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ABSTRACT 

Effect of Boron on Nickel and Cobalt Catalysts for the Dry Reforming of 

Methane 

Abdullah J. Al Abdulghani 

 

The dry reforming of methane (DRM) has received critical attention because it converts 

two major greenhouse gases, methane and carbon dioxide, into molecular hydrogen 

and carbon monoxide, known as synthesis gas (syngas). Syngas is an important 

feedstock to produce various chemicals. A major drawback of the DRM process is the 

high deactivation rates of conventional nickel and cobalt catalysts. Experimental findings 

indicate that treating nickel and cobalt catalysts with boron reduces deactivation rates 

and enhances the catalytic activity. This study investigates the mechanism through 

which boron promotes catalytic stability using density functional theory calculations. 

First, the location of boron in nickel and cobalt catalysts is explored. Boron is found to 

be more stable occupying on-surface and substitutional sites in the catalysts. However, 

during DRM operation, carbon dioxide is able to oxidize on-surface and substitutional 

boron. The formed boron oxide units may react with each other and form diboron 

trioxide or react with hydrogen to form boric acid, and eventually leave the catalyst, 

which means they cannot have an effect on deactivation rates. This study argues that 

interstitial boron plays the major role since it is protected from getting oxidized by 

carbon dioxide. Geometric optimization indicates that interstitial boron leads to 
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spontaneous surface reconstruction in both extended surfaces and nanoparticles. The 

effect of interstitial boron on the binding energies of methyl, hydrogen, carbon 

monoxide, and oxygen on extended surfaces and nanoparticles is studied and utilized 

using the Brønsted-Evans-Polanyi principle to give an insight about how boron reduces 

deactivation rates. Our analysis indicates that interstitial boron lowers the activation 

energies of methane and carbon dioxide. On (100) surfaces, boron lowers C–H activation 

energies in methane more than it lowers C=O activation energies in carbon dioxide, 

which means catalytic deactivation rates due to metal oxidation are lowered. On (111) 

surfaces, boron lowers carbon dioxide activation energies more than it lowers methane 

activation energies, which means catalytic deactivation rates due to coke formation are 

lowered. The computational study is consistent with experimental findings and gives an 

atomistic understanding of the beneficial role of boron on the DRM process catalyzed by 

nickel and cobalt. 
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Chapter 1: Introduction 

1.1 Utilization of Methane 

Methane is widely used as a feedstock to produce various chemicals, such as methanol, 

dimethyl ether, synthetic fuels, and aromatics.1 Direct utilization of methane typically 

generates low yields of the desired products.1 Commercially, methane is utilized 

indirectly by converting it into synthesis gas (syngas) as an intermediate step.2,3,4,5 

Syngas is a mixture of carbon monoxide and molecular hydrogen at different ratios, 

depending on the process of production. The primary processes that produce syngas 

from methane are partial oxidation of methane (POM), steam reforming of methane 

(SRM), and dry reforming of methane (DRM).3,5 Table 1 lists the chemical equations of 

these processes, along with the corresponding standard heats of reaction.  

Table 1: Chemical equations and standard heats of reaction of POM, SRM, and DRM, 

which produce syngas from methane.5 

Process Chemical Equation ΔrH°298K [kJ mol-1] 

POM 𝐶𝐻4 + 0.5 𝑂2 ⇌ 𝐶𝑂 + 2𝐻2 -35.6 
SRM 𝐶𝐻4 + 𝐻2𝑂 ⇌ 𝐶𝑂 + 3𝐻2 206.8 
DRM 𝐶𝐻4 + 𝐶𝑂2 ⇌ 2𝐶𝑂 + 2𝐻2 247.3 

 

The aforementioned processes can be combined with each other to produce syngas at 

different (H2:CO) ratios, to control energetics, and to improve catalytic activity.5 Since 

SRM is highly endothermic and produces a high (H2:CO) ratio, it can be combined with 
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POM in a process known as auto-thermal reforming (ATR).6 Also, it has been reported 

that combining SRM with DRM can lower catalytic deactivation rate due to coke 

formation (carbon deposition).5 All of POM, SRM, and DRM can be combined together in 

a process known as tri-reforming of methane (TRM).5 However, some challenges are 

associated with TRM because it requires controlling four inlet rates (CH4, O2, H2O, and 

CO2) to achieve the desired activity.5 

1.2 Dry Reforming of Methane 

The DRM reaction is highly endothermic and does not take place at low temperatures. 

The Gibbs free energy of reaction as a function of temperature can be calculated using 

the following expression:2 

Δ𝑟𝐺°(𝑇) = (61,770 − 67.32 𝑇) [𝑘𝐽 𝑚𝑜𝑙−1] 

where T is the temperature in Kelvin. It follows from the above expression that a DRM 

reactor should operate at temperatures above 640°C. The reaction is carried out at low 

pressures to achieve high conversions and yields, as per Le Chatelier’s Principle.3,7 

The DRM process has attracted special attention because it utilizes two major 

greenhouse gases that contribute significantly to climate change. In 2017, the average 

growth rate of carbon dioxide concentration in dry air is 2.14 ppm/yr while that of 

methane is 7.72 ppb/year.8,9 These numbers imply that 17.3 billion metric tons of 

carbon dioxide and 21.2 million metric tons of methane were added to the atmosphere 
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in 2017.10,11 Although the amount of methane that is emitted to the atmosphere is less 

than that of carbon dioxide, and methane has a shorter atmospheric lifetime than that 

of carbon dioxide, methane has a global warming potential that is 72 times higher than 

that of carbon dioxide over the first 20 years from emission.12,13 

1.2.1 Sources of Methane 

Methane is the major constituent of natural gas. Although different natural gas sources 

have different compositions, typically 75%-90% of raw natural gas is methane.14 As of 

January 2017, the global proved reserves of natural gas was 197 trillion m3.15 However, 

large amounts of natural gas are being flared every year. In 2017 alone, 141 billion m3 of 

natural gas was flared.16 Flaring is a common practice at oil production and processing 

sites because it provides an easy way to dispose of the associated petroleum gas, 

especially at remote and offshore sites where no pipelines exist for natural gas 

transportation.14,17 

Other sources of methane include agriculture and anaerobic digestion (such as in 

landfills and waste treatment plants), which are major contributors to the growth of 

atmospheric methane concentration.5,18,19 

1.2.2 Sources of Carbon Dioxide 

Combustion of fossil fuels is the major source of carbon dioxide. In 2016, 81.6% of 

greenhouse gas emissions in the United States were carbon dioxide emissions, 94% of 
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which were due to the combustion of fossil fuels mainly for electricity, transportation, 

and industrial applications.20 Other sources of carbon dioxide include aerobic respiration 

and volcanic eruptions.21 

Due to the large amounts of carbon dioxide emissions, and conscious attempts to 

mitigate climate change, different technologies have been developed to capture carbon 

dioxide from combustion flue gases.22 Among these technologies are absorption, 

adsorption, membrane separation, and cryogenic distillation.22 Once captured, carbon 

dioxide can be injected and stored in geological formations, which is believed to be the 

most practical option currently to control carbon dioxide emissions.22,23 However, 

leakage is a major concern of carbon storage technologies.24 An alternative option is to 

utilize carbon dioxide as a chemical feedstock.25  

1.2.3 Side Reactions and Catalytic Deactivation 

The theoretical (H2:CO) ratio of the DRM reaction is (1:1). However, side reactions that 

alter this ratio may spontaneously occur. One side reaction is the reverse water-gas shift 

(RWGS) reaction that consumes H2 and CO2 to produce H2O and CO, as per the following 

chemical equation and standard Gibbs free energy of reaction:2 

𝐻2 + 𝐶𝑂2 ⇌ 𝐻2𝑂 + 𝐶𝑂 

Δ𝑟𝐺°(𝑇) = (−8,545 + 7.84 𝑇) [𝑘𝐽 𝑚𝑜𝑙−1] 
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It follows from the above expression that the RWGS reaction can take place from low 

temperatures up until 820°C, which means the DRM and RWGS reactions can both occur 

at temperatures between 640°C and 820°C. 

Furthermore, coke formation may occur due to the accumulation of carbon from the 

dissociation of methane or the Boudouard reaction.2 The chemical equations and 

standard Gibbs free energies of the coke formation reactions are listed in Table 2. In 

temperatures between 557°C and 700°C, both of the coke formation mechanisms can 

take place. However, at operating temperatures above 700°C, accumulation of carbon 

from methane dissociation is the only mechanism for coke formation.  

Table 2: Coke formation reactions and their standard Gibbs free energies of reaction as 

functions of temperature.2 Temperatures are in Kelvin. 

Reaction Chemical Equation ΔrG°(T) [kJ mol-1] 

CH4 dissociation 𝐶𝐻4 ⇌ 𝐶(𝑠) + 2𝐻2 21,960 - 26.45(T)  
Boudouard reaction 2𝐶𝑂 ⇌ 𝐶(𝑠) + 𝐶𝑂2 39,810 + 40.87(T) 

 

Coking reduces the catalytic activity of reforming catalysts.26,27,28,29 In a series of SRM 

experiments conducted by Xu et al. at different gas hourly space velocities (GHSVs) at 

800°C and 1 atm, it was found that the activity of Ni-based catalysts was reduced to 80% 

of the initial activity (GHSV = 330,000 cm3/(hr gcat)) and 35% (GHSV = 660,000 cm3/(hr 

gcat)) in just 9 hours of operation due to coke formation.28 In DRM experiments by 

AlSabban et al. at a GHSV of 120,000 cm3/(hr gcat) at 750°C and 1 atm, the conversion of 
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methane using a Ni-based catalyst decreased from 69% to 54% in 20 hours of 

operation.29 

Co-based DRM catalysts may also be deactivated, but the mechanism of deactivation is 

a function of the metal loading on the support.29,30,31,32 Coke formation is the 

mechanism of deactivation at high metal loading while metal oxidation is the 

mechanism of deactivation at low metal loading.29,30 In the DRM experiments conducted 

by AlSabban et al., the conversion of methane using a Co-based catalyst decreased from 

17% to 5% in less than 20 hours of operation.29 

1.2.4 Effect of Boron on the Deactivation Rate of Ni and Co Catalysts 

A proposed solution to the deactivation of Ni- and Co-based catalysts is to treat them 

with boron.27,26,28,33,34 Boron in Ni and Co catalysts has been shown experimentally to 

slow down the deactivation rate while simultaneously enhance the catalytic activity.28,33 

In the SRM study by Xu et al., the activity of a boron-treated Ni-based catalyst (1 wt% B) 

after 9 hours of operation at a GHSV of 330,000 cm3/(hr gcat) was only reduced to 92% of 

the initial activity instead of 80% without the boron treatment.28 In the same study at a 

GHSV of 660,000 cm3/(hr gcat), the activity of the boron-treated Ni catalyst (1 wt% B) 

after 9 hours of operation was only reduced to 65% of the initial activity instead of 35% 

without the boron treatment.28 Figure 1 shows the effect of boron promotion on Co 

DRM catalysts. In the unpromoted case, CH4 and CO2 conversions rapidly dropped to 

low levels within the first two hours of operation. As the concentration of boron 
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increased, not only did Co catalysts become more stable, but also the conversions were 

improved. 

 

Figure 1: The conversion of CH4 and CO2 as a function of time during a DRM process 

using Co/ZrO2 with different boron concentrations. The reactor was at 750°C and 1 atm. 

Inlet flow rate was 100 cm3/min with CH4 and CO2 partial pressures of 10 kPa each. Total 

mass of catalyst is 50 mg. Data were provided by Professor Takanabe, the experimental 

collaborator of this project. 

1.3 Objectives and Methodology 

This work investigates the mechanism of boron promotion of Ni and Co DRM catalysts 

using density functional theory (DFT) calculations. The study aims to explore how boron 

in Ni and Co catalysts alters the activation energy of the following steps of the DRM 

process: 

𝐶𝐻4(𝑔) ⇌ 𝐶𝐻3
∗ + 𝐻∗ 
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𝐶𝑂2(𝑔) ⇌ 𝐶𝑂∗ + 𝑂∗ 

where X* refers to species X bounded to the catalytic surface. According to the 

Brønsted-Evans-Polanyi principle, the activation energies of reactions of the same family 

are linearly proportional to their reaction energies.35 Since this study is interested in the 

difference in methane and carbon dioxide activation energies between boron-promoted 

and unpromoted DRM catalysts, calculating the differences in binding energies is 

sufficient to achieve this aim. In other words, the difference in methane activation 

energies between boron-promoted and unpromoted DRM catalysts is a linear function 

of the difference in binding energies of CH3 and H between boron-promoted and 

unpromoted catalysts. Similarly, the difference in carbon dioxide activation energies 

between boron-promoted and unpromoted DRM catalysts is a linear function of the 

difference in binding energies of CO and O between boron-promoted and unpromoted 

catalysts. Once the effect of boron on methane and carbon dioxide activation is 

determined, conclusions can be drawn about how boron affects the catalytic 

deactivation rate of DRM catalysts. 

The next chapter deals with the extended surfaces of Ni and Co catalysts. First, the 

binding energies of CH3, H, CO, and O on Ni and Co surfaces without boron are 

determined. Next, the thermodynamically most stable location of boron in Ni and Co 

catalysts is explored. Then, the binding energies of the four species on Ni and Co 
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surfaces with boron are calculated. Finally, the effect of boron on the catalytic 

deactivation rate of DRM catalysts is discussed. 

The third chapter repeats the same analysis as that for extended surfaces, but for Co 

nanoparticles. It was shown that nanoparticles exhibit different properties than 

extended surfaces of the same material.36 The chapter aims to explore the effect of 

boron on Co nanoparticle catalysts for the DRM process.  
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Chapter 2: Effect of Boron on the Extended Surfaces of Ni and Co DRM 

Catalysts 

2.1 Computational Methods 

The Vienna Ab initio Simulation Package (VASP) was used to perform periodic spin-

polarized DFT calculations using the projector augmented wave (PAW) method and the 

revised Perdew-Burke-Ernzerhof (RPBE) functional. The planewave basis set had a cutoff 

energy of 400 eV. Ni(100), Ni(111), face-centered cubic (fcc) Co(100), and fcc Co(111) 

surfaces were modeled as 6-layer slabs with a supercell size of p(3 × 3). The vacuum 

interspacing was set to 12 Å. A 5 × 5 × 1 Monkhorst-Pack k-points grid and a Methfessel-

Paxton smearing of 0.1 eV were implemented. Geometric optimization was performed 

until all forces were less than 0.03 eV/Å. The adsorbates considered in this study were 

CH3, H, CO, and O. The adsorption sites considered were atop, bridge, and 4-fold hollow 

sites on (100) surfaces and atop, bridge, fcc, and hcp sites on (111) surfaces, as shown 

schematically in Figure 2. The surface and subsurface coverage is θ = 1/9 ML. Binding 

energies correspond to the reaction energies of the reactions listed in Table 3. 



24 

 

 

 

Figure 2: A top view of the adsorption sites on (100) and (111) surfaces. 

Table 3: Binding energy formulas and the corresponding chemical equations. An asterisk 

(*) refers to a free surface site while an asterisk next to a species (X*) refers to species X 

bounded to the surface. E*, EX*, and EX represent the DFT energy of the clean surface, 

the surface with an adsorbate X, and the gas phase species X, respectively. 

Species Chemical Equation Binding Energy (ΔEb) Formula 

B ∗ + 0.5 𝐵2𝐻6 → 𝐵∗ + 1.5 𝐻2 𝐸𝐵∗ + 1.5 𝐸𝐻2
− 𝐸∗ − 0.5 𝐸𝐵2𝐻6

 

CH3 ∗ + 𝐶𝐻4 → 𝐶𝐻3
∗ + 0.5 𝐻2 𝐸𝐶𝐻3

∗ + 0.5 𝐻2 − 𝐸∗ − 𝐸𝐶𝐻4
 

H ∗ + 0.5 𝐻2 → 𝐻∗ 𝐸𝐻∗ − 𝐸∗ − 0.5 𝐸𝐻2
 

CO ∗ + 𝐶𝑂 → 𝐶𝑂∗ 𝐸𝐶𝑂∗ − 𝐸∗ − 𝐶𝐶𝑂 
O ∗ + 0.5 𝑂2 → 𝑂∗ 𝐸𝑂∗ − 𝐸∗ − 0.5 𝐸𝑂2

 

  

2.1.1 Comparison of Calculated Bulk Properties to Experimental Values 

Approximations to the exchange-correlation functional govern the accuracy of DFT 

calculations.37,38 In order to evaluate the suitability of the RPBE functional for systems 

involving Ni and Co, three bulk properties of the two transition metals were calculated 

and compared to experimental data. The first property that was considered was the 
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shortest distance between two atoms in the unit cell (δ). The second property was the 

cohesive energy (Ecohesive), which can be calculated using the following equation: 

𝐸𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 = 𝐸𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 −
𝐸𝑏𝑢𝑙𝑘

𝑁
 

where Eisolated is the DFT energy of an isolated atom in vacuum, Ebulk is the DFT energy of 

an entire unit cell, and N is the number of atoms in the unit cell. The last property was 

the bulk modulus (B0), which can be calculated as follows: 

𝐵0 = −𝑉0 (
𝜕𝑃

𝜕𝑉
)

𝑇,𝑉0

 

where V0 and V are the equilibrium volume and the volume at any external pressure (P), 

respectively, and T is a constant temperature. The derivative (∂P/∂V) was approximated 

by the slope of the best fit line of P as a function of V around V0. The plot contained five 

points for each of the following volumes: V0, the volumes V+5 and V+10 in which the three 

equilibrium lattice constants were increased by 0.05 Å and 0.10 Å, respectively, and the 

volumes V-5 and V-10 in which the three equilibrium lattice constants were decreased by 

0.05 Å and 0.10 Å, respectively. Results for fcc Ni and hcp Co are shown in Table 4. The 

calculated Ni and Co bulk properties were approximately within 6% and 3%, 

respectively, of the experimental values. 
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Table 4: Calculated bulk properties of fcc Ni and hcp Co using the RPBE functional. 

Experimental values were corrected for zero-point vibrations.37,39 

Metal Property RPBE Experimental Relative Error [%] 

Ni (fcc) 
δ 2.514 Å 2.484 Å 1.22 
Ecohesive 4.21 eV 4.48 eV -6.09 
B0 179.7 GPa 185.5 GPa -3.13 

Co (hcp) 
δ 2.500 Å 2.488 Å 0.492 
Ecohesive 4.52 eV 4.47 eV 1.13 
B0 198.6 GPa 193.0 GPa 2.89 

 

2.1.2 Sensitivity of Binding Energies to the Number of k-Points 

The sensitivity of calculated binding energies to the number of k-points was studied by 

calculating the binding energy of CH3 on the fcc site of Co(111) surface for the following 

k-points grids: 3 × 3 × 1, 5 × 5 × 1, and 7 × 7 × 1. Results are shown in Table 5. To balance 

between accuracy and speed, the 5 x 5 x 1 k-points grid was used for all further slab 

calculations. Calculations for this grid were 70% faster than those for the 7 x 7 x 1 grid, 

and the difference between binding energies of CH3 on them was only 0.017 eV. 

Table 5: Binding energies of CH3 on the fcc site of Co(111) surface for different numbers 

of k-Points. Relative speeds are averages based on how fast all electronic self-

consistency steps were performed using the same computational parameters. 

k-Points Grid ΔEb(CH3) [eV] Relative Speed 

3 × 3 × 1 0.783 3.22 
5 × 5 × 1 0.753 1.70 
7 × 7 × 1 0.770 1.00 
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2.1.3 Sensitivity of Binding Energies to the Number of Slab Layers 

The sensitivity of the calculated binding energies to the number of slab layers was 

analyzed by calculating the binding energy of oxygen on the fcc site and of boron in the 

octahedral interstitial of Ni(111) surface with different numbers of slab layers. For this 

analysis, the Ni(111) surface was simulated as 4-, 6-, and 8-layer slabs. Results are 

shown in Table 6. The binding energy of on-surface oxygen did not change when the 

number of slab layers changed from 4 to 8. However, the binding energy of interstitial 

boron was sensitive to the number of slab layers. To balance between accuracy and 

speed, all further surfaces were simulated as 6-layer slabs. Calculations with this 

number of slab layers were 73%-87% faster than the calculations with 8 slab layers, and 

the differences between binding energies of oxygen and boron on/in 6- and 8-layer 

slabs were within 0.017 eV. 

Table 6: Binding energies of oxygen on the fcc site and of boron in the octahedral 

interstitial of Ni(111) surface as a function of the number of slab layers. Relative speeds 

are averages based on how fast all electronic self-consistency steps were performed 

using the same computational parameters. 

Slab Layers ΔEb(O) [eV] Relative Speed ΔEb(B) [eV] Relative Speed 

4 -2.061 3.24 0.099 3.37 
6 -2.057 1.73 0.142 1.87 
8 -2.058 1.00 0.159 1.00 
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2.2 Binding Energies of Adsorbates on Ni and Co Catalysts Without Boron 

As a reference, the binding energies of CH3, H, CO, and O on (100) and (111) surfaces 

were calculated for catalysts without boron. 

2.2.1 Adsorption of CH3 

On Ni(100), the binding energy of CH3 on the bridge site is 0.853 eV. CH3 adsorption on 

the bridge site is more stable than on the atop and hollow sites by 0.111 eV and 0.122 

eV, respectively. On Ni(111), the binding energy on the fcc site is 0.861 eV. CH3 

adsorption on the fcc site is more stable than on the atop and hcp sites by 0.173 eV and 

0.015 eV, respectively. CH3 adsorption on the bridge site of Ni(111) is locally unstable. 

Similarly, CH3 adsorption is strongest on the bridge site of Co(100), with a binding 

energy of 0.856 eV. CH3 adsorption on the atop and hollow sites is less stable than on 

the bridge site by 0.163 eV and 0.025 eV, respectively. CH3 binding is favored on the fcc 

site of Co(111), with a binding energy of 0.753 eV, which makes CH3 binding to the fcc 

site favored over binding to the atop and hcp sites by 0.427 eV and 0.021 eV, 

respectively. CH3 adsorption on the bridge site of Co(111) is locally unstable. 

2.2.2 Adsorption of H 

The binding energies of H on the atop, bridge, and hollow sites of Ni(100) are 0.170 

eV, -0.238 eV, and -0.323 eV, respectively, which makes H adsorption on the hollow site 

the strongest. On Ni(111), the binding energy of H on the fcc site is -0.369 eV. H 
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adsorption on the fcc site is more stable than on the atop and hcp sites by 0.546 eV and 

0.013 eV, respectively. H adsorption on the bridge site of Ni(111) is locally unstable. 

On Co(100), H adsorption on the hollow site is the strongest, with a binding energy 

of -0.273 eV. H adsorption on atop and bridge sites is less stable by 0.439 eV and 0.084 

eV, respectively. On Co(111), H adsorption on the fcc site is the strongest, with a binding 

energy of -0.387 eV. H adsorption on atop and hcp sites is less stable by 0.624 eV and 

0.024 eV, respectively. H adsorption on bridge sites is locally unstable. 

2.2.3 Adsorption of CO 

On Ni(100), CO adsorption is strongest on the hollow site, with a binding energy 

of -1.509 eV. The binding energies on the bridge and atop sites are -1.476 eV and -1.355 

eV, respectively. However, DFT calculations for the adsorption of CO on Ni(100) do not 

agree with experimental data because hollow-bonded CO species have not been 

detected experimentally.40 On Ni(111), CO favors the hcp site with a binding energy 

of -1.523 eV. CO adsorption on the fcc site is only 0.006 eV less stable than on the hcp 

site whereas CO adsorption on the atop and bridge sites are less stable by 0.272 eV and 

0.102 eV, respectively. 

On both Co(100) and Co(111), CO adsorption on the atop site is strongest, with a binding 

energy of -1.446 eV on Co(100) and of -1.345 eV on Co(111). CO adsorption on the 

bridge and hollow sites of Co(100) is less stable than on the atop site by 0.107 eV and 
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0.089 eV, respectively. CO adsorption on the bridge, fcc, and hcp sites of Co(111) is less 

stable than on the atop site by 0.086 eV, 0.068 eV, and 0.055 eV, respectively. 

2.2.4 Adsorption of O 

On Ni surfaces, O favors the hollow site of the (100) surface and the fcc site of the (111) 

surface with binding energies of -2.301 eV and -2.057 eV, respectively. O adsorption on 

the bridge and atop sites of Ni(100) is less stable than on the hollow site by 0.611 eV 

and 1.713 eV, respectively. On Ni(111), O adsorption on the hcp site is less stable than 

on the fcc site by 0.102 eV whereas O adsorption on the atop site is less stable by 1.680 

eV. O adsorption on the bridge site of Ni(111) is locally unstable. 

On Co surfaces, O favors the hollow site of the (100) surface with a binding energy 

of -2.659 eV and favors the hcp site of the (111) surface with a binding energy of -2.338 

eV. On Co(100), O adsorption on the atop and bridge sites is less stable than on the 

hollow site by 1.392 eV and 0.610 eV, respectively. On Co(111), O adsorption on the 

atop and fcc sites is less stable by 1.383 eV and 0.055 eV, respectively.  O adsorption on 

the bridge site of Co(111) is locally unstable. Table 7 summarizes the preferred sites of 

all four adsorbates, along with their associated binding energies, on (100) and (111) 

surfaces of Ni and Co without boron. 
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Table 7: The binding energies and preferred sites of adsorbates on (100) and (111) 

surfaces without boron. The values of ΔEb are given in eV. 

Surface ΔEb(CH3) Site ΔEb(H) Site ΔEb(CO) Site ΔEb(O) Site 

Ni(100) 0.853 bridge -0.323 hollow -1.509 hollow -2.301 hollow 
Ni(111) 0.861 fcc -0.369 fcc -1.523 hcp -2.057 fcc 
Co(100) 0.856 bridge -0.273 hollow -1.446 atop -2.659 hollow 
Co(111) 0.753 fcc -0.387 fcc -1.345 atop -2.338 hcp 

 

2.3 Location of Boron in Boron-Containing Ni and Co Catalysts 

Different locations of boron were considered in boron-containing Ni and Co catalysts. 

These locations were on-surface sites, lattice vacancies, and interstitial cavities. 

2.3.1 Stability of On-Surface Boron 

On-surface boron was placed in the same sites that are shown in Figure 2. On (100) 

surfaces, boron adsorption is strongest on the hollow site, with a binding energy 

of -0.426 eV on Ni(100) and of -0.179 eV on Co(100). Adsorption on the bridge site 

comes next in stability with a binding energy of 1.383 eV on Ni(100) and of 1.459 eV on 

Co(100). Boron adsorption on the atop site is less stable than the adsorption on the 

hollow site by 2.827 eV on Ni(100) and by 2.466 eV on Co(100). 

On (111) surfaces, boron adsorption is strongest on the hcp site, with a binding energy 

of 0.749 eV on Ni(111) and of 0.929 eV on Co(111). Boron adsorption on the fcc site is 

less stable than on the hcp site by 0.064 eV on Ni(111) and by 0.141 eV on Co(111). 

Adsorption on the atop site comes next in stability with a binding energy of 2.383 eV on 
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Ni(111) and of 2.424 eV on Co(111). Boron adsorption on bridge sites is locally unstable 

on (111) surfaces. 

2.3.2 Stability of Substitutional Boron 

Other possible sites that boron can occupy are lattice vacancies. A boron atom 

occupying a lattice vacancy is referred to as a substitutional boron. In order to study the 

stability of substitutional boron, one lattice atom was first removed from the two 

topmost layers of nickel and cobalt surfaces. Then, a boron atom was placed in the 

lattice vacancy to calculate the binding energy. The results are summarized in Table 8. In 

all cases, boron occupying a vacancy in the first topmost layer is more stable than boron 

occupying a vacancy in the second topmost layer. Moreover, for the same metal and 

surface, substitutional boron has a stronger binding energy than on-surface boron does. 

Table 8: The energy requirement to create lattice vacancies in the two topmost layers of 

Ni and Co surfaces, along with the binding energy of boron occupying these vacancies. 

The values of ΔE are given in eV. ΔEvacancy is based on the reaction: (perfect surface) → 

(surface with a vacancy) + (bulk metal). 

Surface 
1st Topmost Layer 2nd Topmost Layer 

ΔEvacancy ΔEb(B) ΔEvacancy ΔEb(B) 

Ni(100) 0.593 -0.692 1.296 -0.602 
Ni(111) 0.999 -0.559 1.125 -0.339 
Co(100) 0.531 -0.416 1.570 -0.439 
Co(111) 1.355 -0.669 1.680 -0.387 
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However, during the DRM processes, substitutional boron in the topmost layer is prone 

to oxidation and leaving the lattice, as shown in Figure 3. After the first oxidation, 

substitutional boron is still occupying a lattice site, albeit distorted. However, as more 

oxygen atoms bind to the substitutional boron, it detaches from the lattice and becomes 

an on-surface boron. In order to determine whether carbon dioxide is capable of 

oxidizing substitutional boron in the topmost layer, thermodynamic analysis was 

performed to calculate the Gibbs free energies of oxidation reactions. The analysis 

assumes CO2 and CO partial pressures of 0.1 bar, a typical DRM temperature of 750°C, 

ideal gas behavior for gaseous species, and that the following reaction is at equilibrium: 

𝐶𝑂2(𝑔) ⇌ 𝐶𝑂(𝑔) + 𝑂∗ 

Therefore, ΔfG(O*) can be calculated using the following relation: 

Δ𝑓𝐺(𝑂∗) = Δ𝑓𝐺(𝐶𝑂2(𝑔)) − Δ𝑓𝐺(𝐶𝑂(𝑔)) 

The aforementioned assumptions were used to calculate ΔrG of the reactions between 

an adsorbed oxygen (O*) and a substitutional boron. Results are summarized in Table 9. 

The first oxidation of substitutional boron is exergonic in all of the Ni(100), Ni(111), 

Co(100), and Co(111) substituted structures we considered. The second oxidation of 

substitutional boron is either exergonic or requires an energy input of less than or 

comparable to the kBT energy (0.088 eV at 750°C) where kB is Boltzmann’s constant. The 

third oxidation is also exergonic in Ni(111), Co(100), and Co(111). However, the energy 
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required for the third oxidation of substitutional boron in Ni(100) is large. Nevertheless, 

as shown in Figure 3, the substitutional boron detaches from the lattice after the second 

oxidation. This analysis indicates that all substitutional boron atoms will be oxidized by 

carbon dioxide and detach from their lattices. When boron oxide species are on-surface, 

they can migrate and combine with each other to form diboron trioxide, or react with 

hydrogen to form boric acid. In either case, boron oxide species will spontaneously leave 

the catalyst and cannot affect the deactivation rates. Since on-surface boron is less 

stable than substitutional boron, on-surface boron is also prone to oxidation and leaving 

the catalyst. 

Table 9: Gibbs free energy changes due to oxidizing substitutional boron. The 

temperature is 750°C. The partial pressures of CO2 and CO are both 0.1 bar. The 

reaction (CO2 ⇌ CO + O*) is assumed at equilibrium. All values are in eV. 

Surface ΔrG(1st oxidation) ΔrG(2nd oxidation) ΔrG(3rd oxidation) 

Ni(100) -0.083 0.043 0.273 
Ni(111) -0.128 0.137 -0.154 
Co(100) -0.296 0.035 -0.426 
Co(111) -0.316 -0.019 -0.746 

 



35 

 

 

 

Figure 3: A top view of the oxidation of substitutional boron in the topmost layer of Ni 

and Co surfaces. 

2.3.3 Stability of Interstitial Boron 

Other possible sites that boron can occupy are interstitial cavities. In this study, six 

interstitial cavities were considered: three cavities were in the (100) subsurface while 

the other three were in the (111) subsurface, as shown in Figure 4. The results indicate 
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that the insertion of boron in the Oh sites in (100) and (111) subsurfaces has the 

strongest binding energies. Moreover, geometric optimization suggested that interstitial 

boron in Ni(100), Co(100), and Co(111) subsurfaces can spontaneously lead to surface 

reconstruction and lower the energy of the surface by 0.630 eV, 0.624 eV, and 0.170 eV, 

respectively. On the other hand, surface reconstruction in Ni(111) is slightly 

endothermic and requires an energy input of 0.037 eV. Figure 5 illustrates how (100) 

and (111) surfaces are reconstructed by interstitial boron. 

 

Figure 4: Sites considered for interstitial boron in (100) and (111) subsurfaces. 
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Figure 5: Surface reconstruction due to interstitial boron in Ni(100), Co(100), and 

Co(111) subsurfaces. 

The binding energies of Oh boron in Ni(100) and Co(100) subsurfaces are -0.265 eV and 

0.114 eV, respectively, which include the stabilization energy due to surface 

reconstruction. As for the Ni(100) subsurface, boron in the the Td site below an on-

surface bridge site is less stable than boron in the Oh site by 1.492 eV whereas boron in 

the μ5 site below an on-surface hollow site is locally unstable. In Co(100) subsurface, 

only the boron in the Oh site is locally stable whereas boron in the Td and μ5 sites is 

locally unstable. 

As for the Ni(111) subsurface, the binding energy of boron in the Oh site is 0.142 eV, 

which is more stable than in the Td site below an on-surface atop site by 0.185 eV, and 

than in the Td site below an on-surface hcp site by 1.153 eV. In Co(111), the binding 

energy of boron in the Oh site is 0.741 eV, which includes the stabilization energy due to 

surface reconstruction. Binding in the Td site below an on-surface atop site is less stable 
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than in the Oh site by 0.191 eV whereas binding in the Td site below an on-surface hcp 

site is less stable by 1.328 eV. 

2.4 Binding Energies of Adsorbates on Boron-Containing Catalysts 

Since interstitial boron is protected from being oxidized by CO2, the effect of interstitial 

boron on the binding energies of CH3, H, CO, and O was studied. The study can be 

subdivided into three parts: (i) binding energies on the reconstructed Ni(100) and 

Co(100) surfaces, (ii) binding energies on the unreconstructed Ni(111) surface, and (iii) 

binding energies on the reconstructed Co(111) surface. 

2.4.1 Binding Energies on the Reconstructed (100) Surfaces 

The four adsorbates (CH3, H, CO, and O) were placed on nine different sites on the 

reconstructed (100) surfaces with interstitial boron. Two of these sites were atop, four 

were bridge, and three were hollow, as shown in Figure 6. The sites were chosen so that 

adsorbates were bound to at least one atom that was connected to interstitial boron. 

 

Figure 6: Considered adsorption sites on the reconstructed (100) surfaces. 
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On the reconstructed Ni(100) surface, methyl adsorption is strongest on Bridge-1 with a 

binding energy of 0.712 eV, hydrogen adsorption is strongest on Hollow-1 with a binding 

energy of -0.446 eV, carbon monoxide adsorption is strongest on Hollow-1 with a 

binding energy of -1.613 eV, and oxygen adsorption is strongest on Hollow-3 with a 

binding energy of -2.261 eV. Table 10 lists the binding energies of the four adsorbates 

on all of the considered sites. 

Table 10: Binding energies of CH3, H, CO, and O on nine different sites on the 

reconstructed Ni(100) surface with interstitial boron. ΔEb values are given in eV. If the 

adsorption on a particular site is locally unstable, the ΔEb entry is replaced by l.u. 

On-Surface Site ΔEb(CH3) ΔEb(H) ΔEb(CO) ΔEb(O) 

Atop-1 0.866 l.u. -1.409 l.u. 
Atop-2 1.019 l.u. -1.339 l.u. 
Bridge-1 0.712 -0.293 -1.535 -1.520 
Bridge-2 0.782 -0.188 -1.493 -1.616 
Bridge-3 l.u. l.u. l.u. l.u. 
Bridge-4 l.u. -0.310 l.u. l.u. 
Hollow-1 0.727 -0.446 -1.613 -2.195 
Hollow-2 l.u. -0.360 -1.557 -2.027 
Hollow-3 0.754 -0.414 -1.530 -2.261 

 

On the reconstructed Co(100) surface, methyl adsorption is strongest on Hollow-1 with 

a binding energy of 0.557 eV, hydrogen adsorption is strongest on Hollow-1 with a 

binding energy of -0.444 eV, carbon monoxide adsorption is strongest on Atop-1 with a 

binding energy of -1.630 eV, and oxygen adsorption is strongest on Hollow-3 with a 
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binding energy of -2.667 eV. Table 11 lists the binding energies of adsorbates on all of 

the considered sites. 

Table 11: Binding energies of CH3, H, CO, and O on nine different sites on the 

reconstructed Co(100) surface with interstitial boron. ΔEb values are given in eV. If the 

adsorption on a particular site is locally unstable, the ΔEb entry is replaced by l.u. 

On-Surface Site ΔEb(CH3) ΔEb(H) ΔEb(CO) ΔEb(O) 

Atop-1 0.882 l.u. -1.630 l.u. 
Atop-2 l.u. l.u. -1.486 l.u. 
Bridge-1 0.664 -0.299 -1.596 -2.286 
Bridge-2 l.u. -0.287 l.u. -2.330 
Bridge-3 l.u. l.u. -1.491 l.u. 
Bridge-4 l.u. l.u. -1.437 l.u. 
Hollow-1 0.557 -0.444 -1.528 -2.659 
Hollow-2 0.600 -0.389 l.u. -2.530 
Hollow-3 0.617 -0.437 -1.450 -2.667 

 

2.4.2 Binding Energies on the Unreconstructed Ni(111) Surface 

Adsorption sites on the unreconstructed Ni(111) surface were chosen using the same 

criteria that adsorbates should be bound to at least one atom that was connected to the 

interstitial boron. Because the structure of the Ni(111) surface was not altered 

considerably by interstitial boron, an additional assumption was made that adsorbates 

would favor the same site types that they favored on Ni(111) surface without boron, 

which were all 3-fold hollow sites. Thus, methyl, hydrogen, carbon monoxide, and 

oxygen were placed on the fcc and hcp sites that are illustrated in Figure 7. 
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Figure 7: Considered adsorption sites on the unreconstructed Ni(111) surface. D and N 

denote, respectively, direct and neighbor sites (with respect to the interstitial boron). 

On boron-containing Ni(111) surfaces, CH3 adsorption is most stable on the hcp (D) site 

with a binding energy of 0.841 eV, which is more stable than on the fcc (D), fcc (N), and 

hcp (N) sites by 0.066 eV, 0.012 eV, and 0.007 eV, respectively. H adsorption is most 

stable on the fcc (N) site with a binding energy of -0.421 eV, which is more stable than 

on the fcc (D), hcp (D), and hcp (N) sites by 0.139 eV, 0.008 eV, and 0.029 eV, 

respectively. CO adsorption is most stable on the hcp (D) site with a binding energy 

of -1.593 eV, which is more stable than on the fcc (D), fcc (N), and hcp (N) sites by 0.164 

eV, 0.017 eV, and 0.069 eV, respectively. O adsorption is most stable on the hcp (N) site 

with a binding energy of -2.116 eV, which is more stable than on the fcc (D), fcc (N), and 

hcp (D) sites by 0.450 eV, 0.009 eV, and 0.192 eV, respectively. 

2.4.3 Binding Energies on the Reconstructed Co(111) Surface 

Although the criteria governing which adsorption sites should be considered did not 

change, the asymmetry in the reconstructed Co(111) surface resulted in significantly 

more adsorption sites to consider, relative to the adsorption sites on the reconstructed 
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(100) surfaces or on the unreconstructed Ni(111) surface. To systematically study the 

reconstructed Co(111) surface, each atom in the topmost layer was labeled with a 

number, as shown in Figure 8. Atop sites are referred to as (Atop)i, which means the 

adsorbate occupies the atop site on the atom (i). Bridge sites are referred to as 

(Bridge)i,j, which means the adsorbate occupies the bridge site between the atoms (i) 

and (j). 3-fold hollow sites are referred to as (Hollow)i,j,k, which means the adsorbate 

occupies the 3-fold hollow site on the atoms (i), (j), and (k). 

 

Figure 8: The reconstructed Co(111) surface with each atom in the topmost layer being 

labeled with a number. 

For each of the four adsorbates, a total of 33 sites were considered: 9 sites were atop, 

16 sites were bridge, and 8 sites were 3-fold hollow. Methyl adsorption is most stable on 

(Atop)8 with a binding energy of 0.680 eV, hydrogen adsorption is most stable on 

(Hollow)2,3,5 with a binding energy of -0.416 eV, carbon monoxide adsorption is most 

stable on (Atop)6 with a binding energy of -1.461 eV, and oxygen adsorption is most 

stable on (Hollow)2,4,5 with a binding energy of -2.529 eV. Table 12 lists the binding 

energies of adsorbates on all of the considered sites.  
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Table 12: Binding energies of CH3, H, CO, and O on the 33 different sites on the 

reconstructed Co(111) surface with interstitial boron. ΔEb values are given in eV. If the 

adsorption on a particular site is locally unstable, the ΔEb entry is replaced by l.u. 

On-Surface Site ΔEb(CH3) ΔEb(H) ΔEb(CO) ΔEb(O) 

(Atop)1 1.197 0.240 -1.311 -0.931 
(Atop)2 l.u. l.u. -1.340 l.u. 
(Atop)3 l.u. l.u. -1.358 l.u. 
(Atop)4 l.u. l.u. -1.341 l.u. 
(Atop)5 0.682 l.u. -1.421 -1.334 
(Atop)6 0.684 l.u. -1.461 l.u. 
(Atop)7 l.u. l.u. -1.357 l.u. 
(Atop)8 0.680 l.u. -1.461 l.u. 
(Atop)9 1.254 l.u. -1.295 l.u. 
(Bridge)1,2 l.u. l.u. l.u. l.u. 
(Bridge)1,4 l.u. l.u. l.u. l.u. 
(Bridge)2,3 l.u. l.u. l.u. l.u. 
(Bridge)2,4 l.u. l.u. l.u. l.u. 
(Bridge)2,5 0.710 l.u. -1.350 l.u. 
(Bridge)3,5 l.u. l.u. l.u. l.u. 
(Bridge)3,6 0.806 l.u. l.u. l.u. 
(Bridge)4,5 0.712 l.u. -1.350 l.u. 
(Bridge)4,7 l.u. l.u. l.u. l.u. 
(Bridge)5,6 0.734 l.u. l.u. l.u. 
(Bridge)5,7 l.u. l.u. l.u. l.u. 
(Bridge)5,8 0.733 l.u. l.u. l.u. 
(Bridge)6,8 l.u. l.u. l.u. l.u. 
(Bridge)6,9 l.u. l.u. -1.357 l.u. 
(Bridge)7,8 l.u. l.u. l.u. l.u. 
(Bridge)8,9 l.u. l.u. -1.357 l.u. 
(Hollow)1,2,4 0.978 -0.338 l.u. l.u. 
(Hollow)2,3,5 0.705 -0.416 -1.443 -2.502 
(Hollow)2,4,5 0.797 -0.374 -1.376 -2.529 
(Hollow)3,5,6 0.729 -0.349 -1.409 -2.412 
(Hollow)4,5,7 0.707 -0.416 -1.443 -2.502 
(Hollow)5,6,8 l.u. -0.182 -1.203 -2.501 
(Hollow)5,7,8 l.u. -0.348 -1.409 -2.411 
(Hollow)6,8,9 0.800 -0.387 -1.390 -2.313 
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2.5 Effect of Boron on the Deactivation Rate of Ni and Co Catalysts 

Since the binding energies of methyl, hydrogen, carbon monoxide, and oxygen on Ni 

and Co surfaces were calculated with and without boron, a variable ΔΔEb was defined to 

quantify the effect of boron on binding energies: 

ΔΔ𝐸𝑏(𝑋) = Δ𝐸𝑏
𝑤𝑖𝑡ℎ 𝐵(𝑋) − Δ𝐸𝑏

𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐵(𝑋) 

where X is one of the four adsorbates (CH3, H, CO, and O). The more negative ΔΔEb is, 

the stronger become the binding energy of an adsorbate on the metal surface with 

boron. Table 13 lists all ΔΔEb values for all adsorbates on all considered surfaces with 

interstitial boron.  

Table 13: Effect of boron on the binding energy of CH3, H, CO, and O on Ni and Co 

surfaces. An asterisk (*) next to a surface indicates that the surface undergoes 

spontaneous reconstruction due to intestinal boron. ΔΔEb values are given in eV. 

Surface ΔΔEb(CH3) ΔΔEb(H) ΔΔEb(CO) ΔΔEb(O) 

Ni(100)* -0.141 -0.123 -0.104 +0.040 
Ni(111) -0.020 -0.052 -0.070 -0.059 
Co(100)* -0.299 -0.171 -0.184 -0.007 
Co(111)* -0.074 -0.029 -0.116 -0.191 

 

As described in Chapter 1 of this study, the Brønsted-Evans-Polanyi principle can be 

applied to study the effect of boron on the activation of methane and carbon dioxide in 

the DRM reaction. Specifically, the effect of boron on the activation of methane is a 

linear function of the sum of ΔΔEb(CH3) and ΔΔEb(H) while the effect of boron on the 
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activation of carbon dioxide is a linear function of the sum of ΔΔEb(CO) and ΔΔEb(O). 

These sums are listed in Table 14 for all considered surfaces with interstitial boron. 

Table 14: Effect of boron in Ni and Co catalysts on the activation of CH4 and CO2. An 

asterisk (*) next to a surface indicates that the surface undergoes spontaneous 

reconstruction due to intestinal boron. Values are given in eV. 

Surface ΔΔEb(CH3) + ΔΔEb(H) ΔΔEb(CO) + ΔΔEb(O) 

Ni(100)* -0.264 -0.064 
Ni(111) -0.072 -0.129 
Co(100)* -0.470 -0.191 
Co(111)* -0.103 -0.307 

 

As Table 14 indicates, interstitial boron reduces the activation energy of methane and 

carbon dioxide on both (100) and (111) surfaces of Ni and Co catalysts. Ni and Co (at 

high metal loading) DRM catalysts are deactivated by coke formation. In order to lower 

the catalytic deactivation rate in this case, the rate of carbon accumulation on metal 

surfaces should be lowered. According to the DFT results, interstitial boron is capable of 

lowering the rate of carbon accumulation on Ni(111) and Co(111) since boron lowers 

carbon dioxide activation energy more than it lowers methane activation energy. In 

other words, carbon on Ni(111) and Co(111) surfaces with interstitial boron has lower 

accumulation rates (relative to the accumulation rates on surfaces without boron) 

because these surfaces have more oxygen bounded to them (relative to the amount of 

oxygen on surfaces without boron) as surface carbon reacts with surface oxygen to 
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produce carbon monoxide. This mechanism lowers the rate of coke formation while 

simultaneously enhance the catalytic activity of Ni(111) and Co(111) surfaces. 

In the case of low metal loading of Co, the catalytic deactivation mechanism is metal 

oxidation. Therefore, the rate of oxygen accumulation on the metal surface should be 

lowered in order to lower the rate of catalytic deactivation. As Table 14 indicates, 

interstitial boron is capable of lowering the rate of oxygen accumulation on Co(100) 

since boron lowers methane activation energy more than it lowers carbon dioxide 

activation energy. In other words, oxygen on Co(100) surfaces with interstitial boron has 

a lower accumulation rate (relative to the accumulation rate on surfaces without boron) 

because these surfaces have more carbon bounded to them (relative to the amount of 

carbon on surfaces without boron) as surface oxygen reacts with surface carbon to 

produce carbon monoxide. This mechanism lowers the rate of metal oxidation while 

simultaneously enhance the catalytic activity of Co(100) surfaces. 

To summarize, the DFT results indicate that interstitial boron is capable of lowering 

carbon accumulation rates on (111) surfaces and oxygen accumulation rates on (100) 

surfaces. Accordingly, deactivation rates due to coke formation is lowered in (111) 

surfaces with interstitial boron, and deactivation rates due to metal oxidation is lowered 

in (100) surfaces with interstitial boron. Catalytic activities are enhanced by interstitial 

boron since lowering accumulation rates is accompanied by improving carbon monoxide 

production rates.  
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Chapter 3: Effect of Boron on the Nanoparticles of Co DRM Catalysts 

3.1 Computational Methods 

VASP was used to perform periodic spin-polarized DFT calculations using the PAW 

method and the RPBE functional. The planewave basis set had a cutoff energy of 400 eV. 

The vacuum interspacing between two nanoparticles (NPs) was set to 14 Å. A 1 × 1 × 1 

Monkhorst-Pack k-points grid and a Methfessel-Paxton smearing of 0.1 eV were 

implemented. Geometric optimization was performed until all forces were less than 

0.03 eV/Å. The adsorbates considered in this study were CH3, H, CO, and O. Binding 

energies correspond to the reaction energies of the same reactions listed previously in 

Table 3. 

3.1.1 Modeling Cobalt Nanoparticles 

The shapes of nanoparticles are commonly modeled using the Wulff construction, which 

minimizes the total surface Gibbs energy.36 Each facet of a nanoparticle has a surface 

energy γi and a surface area Ai. The Wulff construction can be expressed mathematically 

as: 

Δ𝐺 = ∑ 𝛾𝑖𝐴𝑖

# 𝑓𝑎𝑐𝑒𝑡𝑠

𝑖=1
= (𝑚𝑖𝑛𝑖𝑚𝑢𝑚) 
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Using the Wulff construction, area fractions of nanoparticle facets can be worked out. 

For fcc Co nanoparticles, the equilibrium structure consists of five facets, which are 

listed along with the corresponding surface energies and area fractions in Table 15. 

Table 15: Facets of fcc Co nanoparticles, along with their surface energies and area 

fractions.41 

Miller Indices of the Facet Surface Energy (γ) [eV/Å2] Area Fraction [%] 

(111) 0.127 74 
(100) 0.155 17 
(110) 0.151 7 
(321) 0.155 1 
(320) 0.160 1 

 

Binding energies depend on the size of nanoparticles.42 In this study, Co nanoparticles 

were modeled with 459 atoms. The size of Co nanoparticles has been chosen so that 

nanoparticles are within the scalable regime. This means the properties of several nm 

large nanoparticles with thousands of atoms that are studied by the experimental 

collaborator Professor Takanabe can be extrapolated from the properties of the 

calculated models.42 According to preliminary tests, the smaller nanoparticles of Co may 

be out of the scalable regime where extrapolating properties is possible, albeit that their 

simulations are much faster. Figure 9 shows the optimized geometry of the studied Co 

nanoparticles. Each nanoparticle contains six (100) facets and eight (111) facets. 
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Figure 9: The optimized geometry of fcc Co nanoparticles from two viewpoints. 

3.2 Binding Energies of Adsorbates on Co Nanoparticles Without Boron 

As a reference, the binding energies of CH3, H, CO, and O on Co nanoparticle facets were 

calculated. Since the binding energy of each adsorbate on a facet is a function of the 

adsorption location, two locations were considered for each adsorbate on a facet: (i) the 

middle of the facet and (ii) near the edges. 

3.2.1 Adsorbates on the Middle of Facets 

Each adsorbate was placed on atop, bridge, 4-fold hollow sites on the middle of the 

(100) facet and on atop, bridge, fcc, and hcp sites on the middle of the (111) facet, as 

shown in Figure 10. 
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Figure 10: Considered adsorption sites on the middle of (100) and (111) facets. From left 

to right, the two hollow sites on (111) facets correspond to the fcc and hcp sites, 

respectively. 

For methyl on the middle of (100) facets, the most favored adsorption site is the bridge 

site with a binding energy of 0.820 eV, which is favored over the adsorption on the atop 

site by 0.192 eV. Methyl adsorption on the hollow site is locally unstable. On the middle 

of the (111) facets, methyl adsorption on the fcc and on the hcp sites are similar in 

stability with binding energies of 0.772 eV and 0.779 eV, respectively. Binding to the 

atop site is less stable with a binding energy of 1.194 eV whereas binding to the bridge 

site is locally unstable. 

On the middle of (100) facets, hydrogen adsorption is strongest on the hollow site with 

a binding energy of -0.257 eV, which is more stable than on the atop and bridge sites by 
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0.373 eV and 0.031 eV, respectively. On (111) facets, hydrogen adsorption on the fcc 

and on the hcp sites have similar stabilities with binding energies of -0.373 and -0.368 

eV, respectively. Adsorption on the atop site is less stable with a binding energy of 0.279 

eV. Hydrogen adsorption on the bridge site is locally unstable. 

For carbon monoxide on the middle of (100) facets, adsorption is most stable on the 

atop site with a binding energy of -1.479 eV. Carbon monoxide adsorption on the bridge 

and on the hollow sites are less stable with similar binding energies of -1.353 eV 

and -1.359 eV, respectively. On the middle of (111) facets, carbon monoxide is most 

stable on the atop site with a binding energy of -1.363 eV, which is more stable than on 

the bridge, fcc, and hcp sites by 0.065 eV, 0.015 eV, and 0.040 eV, respectively. 

Finally, for oxygen on the middle of (100) facets, adsorption is most stable on the hollow 

site with a binding energy of -2.653 eV, which is more stable than on the atop and 

bridge sites by 1.272 eV and 0.577 eV, respectively. On the middle of (111) facets, 

adsorption is most stable on the hcp site with a binding energy of -2.335 eV, which is 

more stable than on the fcc site by 0.040 eV. Adsorption on the atop and on the bridge 

sites are both locally unstable. 

Table 16 lists the most favored adsorption sites and the associated binding energies of 

each species on the middle of each considered facet of Co nanoparticles, along with the 

binding energies on Co extended surfaces of the same sites for comparison. The results 
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indicate that the binding energies on the middle of facets are within 0.04 eV of the 

binding energies on extended surfaces for the same adsorbate and adsorption site. 

Table 16: The most favored adsorption sites for each species on the middle of (100) and 

(111) facets of Co nanoparticles, along with the associated binding energies. The binding 

energies of the same sites on extended surfaces are given for comparison. ΔEb values 

are given in eV. 

Species 
Middle of (100) Facet Middle of (111) Facet 

Site ΔEb(NP) ΔEb(slab) Site ΔEb(NP) ΔEb(slab) 

CH3 Bridge 0.820 0.856 fcc 0.772 0.753 
H Hollow -0.257 -0.273 fcc -0.373 -0.387 
CO Atop -1.479 -1.446 Atop -1.363 -1.345 
O Hollow  -2.657 -2.659 hcp -2.335 -2.338 

 

3.2.2 Adsorbates Near the Edges 

To study the effect of nanoparticle edges on binding energies, methyl, hydrogen, carbon 

monoxide, and oxygen were placed on atop and bridge sites on (100) facets near 

(100)-(111) edges and on atop, bridge, fcc, and hcp sites on (111) facets near (111)-(111) 

edges. Due to the chosen size of nanoparticles, there is only one possible distinct hollow 

site on (100) facets, which was studied in the previous section. Figure 11 shows the 

most favored adsorption sites for methyl, hydrogen, carbon monoxide, and oxygen, 

near the edges. Table 17 lists the differences in binding energies between the middle 

sites and the edge sites of the same facet. In all cases, species are more stable near the 
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edges than on the middle of facets, which can be attributed to atomic flexibility near 

nanoparticle edges. 

 

Figure 11: The most favored adsorption sites for CH3, H, CO, and O near (100)-(111) and 

(111)-(111) edges. 

Table 17: Effect on binding energies of (100)-(111) and (111)-(111) edges in (100) and 

(111) facets. Values are given in eV. 

Species 
(100)-(111) Edge in (100) Facet (111)-(111) Edge in (111) Facet 
ΔEb(edge) - ΔEb(middle) ΔEb(edge) - ΔEb(middle) 

CH3 -0.353 -0.320 
H -0.095 -0.059 
CO -0.070 -0.135 
O N/A -0.366 

 



54 

 

 

3.3 Location of Boron in Boron-Containing Co Nanoparticles 

Different locations of boron were considered in boron-containing Co nanoparticles. In 

this section, the stability of on-surface boron, of boron displacing edge atoms, and of 

interstitial boron are discussed. 

3.3.1 Stability of On-Surface Boron 

Boron binding on the hollow site of (100) facets, with a binding energy of -0.030 eV, is 

less stable than binding on the hollow site of (100) extended surfaces by 0.149 eV. The 

binding energies of boron on the atop and bridge sites on the middle of (100) facets are, 

respectively, 2.264 eV and 1.464 eV. Boron binding to the atop and to the bridge sites 

near (100)-(111) edges are both locally unstable. 

The most favored adsorption site for boron on (111) facets is the middle hcp site with a 

binding energy of 0.927 eV, which matches the binding energy of boron on (111) 

extended surfaces. Boron adsorption on the bridge and fcc sites on the middle of (111) 

facets have binding energies of 0.999 eV and 1.037 eV, respectively. Adsorption on the 

atop site on the middle of (111) facets is locally unstable. Contrary to the other 

considered adsorbates, the most favored adsorption site for boron on (111) facets is not 

near (111)-(111) edges, but on the middle of the facet. Adsorption on the hcp, fcc, 

bridge sites near (111)-(111) edges have binding energies of 0.956 eV, 1.050 eV, and 

1.470 eV, respectively. 
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3.3.2 Stability of Boron Displacing Edge Atoms  

Geometric optimization of nanoparticles with interstitial boron near the edges resulted 

in structures in which boron displaces edge atoms. Figure 12 shows structures in which 

interstitial boron displaced a corner atom, an atom in a (100)-(111) edge, and an atom in 

a (111)-(111) edge. Binding energies of boron in these sites are 0.369 eV, 0.452 eV, and 

0.485 eV, respectively. 

 

Figure 12: Nanoparticle structures in which boron displaces corner and edge atoms. 

Since on-surface boron and boron displacing edge atoms are less stable than 

substitutional boron in the topmost layer of extended surfaces, carbon dioxide is 

capable of oxidizing boron in both sites during DRM operation. As demonstrated in the 

case of substitutional boron in extended surfaces, when boron gets oxidized, it can react 

with hydrogen to form boric acid, or different boron-oxide units can migrate and react 

to form diboron trioxide. Therefore, boron oxide species can leave the catalyst and, 

consequently, have no effect on catalytic deactivation rates. 
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3.3.3 Stability of Interstitial Boron 

The last considered location of boron in boron-containing Co nanoparticles was 

interstitial cavities. Interstitial boron has the advantage that it is protected from being 

oxidized by carbon dioxide during DRM operation. The same interstitial sites that were 

considered for extended surfaces were considered for nanoparticles, which are shown 

schematically in Figure 4.  As mentioned in the previous section, interstitial boron near 

nanoparticle edges resulted in boron displacing edge atoms after geometric 

optimization. Therefore, interstitial boron was placed as far from the edges as possible 

for both (100) and (111) facets. When geometric optimization was performed, (100) and 

(111) facets were spontaneously reconstructed. In fact, the (111) facet reconstruction of 

nanoparticles is similar to the (111) surface reconstruction of extended surfaces. Figure 

13 shows the most favored interstitial sites for boron in (100) and (111) facets, which 

correspond to binding energies of 0.249 eV and 0.666 eV, respectively. These binding 

energies include the stabilization energy due to facet reconstruction. For comparison, 

the binding energies of interstitial boron in Co(100) and Co(111) extended surfaces were 

0.114 eV and 0.741 eV, respectively. 
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Figure 13: The most favored interstitial sites for boron in the reconstructed (100) and 

(111) facets. 

3.4 Binding Energies of Adsorbates on Boron-Containing Nanoparticles 

The effect of interstitial boron in (100) and (111) facets on the binding energies of 

methyl, hydrogen, carbon monoxide, and oxygen was studied. The study can be 

subdivided into two parts: (i) binding energies on the reconstructed (100) facet, and (ii) 

binding energies on the reconstructed (111) facet.  

3.4.1 Binding Energies on the Reconstructed (100) Facet 

Four adsorption sites were considered for each adsorbate on the reconstructed (100) 

nanoparticle facet. One of these sites was atop, two were bridge, and one was hollow, 

as shown in Figure 14. 
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Figure 14: Considered adsorption sites on reconstructed (100) nanoparticle facets. 

For methyl on the reconstructed (100) facet, the most favored adsorption site is the 

atop site with a binding energy of 0.445 eV, which is more stable than the adsorption on 

the Bridge-1 and Bridge-2 sites by 0.129 eV and 0.119 eV, respectively. Adsorption on 

the hollow site is locally unstable. For hydrogen on the reconstructed (100) facet, the 

most favored adsorption site is the hollow site with a binding energy of -0.308 eV, which 

is more stable than the adsorption on the atop, Bridge-1, and Bridge-2 sites by 0.386 eV, 

0.032 eV, and 0.039 eV, respectively. The geometric optimization of carbon monoxide 

binding to the reconstructed (100) facet showed that carbon monoxide favors the 

adsorption on the atop site near the (100)-(111) edge with a binding energy of -1.635 

eV. Carbon monoxide adsorption on this site is more stable than on the considered atop 

and hollow sites shown in Figure 14 by 0.089 eV and 0.213 eV, respectively. Carbon 

monoxide adsorption on the bridge sites is locally unstable. For oxygen on the 

reconstructed (100) facet, the most favored adsorption site is the hollow site with a 

binding energy of -2.683 eV, which is more stable than the adsorption on the atop and 
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Bridge-1 sites by 0.984 eV and 0.350 eV, respectively. Adsorption on the Bridge-2 site is 

locally unstable. 

3.4.2 Binding Energies on the Reconstructed (111) Facet 

As is the case with reconstructed Co(111) extended surfaces, reconstructed (111) 

nanoparticle facets have asymmetric adsorption sites near the interstitial boron, as 

shown in Figure 13. To reduce the number of calculations, different assumptions were 

made for (i) hydrogen and oxygen, and (ii) methyl and carbon monoxide. 

For hydrogen and oxygen, the results for reconstructed Co(111) extended surfaces 

(Table 12) indicate that the adsorption on atop and on bridge sites are either locally 

unstable or far less stable than the adsorption on the 3-fold hollow sites. Thus, the 

assumption made for hydrogen and oxygen on the reconstructed (111) facets was that 

hydrogen and oxygen would still favor 3-fold hollow sites over atop and bridge sites. 

With this assumption, only six sites needed to be considered for each adsorbate. Figure 

15 shows the most favored sites for hydrogen and oxygen adsorption on reconstructed 

(111) facets after geometric optimization, which correspond to binding energies 

of -0.429 eV and -2.537 eV, respectively. 
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Figure 15: The most stable sites for hydrogen and oxygen adsorption on reconstructed 

(111) nanoparticle facets. 

For methyl and carbon monoxide, the results for reconstructed Co(111) extended 

surfaces (Table 12) indicate that the adsorption on (Atop)5, (Atop)6, and (Atop)8, have 

better stabilities than on any other site. Given the similarity of (111) facet 

reconstruction of nanoparticles to (111) surface reconstruction of extended surfaces, 

only these sites were considered for each adsorbate. Figure 16 shows the most favored 

sites for methyl and carbon monoxide adsorption on reconstructed (111) facets after 

geometric optimization. The associated binding energies are 0.584 eV and -1.418 eV of 

methyl and carbon monoxide, respectively. 
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Figure 16: The most favored sites for methyl and carbon monoxide adsorption on 

reconstructed (111) nanoparticle facets. 

 

3.5 Effect of Boron on the Deactivation Rate of Co Nanoparticles 

To study the effect of interstitial boron on binding energies, ΔΔEb values were calculated 

as in Chapter 2. However, due to the small size of (100) facets, it is not possible to totally 

exclude edge effects from interstitial boron effects. Therefore, sites near (100)-(111) 

edges, including Bridge-2 sites, are not included in this analysis. For (111) facets, the 

binding energies of the adsorbates on the middle of the facet were used. Table 18 lists 

ΔΔEb values for all considered adsorbates on (100) and (111) facets. 

Table 18: Effect of interstitial boron on the binding energy of CH3, H, CO, and O on Co 

nanoparticles. ΔΔEb values are given in eV. 

Facet ΔΔEb(CH3) ΔΔEb(H) ΔΔEb(CO) ΔΔEb(O) 

(100) -0.375 -0.051 -0.066 -0.025 
(111) -0.188 -0.042 -0.055 -0.199 
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As described previously, the Brønsted-Evans-Polanyi principle can be applied to study 

the effect of boron on the activation of methane and carbon dioxide in the DRM 

reaction. The effect of boron on the activation of methane is a linear function of the 

sum of ΔΔEb(CH3) and ΔΔEb(H) while the effect of boron on the activation of carbon 

dioxide is a linear function of the sum of ΔΔEb(CO) and ΔΔEb(O). These sums are listed in 

Table 19 for each facet. 

Table 19: Effect of interstitial boron Co nanoparticles on the activation of CH4 and CO2. 

Values are given in eV. 

Facet ΔΔEb(CH3) + ΔΔEb(H) ΔΔEb(CO) + ΔΔEb(O) 

(100) -0.426 -0.091 
(111) -0.230 -0.254 

 

As discussed previously, the mechanism of catalytic deactivation of cobalt at low loading 

is metal oxidation. In order to lower the catalytic deactivation rate, less oxygen should 

be accumulated on the catalytic surface. According to Table 19, interstitial boron is 

capable of achieving this goal in (100) facets because it lowers the activation energy of 

methane by a greater extent than it does for the activation energy of carbon dioxide. 

Oxygen species on (100) facets are balanced by carbon species to produce carbon 

monoxide. Therefore, deactivation rate is lowered while simultaneously carbon 

monoxide production rate is enhanced. In (111) facets, interstitial boron lowers the 

activation energies of both methane and carbon dioxide by around the same extent. 

Therefore, boron promotion is more advantageous to (100) facets than to (111) facets. 
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Chapter 4: Conclusions 

This study investigated how boron could reduce the catalytic deactivation rate of Ni and 

Co DRM catalysts. The location of boron in these catalysts was first investigated. On-

surface and substitutional boron may be more stable than interstitial boron, but they 

are prone to oxidation by carbon dioxide during DRM operation. When boron is 

oxidized, it can leave the catalyst as diboron trioxide or boric acid, which means it 

cannot have an effect on the catalytic activity. Interstitial boron is protected from 

getting oxidized. Geometric optimization showed that interstitial boron can lead to 

spontaneous reconstructions to extended surfaces and nanoparticle facets, which 

appears to be advantageous to the catalytic activity of DRM catalysts. Binding energies 

of methyl, hydrogen, carbon monoxide, and oxygen on extended surfaces and 

nanoparticles were calculated with and without boron so that the effect of boron on 

binding energies could be determined. The Brønsted-Evans-Polanyi principle was 

utilized to study how the effect of boron on binding energies could provide an insight 

about the effect of boron on methane and carbon dioxide activation in the DRM 

reaction. In the case of catalytic deactivation by coke formation, the deactivation rate 

can be reduced when the activation of carbon dioxide is lowered more than the 

activation of methane is lowered, in order that excess surface carbon is balanced by 

surface oxygen. The DFT calculations showed that this is the case for boron-containing 

(111) surfaces. In the case of catalytic deactivation by metal oxidation, the deactivation 
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rate can be reduced when the activation of methane is lowered more than the 

activation of carbon dioxide is lowered, which appears to be the case for boron-

containing (100) surfaces. The DFT calculations provided an atomistic understanding of 

the mechanism through which boron enhances the stability of Ni and Co DRM catalysts. 
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