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Abstract 

Carbon Dioxide Reduction using Supported Catalysts and Metal-Modified Carbides 

Marc D. Porosoff 

 

To sustain future population and economic growth, the global energy supply is expected to 

increase by 60% by 2040, but the associated CO2 emissions are a major concern.  Converting 

CO2 into a commodity through a CO2-neutral process has the potential to create a sustainable 

carbon energy economy; however, the high stability of CO2 requires the discovery of active, 

selective and stable catalysts. 

To initially probe the performance of catalysts for CO2 reduction, CO2 is activated with 

H2, which produces CO and CH4 as the primary products.  For this study, CO is desired for its 

ability to be used in the Fischer-Tropsch process, while CH4 is undesired because of its low 

volumetric energy density and abundance.  Precious bimetallic catalysts synthesized on a 

reducible support (CeO2) show higher activity than on an irreducible support (γ-Al2O3) and the 

selectivity, represented as CO:CH4 ratio, is correlated to electronic properties of the supported 

catalysts with the surface d-band center value of the metal component.    

Because the high cost of precious metals is unsuitable for a large-scale CO2 conversion 

process, further catalyst development for CO2 reduction focuses on active, selective and low-cost 

materials.  Molybdenum carbide (Mo2C) outperforms precious bimetallic catalysts and is highly 

active and selective for CO2 conversion to CO.  These results are further extended to other 

transition metal carbides (TMCs), which are found to be a class of promising catalysts and their 

activity is correlated with oxygen binding energy (OBE) and reducibility as shown by density 

functional theory (DFT) calculations and in-situ measurements.  Because TMCs are made from 



 

much more abundant elements than precious metals, the catalysts can be manufactured at a much 

lower cost, which is critical for achieving a substantial reduction of CO2 levels. 

In the aforementioned examples, sustainable CO2 reduction requires renewable H2, 95% 

of which is currently produced from hydrocarbon based-feedstocks, resulting in CO2 emissions 

as a byproduct.  Alternatively, CO2 can be reduced with ethane from shale gas, which produces 

either synthesis gas (CO + H2) or ethylene with high selectivity.  Pt/CeO2 is a promising catalyst 

to produce synthesis gas, while Mo2C based materials preserve the C-C bond of ethane to 

produce ethylene.  Ethylene and higher olefins are desirable for their high demand as commodity 

chemicals; therefore, future studies into CO2 reduction must identify new low-cost materials that 

are active and stable with higher selectivity toward the production of light olefins. 
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1. Chapter 1: Introduction 

 

1.1. Catalytic Reduction of CO2 

As atmospheric concentrations of CO2 continue to rise, efforts must be put forth to avoid 

negative effects from climate change and ocean acidification.
[1-2]

  Stabilization of atmospheric 

CO2 levels requires both significant cuts in emissions and active removal of CO2 from the 

atmosphere.
[3]

  Utilizing CO2 in a catalytic process to manufacture valuable chemicals and fuels 

is more desirable than sequestration
[4-5]

 because the net amount of CO2 mitigated by conversion 

with renewable energy is potentially 20 – 40 times greater than sequestration over a 20 year 

span.
[6]

  Additionally, the products of CO2 conversion are value-added and can be used as fuels 

or precursors to produce more complex chemicals and fuels. 

 To substantially reduce CO2 emissions by catalytic conversion, only reactions which 

produce fuels or commodity chemicals can be considered as viable solutions.  The demand for 

fine chemicals is simply not large enough to effectively reduce emissions through a CO2 

conversion process.
[7]

  For example, demand for organic chemicals only accounts for 4% of CO2 

emissions, while fuels account for 30% of total CO2 emissions and 100% of emissions from 

power plants.
[8]

  Therefore, synthetic fuel is a much more attractive route for CO2 conversion 

than specialty chemicals.  Another promising pathway is the production of olefins, which are 

produced on the order of 200 Mt per year and result in 1.2 – 1.8 tons of CO2 emitted per ton of 

olefin produced.
[9]

  By manufacturing these products with a CO2 feedstock, the total 

environmental and economic cost of the process will notably decrease.   

Current efforts into CO2 reduction focus on development of highly active, selective and 

stable catalysts.  Ongoing catalyst research is grouped into two subcategories, electrochemical 
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and thermal reduction of CO2.  Electrochemical reduction of CO2 operates on a much smaller 

scale and is more desirable for localized CO2 conversion and production of fine chemicals.  

There are extensive reports regarding electrochemical CO2 reduction, but they are outside the 

scope of this dissertation and can be found elsewhere.
[10-11]

  Research into catalysts for thermal 

reduction of CO2 can be further subdivided into the production of three classes of products, 

methanol (MeOH), hydrocarbons and CO. 

CO2 conversion to MeOH is one of the most practical routes for CO2 utilization because 

MeOH can be used as a fuel additive, fuel substitute and precursor to many commodity 

chemicals.
[12]

  Although MeOH synthesis from CO2 and H2 is exothermic, CO2 conversion to 

MeOH is kinetically limited at low temperatures and thermodynamically limited at high 

temperatures, resulting in low MeOH yields of 0.06% at 300 °C and 0.1 MPa.
[13]

  In typical 

industrial MeOH synthesis, CO, H2 and a small amount of CO2 are reacted over a Cu/ZnO/Al2O3 

catalyst between 5 – 10 MPa at 220 – 300 °C.
[14]

  Cu/ZnO/Al2O3 has also been investigated for 

MeOH synthesis from CO2 and H2, but further improvements are needed to improve MeOH 

selectivity and yield.   

Although synthesis of MeOH from CO2 is an attractive route, direct hydrogenation of 

CO2 into hydrocarbons is more practical.  Hydrogenation of CO2 to –CH2– species is possible 

through dissociative adsorption followed by hydrogenation, but the extent to which this occurs is 

not well known.
[15]

  Another possible route is direct Fischer-Tropsch (CO2-FT) by performing 

reverse water-gas shift (RWGS) followed by FT in one reactor, which is thermodynamically 

easier than RWGS because the overall process is exothermic.
[9]

  The CO2-FT process is 

advantageous because it provides a route to directly produce olefins and paraffins from CO2 and 

H2, but designing catalysts that are water resistant with high olefin selectivity is challenging.  
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Between MeOH synthesis and CO2-FT, CO2 hydrogenation to long-chain hydrocarbons is less 

studied and characterized, making catalyst development exceptionally difficult.   

CO produced by RWGS offers greater flexibility than direct MeOH synthesis from CO2, 

and is far easier than CO2-FT.  The current demand for CO is significantly larger than MeOH 

and can be used in both MeOH synthesis and downstream FT for chemicals and fuels.  However, 

RWGS is an endothermic process, which requires high temperatures and is equilibrium limited to 

~23 % at 300 °C and 1 MPa.
[15]

  Because the maximum conversion is relatively low at moderate 

temperatures, efforts must be put forth to develop active catalysts to overcome the slow kinetics 

and ensure CO is produced at the maximum allowable yield. 

To provide a brief overview of CO2 reduction by H2, each route will be reviewed in the 

order of (1) CO2 to MeOH over Cu-based catalysts and other materials, (2) CO2 to hydrocarbons 

via CO2-FT over redesigned FT catalysts and (3) CO2 to CO via the RWGS reaction over 

bimetallic catalysts and carbides.  The benefits and drawbacks of each pathway will be analyzed, 

ultimately motivating more detailed studies into selective CO production. 

 

1.1.1. Methanol Synthesis 

Improving yield is one of the toughest challenges for designing new catalysts for MeOH 

synthesis from CO2 and H2.  In fact, the CAMERE (carbon dioxide hydrogenation to form 

methanol via reverse-water gas shift) process already produces MeOH from CO2 and H2 at a 

capacity of ~75 Mt yr
-1

.  The overall process scheme involves RWGS over ZnAl2O4 followed by 

water removal and MeOH synthesis over Cu/ZnO/ZrO2/Ga2O3, but the disadvantage is it requires 

two different catalysts and reactors.
[16]

  An ideal process should use one catalyst in a single 

reactor, much like current research over Cu/ZnO/Al2O3, the commercial catalyst for MeOH 
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synthesis from CO and H2.
[17-18]

  This material has shown varying degrees of CO2 conversion and 

selectivity, as found in Table 1.1, among other catalysts.  Cu/ZnO/Al2O3 exhibits promising 

performance, but other Cu-based materials such as Cu-K/γ-Al2O3 generally operate at too high a 

pressure (36 MPa) for industrial viability.   

 

Table 1.1. Summary of reaction conditions with conversion and selectivity to MeOH, when available, for selected 

MeOH synthesis catalysts from CO2 and H2.  Asterisk indicates total alcohol selectivity. 

Catalyst 
H2:CO2 

Ratio 

Temperature 

/ °C 

Pressure 

/ MPa 

Conversion 

/ % 

Selectivity 

/ % 

CuO-ZnO/CeZrOx
[19]

 3.89:1 280 5 20.4 27 

Cu-Zn-Ga
[20]

 3:1 270 3 15.9 29.7 

Cu/ZrO2/CNF
[21]

 3:1 180 3 14 N/A 

Cu/γ-Al2O3
[22]

 3.8:1 200 36  8.4 37.3 

Cu-K/γ-Al2O3
[22]

 3.8:1 280 36  28.6 2.1 

Cu-Ba/γ-Al2O3
[22]

 3.8:1 280 10  25.2 9.3 

Pd-CaO/MCM-41
[23]

 3:1 250 3 12.1 65.2 

Mo2C
[24]

 1:3 220 6 4.6 17.7 

Fe3C
[24]

 1:3 220 6 2.8 24.3 

WC
[24]

 1:3 220 6 1.4 22.4 

Cu-Mo2C
[24]

 1:3 220 6 4 31.5 

Cu-Fe3C
[24]

 1:3 220 6 1.9 37.9 

Cu-WC
[24]

 1:3 220 6 0.6 21.3 

Cu-ZnO/TiO2-ZrO2
[25]

 3:1 240 3 17.4 43.8 

CuO-ZnO/ZrO2
[26]

 3:1 240 3 18.0 51.2 

Fe-Cu/MCM-41
[27]

 3:1 200 1 ~2% 99.97* 

Pd-Cu/SiO2
[28]

 3:1 250 4.1 6.6 34.0 

CoMoS
[29]

 3:1 310 10.4 28 31 

Rh-Sn/SiO2
[30]

 3:1 240 5 2.8 43.1 

NiGa/SiO2
[31]

 3:1 160 – 260 0.1 N/A N/A 

Cu-ZnO/γ-Al2O3
[32]

 3:1 250 3 10.1 78.2 

Cu-ZnO/Al2O3
[33]

 10:1 260 36 95 98 

Cu/ZnO
[34]

 9:1 210 0.1 N/A 61.3 
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Similar to the industrial Cu/ZnO/Al2O3 catalyst, Cu-based materials are popular choices 

for MeOH synthesis from CO2;
[19-21]

 however, activity over Cu-based catalysts is structure 

sensitive.  Ultra-high vacuum (UHV) experiments indicate that Cu(110) is not intrinsically active 

for CO2 dissociation,
[35]

 while other studies show Cu(110) is more active than Cu(111) and 

Cu(100).
[36]

  To improve interactions with CO2, many researchers have shown that adding 

promoters can significantly improve reactant adsorption and MeOH selectivity.  For example, 

potassium promoters on Cu/Al2O3 stabilize surface intermediates and enhance formate 

dissociation.  Ba promoters inhibit formate dissociation and promote MeOH synthesis,
[22]

 while 

adding CaO to Pd/MCM-41 improves CO2 adsorption and leads to higher activity.
[23]

  A similar 

conclusion is obtained over transition metal carbides (TMCs) and those modified with Cu and 

Au.
[24]

  Cu and Au nanoparticles supported on TiC(001) become charge polarized, which 

increases CO2 binding energy, making some of these systems more active than traditional 

Cu/ZnO catalysts.
[37]

 

The size of the Cu and ZnO crystallites in Cu-ZnO materials can also influence the CO2 

adsorption of the catalyst,
[25]

 with the synthesis method playing an important role.  Catalysts 

synthesized by the gel-oxalate coprecipitation method show a higher interfacial surface area and 

MeOH yield than coprecipitation with sodium bicarbonate and complexation with citric acid.
[26]

  

These findings are somewhat controversial as a study over Fe-Cu/MCM-41 demonstrates larger 

particles with less metal-support interaction are more favorable for CO2 hydrogenation to 

alcohols.
[27]

   

In addition to interacting strongly with CO2, catalysts must stabilize the desired 

intermediate for high MeOH yield from CO2.  There are many conflicting reports mentioning 

that carboxyl, formic acid and formaldehyde are all important intermediates.
[38]

  Other 
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researchers hypothesize formate is the intermediate over Zn-modified Cu(111),
[39-40]

 while 

infrared studies on Cu/SiO2 contradict the previous study and hypothesize that carboxyl is the 

intermediate with formate simply acting as a spectator.
[41]

  An extensive study combining DFT 

and UHV experiments on Cu-based materials confirms that stabilization of formyl combined 

with facile hydrogenation of formate and dioxomethylene (H2COO) are critical for high MeOH 

yield.
[42]

  In this case, an ideal catalyst should lower the barrier for H2COO hydrogenation and 

exhibit an intermediate CO binding energy.  Out of several metals supported on Cu(111), 

Ni/Cu(111) exhibits the lowest barrier for H2COO hydrogenation and an intermediate CO 

binding energy, leading to the highest MeOH production out of Pt, Rh, Pd, Cu and Au supported 

on Cu(111).
[43]

   

Clearly Cu is an important metal for promoting MeOH synthesis, but the reducibility and 

support material can also have a significant effect on the catalyst behavior.  For example, 

deactivation over Cu/ZnO/Al2O3 is likely caused by excess surface hydroxyls, Cu sintering and 

decreasing catalyst reducibility from fixation of Cu in the monovalent oxidation state.
[44]

  To 

improve catalyst activity and selectivity, Gracini et al. supported the reducible oxide, CeOx on 

Cu(111).
[45]

  Ambient-pressure XPS (AP-XPS) and infrared reflection absorption spectroscopy 

(IRRAS) experiments reveal that the metal-oxide Cu-ceria interface directly activates CO2 in the 

form of an unstable carboxylate (CO2
δ–

), which is a desirable intermediate and opens a new 

reaction pathway for MeOH synthesis.  The low stability of the CO2
δ–

 species leads to rates of 

MeOH synthesis over CeOx/Cu(111) and Cu/CeOx/TiO2(110) that are significantly faster than 

those over traditional Cu/ZnO catalysts, as seen in Figure 1.1.  
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Figure 1.1. Arrhenius plot for methanol synthesis on Cu(111), a 0.2 ML of Cu on ZnO(0001), a Cu(111) surface 

covered 20% by ceria, and a 0.1 ML of Cu on a TiO2(110) surface pre-covered 15% with ceria (a).  STM image of a 

CeOx/Cu(111) surface as prepared (b). In-situ STM image taken during exposure to 1.5 Torr of H2 at 27 °C after 26 

hours of reaction (c).  Figure reprinted from Graciani et al.,
[45]

 with permission from AAAS.  

 

This report by Graciani et al. over CeOx/Cu(111) offers a conflicting mechanism with the 

majority of researchers for MeOH synthesis from CO2.
[46]

  Most studies propose the first step of 

MeOH synthesis is direct hydrogenation of CO2 through a formate intermediate, while Graciani 

et al. proposes that the overall mechanism is RWGS followed by CO hydrogenation to MeOH.  

Researchers have quickly adapted with a recent study over Pd-Cu/SiO2 showing CO produced 

through RWGS contributes to MeOH synthesis.
[28]

 

Similar to the Graciani et al. report, DFT calculations over Mo6S8, a structural building 

block of MoS2 show that MeOH synthesis proceeds through RWGS followed by CO 

hydrogenation to MeOH,
[47]

 which is consistent with studies over CoMoS.
[29]

  Investigations of 

Rh-based bimetallic catalysts indicate that CO is the intermediate,
[30]

 with X-ray photoelectron 

spectroscopy (XPS) measurements over Rh-Co/SiO2 showing a surface enriched in Co, but 
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unfortunately, higher Rh surface composition correlates with CO stabilization and higher MeOH 

selectivity.
[48]

  Observations from these reports indicate that there is significant controversy over 

MeOH synthesis from CO2, with researchers providing evidence for both the formate and CO 

pathways. 

Regardless of the exact nature of the intermediate, there is a necessity for more 

researchers to take advantage of DFT to identify a descriptor that correlates with MeOH yield.  

By using the BEEF-vdW
[49]

 functional, it has been shown that all of the relevant energy kinetics 

of MeOH synthesis can be mapped using one parameter, the oxygen adsorption energy (ΔEO).  

Plotting turnover frequency (TOF) of CO2 hydrogenation versus ΔEO yields a volcano 

relationship with Cu/ZnO and Ni-Ga at the peak.  These two materials exhibit an optimal 

interaction with oxygen, resulting in stabilization of intermediates without poisoning the 

surface.
[31]

  Future studies should continue to use DFT to develop descriptors to identify other 

novel and active materials for MeOH synthesis from CO2 and H2.  

Clearly, for MeOH synthesis from CO2, there is more work to be done in identifying the 

correct intermediate and structure-property descriptors.  The latest research seems to indicate that 

stabilization of CO is necessary for high MeOH yield, which requires understanding of catalyst 

features that stabilize the CO intermediate.  In certain cases, however, researchers may be more 

interested in stabilizing CO for direct hydrocarbon synthesis through CO2-FT.  

 

1.1.2. CO2-Fischer-Tropsch and CO2 Methanation 

Direct hydrogenation of CO2 into hydrocarbons is a very practical and economically attractive 

route for CO2 utilization.  One of the most difficult aspects of CO2-FT is not the catalytic 

activation, but the thermodynamic limitation of reacting the highly stable molecule.
[50]

  Although 
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RWGS is slightly endothermic, the FT process is exothermic, which suggests CO2-FT becomes 

more favorable as higher chain compounds are formed.
[50-51]

  However, high conversion of CO2 

can only be achieved if the FT step is fast enough to overcome the thermodynamic limitation of 

RWGS, which is the main challenge for CO2-FT.
[52]

  For this reason, new catalysts must be 

identified that are active at both RWGS and FT, which is difficult because (1) CO2 is likely a 

poison for CO hydrogenation catalysts
[9]

  and (2) water, an unavoidable byproduct during CO2-

FT, is a known poison that influences catalyst activity and product selectivity, as seen in Figure 

1.2.
[53]

 

 

Figure 1.2. Comparison of model prediction for CO2 conversion (○), C3H6 yield (□), and water (▵) in catalytic 

tubular reactor with water removal, represented by hollow symbols and without water removal, represented by solid 

symbols.  Figure reprinted from Willauer et al.,
[52]

 with permission from Elsevier. 

 

The most commonly used metals in typical FT starting with CO are Fe at higher temperatures 

and Co at lower temperatures.  Generally, when comparing CO and CO2 FT, CO conversion (up 

to 87 %) is much higher than CO2 conversion (up to 45 %),
[9]

 indicating current FT catalysts are 

not adequate for CO2-FT.  This is further supported by a study over Co based catalysts which 

shows CO forms typical FT products, while CO2 forms CH4 over Co/SiO2 and Co-Pt/γ-Al2O3.
[54]
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Therefore, new and improved materials must be investigated to synthesize typical FT products 

with CO2 as the carbon source. 

Current research into CO2-FT mainly focuses on Fe based catalysts, as seen in Table 

1.2.
[55]

  Fe supported on γ-Al2O3 promotes C2+ hydrocarbon formation, while Ni catalysts yield 

CH4 as the primary product.
[56]

  The active site of these Fe-based catalysts is under intense 

debate.  Some studies indicate that an iron carbide phase is active,
[57]

 while others show that the 

FeO phase is active and interacts strongly with the support.
[58]

  Also similarly to MeOH 

synthesis, CO2 reduction into hydrocarbons is significantly improved with the addition of 

promoters.  K promoters in Fe catalysts help stabilize the iron carbide phase and adding B leads 

to light olefin formation.
[59]

  One hypothesis is that K promotes CO2 binding and hinders H2 

adsorption,
[60]

 which leads to suppressed methane formation, thus increasing the olefin to 

paraffin ratio.
[51]

  Similar results are seen over a Mn doped Fe/γ-Al2O3 catalyst, which also 

promotes unsaturated hydrocarbons and suppresses methane.
[61]

  The literature on Fe-based 

catalysts for CO2-FT suggests that hydrogen binding energy (HBE) could be a useful descriptor 

to predict novel catalysts that promote hydrocarbon chain growth over methane formation.  

Catalysts with a lower HBE will have less hydrogen on the surface, thus decreasing methane 

formation.  
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Table 1.2. Summary of reaction conditions with conversion and selectivity to the primary CO2-FT product, when 

available, for selected catalysts. 

Catalyst 
H2:CO2 

Ratio 

Temperature 

/ °C 

Pressure 

/ MPa 

Conversion 

/ % 

Selectivity / 

% 

Co/Al2O3
[62]

 6:1 260 0.1 2.5 N/A 

Co/MgO
[62]

 6:1 260 0.1 2.0 N/A 

Co/SiO2
[62]

 6:1 260 0.1 1.5 N/A 

Fe/Al2O3
[61]

 3:1 290 1.4 18.2 C2-C5+ (34.9) 

Mn-Fe/Al2O3
[61]

 3:1 290 1.4 37.7 C2-C5+ (55.3) 

K-Mn-Fe/Al2O3
[61]

 3:1 290 1.4 41.4 C2-C5+ (62.4) 

Fe/K-OMS-2
[57]

 2:1 120 – 320 13.7 45 C2-C6 (68.7) 

Fe-K/Al2O3-MgO
[58]

 3:1 300 1.01 27.5 C2-C5+ (58.5) 

Fe-La-Cu-K/TiO2
[51]

 3:1 300 1 27 C5-C15 (40) 

Fe-Ru-Zn-K/TiO2
[51]

 3:1 300 1 27 C5-C15 (37) 

Fe-Zr-Cu-K/TiO2
[51]

 3:1 300 1 25 C5-C15 (30) 

Fe/Al2O3
[56]

 3:1 300 1.1 12.1 C2-C7 (38) 

Fe-Co-K/Al2O3
[60]

 3:1 300 1.1 31 C2+ (69) 

Ni/CexZr1-xO2
[63-64]

 4:1 350 0.1 70.6 CH4 (98.6) 

Ni/SiO2
[63]

 4:1 350 0.1 28.4 CH4 (86.7) 

Ni/CeO2
[65]

 4:1 350 0.1 ~90 CH4 (~100%) 

Ru/γ-Al2O3
[66]

 4:1 150 – 325 0.1 N/A CH4 (~100%) 

 

When comparing these Fe-based catalysts to Co and Ni, the activity over Fe materials is 

generally higher due to their increased RWGS activity.  However, it is possible that the active 

phase in Co-based materials is difficult to stabilize under reaction conditions.  In-situ X-ray 

absorption near edge spectroscopy (XANES) and XPS measurements of Co/TiO2 show that the 

CoO phase is more active than Co metal for CO2 hydrogenation and larger particles are more 

active because they are more easily oxidized.
[67]

  It also seems that traditional FT Co-based 

catalysts are poisoned by CO2.  Mechanistic studies with in-situ FTIR spectroscopy over Co/γ-

Al2O3 show similar intermediates during CO2 and CO hydrogenation, which suggest the 
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hydrogenation pathway is the same for both reactants.  When CO2 and CO are dosed together, 

CO hydrogenation is primarily observed with CO2 hydrogenation as a side reaction because of 

competitive adsorption.
[68]

  

The future direction of CO2-FT must be focused on synthesizing catalysts that are highly 

active (CO2 conversion > 60 %), highly selective (C5+ region), and water stable in the range of 

100 – 300 °C.  It has been shown that catalysts synthesized with silica improve stability in water, 

examples are the HZSM-5 zeolite
[69]

 and iron-based catalysts.
[70]

  Additionally, carbon 

composites synthesized through deposition of mesoporous carbon by impregnation of sugars
[71]

 

are promising materials as they improve activity by increasing metal dispersion and preventing 

leaching into aqueous reaction media.  Because there are several different promising synthesis 

routes and metals for CO2-FT, a facile means of rapidly screening new materials with a DFT 

calculated descriptor is required to develop a new generation of improved catalysts. 

A final route for CO2 hydrogenation into hydrocarbons that is appropriate in certain 

geographical regions is CO2 methanation.  Although natural gas supplies are abundant in the 

U.S., CO2 methanation is an attractive energy storage route for many European nations where 

renewable energy is abundant and CO2 emissions are regulated.
[72]

  Several catalysts have shown 

promise for CO2 methanation including, Ni-Fe,
[73]

 Rh/TiO2,
[74]

 Ni/CeO2,
[65]

 Ni/CeO2-ZrO2,
[64]

 

and Ru/γ-Al2O3.
[66]

  The Ru/γ-Al2O3 catalyst is particularly interesting as the catalysts can be 

treated with cycles of CO2 and H2, while remaining active after several reaction cycles.  Another 

group has shown similar behavior for reduced Ru/CeO2.
[75]

 

Two primary mechanisms have been proposed for CO2 methanation.  In the first 

mechanism, CO2 undergoes C=O bond cleavage to form CO, which is subsequently converted 

into methane.  Here, adsorbed surface carbon (Cads) is considered to be a possible key 
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intermediate.
[76-78]

  The second mechanism suggests CO2 is first activated into carbonates, which 

are then hydrogenated into formates and then further hydrogenated into methoxy species.  The 

mechanism suggests weak basic sites are required for CO2 adsorption, which is supported by the 

higher activity of Ni/CeO2-ZrO2 over Ni/SiO2.
[63]

  DRIFTS studies by Das et al. show that CO2 

adsorbs as carbonate species on Al2O3 and MgO supports with some formate, which is stabilized 

by the metal-support interface.  The Al2O3 support combined with higher reduction temperatures 

leads to the highest methane yield.
[62]

   

Dual-functional materials that can both adsorb and hydrogenate CO2 to CH4 are very 

promising for commercial applications.  By combining Ru/γ-Al2O3 with CaO, the catalyst can 

adsorb CO2 from flue gas, then hydrogenate the adsorbed CO2 to CH4 with near 100% selectivity 

when treated with pure H2.
[79]

  This type of dual-functional material shows significant promise 

for commercial applications as it can be used directly in a flue gas stream, without the need to 

purify and transport CO2. 

 

1.1.3. Reverse Water-Gas Shift 

Converting CO2 to CO is another potential pathway for CO2 utilization that offers greater 

flexibility than direct MeOH synthesis because of the higher demand for CO and designing 

stable catalysts is far easier than for CO2-FT.  Typical catalysts for RWGS consist of well 

isolated and dispersed nanoparticles supported on a metal-oxide to maximize the interfacial area 

between the metal and the support.
[80]

  Both the metal and support are involved in RWGS 

chemistry, so a large interfacial area is important.  Two reaction pathways have been proposed 

for CO formation from RWGS.  One is the redox mechanism, where over Cu-based catalysts, 

CO2 oxidizes Cu
0
 to generate CO and Cu

+
 while H2 reduces Cu

+
 to form H2O.

[81]
  Further 
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evidence for this mechanism is provided by FTIR spectroscopy studies over a Cu/ZnO catalyst 

which indicate CO2 dissociates to CO.
[82]

  The other widely accepted pathway is the formate 

decomposition mechanism in which CO2 is first hydrogenated into formate,
[83]

 followed by 

cleavage of the C=O bond.  Therefore, an effective RWGS catalyst must be dual functional with 

high activity for both hydrogenation and C=O bond scission.  Metal nanoparticles supported on 

metal-oxides are popular materials because dispersed metal catalytic sites dissociate hydrogen 

relatively easily,
[84]

 which then allows reactive atomic hydrogen to spill-over onto the support 

and hydrogenate CO2.
[85]

 

Based on the proposed mechanism, an active and selective catalyst for RWGS must 

consist of both an active metal and metal-oxide support that participate in the reaction steps.  Pt-

based catalysts are generally popular because of their high hydrogenation activity.  A detailed 

study into Pt-Co supported on MCF-17 with AP-XPS and environmental transmission electron 

microscopy (eTEM) show that the surface is enriched in Pt, explaining the Pt-like selectivity of 

Pt-Co.  In comparison with the pure Co catalyst, the addition of Pt aids the reduction of Co, 

shifting the selectivity primarily towards CO.
[86]

  Details of the activity and selectivity with 

reaction conditions of several RWGS catalysts can be found in Table 1.3. 
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Table 1.3. Summary of reaction conditions with conversion and selectivity to CO, when available, for selected 

RWGS catalysts. 

Catalyst 
H2:CO2 

Ratio 

Temperature 

/ °C 

Pressure 

/ MPa 

Conversion 

/ % 

Selectivity 

/ % 

NiO/CeO2
[80]

 1:1 700 0.1 ~40 ~100 

Cu/Al2O3
[83]

 1:9 500 N/A ~60 N/A 

Co/MCF-17
[86]

 3:1 200 – 300 0.55 ~5 ~90 

Pt-Co/MCF-17
[86]

 3:1 200 – 300 0.55 ~5 ~99 

Fe/TiO2
[87]

 1:1 270 2 2.7 73.0 

Rh-Fe/TiO2
[87]

 1:1 270 2 9.2 28.4 

Fe-Mo/γ-Al2O3
[88]

 1:1 600 1 ~45 ~100 

Mo/γ-Al2O3
[89]

 1:1 600 1 34.2 97 

Pd/Al2O3
[90]

 1:1 260 0.1 N/A 78 

Pd/CeO2/Al2O3
[90]

 1:1 260 0.1 N/A 87 

Pd/La2O3/Al2O3
[90]

 1:1 260 0.1 N/A 70 

CeO2-Ga2O3
[91]

 1:1 500 0.1 11.0 N/A 

Pt/TiO2
[92]

 1.4:1 400 N/A ~30 N/A 

Pt/Al2O3
[92]

 1.4:1 400 N/A ~20 N/A 

Mo2C
[93]

 5:1 250 2 17 34 

Cu-Mo2C
[93]

 5:1 250 2 13 40 

Ni-Mo2C
[93]

 5:1 250 2 21 29 

Co-Mo2C
[93]

 5:1 250 2 23 24 

 

Although Pt-based catalysts are active and selective for RWGS, their high cost is 

unsuitable for reactions involving CO2 because the gas is generally cheaper to emit into the 

atmosphere than convert into value-added products.  Future catalysts for RWGS must be cheap 

and therefore, avoid precious metals for commercial implementation.  Fe-based catalysts are 

promising and show high activity and selectivity for RWGS,
[87]

 while a bimetallic Fe-Mo 

catalyst has a decreased particle size with higher Fe dispersion and improved stability from the 

formation of a Fe2(MoO4)3 phase.
[88]

  Bimetallic Ni-Mo shows similar behavior to the Fe-Mo 
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system
[89]

 and NiO supported on mesporous CeO2 shows high CO selectivity when the NiO 

particles are well dispersed on the support.
[80]

   

While the metallic phase is clearly important for RWGS selectivity, the reducibility of the 

metal-oxide support can significantly influence the activity.  As supported by the previous 

NiO/CeO2 example, CeO2 is a common support for RWGS because of its reducibility and high 

intrinsic activity towards CO2.  DFT studies indicate that pure CeO2 is active towards CO2, but 

the CeO2(110) surface is more catalytically active than (100) or (111), likely because the creation 

of oxygen vacancies is most facile on CeO2(110).
[94]

  For supported CeO2 catalysts, mechanistic 

studies indicate that the order of H2 and CO2 adsorption on the surface is critical because oxygen 

defects are required for high activity toward CO2.
[95]

  The addition of CeO2 to irreducible 

catalysts can also improve activity, as Pd/CeO2-γ-Al2O3 is more active than Pd/γ-Al2O3 because 

of the ability of CeO2 to exchange oxygen.
[90]

 

CeO2 is clearly a well-studied reducible support for RWGS, but other reducible metal-

oxides are also promising.  CO2 binds on In2O3 in a bent configuration and has an exothermic 

energy of adsorption, which contributes to the high activity.
[96]

  Ga2O3 is an active support and 

can be further improved by the addition of CeO2, which enhances the generation of bicarbonate 

intermediates that readily dissociate into CO and H2O.
[91]

  TiO2 is another reducible support that 

is active for RWGS and it has been shown that Pt/TiO2 outperforms the irreducible Pt/γ-Al2O3 

catalyst.
[92]

 

Some of the aforementioned materials could be viable options for RWGS commercially, 

but an ideal material should consist of one phase that can perform both hydrogenation and C=O 

bond scission to selectively produce CO from CO2.  One promising class of catalysts are TMCs, 

which have shown desirable behavior for reactions involving CO2
[97]

 and properties similar to 
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precious metals for many other reactions.
[98]

  Perhaps the most interesting TMC for RWGS is 

Mo2C because of its low cost, dual functionality for H2 dissociation and C=O bond scission, and 

potential to behave similarly to reducible oxides.  

Several fundamental studies have been performed for CO2 activation over Mo2C to 

understand the high intrinsic activity towards CO2.  The findings show that CO2 binds to Mo2C 

in a bent configuration and one of the C=O bonds can spontaneously break,
[99]

 leaving adsorbed 

CO and O on the catalyst surface.  The adsorbed CO can desorb, but the resulting adsorbed 

oxygen can lead to deactivation if the oxygen binding energy (OBE) on the TMC surface is too 

strong.  These fundamental studies over Mo2C surfaces demonstrate the need for further reactor 

evaluation of powder-based catalysts for RWGS over Mo2C and other TMCs. 

 

1.2. Dissertation Outline and Approach 

Controlling the selectivity of CO2 conversion by H2 requires thorough understanding of the 

thermodynamics and kinetics of the aforementioned three pathways.  CO2-FT and MeOH 

synthesis are both exothermic processes, but RWGS is endothermic.  Therefore, the temperature 

regime must be carefully chosen depending on the reaction of interest, as shown in Figure 1.3, 

and for MeOH synthesis and CO2-FT, higher reaction pressures can help drive the reaction 

forward.  Clearly, low temperature operation would result in significant energy and economic 

benefits; however, CO2-FT and MeOH synthesis are kinetically limited while RWGS is 

thermodynamic limited under these low-temperature conditions. 
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Figure 1.3. Thermodynamic equilibrium composition of the product gas of RWGS reaction at 0.1 MPa for a molar 

H2:CO2 inlet ratio of 3:1.  Figure reprinted from Kaiser et al.,
[8]

 with permission from John Wiley and Sons. 

 

Although all three pathways of CO2 reduction by H2 have significant challenges that must be 

addressed, this dissertation will focus on designing active, selective and stable catalysts for 

selectively producing CO through RWGS because of the high demand for CO and the feasibility 

in using it in down-stream Fischer-Tropsch.    

 Following the introduction, this dissertation contains six chapters outlining the 

development of catalysts and structure-property relationships for selective CO2 reduction by H2.  

Chapter 2 discusses experimental techniques for the synthesis and characterization of bimetallic 

catalysts and carbides, several of which are used in detail in the following chapters.  Chapter 3 

focuses on precious bimetallic catalysts supported on reducible (CeO2) and irreducible (γ-Al2O3) 

oxides to identify trends between selectivity with surface d-band center and support reducibility 

with activity.  PtCo/CeO2 is identified as the most promising catalyst of the bimetallics tested, 

but because of the high cost of Pt-based catalysts, the remainder of the dissertation centers on 

alternative catalysts that are synthesized from low-cost materials. 
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Chapter 4 explores Mo2C, a low-cost, highly active and selective TMC that is an 

alternative material to precious metal catalysts.  Because Mo2C is such a promising catalyst, 

chapter 5 develops a trend between the OBE of TMCs and the CO2 conversion activity.  This 

relationship identifies other potentially promising carbides for producing CO from CO2 reduction 

by H2, including NbC and WC.   

Although some promising materials have been identified for CO2 reduction, the main 

shortcoming of this chemistry is the requirement of cheap, renewable and CO2-free H2.  

Currently, 95% of H2 is produced from hydrocarbon based feedstocks, with improved catalysts 

required to increase the scale of renewable and CO2-free H2 production.  Alternatively, CO2 can 

be reduced with alkanes from shale gas.  Researchers have attempted dry reforming of methane, 

but high reaction temperatures (~700 °C) along with rapid deactivation of catalysts have 

prevented breakthroughs.
[100]

  Dry reforming of ethane, however, becomes thermodynamically 

favorable about 100 °C lower than that of methane, making the process more feasible under 

milder conditions.
[12]

  Chapter 6 compares CO2 reduction by ethane over Pt-based catalysts and 

Mo2C and identifies two pathways to produce either ethylene or synthesis gas, both of which are 

valuable products.   

Finally, chapter 7 offers conclusions and future recommendations.  Extension of this 

work is suggested into light olefin synthesis from CO2 and H2 through two principle directions:  

(1) Improvement of catalyst design with alternative synthesis methods to control particle shape, 

size and structure and (2) identification of critical descriptors using a combination of reactor 

studies and DFT.  This combined approach helps identify synthesis techniques, reactor 

conditions and improved catalysts to produce high yields of light olefins from CO2 reduction by 
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H2.  Production of olefins from CO2 and H2 has the potential to significantly decrease CO2 

emissions by increasing the demand of CO2 as an industrial feedstock. 
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2. Chapter 2: Experimental Methods  

2.1. Overview 

Supported catalysts have been synthesized using a wide range of methods in the literature.  

Choosing an adequate synthesis technique for CO2 reduction requires a low-cost and facile 

method to produce catalysts that yield reproducible results.  There are also a wide array of 

characterization techniques available that give important information regarding catalyst structure 

and morphology.  This section will provide a summary of some of the most commonly used 

synthesis and characterization methods along with the potential advantages and information that 

can be gathered from each method.  The section concludes with an introduction to the 

experimental techniques that have been utilized to evaluate the performance of CO2 reduction 

catalysts in this dissertation. 

 

2.2. Synthesis of Supported Catalysts 

2.2.1. Wet Impregnation Method 

Incipient wetness impregnation is the most commonly used method due to its ease in sample 

preparation.  It involves infusing the desired support material with a solution containing a 

precursor of the desired metallic species.  The support is impregnated with a volume of precursor 

solution that is equal to the pore volume of the support material.  The amount of precursor 

required is calculated based on the desired metal loading for each catalyst and the volume of the 

pores of the support material is measured prior to impregnation using deionized water.
[1]

  To 

synthesize the catalyst, a known mass of a metal precursor is dissolved in a solvent.  Deionized 

water is the most commonly used solvent for wet impregnation, but research groups have also 

used Pt-acetilacetonates dissolved in toluene to avoid acidification of the support,
[2]

 ethylene 
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glycol,
[3]

 formic acid
[4]

 and acetone.
[5]

  Catalysts can also be prepared with organometallic 

bimetallic molecular precursors.  These precursors are advantageous to traditional metallic salts 

because the bimetallic bond is already present, leading to a higher extent of bimetallic bonds and 

higher activity of bimetallic catalysts.
[6]

 

Once the precursor is fully dissolved, the solution is added dropwise to the support.  

Capillary action carries the aqueous solution up into the pores of the support, where the metal 

precursor is deposited.  By varying the drying rate of the catalyst the precursor can deposit deep 

within the pores or solely at the pore entrances.  After drying, the catalyst is calcined at high 

temperature to vaporize the non-metallic components of the precursor salt, leaving the metal in 

an oxidized state on the support surface.  Calcination is required to stabilize metals on the 

support surface and prevent metal dissolution when exposed to moisture.  Incipient wetness 

impregnation of bimetallic catalysts can be performed sequentially or simultaneously.  In 

sequential impregnation, one metal is impregnated first, and then the catalyst is dried and 

calcined.  After calcination, the second metal is impregnated to complete the catalyst synthesis.  

Sequential impregnation is preferred in cases where the metal precursors react with each other, 

but it has been shown that simultaneous impregnation of a bimetallic catalyst yields a greater 

extent of bimetallic bond formation and higher activity.
[7]

  For example, Lonergan et al. have 

shown that Pt–Ni catalysts synthesized by simultaneous impregnation were more active for 1,3-

butadiene and benzene hydrogenation than catalysts synthesized using sequential 

impregnation.
[7]
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2.2.2. Slurry Synthesis Method 

This method is used for synthesizing catalysts with high metal loadings and/or supports with low 

surface areas.  The slurry is made with the support material, metal precursor and water.  The 

amounts of support and precursor are chosen to achieve the desired weight loading of catalyst 

and typically about 15 mL of deionized water is used for each gram of catalyst.  After mixing the 

components, the slurry is stirred for at least 8 hours, during which an equilibrium amount of the 

precursor should adsorb to the support.
[8]

  During stirring, the pH value is controlled to a set level 

using NaOH.  Once the set stirring time has elapsed, the slurry is filtered and washed, then 

placed in a drying oven to evaporate the excess water.  Catalysts are calcined at high 

temperatures after drying to stabilize the metal on the support and to remove unwanted elements 

from the metal precursors.  This synthesis method has been used to prepare catalysts for the 

hydrogenation of nitroaromatics, which shows that adding a small amount of Pt to an Au/TiO2 

catalyst increases the hydrogenation activity by an order of magnitude.
[8]

 

 

2.2.3. Organometallic Cluster Precursors 

Metal segregation, sintering, surface enrichment of one of the metals and the inherent 

heterogeneity of bimetallic particles make the preparation of highly dispersed and uniform 

bimetallic particles difficult with conventional impregnation and slurry methods.
[9]

  The 

dispersion of the active phase on the surface of a support is controlled by many factors, including 

the support type, method of preparation, calcination conditions, precursors and metal loading.
[10]

  

A common problem of impregnation and slurry techniques is the separation of the precursor ions 

as they pass through the pore structure of the support, preventing the effective formation of 

bimetallic bonds.  An improved method to achieve higher uniformity of bimetallic catalysts is to 
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adsorb ligand-stabilized bimetallic molecular precursors onto the support and then thermally 

remove the ligands.
[11]

  For example, a bimetallic cluster, [(PPh3)Pt(AuPPh3)6](NO3)2, is used to 

prepare a Pt–Au catalyst particle, as described in detail for different bimetallic precursors.
[12]

  

The organometallic cluster is mixed with an organic solvent such as CH2Cl2 and the cluster 

solution is slowly added to the oxide support with constant swirling.  The clusters are 

spontaneously adsorbed onto the oxide support and the remaining solvent is decanted.  Residual 

solvent is removed by heating in vacuum and the clusters are activated by heating in oxygen up 

to 300 °C.  Studies have shown that the bimetallic core of the cluster remains intact while the 

ligands are removed after heating.
[9]

  In probe reactions of ethanol reforming, bimetallic catalysts 

synthesized with organometallic clusters outperformed catalysts synthesized using traditional 

impregnation methods.
[13]

   

 

2.2.4. Reductive Deposition Precipitation 

Reductive deposition is a useful method to produce highly coordinated bimetallic catalysts from 

monometallic catalysts.  It is an alternative to the organometallic precursor method, which 

sometimes experiences premature decomposition of the organometallic complex leading to 

inactive phases on the catalyst support.
[4]

  In reductive deposition precipitation, a monometallic 

catalyst, for example Pt, is prepared by conventional wet impregnation or slurry methods and 

then held under hydrogen.  The hydrogen atoms adsorbed on the Pt particles react with a second 

metal precursor resulting in the formation of a bimetallic surface complex.  The surface complex 

is decomposed in hydrogen leading to formation of a stabilized bimetallic species;
[14]

 however, 

this method does not exclusively lead to formation of bimetallic particles, with some of the 

second metal precursor also depositing on the support.
[15]

  Ekou et al. have shown that Pt–
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Ge/TiO2 catalysts synthesized using reductive deposition precipitation are active for the selective 

hydrogenation of citral into unsaturated alcohols.
[16]

 

 

2.2.5. Electroless Deposition 

This method is similar to reductive deposition, but uses a controlled chemical reaction catalyzed 

by Pt to deposit a metal salt onto an activated metal site of a preexisting monometallic catalyst.  

For example, for synthesis of Pt–Ag bimetallic catalysts,
[17]

 a pre-prepared Pt catalyst is 

suspended in deionized water with the second metal source (AgNO3), an ionic strength adjuster 

(NaNO3), a reducing agent (HCHO), and NaOH or HNO3 to adjust the solution pH.   The 

mixture is stirred for two hours while the pH is kept at 9 by small additions of NaOH or HNO3.  

After deposition, the slurry is filtered and washed to remove excess ions, then fully dried.  

Results indicate that Ag deposition is restricted to the Pt surface and does not readily occur on 

the catalyst support.
[17]

  For hydrogenation of 3,4-epoxy-1-butene (EpB), the addition of Ag to a 

monometallic Pt catalyst increases the activity by about 3 times.  The effect of Ag addition is not 

as pronounced on the catalyst prepared using impregnation, indicating electroless deposition 

leads to targeted placement of Ag on the Pt surface.
[17]

 

 

2.2.6. Colloidal Synthesis 

This method has the potential to synthesize supported catalysts with precise control over the size 

and composition of the bimetallic particles because the metallic colloid is prepared in the 

presence of a surfactant, which prevents the coalescence of small particles.  The metallic colloid 

is prepared by making a solution of metal precursors, such as K2PtCl4 for Pt, in the presence of a 

cationic surfactant such as tetradecyltrimethylammonium bromide (C14TABr).  For bimetallic 



30 

 

synthesis, precursors of both metals are mixed with the surfactant.  The interaction between the 

precursor metal anions and the surfactant cation in aqueous solution leads to the formation of an 

organic metal precursor.  The reactants are then stirred vigorously and heated to 50 °C upon 

addition of NaBH4, a reducing agent.  After reaction, the metallic particles are precipitated and 

washed in decreasing concentration of ethanol and increasing concentration of water until the 

particles are filtered and stored.
[18]

  To prepare a supported catalyst, the metallic nanoparticles 

are added to the desired support in chloroform, and sonicated for several hours.  The suspension 

is centrifuged and washed with an acetone-ethanol mixture and then dried in an oven.
[19]

  It is 

important to note that the removal of carbon from the surfactants and colloids is critical for the 

utilization of these materials for catalytic applications.  In particular, further studies are needed to 

identify procedures for carbon removal without changing the structure and surface morphology 

of the catalysts.  Pt–Co catalysts prepared by this method and supported on mesoporous silica 

have been used for CO2 hydrogenation into CO and CH4 between 200 and 300 °C.
[19]

 

 

2.2.7. Core-Shell Synthesis 

Core-shell nanoparticle catalysts consist of a transition metal core covered with a 1 – 2 

monolayer shell of another metal, such as Pt.  The transition metal core is prepared by dissolving 

a metallic chloride precursor in ethylene glycol with polyvinyl alcohol as a surfactant, while 

holding the solution under nitrogen.  The solution is heated and the metal precursor is reduced by 

dropwise addition of NaBH4.    After reaction, the colloid is quenched on ice, centrifuged in an 

acetone–ethanol mixture, and then dispersed in ethylene glycol.
[20]

  To form the Pt shells, PtCl2 is 

dissolved in ethylene glycol at room temperature.  With a syringe, a small amount of the metallic 

nanoparticle suspension is added to the PtCl2 solution.  The mixture is often heated and held at 
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elevated temperatures before quenching in an ice bath.  The supported catalysts are formed by 

adding an oxide support to the colloidal suspension and drying the slurries in vacuum.  Pt–Ru 

core-shell nanoparticles synthesized with this method were shown to be more active than their 

constituent pure metal nanoparticles, as well as their nanoalloys synthesized from conventional 

methods for CO oxidation in hydrogen.
[20]

  

 

2.2.8. Reverse Micelle Synthesis 

This method uses microemulsions to produce supported metallic nanoparticles with a narrow size 

distribution.  The microemulsion is formed by dissolving a small amount of a metal precursor in 

an aqueous environment inside of a non-ionic surfactant.  Upon addition of a reducing agent, 

such as hydrazine (N2H4), the metal precursors are chemically reduced, leaving nano-sized 

metallic particles.
[21]

  Synthesis of supported catalysts begins by mixing an aqueous solution with 

the metal precursor and surfactant with an oil phase solution of the reducing agent.  Under 

stirring, the solution becomes clear, indicating the formation of reverse micelles.  A metal oxide 

support is added as the solution is titrated with acetone to disrupt the micelles, leading to the 

adsorption of micelles to the support.
[22]

  Reverse micelle synthesis is a useful technique because 

the size of the metallic nanoparticles can be directly controlled by the ratio of water to surfactant.  

The amount of reducing agent can also influence the size of particles by increasing the 

nucleation rate and thus, decreasing the particle size.
[21]

  PtNi/γ-Al2O3 catalysts synthesized using 

this method exhibit increased activity over their parent metals for 1,3-butadiene hydrogenation 

due to an enhanced bimetallic effect.
[23]
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2.2.9. Dendrimer Support Synthesis 

Synthesis of metallic nanoparticles with dendrimer supports yields monodisperse particles with a 

diameter of 1 – 2 nm.  This synthesis method overcomes the weakness of traditional 

impregnation techniques, which tend to make nanoparticles with wide size distributions.
[24]

  

Dendrimer encapsulated nanoparticles (DENs) are synthesized by extracting metal ions into the 

interior of dendrimers and then chemically reducing the metal ions to form monodisperse 

particles that are less than 3 nm in diameter.
[25]

  DENs are prepared by adding a low 

concentration of K2PtCl4, or another metallic precursor, to an aqueous solution of hydroxyl 

terminated dendrimers.  The size of the dendrimers can be used to directly control the size of the 

metallic nanoparticles.  After adding the metal precursor to the dendrimer solution and stirring 

for 3 days, the solution is purged with N2 then chemically reduced with NaBH4 overnight.  The 

metallic nanoparticles are removed by dialysis, and then filtered.
[26]

  Once the solution of 

metallic nanoparticles is obtained, the particles can be deposited on a support by impregnation.  

Catalysts synthesized with dendrimer supports have been tested in several catalytic applications 

including hydrogenation
[25]

 and CO oxidation.
[24]

 

 

2.2.10. Other Synthesis Methods 

Several other synthesis techniques have been employed to synthesize supported catalysts.  

Microwave assisted polyol reduction (MAPR) allows very rapid uniform heating of the metal 

precursors to a high temperature within a few seconds.  This shortens the crystallization period of 

the metal nanoparticles, leading to more homogenous nucleation when compared to traditional 

synthesis methods.  In MAPR synthesis, the support is immersed in an aqueous metal precursor 

solution and then dried in vacuum.
[27]

  The MAPR method can be applied to bimetallic catalysts 
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by adding a second metal precursor to the aqueous solution.  Pt-based bimetallic catalysts have 

been successfully synthesized using the MAPR method with high activity and selectivity for 

cinnamaldehyde hydrogenation, with MAPR catalysts outperforming catalysts synthesized by the 

conventional impregnation method.
[27]

   

Another interesting approach is to directly deposit metal on an oxide support on the 

reactor wall.  The reactor consists of an Fe–Cr–Al cylinder placed in a stainless steel tube, which 

is heated to high temperatures to produce a γ-Al2O3 film on the surface of the cylinder.
[28]

  To 

prepare the supported catalyst, the Fe–Cr–Al alloy cylinder is dipped into a slurry of metallic 

precursors until the desired loading is reached, followed by drying and calcining the alloy 

cylinder.
[28]

  The advantage of this synthesis process is that the catalyst is formed directly on the 

walls of the reactor allowing for high loading and potentially uniform catalyst deposition.  This 

approach has been used for preferential oxidation of carbon monoxide in hydrogen-rich gas 

streams, leading to a reduction of CO in the feed from 1% to less than 10 ppm.
[28]

 

Finally, laser vaporization has been employed to synthesize monometallic and bimetallic 

catalysts of approximately the same size, morphology and composition.  In the laser vaporization 

technique, a low energy Nd:YAG pulsed laser vaporizes a metal of interest from a rod to create a 

plasma.  Crystal growth begins by introducing a continuous flow of He or Ar into the 

evaporation chamber, leading to the deposition of metal clusters onto the catalyst support.  These 

clusters are highly uniform in size and composition as they are fully formed before they are 

deposited onto the support.
[29]

  Although the quantity of the catalysts produced in this method is 

relatively small, these samples offer the opportunity for obtaining fundamental correlations 

between catalytic properties and the size, shape and composition of bimetallic catalysts.  PtPd/γ-
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Al2O3 catalysts prepared by laser vaporization show similar trends as catalysts prepared by 

traditional methods for toluene hydrogenation.
[29]

 

 

2.2.11. Transition Metal Carbide Synthesis 

Transition metal carbides (TMCs) are synthesized through the carburization of the corresponding 

metal oxide precursor.  For example, Mo2C is typically synthesized by impregnating 

(NH4)6Mo7O24·4H2O into highly porous silica, MCM-41.  Following impregnation, the catalyst 

is calcined at 550 °C for 6 hrs to remove functional groups and carburized in a tube furnace with 

H2 and CH4 at 850 °C, then the CH4 is turned off and the TMC is cooled in H2 to help remove 

excess surface carbon.  At room temperature, the Mo2C is passivated in a 1% O2 in N2 mixture 

before exposure to atmosphere.  The silica support is removed using NaOH, and then the Mo2C 

is washed with DI water, filtered and dried.  Following synthesis of Mo2C, modifying metals can 

be added by direct impregnation of metal salts by the slurry method. 

 

2.3. Common Characterization Techniques for Bimetallic Catalysts 

2.3.1. CO and H2 Chemisorption.   

One of the most important parameters of bimetallic catalysts is the number of active metal sites, 

which is typically obtained using CO chemisorption.  The CO uptake can be measured using 

many specialized instruments, but as an example, an AMI-200ip (Altamira Instruments) is a 

viable option.  Measurements are performed by loading a known quantity of calcined catalyst 

into a quartz tube, which is then inserted into the instrument.  Catalysts are reduced with a 

desired H2 containing gas mixture at a specified temperature and then are cooled to room 

temperature.  After cooling, CO is pulsed over the catalyst and the amount of effluent CO is 
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measured using a thermal conductivity detector (TCD).  For proper comparison of activity 

among different catalysts, the reaction rates must be normalized by the values of CO uptake on 

each catalyst.  CO chemisorption can also be used to estimate metal dispersion by assuming the 

stoichiometry of M:CO = 1:1 (M = Pt, Ni, Pd, etc), although the 1:1 ratio is clearly an over-

simplification.  The dissociative adsorption of H2 is also used to determine the number of active 

metal sites; however, care must be taken because hydrogen starts to desorb from some bimetallic 

surfaces at room temperature and is known to dissolve within the lattice of Pd metal. 

 

2.3.2. Elemental Analysis   

Two techniques are commonly used to quantify the concentrations of elements in supported 

bimetallic catalysts.  Atomic absorption spectroscopy (AAS) is a quantitative technique used to 

measure the absorption of light by free atoms in the gaseous state.  In a typical AAS experiment, 

an analyte solution is prepared by dissolving supported catalysts, which is then nebulized and 

atomized in an air-acetylene flame.  The concentration of metallic ions in the solution is obtained 

after normalizing the AAS intensity with reference compounds.
[30]

  Another technique, 

inductively coupled plasma atomic/optical emission spectroscopy (ICP-AES/OES), is also used 

to quantify the concentration of trace metals within a bimetallic catalyst.
[31]

  In principle, ICP-

AES/OES should have higher detection limit than AAS for most metals, although it is a more 

sophisticated and expensive instrument than AAS. 

 

2.3.3. Temperature Programmed Reduction (TPR) and Oxidation (TPO) 

TPR is used to measure the temperatures at which metals and/or supports are reduced in a 

catalyst.  After calcination, a catalyst is placed in a reactor under flowing H2 and heated at a 
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constant ramp rate.  As the temperature increases, the catalyst is reduced by the H2 and oxygen is 

removed from the catalyst in the form of water.  With a TCD connected to the effluent stream, 

the change in concentration of water can be measured to determine the reduction temperature(s).  

The TPR measurements provide information on the optimal reduction temperature for a catalyst, 

as well as whether the presence of Pt reduces the reduction temperature of bimetallic catalysts.   

TPO is similar in theory to TPR, but it is used to measure the amount of coke deposited 

on the surface of a catalyst.  In TPO measurements, a spent catalyst is placed in a reactor under 

flowing O2 and heated at a constant rate.  As the temperature increases, the coke on the surface 

of the catalyst is oxidized by O2 and the carbon is removed from the catalyst in the form of CO2.  

Using a TCD to monitor the composition of the effluent stream, the area of the CO2 intensity 

versus temperature curve can be measured to determine the amount of surface carbon.  This 

technique can also be used to determine the strength of interaction between surface carbon and 

the supported catalyst because a higher oxidation temperature indicates the coke is more difficult 

to remove.  A related technique, thermogravimetric analysis/differential thermal analysis 

(TGA/DTA), is also used sometimes to determine the amount of surface carbon through precise 

weight measurements during TPO of spent catalysts.
[32-33]

   

 

2.3.4. Temperature Programmed Desorption (TPD) 

TPD is used to determine the binding energy of adsorbates on catalysts.  In TPD experiments a 

catalyst is loaded into a reactor fitted with a mass spectrometer.  The catalyst can be pretreated 

under reduction conditions or used in the calcined form.  After pretreatment, the catalyst is 

treated with an adsorbate, which is usually a reactant of interest.  The excess adsorbate not 

strongly bound to the catalyst is removed by flowing He.  The catalyst is heated at a constant 



37 

 

rate
[3]

 and the effluent products are monitored using a mass spectrometer.  By plotting the 

evolution of the adorbate and its derivatives versus temperature, information can be inferred 

regarding reaction sites and binding energies of the adsorbate. 

 

2.3.5. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) 

TEM and SEM are two primary forms of electron microscopy to characterize the morphology of 

catalysts.  TEM uses transmission of a high-energy electron beam (~200 keV) through a thin 

sample to produce an image, while SEM rasters a high-energy electron beam (1 – 40 keV) across 

the surface of a sample.  In TEM, the two primary imaging modes are bright field (BF) and dark 

field (DF) by selecting the direct beam (transmitted through the sample) or diffracted beam 

(diffracted off of the sample), respectively.  BF imaging is used mainly to view catalyst 

morphology because the contrast between the metal and support is too low to accurately quantify 

metallic particle sizes on supported catalysts.  DF imaging has much more utility for viewing 

high atomic number (Z) transition metals supported on low-Z metal-oxides.  When combined 

with scanning transmission electron microscopy (STEM), catalysts can be imaged with very high 

Z-contrast in high angle annular dark field (HAADF) imaging.  In HAADF imaging, the STEM 

probe is a focused beam that is rastered across an area of the sample.  As the atomic number of 

the element increases, the scattering angle of the electrons also increases, creating a high contrast 

image.
[34]

   

Unlike TEM, electrons in SEM are not transmitted through the sample.  The most 

common mode of image capture in SEM is by secondary electrons.  An image constructed with 

secondary electrons contains rich topographic information and has a 3D appearance.  SEM is 

particularly useful for characterizing the morphology and topography of catalyst surfaces.  
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Because the morphology of the catalysts often changes under reaction conditions, further 

development and applications of environmental TEM and SEM should provide additional means 

for catalyst characterization. 

Recently, there have been advances to correct intrinsic imperfections in the lenses of 

electron microscopes to improve resolution at very high magnification.  These microscopes 

contain additional lenses to correct for spherical and chromatic aberrations.  Spherical aberration 

corrected TEM (CS-TEM) is capable of distinguishing features up to approximately 0.1 nm for 

the viewing of individual metal atoms.  This technique has been used recently to correlate strain 

effects in Pt–Fe nanoparticles to oxygen reduction activity.
[35]

  In addition to increasing the 

resolution of TEM, advances have been made in performing TEM under in-situ conditions, 

referred to as environmental TEM (E-TEM).  E-TEM has been used to study the behavior of 

Cu/CeO2 catalysts under reduction and oxidation conditions for several reactions including the 

water-gas shift reaction, methanol synthesis and methanol reforming.
[36]

 

Chemical composition of a catalyst can be measured using energy dispersive X-ray 

spectroscopy (EDS) in both TEM and SEM.  EDS relies on the principle of X-ray fluorescence 

to collect compositional data in specific areas of the sample.  A fluorescent X-ray is created from 

atoms that are ionized by the incident electron beam.
[37]

  The fluorescent X-ray has a 

characteristic energy that is equal to the difference of energy of the outer shell and inner shell 

electron for a specific element.  The peak intensities in EDS measurements can be used to 

estimate the elemental compositions of the sampled area after proper normalization.  
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2.3.6. Infrared (IR) Spectroscopy 

IR spectroscopy is a very useful technique to determine the bonding configuration of reaction 

intermediates adsorbed on catalysts, as well as to measure the concentrations of reactants and 

products in the gas or aqueous phase.  Several types of IR spectroscopy are used in catalytic 

research.  The most common example is Fourier transform infrared (FTIR) spectroscopy,
[38-39]

 

which is used to measure the transmission of infrared radiation through a catalyst pellet.  The IR 

cell is a gas phase batch reactor that allows the heating and in situ reduction of the catalyst pellet.   

Rate constant and product distribution can be obtained by measuring gas phase IR absorbance as 

a function of reaction time.  In addition, FTIR measurements are often useful in determining the 

surface termination of bimetallic particles by measuring the vibrational frequencies of adsorbed 

carbon monoxide (CO).  Because the frequencies of adsorbed CO are distinct for different 

transition metals, a comparison of FTIR spectra between the bimetallic and monometallic 

catalysts reveals which metal(s) occupy the top-most surfaces of the bimetallic particles.   

Two other types of IR spectroscopy are also used in catalyst characterization.  Attenuated 

total reflectance infrared (ATR-IR) measures the attenuation of total internal reflection of the 

reflected light
[40]

 and is better suited for aqueous phase environments.  Diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) measures the reflection of the IR light from 

the catalyst, making it more surface sensitive than transmission FTIR.  In addition, a related 

optical technique, ultraviolet visible diffuse reflectance spectroscopy (UV-Vis DRS), is a surface 

sensitive spectroscopy that is identical in theory to DRIFTS, but uses wavelengths of light in the 

UV-Vis range instead of in the IR range.  The higher energy radiation allows UV-Vis DRS to 

probe the band gap of metals to obtain information regarding the oxidation state.
[41]
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2.3.7. X-Ray Absorption Fine Structure (XAFS) 

XAFS is a synchrotron-based technique used to characterize the local atomic and electronic 

structures
[42-43]

 of a catalyst under in situ conditions relevant to catalytic reactions.  XAFS 

measurements are performed by using a monochromatic X-ray beam and collecting the 

absorption coefficient, μ, as a function of X-ray energy.  When the incident energy (hυ) 

approaches the binding energy Eo of a core level electron, a sharp jump in μ is observed, known 

as the absorption edge.  The region of the scan that begins before the absorption edge and ranges 

to 50 – 100 eV above the edge is known as the X-ray absorption near edge spectroscopy 

(XANES) region.
[44-45]

  The region beginning at 50 – 100 eV above the edge (after the XANES 

region) and extending up to 1000 eV past the edge is known as the extended X-ray absorption 

fine structure (EXAFS) region.
[44]

  A critical feature in the XANES region is the “white line,” 

caused by a rapid increase in absorption.  This feature is present in L-edges, due to the excitation 

of an electron from the p-orbitals into the higher energy unoccupied d-states.
[46]

  The main utility 

of the white line is to characterize the oxidation state of a metal during and after H2 treatment, as 

well as during catalytic reactions.  For example, a reduction in the white line intensity after 

treatment in H2 indicates that the metal of interest is being reduced.  With more detailed analysis 

of the XANES region, information regarding coordination can also be calculated.
[42-43]

 

The EXAFS region contains fine-structure information regarding the local coordination 

environment.  The critical difference between the EXAFS and XANES regions is in the EXAFS 

region, the ejected photoelectron has sufficient energy to scatter from each of the surrounding 

atoms and then backscatter to the absorbing atom.
[42]

  Because the ejected photoelectron has 

wave-particle duality, the outgoing and backscattered electrons can constructively or 

destructively interfere with each other, making it possible to derive information about the local 
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coordination environment of the catalyst particle.  For example, the intensity of the oscillations 

increases with increasing coordination number, while the frequency of oscillations is inversely 

dependant on interatomic distances.
[43]

  Quantitative structural information can are obtained by 

fitting the reduced data to phases and backscattering amplitudes constructed either from 

reference compounds or calculations using simulation software such as FEFF.
[47-49]

 

Additional information can be obtained by combining XAFS with other techniques for in-

situ, time-resolved measurements.  For example, combined XAFS and XRD measurements are 

applied for investigations of catalysts under reaction conditions.
[50]

  Several authors have further 

enhanced the combined measurements by adding complementary electronic and vibrational 

spectroscopy techniques including, ultraviolet-visible (UV-Vis), IR, and Raman, to the well 

established XAFS-XRD combination.
[51-52] 

 Weckhuysen et al. have combined the small and 

wide angle scattering (SAXS and WAXS) techniques with quick-scanning XAFS to study in-situ 

processes.
[53] 

 More details about some of these advances can be found in a recent review by 

Bentrup.
[54]

 

 

2.4. Experimental Apparatus Used in Current Thesis 

The following section explores the specific experimental apparatus used in this dissertation with 

more details.  The focus will be on a custom designed FTIR batch reactor, flow reactor with in-

line GC, in-situ XAFS and density functional theory (DFT). 

 

2.4.1. In-situ Fourier Transform Infrared (FTIR) Batch Reactor 

Batch reactor experiments for CO2 reduction are conducted in a custom designed reactor with an 

in-situ FTIR spectrometer.  The reactor contains BaF2 windows for transmission of the IR beam 
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into the high vacuum cell for measuring reactants and products as well as adsorbates on the 

catalyst surface.  IR spectra are recorded with 4 cm
-1

 resolution using a Thermo Nicolet Nexus 

470 spectrometer equipped with a MCT-A (mercury cadmium telluride) detector. 

Catalyst samples are prepared by pressing the catalyst powder onto a tungsten mesh at a 

force of 3 tons, then connecting the mesh to a mounting bracket at the end of a manipulator 

feedthrough.  A K-type thermocouple is spot-welded onto the tungsten mesh for monitoring 

temperature of the catalyst during reaction and heating wires in the feedthrough are used to 

resistively heat the mesh.  A diagram detailing the exterior and interior view of the in-situ batch 

reactor can be found in Figure 2.1. 

 

Figure 2.1. Diagram of in-situ FTIR batch reactor with exterior and interior views. 

 

For all batch reactor experiments, ∼25 mg of catalyst is loaded into the reactor and the chamber 

is evacuated to a based pressure below 10
-6

 Torr.  The catalyst is then treated with three 

reduction cycles at 450 °C in 30 Torr of H2 for 30 min.  Following evacuation of the cell, the 

catalyst is held at the reaction temperature and reaction gases are introduced into the cell and the 

reactants and products are monitored by recording spectra every 30 s.  All gas-phase products 
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and reactants are analyzed by calibrating the intensity of a characteristic FTIR peak to the 

concentration of each molecule in the gas phase. 

 

2.4.2. Flow Reactor with In-Line Gas Chromatograph 

Flow reactor experiments for CO2 reduction by H2 are typically carried out in a quartz tube 

reactor under atmospheric pressure.  In each experiment, approximately 100 mg catalyst (60-80 

mesh) is loaded into the flow reactor.  Before reaction, the catalyst is reduced under a 1:1 

hydrogen and helium mixture at 450 °C for 1 h.  To start the reaction, the flow of CO2 and other 

analytical gases are set at a known flow rate using mass flow controllers (Brooks) and pressure is 

recorded using an in-line pressure gauge (Omega).  For each experiment, the temperature is 

raised to the set point and the reaction is run for a set number of hours.  Product streams are 

analyzed by online gas chromatography (Agilent) equipped with a flame ionization detector 

(FID) and thermal conductivity detector (TCD).  The concentration of each gas-phase species is 

calibrated by correlating the peak area of the pure compound to its concentration in a calibration 

gas standard.  

 

2.4.3. In-Situ X-Ray Absorption Fine Structure (XAFS) 

In-situ X-Ray absorption fine structure (XAFS) has been extensively used to fully understand 

catalyst structural (coordination number and bond distance) and electronic (oxidation state) 

information during CO2 reduction experiments.  In a typical experiment to measure coordination 

numbers, samples are pressed into a pellet, with the mass of each pellet determined so the 

thickness is two absorption lengths to maximize the signal-to-noise ratio.  The pellet is then 

loaded into a custom designed Nashner-Adler cell, pictured in Figure 2.2. 
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For in-situ flow reactor experiments, catalyst samples are diluted with boron nitride, 

pressed into a pellet, then grinded and sieved.  The mass of the catalyst and dilution are again 

determined so the sample amount maximizes the signal-to-noise ratio.  After preparing the 

sample, the catalyst is loaded into a glassy carbon tube and placed into the in-situ flow reactor 

with the required heaters, thermocouple and gas connections.   

 

Figure 2.2. Nashner-Adler cell for coordination number measurements of bimetallic catalysts.  Photo courtesy of 

Synchrotron Catalysis Consortium.
[55]

 

 

Depending on the X-ray absorbance of a particular sample, data will be collected in either 

transmission or fluorescence mode.  Because many catalysts for CO2 reduction by H2 contain 

high amounts of highly X-ray absorbent materials, many studies rely on the use of fluorescence 

detectors, either a 12-channel germanium or a 4-channel vortex detector.  Fluorescence detectors 

are generally used when the edge jump of the sample is less than μ = 0.1, or if the absorbance of 

the sample is too high for high-quality transmission data.  A typical in-situ reactor apparatus with 

4-channel vortex fluorescence detector is shown in Figure 2.3. 
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Figure 2.3. In-situ reactor apparatus with fluorescence detector at National Synchrotron Light Source, Brookhaven 

National Laboratory. 

 

During data collection, several XAFS scans are collected for each treatment condition and 

averaged.  A typical experiment for a supported bimetallic catalyst proceeds as follows: 

1. Optimize beam for one edge.  In a Pt-Ni sample, the beam will typically be first setup 

to analyze the Pt-L3 edge. 

2. Collect 3 EXAFS spectra of the fresh, oxidized sample. 

3. Reduce sample in 5% H2/He at 450 °C, while collecting XANES. 

4. Cool the sample to room temperature and collect 5 EXAFS scans. 

5. Flow reaction gases and heat the sample to the desired temperature, while collecting 

XANES. 

6. Cool the sample to room temperature and collect 5 EXAFS scans. 

The above is a typical experiment, so the number of scans can vary depending on the signal-to-

noise ratio, with seven EXAFS scans typically required for fluorescence data.  It is also 

important to note that, depending on the loading of each metal in the bimetallic catalyst, it may 

be necessary to use two different dilutions to optimize the signal-to-noise ratio of each edge. 
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2.4.4. Density Functional Theory (DFT) 

Density Functional Theory (DFT) is a computational modeling method to predict the adsorption 

strength and reaction pathways of molecules on single crystal surfaces.  In this work, DFT is 

particularly useful to calculate the OBE of selected TMC surfaces.   

To calculate the OBE on each TMC surface, spin polarized periodic DFT
[56-57]

 

calculations are performed using Vienna Ab-initio Simulation Package (VASP) code.
[58-59]

  A 

plane wave cut-off energy of 400 eV and 3×3×1 Monkhorst-Pack
[60] 

grid are used for total 

energy calculations.  The interactions between electrons and nuclei are treated with all electron 

like projector augmented wave (PAW) potentials with the generalized gradient approximation 

(GGA)
[61-62]

 using PW91 functionals.
[63]

  Ionic positions are optimized until Hellman-Feynman 

force on each ion is smaller than 0.02 eV Å
-1

. 

Transition metal terminated-TMC surfaces are modeled using a 3×3 surface slab cell with 

four bilayers (a bilayer contains a unit of one TM layer and one C layer) of atoms.  A vacuum 

layer of ~12 Å thick is added in the slab cell along the direction perpendicular to the surface in 

order to avoid the artificial interactions between the surface and its periodic images.  During 

geometry optimization, atoms in the top two bilayers are allowed to relax while the atoms in the 

bottom two bilayers are fixed.  The OBE is calculated as OBE = E(slab+O)–E(slab)–1/2E(O2), 

where E(slab+O), E(slab) and E(O2) are the total energies of slab with adsorbed O, clean slab 

and gas phase O2 molecule, respectively.  
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2.5. Conclusions 

As outlined in this section, there are numerous methods available to both synthesize and 

characterize supported catalysts.  In the following chapters, incipient wetness impregnation and 

the slurry method are explored in more detail for CO2 reduction experiments for their relative 

ease of synthesis and reproducibility.  Primary characterization techniques for these catalysts are 

XAFS, CO Chemisorption and TEM to analyze extent of bimetallic formation, oxidation state, 

number of active sites and size of metallic particles.  Characterization information is then used in 

tandem with reactor studies to develop trends and structure-property relationships between 

catalytic properties and activity and selectivity. 
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3. Chapter 3: Trends in the Catalytic Reduction of CO2 by Hydrogen over 

Supported Monometallic and Bimetallic Catalysts 

 

3.1. Introduction 

The increasing concentration of atmospheric CO2 is forecasted to negatively impact the global 

climate from its role in global warming and ocean acidification.
[1-2]

  Stabilization of atmospheric 

CO2 requires both cuts in emissions and active removal of CO2 from the atmosphere.
[3]

  Using 

CO2 in a catalytic process as a carbon feedstock to make valuable oxygenates and hydrocarbons 

is more desirable than sequestration.
[4-5]

  These products, carbon monoxide, methane, and 

methanol, can then be used directly or as precursors to produce more complex chemicals and 

fuels. 

The commonly accepted mechanism of CO2 reduction is through oxygen exchange with a 

catalyst.  Supported catalysts synthesized with reducible oxide supports, such as CeO2, allow the 

support to accept oxygen from CO2.  Laosiripojana and Assabumrungrat analyzed the reduction 

of CO2 on single crystal, CeO2 surfaces.  They found that partial oxidation of CeO2 occurred at 

room temperature when the catalyst was exposed to CO2 without a noble metal.
[6]

  Staudt et al. 

used DFT calculations to determine that sufficient energy for the endothermic reduction of CO2 

must first be provided by annealing the catalyst.  They found that the concentration of oxygen 

vacancies must be at a certain minimum level for reduction of CO2 into CO to be energetically 

favorable.  These findings concluded that CO2 conversion by H2 only proceeded at appreciable 

rates when the ceria surface was reduced prior to the reaction.
[7]

  

It is generally accepted that the catalytic reduction of CO2 occurs in several steps,
[8]

  

including CO2 hydrogenation into formate and subsequent cleavage of the C=O bonds.  
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Therefore, the nature of CO2 conversion chemistry requires a dual functional catalyst that 

exhibits both high hydrogenation and C=O bond scission activity.  Metal catalytic sites facilitate 

reduction of CO2 because hydrogen dissociation is relatively thermoneutral on many transition 

metals.
[9-10]

  This allows reactive atomic hydrogen to “spill-over” onto the oxide support where it 

can hydrogenate CO2.
[11]

  Many catalysts, including Cu/ZnO/Al2O3, the standard catalyst for 

water-gas shift, have been explored for CO2 reduction,
[12-14]

 but bimetallic catalysts have not 

been thoroughly studied, which have been shown to exhibit enhanced hydrogenation activity and 

selectivity over their parent metals.
[15-18]

  The interaction between the two metals changes the 

binding energy of reactants and reactive intermediates, which in turn influences reaction 

chemistry.
[16]

  For example, previous studies show that PtNi/γ-Al2O3 exhibits superior activity in 

selectively hydrogenating the C=O bond in acetone
[19]

 and propanal over either of its parent 

metals.
[20]

  These results suggest that Pt–Ni catalysts, and other catalysts with similar bimetallic 

properties such as Pt–Co and Pd–Ni, should be potentially active for CO2 conversion by H2.   

Desirable catalysts for the reduction of CO2 should also selectively convert CO2 to CO as 

opposed to CH4.
[21-22]

  Catalysts which fully reduce CO2 into CH4 are considered to be too active, 

while catalysts that form CO as the primary product are ideal.
[23-24]

  Methanol (MeOH) is another 

attractive product from CO2 because MeOH is not naturally abundant, and it is a liquid at room 

temperature.
[25]

  Although synthesis of MeOH from CO2 and H2 is a desirable option for the 

utilization of CO2, the impact on CO2 consumption is inadequate.  If MeOH synthesis from CO2 

is fully employed for the current market demand, it is estimated to only reduce global CO2 

emissions by 0.1%.
[26]

  This is because MeOH is primarily used in the chemical industry where a 

large percentage is converted to dimethyl ether and formaldehyde, which are used as precursors 

for plastics, paints, explosives, and textiles.
[26-27]

  If the energy sector begins to use MeOH as a 
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fuel, the utility of converting CO2 into MeOH increases, but this future possibility depends on 

technological innovations and policy changes that are unpredictable.  The toxicity of MeOH and 

its high volatility also pose a safety concern.
[28]

  Therefore, a potentially more useful option is to 

convert CO2 into CO, which can be used as feedstock in the Fischer-Tropsch process, a well 

known and well characterized process that has been used in industry to produce chemicals and 

synthetic fuels from syngas (CO + H2) for many decades.
[29]

  By coupling the catalytic reduction 

of CO2 to CO with the Fischer-Tropsch process to produce synthetic fuels and industrial 

chemicals, the estimated maximum reduction of atmospheric CO2 emissions is 40%.
[30]

 

The primary objective of the current paper is to identify general trends in CO2 conversion 

activity and selectivity on bimetallic catalysts supported on reducible (CeO2) and irreducible (γ-

Al2O3) supports.  Briefly summarizing the findings, CeO2 supported catalysts are always more 

active and form a greater extent of bimetallic bonds than their counterparts on γ-Al2O3 supported 

catalysts.  Furthermore, the catalytic selectivity to CO over CH4 is primarily affected by the 

bimetallic composition.  These results provide useful guidelines for predicting CO2 conversion 

catalysts with desirable activity and selectivity. 

 

3.2. Experimental 

3.2.1. Catalyst Preparation 

Several monometallic and bimetallic catalysts were synthesized by incipient wetness 

impregnation over as-is commercially obtained γ-Al2O3 (80-120 m
2
 g

-1
, cubic, Alfa Aesar) and 

CeO2 (35-45 m
2
 g

-1
, cubic, Sigma-Aldrich) supports.  Precursor solutions were prepared by 

dissolving Pt(NH3)4(NO3)2 (Alfa Aesar), Co(NO3)2·6H2O (Alfa Aesar), Pd(NO3)2·2H2O (Alfa 

Aesar), and/or Ni(NO3)2·6H2O (Alfa Aesar), in an amount of water just sufficient to fill the pores 
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of 3 grams of either metal oxide support.  The precursor solution was then added to the support 

by dropwise addition, and was stirred thoroughly between droplets.  The catalyst was then dried 

at 100 °C for 10 h and calcined at 290 °C for 2 h.  For the bimetallic catalysts, a co-impregnation 

synthesis procedure was used because it has been shown to produce Pt–Ni catalysts with the 

greatest extent of bimetallic bond formation.  Metal loading amounts were chosen to be 

consistent with previous hydrogenation studies in our research group.
[16]

 

 

3.2.2. Pulse CO Chemisorption 

Pulse CO chemisorption was performed using an AMI-200ip (Altamira) to compare the number 

of active sites in each catalyst.  250 milligrams of catalyst were added into a U-shaped quartz 

tube and reduced in a mixture of hydrogen and helium (1:1 ratio) at 450 °C for 1 h.  The catalyst 

was then cooled to room temperature in helium before pulsing CO.  A thermal conductivity 

detector was used to analyze the amount of CO flowing out of the reactor.  The amount of CO 

adsorbed by each catalyst provides a means to quantitatively compare the number of active sites 

between each catalyst.   

 

3.2.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) analysis was performed using a JEOL2010F equipped 

with a Schottky field emission gun operated at 200 keV.  Imaging was performed in scanning 

transmission electron microscopy (STEM) mode using a 12 nm camera length and a 1.0 nm 

diameter, high resolution nanoprobe.  TEM samples were prepared by finely grinding reduced 

catalyst samples, and suspending the catalyst in ethanol.  Droplets of the ethanol suspension were 
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placed onto a carbon coated copper grid.  The grid was allowed to fully dry before loading the 

sample into the TEM.  

 

3.2.4. Extended X-ray Absorption Fine Structure (EXAFS) 

Extended X-ray absorption fine structure (EXAFS) measurements were used to confirm the 

presence of Pt–Ni, Pt–Co and Pd–Ni bimetallic bonds, and to measure the extent of bimetallic 

formation in the metallic particles.  EXAFS measurements of the Pt LIII-edge were performed on 

the X18B and X19A beamlines and measurements of the Pd K-edge were performed on the 

X18B beamline at the National Synchrotron Light Source (NSLS), Brookhaven National 

Laboratory.  Catalyst samples were pressed into a pellet and the mass of each pellet was 

determined so the pellet thickness was two absorption lengths to maximize the signal to noise 

ratio of each sample.  For the CeO2 supported catalysts, the fluorescence of the samples was used 

because CeO2 absorbs a large percentage of the incident X-rays.  The catalysts were reduced in-

situ under a diluted hydrogen flow (5% H2 in He, 40 mL min
-1

) at 450 °C for 1 h and EXAFS 

data of the Pt LIII-edge and Pd K-edge were collected at room temperature.  The incident and 

transmitted X-ray signals were collected with ionization chambers while the fluorescence signal 

was collected using a 12-channel germanium detector.  The EXAFS spectra from the samples 

were calibrated to either the Pt LIII-edge energy or the Pd K-edge energy from a Pt or Pd 

reference foil collected in transmission mode. 

The X-ray signal was analyzed using the IFEFFIT 1.2.11 data analysis package (Athena, 

Aretmis, Atoms, and FEFF6).
[31-32]

  Local structural information was obtained by Fourier-

transforming the EXAFS signal into R-space and using Artemis to fit each data set to the 

theoretical standards generated in FEFF6.
[33]

  For each catalyst, the Pt–M (M = Pt, Ni or Co) or 



` 

56 

 

the Pd–M (M = Pd or Ni) contributions to the theoretical EXAFS were taken into account in 

fitting the data for the bimetallic catalysts.  The theoretical monometallic photoelectron 

amplitudes and phases were calculated for the bulk Pt and Pd fcc structure.  Pt–M and Pd–M 

contributions were calculated theoretically in FEFF6 by using the same monometallic fcc 

structure with the exception that the metal atoms in the first nearest-neighbor shell were replaced 

with Ni or Co atoms.  The passive electron reduction factor S0
2
 was found to be 0.85 from fitting 

of the Pt-foil data, and 0.80 from fitting of the Pd-foil data.  These values were held fixed for the 

respective Pt and Pd based catalysts.  The six parameters used in the fitting procedure were the 

correction to the edge energy, the coordination numbers of the Pt–M or Pd–M bonds, corrections 

to their model interatomic distances and the mean square deviations in interatomic distances 

(EXAFS Debye–Waller factors). 

 

3.2.5. Reactor Evaluation of CO2 Conversion by H2 

Reactor experiments were performed in a batch reactor equipped with a Fourier transform 

infrared (FTIR) spectrometer to monitor the concentrations of reactants and products in the gas-

phase.  FTIR Spectra were recorded with 4 cm
-1

 resolution using a Thermo Nicolet Nexus 470 

spectrometer equipped with a mercury cadmium telluride (MCT-A) detector.  The details of the 

cell and the sample preparation procedure have been previously reported.
[16]

  Prior to performing  

CO2 conversion experiments, the catalyst was reduced at 450 °C in 30 Torr of hydrogen for 0.5 

h.  The chamber was evacuated, and then the reduction process was repeated two more times to 

fully reduce the catalyst.  After reducing the catalyst, CO2 and H2 were introduced into the 

reaction vessel simultaneously at a partial pressure ratio of 1:3, with a total pressure of 30 Torr.  

The gases reacted in the FTIR reactor at 300 °C for 2 h.  During the reaction, the concentration 
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of each gaseous species (CO2, H2O, CH4, CO, and MeOH) was monitored by recording FTIR 

spectra (average of 32 scans) every 30 s.  The concentrations of reactant and products were 

estimated using the absorbance intensities of their characteristic vibration modes as follows: 

υ(C=O) at 2358 cm
-1

 for CO2, υ(CO) at 2170 cm
-1

 for CO, δ(H-O-H) at 1558 cm
-1

 for H2O, 

υ(C-O) at 1033 cm
-1

 for MeOH, and υ(C-H) at 3010 cm
-1

 for CH4.  The concentration of each 

gas-phase species was calibrated by correlating the vibrational absorbance of the pure compound 

and its pressure at pressures relevant to the reaction studied.  A mass balance for oxygen and 

carbon was performed for each reaction to ensure quantification of all products.  In all cases, the 

mass balance closed to 95%.  

 

3.3. Results 

3.3.1. Pulse CO Chemisorption 

The CO uptake values are listed in Table 3.1.  The CO uptake values are 35.4, 37.2 and 36.0 

μmol g
-1

 for PtNi/CeO2, PtCo/CeO2, and PdNi/CeO2, respectively.  For all three bimetallic 

catalysts over CeO2, the values of CO uptake are higher than the sum of uptake from the two 

monometallic catalysts.  In contrast, the CO uptake values for the γ-Al2O3 supported bimetallic 

catalysts are less than the sum of CO uptake from the two monometallic catalysts. 

 

3.3.2.  Transmission Electron Microscopy (TEM) 

High angle annular dark field (HAADF) TEM images and particle size distributions are shown in 

Figure 3.1.  As summarized in Table 3.2, particle size distributions were calculated by measuring 

horizontal particle diameters in several different images for each catalyst.  Median particle sizes 

were found to be between 1.6 and 3.0 nm for the six bimetallic catalysts.  As seen in several of 
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the images in Figure 3.1, larger aggregates of particles are present in all of the catalysts, but to a 

greater extent in the Pd–Ni catalysts.  The standard deviation of the Pd–Ni based catalysts is 

always greater than the Pt–Ni and Pt–Co catalysts.  Aggregates can be seen in the images of 

PdNi/γ-Al2O3 and PdNi/CeO2 in Figure 3.1, responsible for the wide standard deviations seen in 

Table 3.2. 

      

      

      

Figure 3.1. HAADF TEM micrographs and particle size distributions for the catalysts: (a) PtNi/γ-Al2O3, (b) 

PtNi/CeO2, (c) PdNi/γ-Al2O3, (d) PdNi/CeO2, (e) PtCo/γ-Al2O3, (f) PtCo/CeO2. 
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3.3.3. Extended X-ray Absorption Fine Structure (EXAFS) 

Figure 3.2a shows the Pt LIII-edge X-ray absorption near-edge spectroscopy (XANES) spectra of 

the four Pt containing bimetallic catalysts before and after reduction, along with the spectra of 

the Pt foil for reference.  The background-subtracted, edge step normalized and k
2
-weighted Pt 

LIII-edge EXAFS data (χ(k)) are shown in R-space in Figure 3.2b, along with the fits obtained 

using FEFF6 theory in Figure 3.2c.   

   

Figure 3.2. Pt LIII-edge XANES spectra before and after reduction (a), Fourier transformed (magnitude) k
2
 weighted 

EXAFS function (χ(k)) (b),  after reduction, Pt LIII-edge Fourier transformed (magnitude) k
2
 weighted EXAFS 

function (χ(k)) (c).  The Pt foil is included in (a) to serve as a reference for metallic Pt. 

 

Examining the Pt LIII-edge XANES and EXAFS reveals information regarding the extent of 

oxidation of the samples.  Relatively intense peaks are present in Figure 3.2a at 11564 eV before 

reduction and are attributed to Pt–O bonds at low radial distribution for all catalysts prior to 

reduction (Figure 3.2b).  After reduction in hydrogen, the white line intensity decreases toward 

that of the Pt foil in Figure 3.2a, and Pt–O peaks disappear in Figure 3.2b, which are replaced by 
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Pt–M (M = Pt, Ni or Co) peaks at slightly larger values of R.  Together, these changes in the 

spectra indicate that Pt is in the metallic state after reduction in H2.  

Figure 3.2c presents the Fourier transformed (R-space) experimental data after reduction 

for the catalysts and the fits obtained using FEFF6 theory.  The results from the fitting procedure 

are summarized in Table 3.2.  The EXAFS data were analyzed by including only Pt–Pt and Pt–

Ni (or Pt–Co) contributions.  Based on the evidence from the XANES and EXAFS of the 

reduced samples, Pt–O contributions were neglected in the fitting of the reduced catalysts.  For 

the bimetallic catalysts, the Pt–Pt distances presented in Table 3.2 range from 2.71 Å to 2.72 Å, 

which are 0.05 Å to 0.06 Å smaller than the metallic Pt–Pt distance (2.77 Å), most likely due to 

the strain effect of Pt residing on top of the smaller Ni and Co atoms, as was observed previously 

from EXAFS studies of Pt–Ni supported on γ-Al2O3.
[16]

 

 

Table 3.1. First order consumption rate constants for CO2 conversion by H2 normalized by catalyst weight and CO 

uptake values.  For bimetallic catalysts, the metal loading corresponds to a Ni/Pt (Co/Pt or Ni/Pd) atomic ratio of 3 

to 1. 

Catalysts 
Metal Loading / 

wt% 

CO uptake /  

μmol g
-1

 cat 

kr / 10
-3

  

min
-1

 g
-1

 cat 

Normalized kr / 10
-3

 

min
-1

 μmol CO
-1

 

CO:CH4 Ratio at 

10% Conversion 

PtNi/CeO2 1.7% Pt, 1.5% Ni 35.4 11.43 0.323 60.7 

Pt/CeO2 1.7% Pt 14.1 2.88 0.204 150.7 

Ni/CeO2 1.5% Ni 11.2 9.26 0.827 27.5 

PdNi/CeO2 0.9% Pd, 1.5% Ni 36.0 12.51 0.347 31.9 

PtCo/CeO2 1.7% Pt, 1.5% Co 37.2 6.29 0.169 259.4 

Co/CeO2 1.5% Co 4.0 3.56 0.889 43.0 

PtNi/γ-Al2O3 1.7% Pt, 1.5% Ni 44.4 4.18 0.094 62.1 

Pt/γ-Al2O3 1.7% Pt 45.0 1.62 0.036 200.5 

Ni/γ-Al2O3 1.5% Ni 14.4 2.65 0.184 40.1 

PdNi/γ-Al2O3 0.9% Pd, 1.5% Ni 22.3 2.93 0.131 46.5 

PtCo/γ-Al2O3 0.9% Pd, 1.5% Co 35.0 2.51 0.072 245.8 

Co/γ-Al2O3 1.5% Co 6.5 2.12 0.326 73.9 
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The Pt–Ni distance in Table 3.2 is 2.56 Å on γ-Al2O3 and 2.58 Å on CeO2.  These bond 

distances are 0.07 Å and 0.09 Å larger than the metallic Ni–Ni distance (2.49 Å), respectively.  

The Pt–Co distance is 2.60 Å on both γ-Al2O3 and CeO2, which is 0.09 Å larger than the metallic 

Co–Co distance (2.51 Å).  These results confirm that Pt–M bimetallic bonds are formed in the 

catalysts because the bimetallic bond lengths are between that of either parent metal.  Also, fits 

to the Pt LIII-edge data could only be obtained by including both Pt–Pt and Pt–Ni (or Pt–Co) 

contributions in the model, which strongly suggests that bimetallic bonds are present.  As 

EXAFS measurements are averaged over the entire sample, individual particles are likely 

bimetallic in nature. 

For the Pt–Ni catalysts, the Pt–Ni coordination number on γ-Al2O3 (3.2) is smaller than 

that on CeO2 (5.9).  A similar trend is observed for the Pt–Co coordination number on γ-Al2O3 

(2.1) and CeO2 (3.3).  The overall coordination number on PtNi/γ-Al2O3 (N(Pt–Pt) + N(Pt–Ni)) 

is 8.9 and that on PtNi/CeO2 is 8.4.  The similarity between the coordination numbers indicates 

that the metallic particles on each support should be of similar size, as verified by the particle 

size statistics from TEM listed in Table 3.2.  As measured by TEM, the average size of 

nanoparticles on PtNi/γ-Al2O3 is 1.9 nm, while on PtNi/CeO2 particles are 1.7 nm.  The 

relationship between the particle size and the overall coordination number for the Pt–Ni (and Pt–

Co) catalysts are consistent with a correlation reported by Frenkel et al., which can be used to 

obtain theoretical particle sizes from coordination numbers.
[34]

  The discrepancy seen of the 

difference between the measured and expected particle size for the Pd containing catalysts is 

justified by the aggregates seen in Figure 3.1. 
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Similar Pd K-edge XANES and EXAFS measurements and analysis were performed for 

the PdNi/γ-Al2O3 and PdNi/CeO2 catalysts.  The EXAFS analysis confirms the formation of Pd–

Ni bimetallic bonds on both oxide supports.  The summary of EXAFS results for the two 

catalysts is also included in Table 3.2. 

 

Table 3.2. Summary of EXAFS analysis of Pt LIII-edge and Pd K-edge bimetallic catalysts.  The particle size 

distribution from TEM measurements and predicted size from EXAFS measurements are also included.  Median 

particle diameters are reported within parenthesis. 

Catalysts PtNi/γ-Al2O3 PtNi/CeO2 PtCo/γ-Al2O3 PtCo/CeO2 PdNi/γ-Al2O3 PdNi/CeO2 

N(Pt-Pt) or 

N(Pd-Pd) 
5.7 ± 0.9 2.4 ± 0.4 5.2 ± 0.6 4.6 ± 1.1 6.1 ± 0.4 4.6 ± 0.4 

N(Pt-M) or 

N(Pd-M) 
3.2 ± 0.5 5.9 ± 0.5 2.1 ± 0.4 3.3 ± 0.8 1.2 ± 0.3 2.3 ± 0.3 

R(Pt-Pt) or 

R(Pd-Pd) / Å 
2.72 ± 0.01 2.71 ± 0.01 2.72 ± 0.03 2.71 ± 0.01 2.72 ± 0.01 2.71 ± 0.01 

R(Pt-M) or 

R(Pd-M) / Å 
2.58 ± 0.01 2.56 ± 0.01 2.60 ± 0.01 2.60 ± 0.01 2.62 ± 0.01 2.59 ± 0.01 

σ
2
/ Å

2
 0.010 ± 0.001 0.008 ± 0.003 0.009 ± 0.001 0.008 ± 0.001 0.007 ± 0.001 0.008 ± 0.001 

Average 

Diameter / nm 
1.9(1.6) ± 1.3 1.7(1.7) ± 0.4 1.5(1.4) ± 0.5 1.5(1.3) ± 0.7 3.1(3.0) ± 1.4 3.1(2.4) ± 1.8 

Predicted 

Diameter / nm 
2.2 1.8 1.3 1.6 1.3 1.1 

 

3.3.4. Reactor Evaluation of CO2 Conversion by H2 

Figure 3.3 shows a comparison of CO2 conversion by H2 over PtCo/γ-Al2O3 and the 

corresponding monometallic catalysts.  As shown in the rate of CO2 consumption (Figure 3.3a), 

PtCo/γ-Al2O3 is more active than either of its parent metals.  The bimetallic catalyst is also more 

selective toward the production of CO (Figure 3.3b).  The CH4 production plots in Figure 3.3c 

are very noisy because only a trace amount of CH4 is produced from the three catalysts.  Other 

potential products, including methanol and formic acid, are not observed with the detection limit 
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during the reaction.  The comparison in Figure 3.3 clearly demonstrates the feasibility to enhance 

both the activity and selectivity using bimetallic catalysts.  The rate constants are listed in Table 

3.1 for the consumption of CO2, assuming a first-order reaction kinetics.  The product selectivity 

is listed in the form of CO:CH4 for all the catalysts at a common CO2 conversion of 10%.   

 

Figure 3.3. The consumption of CO2 (a), production of CO (b), and production of CH4 (c) during the reduction of 

CO2 by H2 at 300 °C for a series of Pt–Co based catalysts, supported on γ-Al2O3. 

 

Figure 3.4 displays a comparison between the six bimetallic catalysts.  In Figure 3.4a, the CeO2 

supported bimetallic catalysts are all more active than their counterparts supported on γ-Al2O3.  
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X-ray diffraction (XRD) measurements identified phase changes before and after reduction of 

PtCo/CeO2 and PtCo/γ-Al2O3.  As shown in Figure 3.5, no obvious changes are observed, 

indicating that the bulk phases of the oxide supports remain the same after reduction.  A surface 

sensitive, in-situ technique is needed to discern the changes to the surface regions of the supports 

during reduction.   

 

Figure 3.4. The consumption of CO2 (a), production of CO (b), and production of CH4 (c) during the reduction of 

CO2 by H2 at 300 °C for a series of bimetallic catalysts, supported on γ-Al2O3 and CeO2. 

 

Figure 3.4b shows that PtCo/CeO2 forms the most CO, followed closely by PtNi/γ-Al2O3 and 

PtCo/γ-Al2O3.  Although it is not the most active catalyst, Pt–Co is able to produce the largest 
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amount of CO among the three bimetallic catalysts, while forming the lowest amount of CH4 

(Figure 3.4c).  One reason that Pt–Co is producing a greater amount of CO and less CH4 than Pt–

Ni and Pd–Ni is that Ni is known to favor methanation reactions.
[35-36]

  As seen in Figure 3.4b, 

the CO concentration exhibits a maximum at about 40 min into the reaction for the Ni containing 

catalysts, PtNi/CeO2 and PdNi/CeO2.  These maxima can be attributed to production of CH4 by 

the reaction pathway: CO2 → CO → CH4.   

 

Figure 3.5. XRD patterns of (a) PtCo/CeO2 and (b) PtCo/γ-Al2O3 before and after reduction in hydrogen at 450 °C. 

 

As compared in Table 3.1, the normalized by catalyst weight, first-order rate constants for CO2 

consumption follows the order of PdNi/CeO2 > PtNi/CeO2 > PtCo/CeO2 > PtNi/γ-Al2O3 > 

PdNi/γ-Al2O3 > PtCo/γ-Al2O3.  When catalytic activity is normalized by the number of active 

sites based on CO chemisorption, the trend slightly changes to PdNi/CeO2 > PtNi/CeO2 > 

PtCo/CeO2 > PdNi/γ-Al2O3 > PtNi/γ-Al2O3 > PtCo/γ-Al2O3, indicating Pd–Ni catalysts are the 

most active for CO2 conversion.  Although Pt–Co catalysts are less active, they produce a much 

higher CO:CH4 ratio than Pd–Ni, making Pt–Co catalysts more desirable for the selective 

reduction of CO2 to CO.  When compared with the industrial standard catalyst, Cu/ZnO/Al2O3, 
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PtCo/CeO2 is shown to be superior as it is about 4 times more active, while maintaining a similar 

selectivity. 

 

3.4. Discussion 

As summarized in Table 3.1 and shown in Figure 3.4, for the same monometallic or bimetallic 

composition, the rate of CO2 conversion is higher on CeO2 than on γ-Al2O3.  The higher activity 

on the reducible oxide, CeO2, is consistent with previous reports of the ability of CeO2 to store 

and release oxygen.
[37-38]

  The extent that CeO2 is pre-reduced also plays a very important role in 

CO2 conversion.
[39]

  Fully reducing the support leads to much higher activity than the unreduced 

support because of increasing vacancies for oxygen exchange with CO2.
[40]

  Furthermore, Table 

3.1 shows that CeO2 supported catalysts generally produce more CH4 than their counterparts 

supported on γ-Al2O3.  Because CeO2 is an effective support at exchanging oxygen with 

reactants, it can promote methanation reactions by removing two oxygen atoms from CO2, 

leaving a bare carbon to be hydrogenated.
[41-42]

   

More importantly, the selectivity toward CO, the desirable product, can be enhanced by 

the formation of bimetallic catalysts as seen by the CO:CH4 ratio in Table 3.1 and Figure 3.3.  To 

identify a trend relating the active metal to selectivity, the CO:CH4 ratio at a common conversion 

(10%) is plotted against the value of d-band center of each catalyst in Figure 3.6.  As 

summarized for various monometallic and bimetallic surfaces, the surface d-band center value, 

with respect to the Fermi level, is a useful parameter to describe the electronic properties of 

metal catalysts.
[43-44]

  The d-band center parameter is a measure of the average energy of the 

unoccupied and occupied states in the d-level of a metallic surface.  For example, the d-band 

center value has been correlated to the activity for C=O bond hydrogenation
[45]

 and the 
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decomposition
[46]

 of oxygenate molecules.  In the current study, the d-band center values were 

calculated using procedures described previously.
[47]

  For the bimetallic surfaces, the subsurface 

structures, Pt–Ni–Pt, Pt–Co–Pt, and Pd–Ni–Pd, were used because they have been identified as 

the thermodynamically stable bimetallic structure in the presence of hydrogen.
[47]

 

 

Figure 3.6. Effect of d-band center on ratio of CO to CH4 production at 10% conversion.  For ease of comparison, 

open and solid symbols represent catalysts with and without Ni, respectively. 

 

As shown in Figure 3.6, on both γ-Al2O3 and CeO2 supported catalysts, the CO:CH4 ratio 

increases as the values of d-band center move away from the Fermi level, i.e., toward more 

negative values, for the Pt, Co, and Pt–Co catalysts.  The trend is less obvious in the Ni-

containing catalysts, Ni, Pd–Ni, and Pt–Ni, most likely due to the strong methanation activity of 

Ni catalysts.  The larger fraction of methane produced by the Ni containing catalysts flattens the 

decrease seen in the CO2/CH4 ratio.  Because of the larger amount of CH4 produced on the Ni 

containing catalysts, this trend is not as dramatic as that seen on the catalysts without Ni.  Studies 

on additional monometallic and bimetallic catalysts are needed to further establish the trend.  

The potential advantage of establishing such a trend is the ability to predict selective CO2 

conversion catalysts from the large database of d-band center values for a variety of 
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monometallic and bimetallic catalysts.  For example, by using the trend in Figure 3.6, other 

bimetallic catalysts, with d-band center values further away from the Fermi level than Pt–Co, 

might offer higher selectivity to CO production.  

Figure 3.6 also shows that, for a given metal composition, the selectivity is similar on the 

CeO2 and γ-Al2O3 supports.  This observation implies that, while the support effect dominates 

the overall activity for CO2 conversion by H2, the active metal controls the selectivity.  There 

may be an influence of d-band center on activity, but it is not readily apparent in Figure 3.6.  

Based on the comparison in Figure 3.6, the Pt–Co bimetallic catalysts appear to be promising for 

the selective reduction of CO2 to CO.  The Pt–Co catalysts demonstrate higher rates for CO2 

conversion than both Pt and Co, while showing the highest CO:CH4 selectivity among the 

bimetallic catalysts.  The overall rate is approximately 2 times greater for PtCo/CeO2 than 

PtCo/γ-Al2O3, while the CO selectivity only decreases from 89.4% on γ-Al2O3 to 85.6% on 

CeO2.  Clearly, the bimetallic Pt–Co catalyst combined with the reducible support (CeO2) offers 

the best overall performance for the selective reduction of CO2 to CO.   

Another observation of interest is that the extent of bimetallic bond formation, 

determined from the coordination numbers of the bimetallic bond from EXAFS measurements, is 

smaller on γ-Al2O3 than on CeO2 (Table 3.2).  The smaller bimetallic coordination numbers on γ-

Al2O3 are potentially from the formation of NiAl2O4 and CoAl2O4 during calcination.
[48]

  The 

smaller atomic radii of Ni
2+

 and Co
2+

 relative to Pt
2+

 and Pd
2+ 

may allow them to diffuse into the 

pores of the support much more easily than Pt.
[49]

  It is possible that the higher extent of 

bimetallic bond formation on CeO2 also contributes to the enhanced activity seen on CeO2 

supported catalysts. 

 



` 

69 

 

3.5. Conclusions 

Several monometallic and bimetallic catalysts were synthesized on CeO2 and γ-Al2O3 supports in 

order to study the support effect and bimetallic effect on CO2 conversion by H2.  The CeO2 

supported catalysts are found to be more active than their counterparts supported on γ-Al2O3 for 

CO2 conversion because CeO2 is a reducible support that is able to uptake oxygen and form a 

greater extent of bimetallic bonds.  The active metals play a significant role in controlling the 

selectivity toward the production of the desirable CO and undesirable CH4.  There appears to be 

a general correlation between the CO:CH4 selectivity ratio and the surface d-band center of the 

metal catalysts, making it possible to predict other monometallic and bimetallic components 

based on the existing d-band center database.  Among the catalysts reported here, the 

combination of PtCo/CeO2 appears to be the most selective catalyst as it produces the largest 

amount of CO with only trace amounts of CH4. 
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4. Chapter 4: Molybdenum Carbide as Alternative Catalysts to Precious 

Metals for Highly Selective Reduction of CO2 to CO 

 

4.1. Introduction 

To sustain future population and economic growth, the global energy supply is expected to 

increase by 60% by 2040,
[1]

 but the associated CO2 emissions are a major concern.  CO2 capture 

and conversion must become a significant industry to mitigate the threat of climate change and 

ocean acidification.
[2-3]

  Efforts have already been put forth to capture and sequester CO2;
[4-5]

 

however, a process that can efficiently convert CO2 into a commodity increases utility over 

sequestration.
[6-7]

  One attractive route is converting CO2 into CO, which can be used as 

feedstock in the Fischer-Tropsch process, a well known and well characterized route that has 

been used in industry to produce chemicals and synthetic fuels from syngas (CO + H2) for many 

decades. 

Precious metals are the most commonly used catalysts for CO2 conversion by H2.
[8-9]

  It is 

generally accepted that catalytic conversion of CO2 by H2 occurs over precious metal catalysts in 

two principle steps.
[10]

  First, metal sites facilitate the dissociation of molecular hydrogen and the 

hydrogenation of CO2 into formate,
[11]

 then the oxide support assists with the cleavage of the 

C=O bond.  Therefore, this reaction requires a dual functional catalyst that exhibits high activity 

for both hydrogen dissociation and C=O bond scission.  It has been previously shown
[12]

 that 

platinum (Pt) based catalysts supported on CeO2, a reducible oxide, were more active for CO2 

conversion than those supported on γ-Al2O3, an irreducible oxide.
[13]

  However, in an effort to 

reduce material costs for CO2 conversion, it is important to minimize or eliminate precious 
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metals in catalysts.  This is particularly important for large scale processes that would be 

required to substantially reduce CO2 emissions. 

Transition metal carbides (TMCs) are attractive alternatives because they have similar 

properties to precious metal catalysts in reforming,
[14-15]

 hydrogenation,
[16]

 water-gas shift 

(WGS)
[17-18]

 and CO oxidation
[19-20]

 reactions.  The high activity of TMCs compared with their 

parent metals originates from a modification of the electronic properties from the addition of 

carbon,
[21]

 which in turn affects the binding energy and the reactivity of adsorbates.
[22]

  Mo2C is 

particularly interesting for CO2 conversion because of its low cost, dual functionality for H2 

dissociation and C=O bond scission and potential to behave similarly to reducible oxides.   

In CO2 conversion by H2, CO is a desired product for its ability to be used in the Fischer-

Tropsch process, while CH4 is undesired because of its low volumetric energy density and 

abundance.
[23]

  Thus, modifying Mo2C with a metal that can dissociate the unwanted product, 

CH4, and thereby recarburize the catalyst to maintain its active, carbidic form is highly desirable.  

The current paper first investigates CO2 activation over well-defined Mo2C surfaces with 

temperature programmed surface reaction (TPSR) and ambient pressure X-ray photoelectron 

spectroscopy (AP-XPS) experiments to confirm the active nature of the Mo2C surface toward 

CO2 conversion to CO.  Then, model surface results are extended to flow reactor experiments 

over porous Mo2C catalysts and further explained by in-situ X-ray absorption near edge 

spectroscopy (XANES) experiments.  The findings show that Mo2C outperforms precious 

bimetallic catalysts and is highly active and selective for CO2 conversion to CO.  The activity, 

selectivity and stability of Mo2C can be further improved by modifying the carbide with another 

metal, cobalt (Co). 
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4.2. Experimental 

4.2.1. Preparation of Mo(110), MoOx and Mo2C Surfaces 

The TPSR and AP-XPS experiments were both performed over a Mo2C model surface, prepared 

by carburizing a single crystal Mo(110) substrate at Brookhaven National Laboratory.  A 

Mo(110) crystal was first cleaned by several cycles of 1.0 kV, 2.0x10
-5

 Torr Ar
+
 sputtering 

followed by annealing at 827 °C.  The surface was examined by XPS to ensure there were no 

potassium and sulfur impurities.  The MoOx was formed at the surface of the Mo(110) crystal by 

oxidizing it under 1x10
-6

 Torr O2 at 427 °C for 15 min.  The Mo2C was prepared by a procedure 

previously described by our group.
[24]

  The Mo(110) crystal was exposed to 5x10
-7

 Torr C2H4 at 

427 °C for 5 min, then annealed to 727 °C for 2 min.  The formation of carbide was confirmed 

with XPS by the appearance of the C1s peak at 282.9 eV. 

 

4.2.2. Scanning Tunneling Microscopy (STM) of MoxC/Mo(110) 

Scanning tunneling microscopy (STM) measurements were conducted in a commercial Omicron 

variable temperature STM system under a base pressure of 2x10
-10

 Torr.  A tungsten tip (0.010 

inches) was chemically etched before imaging the surface.  The SPIP software (Image 

Metrology, Denmark) was used to process and analyze STM images.  Typical imaging 

conditions: 0.2 nA, 0.5 V.  The STM image of the MoxC/Mo(110) surface under low and high 

magnification can be found in Figure 4.1. 
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110nm

 

Figure 4.1. STM image of MoxC/Mo(110) under low and high magnifications. 

 

4.2.3. Temperature Programmed Surface Reaction (TPSR) and In-Situ Ambient Pressure X-Ray 

Photoelectron Spectroscopy (AP-XPS) Measurements 

After preparation, the sample was moved to the entrance of the XPS analyzer, where both TPSR-

MS and in-situ XPS were measured.  The chamber can be pressurized up to 1.0 Torr without 

breaking vacuum for in-situ studies.  During the reaction, a total of 800 mTorr gases (100 mTorr 

CO2 and 700 mTorr H2) were leaked into the main chamber at 27 °C.  Then, the sample was 

heated to 250 °C.  After reaction, the sample was cooled in the CO2/H2 gas mixture.  The 

reaction gases (intensities of ions (nA) with m/e of 44 (CO2), 31 (methanol), 28 (CO), 18 (H2O) 

and 15 (CH4)) were recorded with time and the surface species were examined by AP-XPS.  The 

O1s and C1s peaks were measured under the photon energy of 600 eV and 500 eV, respectively.  

All of the reported binding energies were calibrated by the Au 4f7/2 peak of a gold foil at 84.0 

eV.  
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4.2.4. Catalyst Preparation 

Monometallic and bimetallic catalysts were synthesized by incipient wetness impregnation over 

as-is commercially obtained CeO2 (35-45 m
2
 g

-1
, cubic, Sigma-Aldrich) support, as described 

previously.
[12]

  Mo2C was synthesized in a procedure adapted from Shi et al.
[25]

  In brief, 

(NH4)6Mo7O24·4H2O (Alfa Aesar) was impregnated into highly porous silica, MCM-41 (~1000 

m
2
 g

-1
, Alfa Aesar).  Following impregnation, the catalyst was calcined at 550 °C for 6 hrs to 

remove functional groups, and then carburized following a procedure outlined in Kimmel et 

al.
[26]

  The silica support was removed using 2M NaOH, and then the Mo2C was washed 3 times 

with DI water, filtered and dried.  BET analysis showed that the synthesized Mo2C had a surface 

area of ~24.5 m
2
 g

-1
.  Co metal was impregnated onto the Mo2C by adding Co(NO3)2·6H2O (Alfa 

Aesar) through the slurry method. 

 

4.2.5. CO Chemisorption 

Pulse CO chemisorption was performed using an AMI-200ip (Altamira) to compare the number 

of active sites in each sample of Co-Mo2C.  100 milligrams of each catalyst were added into a U-

shaped quartz tube and reduced in a mixture of hydrogen and helium (1:1 ratio) at 450 °C for 1 h.  

The catalyst was then cooled to room temperature in helium before pulsing CO.  A thermal 

conductivity detector was used to analyze the amount of CO flowing out of the reactor.  The 

amount of CO adsorbed by each catalyst provides a means to quantitatively compare the number 

of active sites between each loading of Co-Mo2C. 
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4.2.6. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) measurements of Mo2C and Co-Mo2C were performed on a 

PANaltycial X’Pert X-ray diffractometer using Cu Kα radiation, operated at 45 kV and 40 mA 

over the range of 2θ = 20.0 – 80.0°.  Powders were transferred into the instrument as-is and after 

reduction at 450 °C when fully cooled to room temperature.   

 

4.2.7. X-ray Absorption Fine Structure (XAFS) 

Extended X-ray absorption fine structure (EXAFS) measurements were used to confirm the 

structure of Mo2C, and X-ray absorption near edge spectroscopy (XANES) measurements 

confirmed the oxidation state of Mo2C.  XAFS measurements of the Mo K-edge were performed 

on the X18A and X18B beamlines at the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory.  Catalyst samples were diluted with boron nitride, pressed into 

a pellet, then grinded and sieved (100-150 mesh).  The mass of Mo2C and dilution were 

determined so the sample amount was two absorption lengths to maximize the signal to noise 

ratio of each sample.  The catalysts were reduced in-situ under a 1:1 mixture of hydrogen and 

helium (50 mL min
-1

 total flow) at 450 °C for 1 h and EXAFS data of the Mo K-edge were 

collected at room temperature.  The EXAFS spectrum of synthesized Mo2C was compared to 

commercial Mo2C (Alfa-Aesar) under identical conditions.  The EXAFS spectra from the 

samples were calibrated to the Mo K-edge energy from a Mo reference foil collected in 

transmission mode. 

The X-ray signal was analyzed using the IFEFFIT 1.2.11 data analysis package (Athena, 

Aretmis, Atoms, and FEFF6).
[27]

  Local structural information was obtained by Fourier-

transforming the EXAFS signal into R-space and using Artemis to fit each data set to the 
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theoretical standards generated in FEFF6.
[28]

  For each catalyst, the Mo–Mo and Mo–C 

contributions to the theoretical EXAFS were taken into account in fitting the data for Mo2C.  The 

theoretical monometallic photoelectron amplitudes and phases were calculated for the bulk 

Mo2C theoretical structure.  The six parameters used in the fitting procedure were the correction 

to the edge energy, the coordination numbers of the Mo–Mo and Mo–C bonds, corrections to 

their model interatomic distances, and the mean square deviations in interatomic distances 

(EXAFS Debye–Waller factors). 

In-situ Mo K-edge XANES spectra were recorded for Mo2C and 7.5 wt% Co-Mo2C 

under the same procedure.  Initial spectra were recorded at room temperature and after reduction 

in H2 and He at 450 °C.  Following reduction, the sample was treated with a 33% CO2 and 67% 

H2 gas mixture, then pure CO2, and finally 21% CH4 and 79% H2 to attempt recarburization of 

the sample.  During each gas treatment, the in-situ cell was heated at 300 °C for 90 min, and then 

cooled to room temperature before collecting XANES measurements.  The XANES spectrum 

from each treatment condition was fitted by a linear combination of MoO3 and Mo2C standards, 

by using the linear combination fit feature in Athena (IFEFFIT 1.2.11 data analysis package).   

 

4.2.8. Reactor Studies 

CO2 reduction was carried out in a quartz U-tube reactor under atmospheric pressure.  In each 

experiment, approximately 100 mg catalyst (60-80 mesh) was loaded into the flow reactor.  

Before the reaction, the catalyst was reduced under a 1:1 hydrogen and helium mixture (50 mL 

min
-1

 total flow) at 450 °C for 1 h.  To start the reaction, the flow of CO2 and hydrogen were set 

at 20 mL min
-1

 and 40 mL min
-1

, respectively.  For each experiment, the temperature was raised 

to 300 °C and the reaction was run for approximately 8 h.  In the case of stability studies, the 
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temperature was held constant for 36 h.  Product streams were analyzed by online gas 

chromatography equipped with a flame ionization detector (FID) and thermal conductivity 

detector (TCD).  The concentration of each gas-phase species was calibrated by correlating the 

peak area of the pure compound to its concentration in a calibration gas standard.  

 

4.3. Results 

4.3.1. Temperature Programmed Surface Reaction (TPSR) and In-Situ Ambient Pressure X-Ray 

Photoelectron Spectroscopy (AP-XPS) Measurements 

TPSR results for CO2 (m/e = 44) in Figure 4.2a show that Mo2C/Mo(110) is much more active 

for CO2 activation than MoOx/Mo(110).  Figure 4.2b shows the production of CO (m/e = 28) 

from the two surfaces.  Comparison of other products is shown in Figure 4.3, which indicates 

neither CH4 (m/e = 15) nor methanol (m/e = 31) was detected.  Thus, the Mo2C surface is highly 

selective in converting CO2 to CO.  

 

Figure 4.2. TPSR of CO2 conversion over (1) MoxC/Mo(110) and (2) MoOx/Mo(110).  Left panel (a) m/e = 44, 

corresponding to consumption of CO2, right panel (b) m/e = 28, corresponding to production of CO.  TPSR 

conditions: 100 mTorr CO2, 700 mTorr H2.   
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Figure 4.3.  TPSR of CO2 conversion over (Left) MoOx/Mo(110) and (Right) MoxC/Mo(110).  Ions: m/e = 15 

(CH4), 18 (H2O), 28 (CO), 31 (methanol) and 44 (CO2). 

 

AP-XPS investigations of the Mo2C/Mo(110) surface under CO2 reduction by H2 conditions 

were performed to identify possible surface reaction intermediates.  Figure 4.4 shows the C1s 

and O1s regions of surface species on Mo2C/Mo(110) under near-ambient pressures.  As seen in 

Figure 4.4a-1, evidence for the formation of carbide is shown by the appearance of the C1s peak 

at 282.9 eV, consistent with the reported value of 282.8 eV.
[29]

  The O1s peak at 530.4 eV is 

attributed to the presence of small amounts (~10%) of unreduced MoOx on the surface.  After 

exposing the surface to 150 mTorr CO2, the C1s and O1s peaks of gas-phase CO2 appear at 292.0 

and 537.3 eV, respectively.  A small peak at 283.6 eV is assigned to oxycarbide (O-Mo-C), in 

agreement with the reported value of 283.5 eV for molybdenum oxycarbide powder catalysts.
[29]

  

The O1s of oxygen-modified Mo2C, with the oxygen bonded to carbon, appears at 531.7 eV.
[15]

  

Table 4.1 summarizes the binding energies for both C1s and O1s peaks.  
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Figure 4.4. AP-XPS of (a) C1s and (b) O1s of Mo2C under various treatment conditions for CO2 activation.  (1) 

Clean Mo2C, (2) 150 mTorr CO2 at room temperature, (3) 150 mTorr CO2 + 550 mTorr H2 with annealing to 250 

°C, then cooling to room temperature, (4) 150 mTorr CO2 + 550 mTorr H2 at 250 °C.  

 

Table 4.1. Assignments of the deconvoluted O1s and C1s components of AP-XPS. 

Binding Energy / eV Mo-O Mo-C -C-O -C=O C-Mo-O O-C-Mo CO2 gas 

C1s -- 282.8 285.7 288 283.6 -- 292 

O1s 530.4 -- 533 534.5 -- 531.7 537.3 

  

After reaction at 250 °C, both C1s and O1s peaks of gas-phase CO2 are significantly 

reduced, corresponding to the consumption of CO2 by reaction.  Meanwhile, the C1s peak at 

283.6 eV and O1s peak at 531.7 eV increase in intensity, indicating higher coverage of surface 

oxycarbide after reaction.  Figure 4.4a-4 and 4.4b-4 show the AP-XPS results during reaction at 

250 °C.  Under reaction conditions, the major surface species are oxycarbides, indicating the 

presence of oxygen atoms on the Mo2C surface during CO2 reaction contributes to the catalytic 

activity.   
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4.3.2. X-ray Diffraction (XRD) 

From the findings in XRD in Figure 4.5, the fresh Co-Mo2C and Mo2C powder catalysts have a 

similar bulk structure.  After reduction of the Co-Mo2C, new peaks appear which have been 

assigned to MoO2 and CoMoCyOz in accordance with Bouchy et al. and Izhar et al.
[30-31]

  

Appearance of MoO2 peaks can be attributed to the interaction of the oxygen in the Co precursor, 

Co(NO3)2·6H2O with Mo2C.  The peaks associated with CoMoCyOz confirm formation of an 

amorphous Co-oxycarbide phase.  As seen in the black spectrum in Figure 4.5, the broad peaks 

of CoMoCyOz indicate the structure is amorphous, and possibly located on the surface, which 

agrees with the findings of Izhar et al.
[31]

  Beta phase Mo2C was detected in all three catalysts, 

indicating the catalysts remained as β-Mo2C with the addition of Co and upon reduction. 

 

Figure 4.5. XRD pattern of fresh and reduced Co-Mo2C with Mo2C as a reference.  The symbols correspond to the 

following: ▽ - β-Mo2C, ◊ - CoMoCyOz, ♦ - MoO2.  

 

4.3.3. X-ray Absorption Fine Structure (XAFS) 

Figure 4.6a shows the Mo K-edge X-ray absorption near-edge structure (XANES) spectra of the 

synthesized Mo2C as well as a Mo2C standard from Alfa-Aesar as a reference.  The background-
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subtracted, edge step normalized and k
2
-weighted Mo K-edge EXAFS data (χ(k)) are shown in 

R-space in Figure 4.6b, along with the fit obtained using FEFF6 theory.  Examining the Mo K-

edge XANES and EXAFS supports the XRD measurements indicating Mo2C was synthesized 

successfully.  The less intense peaks of the synthesized Mo2C relative to the reference sample 

indicate a smaller particle size and likely higher surface area than the Mo2C reference.  The 

summary of the EXAFS fitting parameters is included in Table 4.2.  The coordination numbers 

obtained from the Mo K-edge EXAFS fit are 6.0 for Mo–Mo bonds and 2.5 for Mo–C bonds, 

which are in agreement with the molecular formula of Mo2C. 

 

Figure 4.6. Mo K-edge XAFS spectra of Mo2C and 7.5 wt% Co-Mo2C at room temperature.  XANES spectra of 

Mo2C after reduction (a), Fourier transformed (magnitude) k
2
 weighted EXAFS function (χ(k)) of Mo2C (b).  The 

Mo2C standard is included in (a) and (b) to serve as a reference. 

 

Table 4.2. Summary of EXAFS analysis of Mo K-edge.   

Catalyst N(Mo–Mo) N(Mo–C) r(Mo–Mo) r(Mo–C) σ
2
(Mo–Mo) σ

2
(Mo–C) 

Mo2C 6.0 ± 0.8 2.5 ± 0.5 2.98 ± 0.01 2.11 ± 0.01 0.006 ± 0.001 0.003 ± 0.002 
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4.3.4. Reactor Studies 

Studies in a flow reactor at 300 °C over Mo2C powder catalysts were carried out to verify the 

trends seen in the idealized model surfaces.  Several precious-metal based bimetallic catalysts, 

demonstrated previously in a batch reactor to be more active for CO2 conversion than 

monometallic Pt or Pd,
[12]

 were also evaluated as references.  Steady-state reactor results in 

Figure 4.7a show that the turnover frequency (TOF) on CeO2-supported catalysts follows the 

trend of Pt–Co > Pt–Ni ~ Pd–Co > Pd–Ni.  Although bimetallic catalysts are active for CO2 

reduction, Figure 4.7 indicates that Mo2C clearly outperforms them in terms of both activity and 

selectivity.  Specific values for TOF and CO:CH4 ratio are shown in Table 4.3.   

 

Figure 4.7. TOF (a) and selectivity (b) at 300 °C on bimetallic supported catalysts on CeO2 (black bars) and Mo2C 

(dashed line). 

 

Further analysis of Figure 4.7 reveals that bimetallic catalysts containing Co outperform their Ni 

containing counterparts.  Therefore, by combining Co with the highly active Mo2C catalyst, it is 

possible to further improve the catalytic performance of Mo2C.  As shown in Table 4.3, the 

addition of 7.5 wt% Co to Mo2C leads to an increase in conversion from ~8.7 to 9.5% while the 

CO:CH4 ratio improves from ~15 to 51.  
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Table 4.3. Summary of conversion, TOF and selectivity of selected bimetallic catalysts, Mo2C and 7.5 wt% Co-

Mo2C.  

Catalyst Conversion / % TOF / min
-1

 CO:CH4 Ratio 

PtCo/CeO2 6.6 14.6 4.5 

PdNi/CeO2 2.5 5.6 0.6 

Mo2C 8.7 25.7 14.5 

Co-Mo2C 9.5 16.1 51.3 

 

The effect of Co metal on Mo2C for CO2 conversion is shown as a function of Co loading 

in Figure 4.8.  The 7.5 wt% Co-Mo2C was identified as the optimal catalyst investigated in this 

study, and stability measurements in a flow reactor were conducted to measure the steady-state 

conversion and CO:CH4 ratio of the catalyst.  After 36 h on stream, Co-Mo2C showed improved 

activity, selectivity, and stability over Mo2C, as shown in Figure 4.9.  The activity and selectivity 

of Co-Mo2C were higher than Mo2C initially and did not decrease over the course of the 

reaction.  The improved performance of Co-Mo2C over Mo2C was likely because the active 

phase of the catalyst, Mo2C, was maintained in a carburized state during the reaction, as 

confirmed by in-situ XANES measurements.   
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Figure 4.8. CO:CH4 ratio (black) and turnover frequency (blue) at 300 °C during steady-state as a function of Co 

loading on Mo2C. 

 

 

Figure 4.9. Conversion (solid) and CO:CH4 ratio (dashed) over 36 h on Mo2C (black) and 7.5 wt% Co-Mo2C (blue). 

 

4.3.5. In-situ X-ray Absorption Near Edge Spectroscopy (XANES) 

Evidence of recarburization of Mo2C is provided in the Mo2C/MoO3 linear fits from XANES 

spectra of Mo2C in Table 4.4, with selected spectra shown in Figure 4.10a.  The results in Table 

4.4 indicate that a fraction of Mo in Mo2C can be cycled between reduced and oxidized states.  
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The Mo2C catalyst cycles between 92.7% Mo2C/7.3% MoO3 under reduction conditions, then 

forms a greater amount of oxidized species, likely oxycarbide, when exposed to pure CO2.  With 

the addition of H2 to the CO2 stream at 300 °C, some of the oxycarbide is reduced, but the 

catalyst is not restored to the initial reduced state.   

 

Table 4.4. Mo2C/MoO3 compositions from linear fits of XANES spectra recorded under various reaction conditions.  

All reactions performed at 300 °C and data collected at room temperature. 

Treatment Condition Percent Mo2C / % Percent MoO3 / % 

Fresh 83.2 16.8 

Reduced in H2 92.7 7.3 

CO2 82.7 17.3 

CO2 + H2 91.1 8.9 

7.5 wt% Co-Mo2C 

(Fresh) 
29.0 71.0 

 

In-situ XANES measurements were also performed on the 7.5 wt% Co-Mo2C catalyst to 

determine the effect of Co on the oxidation/recarburization cycle.    The composition, according 

to the linear combination fit of the fresh 7.5 wt% Co-Mo2C catalyst was found to be 29.0% 

Mo2C/71.0% MoO3, a much higher degree of oxidation than the pure Mo2C  (Figure 4.10b).  

After further treatments in H2, CO2, and CO2/H2, the catalyst could no longer be successfully fit 

by linear combination fit analysis.  It is likely that after reduction the formation of the 

CoMoCyOz phase, as seen in XRD, would explain the inability of a combination of Mo2C and 

MoO3 to accurately represent the catalyst. 
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Figure 4.10. Mo K-edge XANES spectra at room temperature.  Mo2C (a), and 7.5 wt% Co-Mo2C (b).  Top panel 

shows Mo K-edge XANES spectra of samples after reduction, and after treatment in CO2.  Bottom panel contains 

linear combination fit with contributions from Mo2C and MoO3 standards.  

 

4.4. Discussion 

Previous studies over oxide-supported metal catalysts have proposed carbonate (CO3), carboxyl 

(CO2
δ-

) and formate (HCOO) as the reaction intermediates for CO2 activation.
[32-34]

  These 

surface intermediates have been identified by AP-XPS on Cu and CeOx/Cu(111) surfaces after 

exposing CO2 at ambient pressure, with intense C1s peaks for CO3, CO2
δ-

 and HCOO
 
located at 

289.3, 288.4 and 287.3 eV, respectively.
[29]

  In comparison, the AP-XPS measurements on Mo2C 

in Figure 4.4 do not show evidence supporting the presence of these intermediates, suggesting a 

different reaction mechanism for CO2 activation on Mo2C.  One potential pathway is the direct 

reaction of CO2 with Mo2C to produce CO and oxycarbide (Mo2C-O), with Mo2C-O being 

subsequently reduced by hydrogen to produce H2O and Mo2C.  This mechanism is consistent 

with the detection of H2O in the TPSR experiments in Figure 4.3 and with previous studies of 

steady-state H2O production from the hydrodeoxygenation of C3 oxygenates over Mo2C.
[35]
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As a result of the direct reaction of CO2 with Mo2C, the activity of Mo2C is much greater 

than that of the CeO2 based bimetallic catalysts in Figure 4.7.  Additionally, the high activity of 

Mo2C may originate from its direct participation in the reaction through facile oxygen transfer.  

The oxycarbide formation upon CO2 dissociation can be subsequently reduced by H2, which is 

analogous to the reducible oxide in CeO2-supported bimetallic catalysts;
[12]

 however, for Mo2C, 

the material performs both C=O bond scission and hydrogenation, unlike CeO2 based catalysts 

which require a metallic phase for hydrogenation. 

Although pure Mo2C is active for CO2 reduction by H2, the addition of Co metal further 

improves the performance of the carbide, as shown in Figure 4.8.  In particular, the selectivity 

and stability of the 7.5 wt% Co-Mo2C is greatly enhanced, likely from formation of a stable 

amorphous CoMoCyOz phase.  As seen in Figure 4.10b, the Mo K-edge of the Co-Mo2C catalyst 

is virtually unchanged from reduction in H2 to treatment in CO2 at 300 °C.  This lack of change 

in the oxidation state, combined with the inability to fit the catalyst with MoO3 and Mo2C 

standards is a distinct difference from the pure Mo2C catalyst in Figure 4.10a.  Because the Co-

Mo2C catalyst could not be fit by the MoO3 and Mo2C standards, XRD measurements were 

performed on Co-Mo2C, which indicate a change in structure and the formation of a CoMoCyOz 

phase upon reduction, as seen in Figure 4.5.  This stable CoMoCyOz phase has been shown to 

dissociate the CH4 product from CO2 reduction by H2 into H2 and C,
[31]

  which is most likely 

responsible for improving the CO:CH4 selectivity by reacting with the CH4 product or the CHx 

intermediate that leads to CH4 formation.  
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4.5. Conclusions 

The findings of this paper clearly show that Mo2C is an active catalyst for CO2 conversion by H2, 

while modifying the catalyst with Co forms a complex with Mo2C that further improves the 

activity, selectivity and stability of the catalyst.  The active phase of Mo2C is primarily the 

carbide phase, as shown by TPSR experiments, but the oxide is generally present throughout the 

reaction, as indicated by AP-XPS and XANES experiments.  The ability of Mo2C to break the 

C=O bond, as well as to dissociate hydrogen to either perform hydrogenation of CO2 or remove 

oxygen from Mo2C-O, makes it dual functional and ideal for CO2 activation.  Furthermore, 

because Mo2C is made from much more abundant elements than precious metals, the catalyst can 

be manufactured at much lower cost, which is critical for achieving a substantial reduction of 

CO2 levels by large-scale CO2 catalytic conversion processes.   

 

4.6. Acknowledgements 

Adapted from M. D. Porosoff, X. Yang, J. A. Boscoboinik, J. G. Chen, Angew. Chem. Int. Edit. 

2014, 53, 6705-6709, with permission from John Wiley and Sons.  I acknowledge Xiaofang 

Yang for STM images, TPSR measurements and AP-XPS with the help of Jorge A. Boscoboinik.  

I also acknowledge Nebjosa Marinkovic, Weiting Yu and Sarah Tupy for XANES studies. 

 

4.7. References 

[1] U. E. I. Administration,  (Ed.: DOE), Washington DC, 2013. 

[2] T. R. Knutson, R. E. Tuleya, J. Clim. 2004, 17, 3477-3495. 

[3] J. Hansen, M. Sato, R. Ruedy, K. Lo, D. W. Lea, M. Medina-Elizade, Proc. Nat. Acad. Sci. 2006, 103, 

14288-14293. 

[4] M. Uibu, M. Uus, R. Kuusik, J. Environ. Manage. 2009, 90, 1253-1260. 

[5] S. E. Strand, G. Benford, Envir. Sci. Tech. 2009, 43, 1000-1007. 



` 

91 

 

[6] W. Wang, S. P. Wang, X. B. Ma, J. L. Gong, Chem. Soc. Rev. 2011, 40, 3703-3727. 

[7] G. Centi, S. Perathoner, Catal. Today 2009, 148, 191-205. 

[8] A. V. Boix, M. A. Ulla, J. O. Petunchi, J. Catal. 1996, 162, 239-249. 

[9] S. Alayoglu, S. Beaumont, F. Zheng, V. Pushkarev, H. Zheng, V. Iablokov, Z. Liu, J. Guo, N. Kruse, G. 

Somorjai, Top. Catal. 2011, 54, 778-785. 

[10] C. S. Chen, W. H. Cheng, S. S. Lin, Catal. Lett. 2000, 68, 45-48. 

[11] W. C. Conner, J. L. Falconer, Chem. Rev. 1995, 95, 759-788. 

[12] M. D. Porosoff, J. G. Chen, J. Catal. 2013, 301, 30-37. 

[13] T. Staudt, Y. Lykhach, N. Tsud, T. Skála, K. C. Prince, V. Matolín, J. Libuda, J. Catal. 2010, 275, 181-

185. 

[14] J. B. Claridge, A. P. E. York, A. J. Brungs, C. Marquez-Alvarez, J. Sloan, S. C. Tsang, M. L. H. Green, J. 

Catal. 1998, 180, 85-100. 

[15] K. Oshikawa, M. Nagai, S. Omi, J. Phys. Chem. B 2001, 105, 9124-9131. 

[16] P. M. Patterson, T. K. Das, B. H. Davis, Appl. Catal. A-Gen. 2003, 251, 449-455. 

[17] P. Liu, J. A. Rodriguez, J. Phys. Chem. B 2006, 110, 19418-19425. 

[18] N. M. Schweitzer, J. A. Schaidle, O. K. Ezekoye, X. Pan, S. Linic, L. T. Thompson, J. Am. Chem. Soc. 

2011, 133, 2378-2381. 

[19] L. K. Ono, D. Sudfeld, B. Roldan Cuenya, Surf. Sci. 2006, 600, 5041-5050. 

[20] K.-Z. Qi, G.-C. Wang, W.-J. Zheng, Surf. Sci. 2013, 614, 53-63. 

[21] P. Liu, J. A. Rodriguez, J. Chem. Phys. 2004, 120, 5414-5423. 

[22] J. G. Chen, Chem. Rev. 1996, 96, 1477-1498. 

[23] C. deLeitenburg, A. Trovarelli, J. Kaspar, J. Catal. 1997, 166, 98-107. 

[24] H. H. Hwu, J. G. Chen, Surf. Sci. 2003, 536, 75-87. 

[25] C. Shi, A. J. Zhang, X. S. Li, S. H. Zhang, A. M. Zhu, Y. F. Ma, C. T. Au, Appl. Catal. A-Gen. 2012, 431, 

164-170. 

[26] Y. C. Kimmel, D. V. Esposito, R. W. Birkmire, J. G. Chen, Int. J. Hydrog. Energy 2012, 37, 3019-3024. 

[27] M. Newville, J. Synchrot. Radiat. 2001, 8, 322-324. 

[28] J. J. Rehr, R. C. Albers, Rev. Mod. Phys. 2000, 72, 621-654. 

[29] X. Deng, A. Verdaguer, T. Herranz, C. Weis, H. Bluhm, M. Salmeron, Langmuir 2008, 24, 9474-9478. 

[30] C. Bouchy, C. Pham-Huu, B. Heinrich, C. Chaumont, M. J. Ledoux, J. Catal. 2000, 190, 92-103. 



` 

92 

 

[31] S. Izhar, H. Kanesugi, H. Tominaga, M. Nagai, Appl. Catal. A-Gen. 2007, 317, 82-90. 

[32] A. Goguet, F. C. Meunier, D. Tibiletti, J. P. Breen, R. Burch, J. Phys. Chem. B 2004, 108, 20240-20246. 

[33] J. H. Bitter, K. Seshan, J. A. Lercher, J. Catal. 1998, 176, 93-101. 

[34] E. Novak, K. Fodor, T. Szailer, A. Oszko, A. Erdohelyi, Top. Catal. 2002, 20, 107-117. 

[35] H. Ren, W. Yu, M. Salciccioli, Y. Chen, Y. Huang, K. Xiong, D. G. Vlachos, J. G. Chen, ChemSusChem 

2013, 6, 798-801. 

 

 



` 

93 

 

5. Chapter 5: Identifying Trends and Descriptors for Selective CO2 

Conversion to CO over Transition Metal Carbides 

 

5.1. Introduction 

The selective conversion of CO2 to CO, commonly referred to as the reverse water-gas shift 

reaction, is a potentially desired pathway because the CO product can be used as a component of 

syngas (CO + H2) for further generation of chemicals and fuels through the Fischer-Tropsch 

process.  Large-scale commercial processes for CO2 conversion would require active, selective 

and low-cost catalysts.  Transition metal carbides (TMCs) have received increasing attention for 

their low-cost and high activity in several catalytic reactions.
[1-2]

  In many cases, TMCs have 

properties similar to precious metals in reforming,
[3-4]

 hydrogenation,
[5]

 water-gas shift (WGS)
[6-

7]
 and CO oxidation.

[8-9]
  Levy and Boudart first discovered that the addition of carbon to 

tungsten modified the electronic properties of the metal, leading to behavior similar to Pt.
[10]

  

Further investigations into TMCs showed that the addition of carbon also resulted in 

modification of the number of metal sites exposed on the surface.
[11]

  Together, these two 

properties affect the binding energy and consequently reactivity of adsorbates.
[12]

   

Recently, CO2 conversion by H2 has been studied over MoC
[13]

 and Mo2C.
[14]

  Previous 

studies suggest that the carbon to metal ratio can serve as an important descriptor for carbide 

activity towards CO2 conversion.
[15]

  For example, metal carbides with a metal to carbon ratio 

that is less than one are active for CO2 conversion, but carbides with a higher amount of carbon 

such as TiC are not very active.
[16]

  However, this descriptor appears to be inadequate because 

many TMCs have a metal to carbon ratio of 1, making their activity difficult to predict by this 

simplistic descriptor.  It has also been previously shown that TMCs bind oxygen relatively 
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strongly, the strength of which ultimately depends upon the relative carbon binding energy.
[17]

  

With this in mind, a possible and more appropriate descriptor for CO2 reduction is oxygen 

binding energy (OBE), which is investigated in the current study.  Because oxy-carbide 

formation and the subsequent removal of oxygen are critical steps in completing the catalytic 

cycle of CO2 conversion, it is likely that the strength of the interaction of oxygen with the TMC 

surface plays an important role for controlling the catalytic activity.  The identification of a 

predictive descriptor should help design active and selective catalysts for CO2 conversion. 

The current paper investigates CO2 conversion by H2 in flow reactor studies over six 

TMCs.  The findings show that OBE is a good descriptor at predicting the activity of carbides for 

CO2 conversion by H2.  These results are corroborated with density functional theory 

calculations (DFT) and X-ray absorption near-edge spectroscopy (XANES) experiments that 

indicate TMCs with high OBE, such as TiC, do not allow facile removal of oxygen from the 

surface to complete the catalytic cycle for CO2 reduction, while TMCs with lower OBE, such as 

Mo2C, are more active because they allow both the adsorption and subsequent removal of 

oxygen from CO2 dissociation. 

 

5.2. Experimental 

5.2.1. Catalyst Preparation 

Carbides were either purchased from Alfa Aesar (TiC, TaC, ZrC, WC) or synthesized from the 

corresponding metal oxide, MoO3, Nb2O5 (Alfa Aesar).  Mo2C was synthesized by carburization 

of MoO3 at 850 °C, following a procedure outlined in Kimmel et al.
[18]

  NbC was prepared 

through direct carburization of Nb2O5 at 1000°C in 21 % CH4 in H2.  All catalysts were reduced 

in a 50% H2 in He mixture prior to reaction. 
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5.2.2. X-ray Diffraction (XRD) of Transition Metal Carbide (TMC) Surfaces 

X-ray diffraction (XRD) measurements of the transition metal carbides were performed on a 

PANaltycial X’Pert X-ray diffractometer using Cu Kα radiation, operated at 45 kV and 40 mA 

over the range of 2θ = 30.0 – 80.0° at room temperature.  Powder catalysts were transferred into 

the instrument as-is and structures were confirmed by comparing with the standard data base of 

XRD for TiC [ICDD 00-032-1383], ZrC [ICDD 00-035-0784], NbC [ICDD 00-010-0181], TaC 

[ICDD 00-035-0801], Mo2C [JCPDS 35-0787], and WC [ICDD 03-065-4539]. 

 

5.2.3. Reactor Studies 

The activity and selectivity of CO2 conversion by H2 over each TMC were evaluated in a quartz 

U-tube reactor under atmospheric pressure.  In each experiment, approximately 100 mg catalyst 

(60-80 mesh) was loaded into the flow reactor.  Before the reaction, the catalyst was reduced 

under a 1:1 hydrogen and helium mixture (50 mL min
-1 

total flow) at 450 °C for 1 h.  For each 

reaction, the flow rate of CO2 and hydrogen was set at 20 mL min
-1

 and 40 mL min
-1

, 

respectively, and the temperature was ramped to 300 °C and held steady for approximately 8 h.  

Product streams were analyzed by online gas chromatography equipped with a flame ionization 

detector (FID) and thermal conductivity detector (TCD).  The concentration of each gas-phase 

species was calibrated by correlating the peak area of the pure compound to its concentration in a 

calibration gas standard.  
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5.2.4. X-ray Absorption Near Edge Spectroscopy (XANES) 

X-ray absorption near edge spectroscopy (XANES) measurements were performed on the X18B 

beamline at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory.  

Catalyst samples were diluted with boron nitride, pressed into a pellet, then grinded and sieved 

(100-150 mesh).  The mass of the catalyst and dilution were determined so the sample amount 

was two absorption lengths to maximize the signal to noise ratio of each sample.  Mo and Ti K-

edge XANES spectra were recorded for Mo2C and TiC catalysts under the same procedure in a 

custom-designed, in-situ glassy carbon cell.
[19]

  Initial spectra were recorded at room temperature 

and after reduction in H2 and He at 450 °C.  Following reduction, the sample was treated with a 

1:2 CO2:H2 gas mixture, to mirror reactor studies, and then in pure CO2 to confirm the oxidation 

of carbides by the partial dissociation of CO2.  During each gas treatment, the in-situ cell was 

heated at 300 °C for 60 min, and then cooled to room temperature before collecting XANES 

measurements.  The XANES spectrum for Mo2C from each treatment condition was fitted by a 

linear combination of MoO3, MoO2 and Mo2C standards, by using the linear combination fit 

feature in Athena (IFEFFIT 1.2.11 data analysis package).   

 

5.2.5. Density Functional Theory (DFT) 

To calculate the OBE on each TMC surface, spin polarized periodic density functional theory 

(DFT)
[20-21]

 calculations were performed using Vienna Ab-initio Simulation Package (VASP) 

code.
[22-23]

  A plane wave cut-off energy of 400 eV and 3×3×1 Monkhorst-Pack
[24] 

grid were used 

for total energy calculations.  The interactions between electrons and nuclei were treated with all 

electron like projector augmented wave (PAW) potentials with the generalized gradient 

approximation (GGA)
[25-26]

 using PW91 functionals.
[27]

  Ionic positions were optimized until 
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Hellman-Feynman force on each ion was smaller than 0.02 eV Å
-1

.  The most stable OBE values 

for each surface along with the values on each site can be found in Table 5.1. 

 

Table 5.1. Atomic oxygen binding energy (OBE in eV) on transition metal terminated transition metal carbide 

surfaces. Bold number on each surface represents the energetically most stable site.  NS = Not stable. 

 (111) surfaces (0001) surfaces 

site TiC ZrC NbC TaC site β-Mo2C site WC 

fcc -5.74 -6.12 -4.66 -4.79 fcc -4.71 hollow -3.78 

hcp -4.92 -5.29 -4.69 -4.73 hcp-1 -4.00 hcp -4.72 

top -3.52 -3.39 -3.23 -3.10 hcp-2 -4.31 top -2.41 

bridge NS NS NS NS hcp-3 -4.68 bridge NS 

     top -3.11   

     bridge-1 NS   

     bridge-2 NS   

 

Transition metal terminated-TMC surfaces were modeled using a 3×3 surface slab cell 

with four bilayers (a bilayer contains a unit of one TM layer and one C layer) of atoms, Figure 

5.1.  A vacuum layer of ~12 Å thick was added in the slab cell along the direction perpendicular 

to the surface in order to avoid the artificial interactions between the surface and its periodic 

images.  During geometry optimization, atoms in the top two bilayers were allowed to relax 

while the atoms in the bottom two bilayers were fixed.  The OBE was calculated as OBE = 

E(slab + O) - E(slab) - 1/2E(O2), where E(slab + O), E(slab) and E(O2) were the total energies of 

slab with adsorbed O, clean slab and gas phase O2 molecule, respectively.  The transition states 

of chemical reactions were located using the dimer method.
[28]
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Figure 5.1. Various surface adsorption sites on (a) TM terminated TMC(111) (TM = Ti, Zr, Nb and Ta), (b) W 

terminated WC(0001) and (c) Mo terminated β-Mo2C(0001) surfaces.  Light blue balls represent transition metal 

atoms and grey balls represent carbon atoms.  

 

5.3. Results  

5.3.1. X-Ray Diffraction (XRD) of Transition Metal Carbide (TMC) Surfaces 

The diffraction patterns in Figure 5.2 indicate that the carbides were successfully carburized 

from the oxide precursors and the purchased carbides were phase pure, as expected.   

   

  

Figure 5.2. XRD spectra of the monometallic carbide catalysts: TiC (a), ZrC (b), NbC (c), TaC (d), Mo2C (e), and 

WC (f).  
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5.3.2. Reactor Studies 

Figure 5.3 compares the activity and selectivity as a function of reaction time for two carbides, 

Mo2C and TiC, while the selectivity of the other TMCs can be found in Table 5.2.  The 

comparison clearly reveals differences in catalytic performance, with Mo2C showing 

significantly higher steady-state CO2 conversion and CO selectivity than all other TMCs.  WC 

and NbC are the only two other carbides that produce a significant amount of CO, with all other 

carbides forming CH4 as the primary product.  Table 5.2 also compares the catalytic activity of 

each carbide in the form of steady-state CO2 conversion, as well as turnover frequency (TOF) 

after normalizing the conversion by the BET surface area of each carbide.  The BET area is 

utilized due to difficulty in measuring reliable values of active sites using H2 or CO 

chemisorption for the carbide catalysts.  

 

Table 5.2. Comparison of activity, represented by conversion and TOF normalized by BET area, and selectivity, 

represented by CO:CH4 ratio for the series of TMCs.  Reactions performed at 300 °C with 2:1 H2:CO2 ratio. 

Catalyst Conversion / % TOF / min
-1

 Selectivity / CO:CH4 Ratio OBE on TMC / eV 

TiC 0.59 2.1 0.0 -5.74 

ZrC 0.46 8.9 0.0 -6.12 

NbC 2.09 61.1 17.1 -4.69 

TaC 1.73 52.8 0.0 -4.79 

Mo2C 4.67 66.5 154.3 -4.71 

WC 3.30 59.1 20.1 -4.72 
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Figure 5.3. Flow reactor data at 300 °C with TiC and Mo2C.  Reactor data is shown as conversion of CO2 (solid 

lines) and selectivity is represented as CO:CH4 ratio (dashed lines). 

 

In order to explore whether there was a trend relating CO2 conversion activity to the OBE on 

each TMC surface, the CO2 conversion and TOF were plotted against OBE in Figure 5.4.  The 

specific OBE values for each TMC surface are listed in Table 5.2.  In general, the CO2 

conversion and TOF increase as the OBE values decrease.   

 

Figure 5.4. Flow reactor data at 300 °C summarized as conversion and turnover frequency normalized with respect 

to BET surface area.  Turnover frequency (solid symbols) and conversion (hollow symbols) were plotted against 

oxygen binding energy of the TMC.  Symbols correspond to the carbides as follows: TiC(■), ZrC(▼), NbC(●), 

TaC(♦), Mo2C(▲), and WC(⧓). 
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5.3.3. Density Functional Theory (DFT) Calculations on Mo2C and TiC Surfaces 

To further clarify the hypothesis that OBE is an important parameter for CO2 reduction over 

TMC surfaces, additional calculations were performed to estimate the activation energies for *O 

removal reactions from the TiC(111) surface (which binds O strongly) and the Mo2C(0001) 

surface (which binds O relatively weakly).  The DFT results in Table 5.3 show that stepwise 

hydrogenation of *O and *OH via *H was unfavorable on both TiC(111) and Mo2C(0001) 

surfaces because of high activation energies associated with these reactions.  A previous study 

showed that atomic oxygen adsorption and subsequent removal of adsorbed O on Mo2C(0001) 

was feasible in the presence of excess hydrogen via the reactions: H2(g) + *O → *OH + *H (Ea = 

0.46 eV), *OH + *OH → *H2O + *O (Ea = 1.18 eV).  In comparison, the activation energy for 

H2 dissociation in the presence of O (H2 (g) + *O → *OH + *H) on the TiC(111) surface was 

1.15 eV, significantly higher than that on Mo2C(0001).  This difference suggests that the 

coverage of *OH on TiC(111) should be much lower than that on Mo2C(0001).  In addition, the 

further hydrogenation of *OH to *H2O is also more difficult on TiC(111) (Ea = 1.41 eV) than on  

Mo2C(0001) (Ea = 1.18 eV).  

 

Table 5.3. Reaction and activation energies (∆E and Ea in eV) for adsorbed *O removal reaction on the TiC(111) 

and Mo2C(0001) surfaces. Values on the Mo2C(0001) surface are taken from Ren et al.
[29]

 

Reactions 
TiC (111) Mo2C (0001) 

ΔE Ea ΔE Ea 

*H2 → *H + *H -- 0 -- 0 

*O + *H → *OH 1.82 2.54 1.47 2.27 

*OH + *H → *H2O 3.15 3.21 1.93 2.48 

*OH + *OH → *H2O + *O 1.25 1.41 0.46 1.18 

H2(g) + *O → *OH + *H -0.61 1.15 -0.62 0.46 
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5.3.4. In-situ X-Ray Absorption Near Edge Spectroscopy (XANES) Measurements on Mo2C and 

TiC 

To further verify the potential differences in oxygen removal from Mo2C and TiC, in-situ 

XANES measurements were used to determine changes in the oxidation states of these two 

carbides under reaction conditions for CO2 conversion.  Figure 5.5 contains the XANES spectra 

for TiC and Mo2C as well as the difference spectra subtracted from the ‘reduced sample’ 

(ΔXANES).  The ‘reduced sample’ is the reduced spectrum shown in Figure 5.5a,b taken during 

XANES measurements.  As seen in the figure, the changes in the oxidation state of Ti were 

much less pronounced than those of Mo from the various gas treatments.  To further clarify these 

changes, each Mo spectrum was fitted by a linear combination of Mo2C, MoO3 and MoO2 

standards, by using the linear combination fit feature in Athena (IFEFFIT 1.2.11 data analysis 

package), and as described previously.
[14]

  The results of the linear combination fitting analysis 

can be found in Table 5.4.   
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Figure 5.5. K-edge XANES and ΔXANES subtracted from the ‘reduced sample’ at room temperature of TiC (a) and 

Mo2C (b) after various gas treatments.   

 

Table 5.4. Results from linear combination fitting analysis of Mo2C XANES spectra. 

Condition Mo2C MoO3 MoO2 

Fresh 78.0 22.0 0 

Reduced 84.0 16.0 0 

CO2 71.0 14.2 14.8 

H2 + CO2  74.8 3.1 22.1 

 

When compared with the TiC spectra, it was clear that the changes in the Mo oxidation 

state of Mo2C were much more significant.  Based on the ΔXANES spectra from the three 

different in-situ conditions in Figures 5.5a-1 and 5.5a-2, each of the different spectrum of Mo2C 

exhibited a much greater difference when compared with the TiC spectra.   

 

5.4. Discussion 

By investigating the DFT results more closely, it is clear that the higher activation energy 

required for H2 dissociation, combined with the greater difficulty of hydrogenation of *OH to 
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*H2O on TiC(111) versus Mo2C(0001) suggest that the coverage of *OH on TiC(111) should be 

much lower than that on Mo2C(0001).  Accordingly, the removal of adsorbed O in the form of 

H2O is difficult from the TiC(111) surface even in the presence of excess hydrogen.  These 

results indicate that poisoning of TiC may occur due to strongly bound O onto the TiC surface, 

which leads to the lower steady-state activity of TiC compared to Mo2C for CO2 conversion to 

CO, consistent with the experimental observations. 

The high activity and selectivity of several TMCs, such as Mo2C, for CO2 conversion 

may originate from its direct participation in the reaction through oxygen storage, similar to what 

is seen in CeO2 supported catalysts.
[30]

  A proposed mechanism, supported by ambient pressure 

X-ray photoelectron spectroscopy experiments and DFT studies, suggests that CO2 can 

chemisorb to Mo2C and a C=O bond can spontaneously break, forming CO.
[13-14]

  Upon CO2 

dissociation, the additional oxygen from CO2 is incorporated into Mo2C, forming an oxygen-

modified carbide, or oxy-carbide (Mo2C-O).
[31]

  The oxy-carbide subsequently reacts with H2 to 

produce H2O and Mo2C, thus completing the catalytic cycle.   Compared to CO2 conversion by 

H2 over precious metal catalysts, the reaction does not involve bidentate and monodentate 

formates, or other reaction intermediates containing C-H bonds,
[32-33]

 leading to the selective 

formation of CO without the production of lower value CH4.
[30]

 

Extending these observations to the ΔXANES data further indicate that Mo2C exchanged 

oxygen with CO2 and H2 more easily than TiC, as expected from the DFT prediction of relatively 

low activation barriers for removal of oxygen over Mo2C.  Furthermore, Table 5.4 suggested that 

(1) oxy-carbides were critical for CO2 reduction, providing further evidence that oxygen from 

CO2 was incorporated into Mo2C during reaction and (2) surface oxygen was removed by H2 

because the catalyst was represented by a more reduced combination of standards in CO2 + H2 
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(74.8% Mo2C, 3.1% MoO3 and 22.1% MoO2) than in pure CO2 (71% Mo2C, 14.2% MoO3 and 

14.8% MoO2).  However, for TiC, the differences between the pure CO2 and CO2 + H2 treatment 

conditions in Figure 5.5a-1 are not as significant, suggesting that oxygen binds more strongly on 

TiC and cannot be removed by H2 as easily, again consistent with the DFT calculations.  

The combination of reactor results, DFT calculations and in-situ XANES data show that 

the high activity of Mo2C for CO2 conversion by H2 likely originates from the fact that Mo2C 

does not bond to oxygen too strongly, which facilitates oxygen exchange by removal of adsorbed 

atomic oxygen.  TiC does not exhibit oxygen exchange with CO2 because of its relatively high 

OBE and high activation energies for removing adsorbed oxygen by H2.  The high OBE of TiC 

also hinders CO formation by binding oxygen more strongly, thereby promoting undesirable CH4 

as the primary product.  As stated previously, the catalytic cycle for CO2 conversion by H2 

requires that the TMC should bond oxygen strong enough to facilitate bond scission of CO2 to 

CO + O, yet it should not bond the oxygen too strongly as to hinder subsequent oxygen removal.  

This is evidenced by the oxidation-reduction cycle, as seen in the in-situ XANES measurements, 

which is responsible for the high steady-state conversion of Mo2C, but not TiC.   

 

5.5. Conclusions 

The findings of this study show that catalytic activity of TMCs is correlated to OBE for CO2 

conversion by H2.  The activities of two carbides, Mo2C (high activity) and TiC (low activity), 

were also found to correlate with ease for removal of surface oxygen to complete the catalytic 

cycle, which was confirmed by in-situ XANES measurements.  The results from the current 

study also identified two other TMCs (NbC and WC) as promising catalysts for CO2 conversion 

by H2.  The general correlation between CO2 conversion activity with DFT-calculated OBE 
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values and activation barriers for oxygen removal provide useful descriptors for potentially 

identifying other classes of effective catalysts for CO2 reduction. 
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6. Chapter 6: Catalytic CO2 Reduction by Ethane through Dry Reforming 

and Oxidative Dehydrogenation 

 

6.1. Introduction 

Recent exploitation of shale gas reserves has increased the importance of utilizing methane and 

the heavier gas fractions as raw materials for producing chemicals and fuels.  Methane is the 

primary component of shale gas, but ethane comprises approximately 10%, with the exact 

concentration depending on the particular source.
[1]

  Most ethane is converted by thermal 

dehydrogenation into ethylene, a valuable commodity chemical, at very high temperatures and 

pressures in the presence of steam,
[2]

 which is energy intensive and leads to coke formation on 

the reactor walls and catalyst bed.
[3]

  Catalysts that can effectively convert ethane to useful 

products at lower temperatures, without coke formation, are very desirable.  Ideally, a catalyst 

that can utilize CO2 as the oxidant is particularly useful because the reduction of CO2 can help 

mitigate ocean acidification and climate change,
[4-5]

 while unreacted CO2 can also reduce coke 

formation through the reverse Boudouard reaction (CO2 + C → 2CO), which has been shown to 

occur as low as 500 °C,
[6]

 thus increasing conversion and catalyst stability.
[3]

 

CO2 reduction by ethane can proceed through two distinct pathways, reforming to 

produce synthesis gas (2CO2 + C2H6 → 4CO + 3H2) and oxidative dehydrogenation (ODH) to 

produce ethylene (CO2 + C2H6 → C2H4 + CO + H2O).  For decades, researchers have attempted 

dry reforming of methane, but typically high reaction temperatures (~700 °C) along with rapid 

deactivation of catalysts have prevented significant breakthroughs.
[7]

  Dry reforming of ethane, 

however, becomes thermodynamically favorable about 100 °C lower than that of methane, 

making the process more feasible under milder conditions.
[8]

  The difference in reaction 
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temperatures between ethane and methane dry reforming also provides the potential benefit of 

reactively separating shale gas, thereby directly producing synthesis gas from ethane and CO2, 

while leaving the methane unreacted. 

ODH of ethane by CO2 is another important pathway because of the high energy 

requirement for ethane dehydrogenation.
[9]

  Several groups have studied ODH of ethane with 

pure O2,
[10-11]

 which is more reactive, but does not have the added benefit of reducing CO2 

emissions.  ODH of ethane with CO2 as a mild oxidant is proposed to occur through a Mars-van 

Krevelen-type mechanism,
[12-13]

 where the catalyst first dehydrogenates ethane into ethylene and 

H2, then the H2 reduces CO2 to CO through the reverse water-gas shift (RWGS) reaction, 

producing H2O as a byproduct.
[14]

  At 600 °C, both the reforming and ODH reactions occur 

simultaneously, thus it is necessary to identify classes of catalysts to kinetically control the 

extent of reforming versus ODH.  It is highly desirable to identify two distinct types of catalysts 

that can (1) break the C-C bond to produce reforming products, or (2) selectively break C-H 

bonds of ethane while preserving the C-C bond to produce ethylene. 

Previous research indicates that typical catalysts used for CO2 reduction by ethane are Cr-

based oxide catalysts.  Cr2O3 catalysts convert high amounts of ethane, but overall CO2 

conversion is low with short lifetimes, likely due to coke formation.
[15]

  There is a support effect, 

with SiO2 displaying the highest activity,
[16]

 and doping the catalyst with small amounts of Fe, 

Co and Mn further improves ethylene selectivity.
[17]

  The high activity of Cr-based catalysts 

could be from their ability to exist in several oxidation states, similar to Mn-based molecular 

sieve catalysts.
[15]

  Ga2O5 and Ca doped ThO2 are reducible materials that are also active and 

selective for this reaction,
[18-19]

 while a nanostructured CeO2 catalyst doped with CaO oxidizes 

ethane into CO and H2O, with ODH as the side reaction.  For carbide catalysts, Mo2C/SiO2 has 
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about 10% conversion with high ethylene selectivity; however, pure Mo2C and MoO3/SiO2 are 

not active.
[20]

   

Although there have been studies into CO2 reduction by ethane, details are lacking on 

how to control the extent of dry reforming versus ODH.  In the current study, two types of 

catalysts, metals (Pt) and metal carbides (Mo2C), are investigated under identical reaction 

conditions to differentiate reaction pathways.  It is hypothesized that Pt and Mo2C based systems 

are promising catalysts to study reforming and ODH during CO2 reduction by ethane because 

Pt/CeO2
[21]

 and Mo2C
[22-23]

 are both active for RWGS from their high oxygen mobility, a critical 

feature required for CO2 reduction by ethane.  The findings of this study confirm that although 

the catalysts deactivate, Pt/CeO2 favors the reforming reaction and Mo2C based catalysts are 

more selective at producing the ODH product, ethylene.  These novel findings are supported by 

DFT calculations and in-situ XANES measurements.  This methodology gives insight to help 

identify new materials that favor reforming or ODH to a greater extent than current catalysts in 

literature. 

 

6.2. Experimental 

6.2.1. Density Functional Theory (DFT) 

Spin polarized DFT
[24-25]

 calculations were performed using plane wave basis set Vienna Ab-

Initio Simulation Package (VASP) code.
[26-27]

  A plane wave cut-off energy of 400 eV and 

3×3×1 Monkhorst-Pack
[28]

 grid were used for total energy calculations.  The interactions 

between electrons and nuclei were treated with all electron like projector augmented wave 

(PAW) potentials with the generalized gradient approximation (GGA)
[29-30]

 using PW91 

functionals.
[31]

  Ionic positions were optimized until Hellman-Feynman force on each ion was 
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smaller than 0.01 eV Å
-1

.   

The Pt(111) surface was modeled using a four layer 3×3 surface slab, while the Mo-

terminated Mo2C(001) surface was modeled using a four bilayer (a bilayer contains a unit of one 

Mo layer and one C layer) 3×3 surface slab.  A vacuum layer of ~14 Å thick was added along the 

direction perpendicular to the surface in order to minimize the artificial interactions between the 

surface and its periodic images.  During geometry optimization, atoms in the top two layers were 

allowed to relax while the atoms in the bottom two layers were fixed.  The binding energy of an 

adsorbate was calculated as: BEadsorbate = Eslab+adsorbate – Eslab – Eadsorbate, where Eslab+adsorbate, Eslab 

and Eadsorbate were the total energies of slab with adsorbate, clean slab and adsorbate species in 

the gas phase, respectively.  

 

6.2.2. Catalyst Preparation 

Pt catalysts were synthesized by incipient wetness impregnation over as-is commercially 

obtained CeO2 (35-45 m
2
 g

-1
, cubic, Sigma-Aldrich) and γ-Al2O3 (80-120 m

2
 g

-1
, Alfa Aesar) 

supports, as described previously.
[21]

  Supported and unsupported Mo2C were synthesized in a 

procedure adapted from Hou et al.
[32]

  In brief, (NH4)6Mo7O24·4H2O (Alfa Aesar) was 

impregnated into the support, MCM-41 (~1000 m
2
 g

-1
, Alfa Aesar), CeO2 and γ-Al2O3.  

Following impregnation, the catalyst was calcined in air at 350 °C for 6 h to remove functional 

groups, and then carburized in a 21% CH4 in H2 mixture at 600 °C for 2 h.  After the first hour, 

the CH4 was shut off and the carbide was cooled to room temperature in H2.  At room 

temperature, the catalyst was passivated in 1% O2 in N2 for several hours.  To synthesize pure 

Mo2C, the above procedure was followed with MCM-41 as the support.  In the last step, the 

MCM-41 was removed using 2M NaOH, and then the Mo2C was washed 3 times with DI water, 
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filtered and dried.  BET analysis showed that the synthesized Mo2C had a surface area of ~24.5 

m
2
 g

-1
. 

 

6.2.3. Pulse CO Chemisorption 

Pulse CO chemisorption was performed using an AMI-200ip (Altamira) to compare the number 

of active sites in each supported catalyst.  Approximately 200 mg of catalyst was added into a U-

shaped quartz tube and reduced in a mixture of 10% H2/Ar (35 mL min
-1

) at 450 °C for 2 h, then 

held at 450 °C for 20 min in 50 mL min
-1

 He for degassing.  The catalyst was then cooled to 35 

°C in helium before pulsing 10% CO.  A thermal conductivity detector was used to analyze the 

amount of CO flowing out of the reactor and CO was pulsed until the peak area became constant.  

The amount of CO adsorbed by each catalyst provides a means to calculate the turnover 

frequency (TOF) and quantitatively compare the activity between each supported catalyst. 

 

6.2.4. Flow Reactor Studies 

Reactions of ethane and CO2 were carried out in a quartz reactor under atmospheric pressure.  In 

each experiment, approximately 100 mg catalyst (60-80 mesh) was loaded into the flow reactor.  

Before the reaction, the catalyst was reduced under a 1:1 hydrogen and helium mixture (40 mL 

min
-1

 total flow) at 450 °C for 1 h.  To start the reaction, the flow of CO2 and ethane were each 

set at 10 mL min
-1

 with 20 mL min
-1

 of He as a diluent.  For each experiment, the temperature 

was raised to 600 °C and the reaction was run for approximately 8 h.  For calculating apparent 

activation energies, the conversion of CO2 and ethane were measured at 4 different temperatures, 

each separated by 20 °C, while reaction order experiments were all performed at 600 °C with 

varying ethane flow rates, but maintaining the total flow of 40 mL min
-1

.  Product streams were 
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analyzed by online gas chromatography equipped with a flame ionization detector (FID) and 

thermal conductivity detector (TCD).  The concentration of each gas-phase species was 

calibrated by correlating the peak area of the pure compound to its concentration in a calibration 

gas standard.  

 

 

6.2.5. X-Ray Absorption Near Edge Spectroscopy (XANES) 

X-ray absorption near edge spectroscopy (XANES) measurements were used to confirm the 

oxidation state of Mo2C under reaction conditions.  XANES measurements of the Mo K-edge 

were performed on the X18A beamline at the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory.  Catalyst samples were diluted with boron nitride, pressed into 

a pellet, then grinded and sieved (100-150 mesh).  The mass of catalyst and dilution were 

determined so the sample amount was two absorption lengths to maximize the signal to noise 

ratio of each sample.  The XANES spectra for Mo2C was collected in a custom designed in-situ 

glassy carbon cell,
[33]

 using a 4-channel vortex fluorescence detector.   

Mo K-edge XANES spectra were recorded for Mo2C at room temperature and after 

reduction in H2 and He at 450 °C. Following reduction, the sample was treated with 10 mL min
-1

 

of both CO2 and ethane in 20 mL min
-1 

He, then pure ethane, and finally pure CO2.   During each 

gas treatment, the in-situ cell was heated at 600 °C for 90 min, and then cooled to room 

temperature before collecting XANES measurements.  The XANES spectrum from each 

treatment condition was fitted by a linear combination of MoO3, MoO2, and Mo2C standards, by 

using the linear combination fit feature in Athena, IFEFFIT 1.2.11 data analysis package 

(Athena, Aretmis, Atoms, and FEFF6).
[34]
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6.3. Results 

6.3.1. Density Functional Theory (DFT) 

To investigate the reaction pathways of the two types of catalysts, DFT calculations were 

performed to measure differences in binding energies of potential reaction intermediates on the 

two surfaces.  The results in Table 6.1 show that all intermediates bind more strongly on 

Mo2C(001) than on Pt(111).  The optimized geometry of CH3CH2O, CH3CH2, CH2CH2 and CH3 

are similar on both the Pt(111) and Mo2C(001) surfaces, as shown in Figure 6.1.  In contrast, 

slightly different adsorption configurations are observed for CH3CHO, CH3CO, CH2CH and CO. 

It is noted that, for adsorbates with similar binding configurations, the binding energy difference 

between Pt(111) and Mo2C(001) is more pronounced for species adsorbed via the oxygen atom 

than those via the carbon atom.  This is due to the much higher affinity of the Mo2C(001) surface 

towards O compared with Pt(111).  The DFT calculated BEdiff is 3.53 eV for atomic oxygen, 

while it is only 1.60 eV for atomic carbon.   
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Table 6.1. DFT calculated binding energies (in eV) of ethane dehydrogenation intermediates and atomic O and C on 

Pt(111) and Mo2C(001) surfaces. 

Species Pt(111) Mo2C(001) BEdiff = BEPt(111)-BEMo2C(001) 

CH3CH2O -1.62 -4.22 2.60 

CH3CHO -0.31 -2.30 1.99 

CH3CO -2.36 -3.81 1.45 

CH3CH2 -1.97 -2.98 1.01 

CH2CH2 -1.09 -2.23 1.14 

CH2CH -3.18 -4.64 1.46 

CH3 -2.11 -3.14 1.03 

CO -1.76 -2.72 0.96 

H -2.75 -3.37 0.62 

O -4.11 -7.64 3.53 

C -7.17 -8.77 1.60 
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Figure 6.1. DFT calculated energetically most favorable binding configurations of (a) CH3CH2O, (b) CH3CHO, (c) 

CH3CO, (d) CH3CH2, (e) CH2CH2, (f) CH2CH, (g) CH3, (h) CO, (i) H, and (j) O on the Pt(111) surface (top) and 

Mo2C (001) surface (bottom).  Light grey: Pt, Purple: Mo, dark grey: C, red: O and blue: H, respectively. 

 

To understand the effect of preadsorbed oxygen, binding energy calculations were also 

performed with an O-preadsorbed surface with the O coverage kept constant at 0.22 ML, which 

is assumed to be from CO2 dissociation (2 adsorbed O atoms on a 9 atom surface).  The 

adsorption configurations of CH3CH2 and CH3CH2O, with and without oxygen, were almost the 

same, and there was only a small change in binding energy (~0.1 eV).  This is because in the 

presence of adsorbed O, stabilization of adsorbates due to hydrogen bonding is counter balanced 

by destabilization due to adsorbate-adsorbate interactions.  Thus, the overall change in binding 

energy of adsorbates with and without adsorbed O is small.  Accordingly, the energetics and 

geometries for adsorption on the bare surfaces listed in Table 6.1 can also be used to describe 

those in the presence of oxygen.   

In addition to binding energy, DFT measurements were used to calculate the enthalpy 

change for the oxidative C-C and C-H bond cleavage of ethane on Pt(111) and Mo2C(001) 

surfaces.  The C-C bond cleavage of ethane produces CH3*, CO* and H2O (g), while C-H bond 

cleavage results in the formation of CH2CH2* and H2 (g).  For the case of Pt(111) in Figure 6.2, 
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the atomic hydrogen is assumed to form H2O (g) since both OH (O* + H* → OH*) formation 

and H2O formation (H* + OH* → H2O*) are exothermic processes on the Pt(111) surface.
[35]  

This is not the case, however, for Mo2C(001), where both OH (O* + H* → OH*) formation and 

H2O formation (H* + OH* → H2O*) are highly endothermic processes.
[36]  

Over Mo2C(001), the 

atomic hydrogen prefers to recombine and desorb from the surface in the form of hydrogen gas, 

Figure 6.2.   

 

Figure 6.2. DFT calculated energy profile of reforming and oxidative dehydrogenation of ethane on the Pt(111) 

surface (a) and Mo2C(001) surface (b). 

 

Furthermore, Figure 6.2 shows that on Pt(111), C-C bond cleavage of ethane to form CH3*, CO* 

and H2O (g) is not only exothermic, but also more favorable compared to selective C-H bond 

cleavage to form CH2CH2*.  More specifically, oxidation of ethane to form CH3CH2O* is 

energetically more favorable than the dehydrogenation of ethane to form CH3CH2* in the 

presence of oxygen on the surface.  On Pt(111), CH3CH2O* undergoes two successive 

dehydrogenation reactions to form CH3CO*, which then undergoes C-C bond cleavage to form 

CH3* and CO*.  Thus, the Pt(111) surface promotes reforming of ethane to form CO.   

Interestingly, a different reaction scheme is observed on Mo2C(001).  The stronger 

affinity of Mo2C(001) for oxygen makes C-O bond formation more unstable on Mo2C(001) than 



` 

118 

 

on Pt(111), which agrees with previous studies showing Mo2C(001) binds carbon and oxygen 

very strongly, leading to spontaneous cleavage of the C-O bond.
[37-38]

  Therefore, as shown in 

Figure 6.2, the Mo2C(001) surface preferentially dehydrogenates ethane to form CH2CH2*, and 

not CH3CH2O*, the intermediate over Pt(111) which leads to reforming products.  

To better understand the selective adsorption of intermediate species over the two 

surfaces, the partial density of states (PDOS) of 2p for the adsorbed carbon and oxygen atoms 

were plotted together with the interacted metal d states before and after adsorption in Figures 6.3 

and 6.4.  According to the PDOS, the O-Pt(111) interaction displays fewer ionic features than the 

O-Mo2C(001) interaction, while the interactions with atomic carbon display similar behavior 

over Pt(111) and Mo2C(001).  This further explains the results in Table 6.1, which indicate 

oxygen adsorbs very strongly on Mo2C(001).  Such a trend is also observed when comparing the 

O 2p of CH3CH2O* and C 2p of CH3CH2*, though the effect is less significant than that between 

atomic oxygen and carbon.  In particular, a lesser degree of hybridization between O 2p and Mo 

4d is observed for CH3CH2O-Mo than O-Mo, which again indicates the strong preference for 

atomic oxygen adsorption on Mo2C(001).  This means Mo2C(001) is more selective to bind 

oxygenates via the oxygen atom than Pt(111), as illustrated in Table 6.1.  However, in 

comparison to the other adsorbates studied, the selectivity of Mo2C(001) to adsorb atomic 

oxygen is too strong, which destabilizes the adsorbed oxygenate species and facilitates the C-O 

bond cleavage, leading to the dehydrogenation pathway and the product ethylene.  
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Figure 6.3. Density of states of O/C atoms that form bonds with surface Pt atoms on the Pt(111) surface.  Average 

of density of states of three surface Pt atoms that form a hollow site is plotted for an adsorbate on a hollow site.  For 

comparison, density of states of surface Pt atoms on the clean Pt(111) surface are also plotted. 

 

 

Figure 6.4. Density of states of O/C atoms that form bonds with surface Mo atoms on the Mo2C(001) surface.  

Average of density of states of three surface Mo atoms that form a hollow site is plotted for an adsorbate on a 

hollow site.  For comparison, density of states of surface Mo atoms on the clean Mo2C(001) surface are also plotted. 
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6.3.2. Reactor Studies 

To verify the DFT calculations, reactions of ethane and CO2 were carried out in a quartz reactor 

under atmospheric pressure.  The activity and selectivity as a function of time on stream for the 

two catalysts, (a) Pt/CeO2 and (b) Mo2C/γ-Al2O3 are compared in Figure 6.5.  The comparison 

between the two classes of catalysts clearly reveals differences in performance.  Pt/CeO2 shows 

higher activity and selectivity toward reforming products, but Mo2C/γ-Al2O3 has lower activity 

with increased ethylene yield, confirming the trend seen in the DFT calculations. 

  

  

Figure 6.5. Turnover frequency (top) and concentration of products (bottom) for reactions of 10 mL min
-1

 ethane 

and CO2 10 mL min
-1

 diluted in 20 mL min
-1

 He at 600 °C for (a, c) Pt/CeO2 and (b, d) 8%Mo2C/γ-Al2O3 plotted 

versus time on stream.   
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The difference in activity between the two catalysts can be further explained through measuring 

the activation barrier of both CO2 and ethane over Pt/CeO2 and Mo2C/γ-Al2O3, Figure 6.6.  Over 

Pt/CeO2 the activation barriers are 14.9 kcal mol
-1

 and 22.2 kcal mol
-1

 for CO2 and ethane, 

respectively, while on Mo2C/γ-Al2O3 the values are 20.1 kcal mol
-1

 and 17.9 kcal mol
-1

.  The 

lower activation barrier of CO2 over Pt/CeO2 confirms the relatively high activity of CeO2 based 

materials towards CO2, which has been frequently cited in literature.
[39-40]

 

 

Figure 6.6. Activation barrier plots represented as ln(TOF) versus 1/T for (a) Pt/CeO2 and (b) Mo2C/γ-Al2O3 with 

20 °C increments by averaging data points between 2 – 4.5 h on stream. 

 

Because CeO2 has been shown to be an excellent support for reactions involving CO2, including 

the Pt/CeO2 in this study, an additional test was performed with Mo2C supported on CeO2.  As 

seen in Table 6.2, there is a clear support effect for Mo2C, where γ-Al2O3 slightly improves the 

activity over the pure carbide, but CeO2 appears to diminish the activity.  This support effect 

likely indicates the greater acidity of γ-Al2O3 promotes the binding of ethane, which is consistent 

with previous work indicating that oxidative dehydrogenation of alkanes is strongly dependant 

on the acidity of support materials.
[41-42]

  Such an enhancement, however, is not seen for the Pt/γ-

Al2O3 support as the activity is significantly lower than that of Pt/CeO2, although the ethylene 

selectivity is slightly higher. 
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Table 6.2. Summary of flow reactor data for CO2 reduction by ethane experiments in 10 mL min
-1

 ethane and CO2 

diluted in 20 mL min
-1

 He at 600 °C.  Values of conversion and selectivity calculated by averaging data points 

between 2 – 4.5 h on stream. 

Catalyst 

Conversion / % Carbon Selectivity / % Yield 

CO2 C2H6 CO CH4 C2H4 C3+ C2H4 

Mo2C 1.0 0.0 38.6 1.6 59.5 0.3 1.2 

Mo2C/γ-Al2O3  1.8 2.1 47.0 1.2 51.6 0.2 1.1 

Mo2C/CeO2 0.3 0.1 88.1 2.1 9.8 0.0 0.0 

Mo2C/γ-Al2O3 w/H2 8.8 3.8 73.4 0.7 25.7 0.2 1.0 

Pt/CeO2 28.0 9.5 97.8 0.8 1.4 0.0 0.1 

Pt/γ-Al2O3 12.4 1.7 95.2 0.7 4.1 0.0 0.1 

 

Although the initial activity is relatively high for all of the catalysts tested, there is 

significant deactivation after less than 8 h on stream.  As seen in Figure 6.5, Pt/CeO2 loses ~50% 

of its initial activity, while Mo2C/γ-Al2O3 completely deactivates.  To help understand the 

mechanism of deactivation during CO2 reduction by ethane, reaction order measurements were 

performed over Mo2C/γ-Al2O3, Figure 6.7.  Clearly, the figure indicates that the reaction order 

with respect to ethane over Mo2C/γ-Al2O3 is negative, with the exact value equal to -0.93, 

indicating increasing concentrations of ethane decreases the reaction rate.  Because ethane is 

intrinsic to CO2 reduction by ethane, solutions must be investigated to prevent deactivation.    
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Figure 6.7. Effect of ethane:CO2 ratio on ethane TOF over 8% Mo2C/γ-Al2O3 at 600 °C, summarized as average 

ethane TOF by averaging data points between 2 – 4.5 h on stream versus ethane partial pressure, with fit. 

 

One possible option to prevent deactivation over Mo2C/γ-Al2O3 is adding a small amount of H2 

(5 vol%) to the reaction feed to help remove inactive oxide species from the surface of the 

catalyst.  As shown in Table 6.2, for Mo2C/γ-Al2O3, the addition of H2 improves the catalytic 

activity and stability, but the selectivity toward CO increases dramatically, while that of ethylene 

decreases.  The increased selectivity is likely because the addition of H2 promotes the RWGS 

reaction, leading to higher CO formation.   

 

6.3.3. X-Ray Absorption Near Edge Spectroscopy (XANES) 

To further explain the deactivation seen over Mo2C/γ-Al2O3, in-situ XANES measurements were 

performed over pure Mo2C.  Figure 6.8 contains the XANES spectra for pure Mo2C under 

various reaction environments as well as the difference spectra subtracted from the ‘reduced 

sample’ (ΔXANES).  The ‘reduced sample’ is the reduced spectrum shown in Figure 6.8a taken 

during XANES measurements.  As seen in the figure, the changes in the oxidation state of Mo 
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are fairly evident during all gas treatments, except pure ethane.  To further quantify these 

changes, each Mo spectrum was fitted by a linear combination of Mo2C, MoO3 and MoO2 

standards, as described previously.
[22]

  The results of the linear combination fitting analysis can 

be found in Table 6.3.   

  

Figure 6.8. X-ray absorption near edge spectroscopy measurements of Mo2C under different gas environments, with 

(a) raw spectra and (b) ΔXANES subtracted from the ‘reduced sample’.  All spectra measured at room temperature 

after treatment at 450 °C for reduction and 600 °C for CO2 and ethane environments. 

 

Table 6.3. Results from linear combination fitting analysis of Mo2C XANES spectra.      

Condition Mo2C MoO3 MoO2 

Fresh 64.1 35.9 0 

Reduced 75.7 6.7 17.6 

C2H6 + CO2 23.5 0 76.5 

C2H6 26.6 0 73.4 

CO2 0 9.6 90.4 
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As seen in the table, it is clear that treatment in H2 removes a significant amount of the 

oxide species, likely formed during the passivation of the carbide during synthesis.  Upon 

reaction of ethane and CO2, the Mo2C is oxidized to a greater degree.  After turning off the CO2, 

pure ethane does not significantly change the oxidation state of the catalyst, but treatment in pure 

CO2 clearly oxidizes the Mo2C, providing further evidence that CO2 alone can be activated 

spontaneously over Mo2C, leading to adsorbed O on the surface.  The adsorbed O, primarily in 

the form of MoO2, provides a means to oxidize the ethane but also likely leads to the 

deactivation seen over the Mo2C based materials. 

 

6.4. Discussion 

Controlling the selectivity of CO2 reduction by ethane is fundamental to produce either synthesis 

gas or ethylene.  Both products have high commercial value, as synthesis gas can be used in 

down-stream Fischer-Tropsch to produce synthetic chemicals and fuels, while ethylene is a 

commodity chemical for synthesis of plastics, surfactants, detergents and many other products.  

Results in Figure 6.5 clearly show that Pt/CeO2 favors the reforming reaction to produce 

synthesis gas, while Mo2C/γ-Al2O3 favors the ODH pathway to form ethylene. 

As shown by the DFT calculations, the lower oxophilicity of Pt prevents poisoning, 

which in turn allows the Pt/CeO2 catalyst to maintain higher activity than Mo2C/γ-Al2O3.  One 

explanation is the higher binding energy of oxygen on Mo2C destabilizes C-O bond formation 

and leads to ethylene as the primary product.  The high selectivity towards ethylene, combined 

with the high binding energy on Mo2C(001) (BEdiff = 1.14 eV relative to Pt(111)), likely leads to 

coke formation through ethylene decomposition or polymerization,
[43]

 partially explaining the 

deactivation and negative order.  It is also observed through XANES experiments in Table 6.3 
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that Mo2C is oxidized, primarily in the form of MoO2, when exposed to CO2 and ethane.  

However, as seen in Table 6.2, by adding a small amount of H2 to the reaction mixture, the 

activity can be improved, likely from the removal of adsorbed O species, which completes the 

catalytic cycle and restores some of the active carbidic phase, leading to higher activity.  This 

phenomenon has been seen in previous work over Mo2C based catalysts for CO2 reduction by 

H2.
[23]

 

Comparing the support effect over the Mo2C catalysts clearly shows the acidic and 

irreducible γ-Al2O3 support leads to higher activity than the basic and reducible CeO2 support.  

Furthermore, the behavior of Mo2C/γ-Al2O3 is more similar to that of pure Mo2C than 

Mo2C/CeO2, Table 6.2.  This is likely from the low surface area and CO uptake of Mo2C/CeO2 

(0.8 μmol g
-1

).  It is also possible that the high intrinsic activity of both CeO2 and Mo2C
[38]

 

towards CO2 bond scission creates an excess of adsorbed O on the catalyst surface, which 

quickly deactivates Mo2C/CeO2 through oxidation.   

Conversely, Pt is not as easily poisoned by adsorbed O, which in turn allows the Pt/CeO2 

catalyst to maintain higher activity and stability, Figure 6.5.  For Pt/γ-Al2O3, Table 6.2, the 

activity is significantly lower than that of Pt/CeO2 because γ-Al2O3 is an irreducible support, 

which does not activate CO2 to the same degree as CeO2.  Because less adsorbed O is available 

on Pt/γ-Al2O3, the ethane conversion is significantly diminished.  This behavior can be further 

explained by the DFT calculations in Figure 6.2, which indicate that adsorbed ethane over 

Pt(111) will prefer the oxidation pathway to form CH3CH2O* rather than dehydrogenation into 

CH3CH2*.  With less adsorbed O available, the Pt/γ-Al2O3 catalysts cannot form CH3CH2O* as 

readily as Pt/CeO2, and there is an observed increase in the direct dehydrogenation pathway.  In 

the case of both Pt catalysts, the oxidative reforming pathway results in a lesser degree of 
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adsorbed O, which slows the deactivation due to oxidation relative to the Mo2C based catalysts.  

Additionally, the slower deactivation can be explained by the lower selectivity towards ethylene, 

which is known to be a coke precursor. 

 

6.5. Conclusions 

In summary, Pt/CeO2 and Mo2C/γ-Al2O3 catalysts have been evaluated to catalytically control 

the products of CO2 reduction by ethane to produce either synthesis gas or ethylene, respectively.  

Results of this study indicate that although there is significant deactivation, Pt/CeO2 is a 

promising catalyst to produce synthesis gas, while Mo2C/γ-Al2O3 preserves the C-C bond of 

ethane to produce ethylene.  These findings agree with DFT predictions that show Pt(111) 

preferentially forms synthesis gas, while Mo2C(001) leads to ethylene formation.  Future studies 

should focus on designing materials that selectively produce ethylene with high stability and 

minimal deactivation.   
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7. Chapter 7: Conclusions and Future Directions for CO2 Reduction 

 

7.1. Conclusions 

CO2 reduction by H2 requires low-cost, highly active, selective and stable catalysts.  By 

combining reactor studies with in-situ techniques and DFT calculations, new directions for CO2 

reduction have been discovered through the development of trends and descriptors which relate 

d-band center and OBE to catalytic activity and selectivity.  The expertise in the Chen group 

with hydrogenation catalysts prompted the initial use of precious bimetallic systems because of 

their high hydrogenation activity.  In chapter 3, studies over bimetallic catalysts in a batch 

reactor reveal that the type of oxide support dominates the catalytic activity and the metal 

controls the selectivity.  Furthermore, the reducible support (CeO2) greatly outperforms the 

irreducible support (γ-Al2O3), while metals with a surface d-band center further from the Fermi 

level are more selective at producing CO instead of CH4.   

 The requirements for catalyst reducibility and high hydrogenation activity over a low-

cost material prompted investigations into Mo2C in chapter 4.  Mo2C is a highly active catalyst 

for CO2 reduction by H2 because of high activity for both hydrogenation and C=O bond scission.  

Mo2C also has the added benefit of oxygen exchange, similar to the reducible CeO2 support.  

Together, these features result in a catalyst that is more active and selective than precious 

catalysts with a much lower material cost.  The higher activity of Mo2C versus traditional 

bimetallic systems led to investigations into the catalytic mechanism via reaction intermediates.  

AP-XPS studies in chapter 4 reveal that only oxycarbides (Mo2C-O) are present over Mo2C 

during CO2 reduction by H2.  Because formate or carbonate is not observed, it is proposed that 

the mechanism is direct C=O bond breaking to form CO and Mo2C-O, followed by 
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hydrogenation of Mo2C-O to restore Mo2C to the active, carbidic phase, while forming H2O as a 

byproduct.  Thus, there is a distinct difference from bimetallic supported catalysts in which CO2 

hydrogenation proceeds through formate and carbonate intermediates before forming CO.   

 The discovery of Mo2C-O as the critical intermediate for CO2 reduction by H2 over Mo2C 

led to the development of oxygen binding energy (OBE) as a descriptor to understand CO2 

reduction over other transition metal carbides (TMCs).  In chapter 5, the activity of a group of 

six carbides is related to OBE.  This trend further supports the importance of oxycarbide 

formation during CO2 reduction over TMC catalysts.   

However, in all the aforementioned examples, CO2-free H2 is required, which is currently 

not produced on an adequate scale to reduce CO2.  As an alternative to H2, ethane is investigated 

for CO2 reduction in chapter 6.  The findings show that the type of catalyst can greatly influence 

the reaction products with Pt-based materials following the reforming pathway to produce 

synthesis gas (CO + H2) and Mo2C-based materials following the oxidative dehydrogenation 

(ODH) pathway to produce ethylene and CO.  Although the catalysts deactivate, the findings 

from this study provide a basis for designing new and improved materials that are highly active 

and selective for each CO2 reduction by ethane pathway. 

Combining the results from these chapters clearly shows that development of trends and 

descriptors for CO2 reduction by H2 is an important tool for identifying and designing new and 

improved catalysts.  The next class of materials for CO2 reduction must take these descriptors a 

step further to synthesize higher-value products, such as light olefins, from CO2 and H2 that can 

be directly upgraded to fuel with a lower cost.  
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7.2. Future Direction: Light Olefin Synthesis from CO2 and H2 

7.2.1. Alternative Synthesis Techniques 

Production of light olefins (C2+) directly from CO2 and H2 is kinetically very difficult.  The 

RWGS reaction is slightly endothermic, but hydrocarbon formation from CO and H2 is slightly 

exothermic, suggesting heavier olefins are thermodynamically more favorable.
[1-2]

  An active 

catalyst for hydrocarbon synthesis from CO2 and H2 must be active at both RWGS and CO 

hydrogenation, which is difficult because water and possibly CO2 poison CO hydrogenation 

catalysts through hydroxyl and carbonate formation.
[3-4]

 

Furthermore, as previously mentioned, CO2 conversion requires a large-scale process and 

therefore, ideal materials for olefin production from CO2 must be cheap to manufacture.  These 

materials must also be facile to synthesize and exhibit reducible properties, which are important 

features for many catalysts for CO2 reduction by H2.
[5]

  To ensure reproducibility in catalyst 

synthesis, methods other than incipient wetness impregnation will be used.  One such novel 

method for producing catalysts is electroless-deposition (ED), previously mentioned in chapter 2.  

ED has been shown to be a facile means to produce well distributed, bimetallic Pt–Co particles 

on a carbon support, where almost all Pt is deposited on top of Co.  Thus, valuable Pt is not 

wasted during synthesis,
[6]

 making this method a viable option for producing bimetallic catalysts 

for CO2 reduction.  Furthermore, ED is not limited to a carbon support.  CeO2 and other 

reducible supports can be used to ensure that the catalyst exhibits reducible properties. 

For low-cost TMC catalysts, the synthesis method can have a significant effect on 

reaction properties.  It has been previously shown for tungsten carbide (WC) that the required 

synthesis temperature (~1000 °C) leads to large particle size and thus, poor catalytic activity, 

because only a limited number of surface sites are available for reaction.  By using an advanced 
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synthesis technique with a mesoporous silica template to control the particle size of WC, 

particles can be synthesized with a tightly controlled distribution (~2 nm), making them more 

applicable in catalysis, and most importantly, CO2 reduction.
[7]

  Combining this nano-TMC 

synthesis technique with TEM to characterize particle size and XPS to measure surface 

composition, significant information can be learned about the active phase to design optimal 

catalysts for olefin synthesis from CO2.  This method of synthesizing nano-WC can also be 

easily translated to the highly active Mo2C. 

Alternative catalysts for olefin production must also be water tolerant as the production 

of large amounts of water is unavoidable and poisons catalysts through hydroxyl formation.
[8]

  

New water tolerant catalysts must be identified that are stable under CO2 reduction conditions.  

Some promising materials are bimetallic particles encapsulated in porous SiO2
[9]

 and carbon 

shells.
[10]

  Recent results by Qiao et al. show outstanding thermal stability and good recyclability 

for Pd and Pt particles encased in microporous Si shells
[9]

 and PtCo has been proven to be active 

for CO2 reduction when encased in SiO2 microspheres.
[11]

  If this SiO2 microsphere technology 

can be extended to lower-cost materials, other than Pt, it could be possible to design highly 

active and stable catalysts which repel water.   

 

7.2.2. Identification of Critical Descriptors 

As explained throughout this dissertation, understanding stabilization of intermediates is 

important for controlling catalyst selectivity.  CO is perhaps the most important intermediate for 

light olefin synthesis because catalysts with a stronger CO binding energy will likely favor olefin 

synthesis, while a weaker CO binding energy will favor RWGS.  Identification of other 
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descriptors, such as oxygen adsorption energy
[12]

 with DFT calculations will save significant 

amounts of catalyst screening time. 

 As a more detailed example, Figure 7.1a shows selectivity towards C2 synthesis plotted 

against time on stream for CO2 reduction by H2 at 300 °C.  Although the selectivity towards C2 is 

less than 1% in all cases and decreases with time, the type of metal clearly has an effect on C2 

selectivity.  To further illustrate this effect, selectivity of the last 6 data points is averaged and 

plotted versus surface d-band center,
[13]

 in Figure 7.1b.  Clearly the figure shows there is a 

correlation between d-band center of the metal and C2 selectivity.  It is important to note that the 

d-band center calculations are performed with a Pd-terminated surface, assuming the H2 rich 

atmosphere will promote surface termination of the precious metal, as seen in previous 

hydrogenation studies with bimetallic catalysts.
[14]

 

  

Figure 7.1. Selectivity of C2 synthesis from CO2 reduction by H2 at 300 °C with a H2:CO2 ratio of 3:1.  Represented 

versus time on stream for CeO2 supported catalysts (a) and versus d-band center (b).  For the bimetallic surfaces, d-

band center is calculated with a Pd-terminated, Pd–3d–Pd subsurface structure and values are taken from Porosoff et 

al.
[13]

 

 

The trend of increasing C2 selectivity as the d-band moves farther away from the Fermi level in 

Figure 7.1 agrees with the findings in chapter 3.  One of the main conclusions of chapter 3 shows 
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that as the d-band center moves away from the Fermi level, the selectivity towards CO increases.  

A similar trend is seen here for C2 selectivity, which seems to agree with the previous 

assumptions that CO is an important intermediate for higher hydrocarbon synthesis from CO2 

and H2.  A perhaps better descriptor to use in the future would be CO binding energy, which 

should show a strong correlation with C2 selectivity during CO2 reduction by H2. 

Other than precious bimetallic catalysts, Mo2C has been shown to be a promising 

material for CO2 reduction with high CO selectivity, suggesting it could yield high C2+ 

selectivity.
[15]

  However, Mo2C alone shows a C2 selectivity of only 0.26, which is lower than the 

above examples.  Mo2C is also not ideal for hydrocarbon synthesis because it binds hydrocarbon 

intermediates relatively strongly, resulting in coke formation.
[16]

  Future efforts should focus on 

metal-modifications to attenuate the Mo2C binding energy of intermediates, much like what has 

been seen in a MeOH synthesis study with Cu-modified Mo2C.
[17]

 

 

7.2.3. Future Outlook 

Development of a highly active and selective catalyst for olefin synthesis from CO2 and H2 is 

highly desirable; however, renewable and CO2-free H2 is still required.
[18]

  If the cost of 

renewable H2 can be reduced to $2.75 kg
-1

, fuel from CO2 becomes cost competitive with 

gasoline,
[19]

 and the production of light olefins becomes economically viable.
[20]

  Currently, 95 % 

of H2 is produced from steam reforming of CH4, but biomass conversion and water electrolysis 

show promise for CO2-free H2.  On a large scale, water splitting is likely the only suitable source 

of CO2-free H2 as it does not result in other products except O2;
[5]

 however, until improved 

catalysts are developed, the scale of this process will not be sufficient to reduce CO2.   
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As mentioned in chapter 6, an alternative means to reduce CO2 until CO2-free H2 

becomes cost competitive is with alkanes.  By reducing CO2 with ethane, olefins and synthesis 

gas can be produced, both of which are valuable products.
[16]

  Currently there is no ideal catalyst 

for CO2 reduction by H2 because the specific application and environment dictate whether the 

process is practical.  In any event, mitigation of atmospheric CO2 is required on a large scale to 

prevent ocean acidification and climate change.  Significant efforts must be put forth to both 

identify new catalysts and reduce the cost of CO2-free H2 to make CO2 reduction by H2 

scientifically and economically viable. 
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8. Appendix 

8.1. Reprint Permission Letters 

8.1.1. Figure 1.1 
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8.1.2. Figure 1.2 
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8.1.3.  Figure 1.3 
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8.1.4. Chapter 2: Review of Pt-Based Bimetallic Catalysts: From Model Surfaces to Supported 

Catalysts 
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8.1.5. Chapter 3: Trends in the Catalytic Reduction of CO2 by Hydrogen over Supported 

Monometallic and Bimetallic Catalysts 
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8.1.6. Chapter 4: Molybdenum Carbide as Alternative Catalysts to Precious Metals for Highly 

Selective Reduction of CO2 to CO 
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8.1.7. Chapter 5: Identifying Trends and Descriptors for Selective CO2 Conversion to CO over 

Transition Metal Carbides 

 

 


