observed after 35000 

turnovers, with a corresponding decrease in H2 yield. A 

similar analysis of selectivity for WxC-NP reveals the 

likely presence of the RWGS reaction as the selectivity to 

H2 lies near 50%. This observation suggests the 

nanoparticle morphology may promote the competing 

RWGS reaction; however, the prevalence of the RWGS 

reaction may be due to the presence of additional amounts 

of hydrogen on the catalyst surface at high conversions.  

While both samples were loaded with nominally the 

same wt.% tungsten they display markedly different 

conversion under similar reaction conditions. Two 

associated hypotheses arise from this observation. WxC-NP 

possesses a higher theoretical particle surface area in 

comparison with WxC-NR which could lead to a higher 

number of exposed active sites for the nanoparticle 

morphology. In addition, although both phases have similar 

crystallographic symmetry, α-WC possess a low number of 

carbon vacancies, leading to a lower prevalence of 

unsaturated tungsten surface atoms, as discussed by Kurlov 

and Gusev,54 on the WxC-NR sample. In contrast, β-W2C is 

inherently disordered with numerous carbon vacancies in a 

random distribution throughout the lattice likely leading to 

a high degree of unsaturated tungsten surface atoms. 

XRD patterns for spent catalyst samples of WxC-NR and 

WxC-NP, denoted –sp, are shown in Figure 1. In the case 

of WxC-NR-sp, it can be seen that there is a large 

amorphous region at 26° indicative of the presence of 

surface carbon, as well as a sharp reflection indicative of 

graphitic carbon formation, a feature that is also observed 

to a lesser extent for WxC-NP. The carbide phase of WxC-

NR and WxC-NP is undisturbed and no WO3 reflections are 

observed in either spent sample, suggesting the 

deactivation mechanism is not through bulk oxidation 

However, the presence of surface oxides may still play an 

important role in the loss of activity for the nanorod sample. 

To further investigate the morphology of each catalyst, 

TEM was performed for each sample after reaction. 

HRTEM micrographs for WxC-NR-sp in Figure 2c show 

growth parallel to the (001) plane of the tungsten carbide 

nanorods, with the (101) and (100) planes also clearly 

visible. Furthermore, a 2 nm thick layer of carbon is 

observed for the WxC-NR sample in contrast with WxC-

NP, where few coke deposits are observed, as seen in 

Figure S2. This observation suggests that the rate of coke 

deposition is much slower for the nanoparticle sample than 

for the nanorod morphology. In order to determine the 

amount of carbon deposited during reaction, 

thermogravimetric analysis in air was performed on each 

spent catalyst after reaction. As seen in Figure S3, the 

amount of weight loss for the WxC-NP-sp is quite similar 

to that of the bare support, and far less (20 wt% vs 33 wt%) 

than the spent WxC-NR catalyst. A hypothesis to explain 

this difference is the presence of numerous edge sites along 

the (100) direction of the nanorod that promote carbon 

formation and are less active for the DMR reaction. In 

contrast, the nanoparticle is primarily composed of exposed 

(110), (002), and (-1-11) facets, which could explain the 

large disparity in activity between the two catalysts. 

 

4. CONCLUSIONS 

 

In conclusion, we have investigated the effect of phase 

and morphology on the activity and stability of tungsten 

carbide nanomaterials for methane DMR. We hypothesize 

the inherent disorder and presence of carbon vacancies in 

the β-W2C phase nanoparticles leads to less coke 

deposition and higher conversion with a similar mass 

loading than the α-WC phase nanorods that do not possess 

the same degree of defects. These inherent carbon 

vacancies in the carbide lattice likely facilitate the 

oxidation/recarburization reaction that leads to higher 

activity while preserving the active catalyst and 

minimizing coke deposition. The correlation of activity and 

coke resistance with the inherent defects of the β-W2C 

yields a potential avenue for increasing performance of 

carbide catalysts for dry methane reforming through defect 

engineering.  

 

ASSOCIATED CONTENT 

Supporting Information 

Experimental procedures, particle size distributions, TEM 

images, and a detailed calculation of TON are available in 

the ESI. 
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Figure 1. PXRD patterns of spent (denoted WxC-NR/NP–sp), carburized (denoted WxC-NR/NP), fresh supported (denoted 

WOx-NR/NP) catalysts, γ-Al2O3, α-Al2O3, and reference patterns of α-WC, and β-W2C. 

 

 
Figure 2. TEM images of fresh supported (a) WOx-NR, (b) WOx-NP, and spent (c) WxC-NR-sp, (d) WxC-NP-sp catalysts. 
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Figure 3. (a) α-WC nanorod (WxC-NR) and (b) β-W2C nanoparticle (WxC-NP) structures. (c,e) Top view of α-WC facets, 

(d,f) top view of β-W2C facets. 
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Figure 4: Reaction data for DMR reactions performed with WxC-NR (top) and WxC-NP (bottom) supported on γ-Al2O3. 

(200 mg catalyst, 10 wt.% W, 1173 K, 1 atm, CH4/CO2 = 1, 30 mL min-1) 
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