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Graphical abstract

 B impurities on Co drastically impacts the reactivity towards CH4 and CO2 activation and 

resulting DRM performance.

  DFT simulations show that B remained only in interstitial cavities of Co under DRM 

conditions. 

 Incorporation of the small amount of B into Co particles induced the acceleration of both 

CH4 and CO2 activation.

 The resultant surface reaction achieves a kinetic balance between surface C and O atoms, 

preventing deactivation of Co catalysts. 
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Abstract

Stable operations for catalytic dry reforming of methane (DRM) is essential for industrial 

applications. High stability for the syngas production can be achieved via a kinetic balance 

between formation of carbon species and their removal by oxygen species on the metal surface, 

which clears the surface for further reaction steps. This study reports highly stable performances 

by a boron-doped cobalt catalyst as a non-noble-metal, coking-free catalyst. Although the precise 

location of doped boron could not be identified experimentally because of its low concentration, 

density functional theory (DFT) calculations suggested that interstitial boron (B) is most likely 

present in the subsurface region of cobalt (Co) surfaces. B-doping was shown both 

experimentally and computationally to increase the reactivity of Co catalysts toward both 

methane (CH4) and carbon dioxide (CO2). Moreover, B-doping was found to balance the 

amounts of surface C and O and maintain the reduced state of Co surfaces while in a steady-

state. Nevertheless, a negative kinetic order with respect to CO2 partial pressure indicates that 

steady-state surface coverage of oxygen species originating from CO2 dissociation was prevalent 

on B-doped Co, consistent with the coking-free nature of the catalyst. This study introduces a 

promising Co-B catalyst design for controlling metal surface reactivity toward DRM and 

relevant catalytic reactions. 



1. Introduction 

Dry reforming of methane (DRM) has attracted a lot of scientific interest as one of the 

pathways toward conversion of naturally abundant methane and environmentally harmful CO2 

into synthesis gas (syngas) as shown in Eq. 1, which can be later transformed into valuable 

chemicals, such as methanol and syn-fuels [1–4]. 

CH4(g) + CO2(g) → 2CO(g) + 2H2(g) (1)

However, thermodynamics can be used to predict formation of undesired elemental 

carbon during the stoichiometric CH4/CO2 DRM reaction, which not only covers and deactivates 

the catalyst but also plugs the reactor [1,5,6]. Developing a DRM coke deposition-free catalyst 

has been a long-term scientific challenge [7,8]. To develop this catalyst, the rate of CO2 

activation (Eq. 2) on the catalytic surface should equal the rate of CH4 activation (Eq. 3):

CO2(g) + 2 * → CO* + O* (2)

CH4(g) + 2 * → CH3* + H* → ... → C* + 2 H2(g) + * (3)

C* + O* → CO* + * (4)

in which the asterisk (*) refers to a vacant binding site (although a CHx* intermediate can 

directly be converted by an O species) [1]. This process would allow an equal number of C and 

O atoms to form on the surface and to recombine to form CO as shown in Eq. 4, which would 

regenerate empty sites on the surface. 

Ni catalysts are employed industrially for DRM reaction, and they have been extensively studied 

in the literature [9]. In particular, the importance of low-coordination sites on Ni surfaces was 

emphasized in the literature with respect to an improved turnover rate and for initiation of 

unwanted graphite formation [10]. In contrast, Co catalysts have also been extensively 

investigated for the DRM although they are generally less active than Ni catalysts but often more 



tolerant to coking [11–18]. Describing the catalytic behavior of the Co catalyst is not trivial in 

itself; particle size in addition to support influences their performance, which further depends on 

the reaction temperature and pressure [12,13]. Several studies have suggested that large Co 

particles (often achieved by high-metal loading) show relatively stable performances but undergo 

coking, whereas small Co particles are susceptible to deactivation by metal oxidation [12,13]. 

One of the successful strategies is forming a Ni and Co alloy to balance the metal oxidation and 

coking processes to achieve high catalytic stability [15]. While Ni catalysts accumulate C species 

on the surface and suffer from coke formation, Co catalysts accumulate O species and are 

deactivated via oxidation of the active metallic surface [16]. The optimum ratio of Ni and Co in 

the alloy catalyst leads to stable DRM performance without forming unwanted carbon deposition 

or oxidation of metals prevalent for Co catalyst [15,16]. The density functional theory (DFT) 

calculation of the NiCo catalyst suggests that O species on the surface adsorb more strongly on 

Co-rich surfaces, while C species are rather insensitive to the composition of Ni–Co adsorption 

sites [17]. Since reaction conditions (pressure, temperature) are known to affect kinetics, there is 

a need for a robust DRM catalyst that is tolerant to both coking and metal oxidation over a wide 

range of reaction conditions [18]. 

It has been claimed that very small quantity of boron can alter the catalytic activity of Ni 

catalysts for the steam reforming of methane (SRM) [19–21]. Matralis and coworkers confirmed 

that the nickel–boron (Ni–B) sample, which was prepared by co-impregnation, exhibited coking 

resistance when the appropriate amount of Ni–B ratio was used [22]. Similarly, B-treatment 

increases the stability of Co-based Fischer–Tropsch catalysts [23–25], which become deactivated 

because of deposited carbon. B was reported to occupy surface step and subsurface interstitial 

sites on these catalysts and to block the deposition and growth of carbon species [25]. Recently, 



boron has been reported as a promoter during propane dehydrogenation over Pt/γ-Al2O3, which 

was attributed to boron blocking the acid sites of the support that were responsible for coking 

[26].

In this study, we show that B can also influence the reactivity of Co catalysts for DRM. Without 

B treatment, the small Co particles are susceptible to deactivation by oxidation. This study 

reports the beneficial role of trace amounts of B that enhances CH4 activation more preferentially 

compared to CO2 activation to make the Co tolerant against metal oxidation during DRM and 

results in a coke-tolerant and stable catalyst. Combining experimental and computational studies, 

we propose that B-doping into Co metallic particles achieves the kinetic control for the stable 

performance during DRM by accelerating CH4 reactivity (Eq. 3) to a larger extent than CO2 

reactivity (Eq. 2). 

2. Methods

Experimental

Cobalt (II) chloride hexahydrate (CoCl2·6H2O, 99.999%), 6-aminohexonic acid (AHA; 

H2N(CH2)5CO2H, ≥98.5%), sodium borohydride (NaBH4, 99.999%), and ammonia borane 

(NH3BH3, 97%) were purchased from Sigma-Aldrich and used without further purification. 

Zirconium oxide (ZrO2) with a specific surface area of 70 m2 g-1 was obtained from DAIICHI 

KIGENSO KAGAKU KOGYO CO., LTD. Prior to the synthesis, ZrO2 was pre-treated at 850 oC 

for 20 h in static air to give a specific surface area of 10 m2 g−1. Supported Co catalysts were 

prepared by the one-pot synthesis method using CoCl2·6H2O, AHA, and NaBH4 or NH3BH3. 

AHA has amino and carboxyl groups, which can work as surface-capping agents for the Co 

metal particles by the amino group in addition to providing an anchor to the carboxyl group of 



the support. To target the synthesis of 2 wt.% Co/ZrO2 and Co(B)/ZrO2 catalyst, typically 0.1 g 

of CoCl2 and 0.25 g of AHA are dissolved in 50 ml of deionized water. The required amount of 

ZrO2 was then added into the Co solution, and the solution was vigorously stirred at room 

temperature for 1 h. The mixture was heated to 90 °C and kept for 1 h. After this, for Co(B)/ZrO2 

samples, either NaBH4 or NH3BH3 was introduced to achieve a ratio of B/Co = 6.3 in 20 ml of 

deionized water, which was maintained at 8 °C. The borohydride solution was then added into 

the mixture and incubated for 3 h at 90 °C. Once borohydride was added into the Co solution, the 

color immediately changed from pink to black because of the reduction of cobalt species by 

hydrogen and then changed to dark-greenish color after the synthesis. The sample was filtered 

and washed twice with acetone and water and dried at 80 °C for 12 h. The sample was then 

treated using a muffle furnace in static air at 400 °C for 1 h. The sample, denoted as Co(B)/ZrO2, 

generally indicates the sample was prepared with NaBH4 unless otherwise noted. 

The catalytic tests were performed in a fixed-bed quartz reactor (inner diameter, 4 mm) 

under atmospheric pressure at 750 ºC. For stability tests, 50 mg of catalyst was introduced into a 

quartz reactor. For partial pressure dependence measurements, 3.2 mg catalyst was diluted in 

26.8 mg of sieved ZrO2. Quartz wools were used to hold the catalyst bed in a fixed position. 

Prior to the test, the catalyst was reduced in-situ under 10% H2-Ar flow at a total flow rate of 100 

ml min−1 at 750 ºC for 1 h. The reactant gases (CH4/CO2/N2, 10/10/80, total pressure 1 atm) were 

introduced to the reactor at a total flow of 100 ml min−1. Different partial pressures of CH4 

(99.9999%, AHG), CO2 (99.9999%, AHG), and N2 (99.9999%, AHG) were introduced into the 

reactor by regulating the flow rates via mass flow controllers (F-200 series, Bronkhorst). The 

reactants and products were continuously monitored using an on-line micro gas chromatograph 

(Varian, 490-GC) equipped with two thermal conductivity detectors, a Molecular Sieve 5A 



column, and a Porapak Q column. Partial pressure dependence on turnover frequency (TOF) was 

obtained by varying the CH4 partial pressures from 10 to 40 kPa at a constant partial pressure of 

CO2 (10 kPa) and vice versa. 

The surface moles of Co and n,Co,surf were estimated from average Co particle diameter, d, 

based on transmission electron microscopy (TEM) images with the assumption that 

hemispherical Co particles with an fcc structure followed the equation shown below: 
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in which wCo is the weight ratio of Co to total catalyst, ns,Co-fcc is the site density for Co-fcc, 1.52 

× 1019 (atoms m−2), ρCo is the density of Co (g cm−3), and NA is Avogadro’s number (atoms 

mol−1). 

Temperature-programmed reduction (TPR) measurements were obtained over 0.1 g of 

the samples that were treated at 400 °C in a static air by increasing the temperature up to 800 °C, 

at a rate of 10 °C min−1 in flowing H2/Ar gas (5/95 vol/vol mixture with a total flow of 30 ml 

min−1). The consumption of H2 was monitored using a thermal conductivity detector (TCD). 

Inductively-coupled plasma (ICP) analysis was performed using a Varian 72 ES ICP-

OES (Agilent Technologies) to measure the exact metal content. Digestion of the materials was 

performed in an ETHOS1 microwave digestion milestone.

Scanning transmission electron microscopy (STEM) was performed on a Titan G 60–300 

ST electron microscope at an accelerating voltage of 300 kV using a Gatan STEM detector 

(model 806) to allow dark field imaging. The elemental compositions of the samples were 

characterized by the concurrent acquisition of spectra by electron energy loss spectroscopy 

(EELS) and energy dispersive X-ray fluorescence spectrometry (EDX): the Co L2,3-edge and Zr 



Kα fluorescence lines were selected to construct the chemical maps. A small camera length of 38 

mm was used for imaging and elemental mapping to enhance the signal-to-noise ratio of the 

EELS spectra. 

The amount of carbon deposited on the catalysts after DRM was quantified by 

temperature-programmed oxidation (TPO) under 1% O2/He. Ten milligrams of the spent catalyst 

was transferred to a tubular quartz reactor heated to 800 °C at a linear ramping rate of 10 °C 

min−1. The deposited carbon was oxidized to CO and CO2, which was then converted to CH4 by 

a methanizer. The CH4 was analyzed with a GC (Shimadzu GC-8A) equipped with a flame 

ionization detector (FID).

Thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) measurements 

were carried out with Mettler-Toledo TGA/DSC1 Star system over temperatures ranging from  

30 to 1000 °C in the corresponding atmosphere with a flow rate of 100 mL min−1. Prior to the 

test, the catalyst was reduced in-situ under 5% H2-Ar flow with a total flow rate of 100 ml min−1 

at 750 ºC for 1 h. 

An operando XAS plug-flow reactor was used on the CRG-FAME beamline (BM30B) at 

the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [27]. The 

measurements were conducted using 50 mg of the catalyst sieved in the 250-300 μm size range. 

First, a flow of 4% H2/He was introduced into the reactor at a rate of 100 mL min−1, which was 

heated up to 750 °C at 10 °C min−1 and maintained for 1 h. After the reduction step, the reactor 

was purged at 750 °C. For the DRM test, a reaction mixture of 1:1:8 CO2:CH4:(1% Ar/He) was 

subsequently introduced at a flow rate of 100 mL min−1 (GHSV = 120 l h−1 g−1) for 10 h. For 

XAS characterization during TPO under CO2, after the reduction step as mentioned previously, 

the cell was cooled down to RT under a flow of 4%H2/He. Then, a CO2:He (1:9) mixture was 



flowed into the cell with a flow rate of 100 mL min−1 and the cell was heated up to 750 °C with a 

temperature ramp of 10 °C min−1. XANES spectra were recorded continuously during both DRM 

and TPO under CO2 to observe the change of the metal oxidation state. X-ray absorption 

spectroscopy (XAS) data were analyzed using the HORAE package, a graphical interface to the 

AUTOBK and IFEFFIT code [28]. After XANES spectra normalization, quantification of Co 

phases during DRM and CO2-TPO was computed by linear combination fitting using spectra of a 

fully reduced (metallic Co) and an oxidized (CoO) catalyst.

Computational Details

We employed the Vienna Ab initio Simulation Package (VASP) to perform periodic spin-

polarized DFT calculations using the revised Perdew-Burke-Ernzerhof (RPBE) functional to 

investigate the stability of B in different sites on (100) and (111) extended surfaces and Co459 

nanoparticles (NPs) of fcc-Co [29–31]. Core electrons were described by the projector 

augmented wave (PAW) pseudopotentials [32,33]. An energy cutoff of 400 eV was set for 

planewave basis sets. Extended surfaces were modeled as p(3 × 3) supercells (Figs. 1a and b) 

of 6-layer slabs with a vacuum spacing of 12 Å, whereas Co459 NPs had a size of 2 nm and shape 

governed by Wulff construction (Fig. 1c) with a vacuum spacing of 14 Å [34]. A first-order 

Methfessel−Paxton smearing of 0.1 eV was implemented with Monkhorst−Pack k-point grids of 

3 × 3 × 1 (extended surfaces) and 1 × 1 × 1 (NPs) [35,36]. Geometries were optimized until all 

forces were < 0.03 eV/Å on each atom. Binding energies, ΔEb, were calculated relative to the 

stable gas-phase B2H6, H2, CH4, CO, and O2 species as shown in Table 1. We considered B 

atoms located in interstitial cavities (both octahedral Oh and tetrahedral Td sites), on-surface sites 

(atop, bridge, and hollow sites, as shown in Figs. 1a and b) and lattice vacancies (both first and 



second topmost layers) in fcc-Co. Surface and subsurface coverages of B were set such that 

Co(100) and Co(111) extended surfaces had θ = 1/9 ML, and Co459 NPs contained only one B 

atom. All key calculated structures of extended surfaces are shown in Tables S1 and S2 and of 

NPs in Tables S3 and S4. 

Fig. 1. Considered adsorption sites on cobalt (Co) structures: (a) Co(100) and (b) Co(111). (c) 

Considered Co459 nanoparticle (NP) structure. First layer of Co is shown in dark blue, second 

layer in cyan, and third layer in yellow.



Table 1: Chemical equations and binding energy ΔEb formulas for the adsorption of boron (B), 

methane (CH4), hydrogen (H), carbon monoxide (CO), and oxygen (O). E(*), E(X*), and E(X) 

represent the DFT energy of the clean surface, the surface with an adsorbate X, and the gas-

phase species X, respectively.

Adsorbate Chemical Equation ΔEb Formula 

B * + 0.5 B2H6 → B* + 1.5 H2 E(B*) + 1.5 E(H2) - E(*) - 0.5 E(B2H6)

CH3 * + CH4 → CH3* + 0.5 H2 E(CH3*) + 0.5 E(H2) - E(*) - E(CH4)

H * + 0.5 H2 → H* E(H*) - E(*) - 0.5 E(H2)

CO * + CO → CO* E(CO*) - E(*) - E(CO)

O * + 0.5 O2 → O* E(O*) - E(*) - 0.5 E(O2)

3. Results and Discussion

DRM testing

The impact of B treatment on DRM catalytic performance of Co/ZrO2 is discussed in this 

section. The catalytic testing for the catalysts with and without B treatment was conducted in a 

plug flow reactor at 750 °C. B treatment was administered using two different substances, 

NaBH4 and NH3BH3. The CH4 conversion as a function of time is summarized in Fig. 2a. The 

H2 yield as a function of time is shown in Fig. S1. An obvious trend in which B treatment 

significantly caused an improvement in the DRM performance was noted, whereas the catalyst 

without B treatment showed low activity from the beginning of the reaction. The common 

improvements in the catalytic performance using two different chemicals (NaBH4 and NH3BH3) 



are consistent with B incorporation, which was in fact, effective. The amount of carbon 

deposited after the reactions was out of detection limits (<0.01 wt%). The cause of low 

performance for the non-B-treated sample was exclusively studied in our previous study using 

operando XAS in which Co/ZrO2, especially when the metal particle size is made small, 

undergoes rapid deactivation due to progressive oxidation of active Co metal [17]. In contrast, 

the XANES spectra acquired along 10 h of operando XANES measurement for DRM using 

Co(B)/ZrO2 shows that the metallic state of Co phase was maintained (Fig. S2). B treatment is 

therefore considered to inhibit oxidation of active Co metal in order to maintain high activity 

towards DRM. 

Fig. S3 shows a TEM image of Co(B)/ZrO2 (hereafter NaBH4 sample is used for 

discussion). The Co particles were well dispersed on ZrO2, giving an average size distribution of 

~12 ± 2 nm. Using this catalyst, partial pressure dependences for CH4 and CO2 were measured at 

750 °C when either of the gases was kept 10 kPa and the other was varied from 5 to 40 kPa. 

Turnover frequency (TOF) was calculated using the surface area as estimated from the Co 

particle size. From Fig. 2b, it can be seen that the DRM rate (measured at approach to 

equilibrium <0.05) increased proportionally with increasing CH4 partial pressure, whereas the 

rate reciprocally decreased with increasing CO2 pressure. This dependence is consistent with the 

mechanism proposed in previous studies [17,18], in which C-H bond activation in CH4 is the 

rate-determining step on the Co surface, the sites of which are competitive to surface oxygen 

species from CO2 activation. A similar kinetic dependence was observed in our previous study 

for the NiCo catalysts and the work by Chin and coworkers for Co catalysts [18]. The resulting 

high surface coverage of surface oxygen species at steady state explains the high tolerance 

toward coking as surface O species may react with surface C species before its accumulation. 



 

Fig. 2. (a) CH4 conversion vs. time on stream for the Co/ZrO2 catalyst and two Co(B)/ZrO2 

catalysts (50 mg)  prepared using NaBH4 or NH3BH3, and (b) partial pressure dependence with 

respect to CH4 and CO2 for Co(B)/ZrO2 (3.2 mg diluted with 26.8 mg ZrO2) prepared using 

NaBH4 (750 °C, balance in N2, CH4 10 kPa, CO2 10 kPa, total flow rate 100 mL min−1).

Location and structure of boron

Our attempt to probe the structure and location of B in the Co(B)/ZrO2 is addressed in 

this section. The ICP measurements revealed that both Co samples treated with NaBH4 and 

NH3BH3 led to inclusion of B at a value of 0.021± 0.002 wt%, giving a B/Co ratio of only ~0.06. 

The B/Co ratio of the originally introduced precursors was 6 so that the only a minor amount of 

B remained after washing the samples. The same treatment of only B on ZrO2 (without any Co 

species) showed an amount out of the detection limits (<0.001 wt%) in the sample, indicating 

that B species on ZrO2 can be washed out and likely interact only with Co species. Upon catalyst 

preparation after the washing, the catalysts were treated in air at 400 °C prior to catalytic testing, 



and thus cobalt oxides were expected to be present. H2-TPR was employed to investigate the 

nature of such cobalt oxides for Co/ZrO2 and Co(B)/ZrO2 catalysts as shown in Fig. 3a. Co/ZrO2 

shows multiple reduction peaks around 270 to 370 °C, indicative of Co3O4 reduction. In the 

literature, two-step reductions were commonly reported: (1) the first peak was due to reduction 

of Co3O4 to CoO and (2) the latter two corresponded to the reduction of CoO to Co. Hydrogen 

consumption by the latter peaks was roughly triple the amount observed in the first peak, which 

was almost consistent with the current observation. For Co(B)/ZrO2, two peaks centered at 283 

°C and 485 °C were ascribed to the reduction of Co3O4 to CoO and CoO to Co, respectively. The 

appearance of a high temperature peak (485 °C), intriguingly, not only indicates that CoOx(B) 

was more difficult to reduce than the unpromoted CoOx but also confirms that indeed there was 

strong interaction of B with Co. Fig. S4 shows high angle annular dark field (HAADF)-STEM-

EELS images and the EELS spectra of Co NP parts for Co/ZrO2 and Co(B)/ZrO2. Unfortunately, 

the B assignment at ~188 eV in the EELS spectra is complicated by its low loading and is most 

likely buried in the background. As shown in Fig. 3b, X-ray absorption spectroscopy applied to 

the H2 pretreated Co(B)/ZrO2 did not show any noticeable difference from the Co/ZrO2 without 

B. Both catalyst forms metallic Co nanoparticles, thus excluding the formation of crystalline Co-

B alloy for Co(B)/ZrO2. Despite our renewed attempts, the low B content makes it difficult to 

experimentally deduce the location of B in the Co metallic phase either by EEL or XANES 

spectroscopy.



Fig. 3. (a) Temperature programmed reduction (TPR) profile in H2 for the Co(B)/ZrO2 and 

Co/ZrO2 catalysts treated in air at 400 °C, (b) X-ray absorption near edge structure (XANES) 

spectra acquired at Co K-edge for the Co/ZrO2 and Co(B)/ZrO2 catalysts reduced at 750 °C in H2 

together with a Co foil reference spectrum, obtained from SSHADE database [37].

We therefore used the DFT calculation to determine the location and state of B in the Co 

surfaces. Table 2 shows the calculated binding energy of B species in various locations. ΔEb of 

B occupying all other on-surface sites are shown in Table S5. Substitutional ΔEb values did not 

include the energy required to generate the vacancies, which are listed in Table S6. The results 

indicate that the most stable location for B was lattice vacancies in the topmost layer 

(substituting one of the surface atoms). However, such substitutional B can be oxidized by O* 

from CO2 activation to form BO* (B* + O* → BO* + *) with reaction energies ΔE of −0.36 eV 

on Co(100) and −0.78 eV on Co(111). Further oxidation to BO3* is also exothermic as shown in 

Fig. 4. The geometric structures of oxidized B species revealed that the B atoms were 

significantly elevated above the surface. Hence, oxidized B species are likely to be mobile on the 

surface, which would allow them to combine with each other to form diboron trioxide (Eq. 5), 

with a ΔE of −1.16 eV on Co(100) and +0.14 eV on Co(111), or react with hydrogen to form 



boric acid (Eq. 6), with a ΔE of −0.11 eV on Co(100) and +0.94 eV on Co(111). In either case, 

boron oxide species would desorb from the surface and consequently, would not have an effect 

on the catalyzed reaction.

BO3* + B* → B2O3(s) + 2 * (5)

BO3* + 1.5 H2(g) → H3BO3(g) + * (6)

B atoms located on regular surface sites are also prone to oxidation by CO2. Since on-

surface B had a lower binding energy than substitutional B, we concluded that it would be 

oxidized to boron oxide species and also desorb from the catalyst. Thus, our simulations suggest 

that only interstitial B remained during DRM operations because it was protected from oxidation. 

Although the formation of interstitial B was somewhat endothermic, we expected it to be 

feasible, especially on (100) facets (ΔEb ≤ 0.25 eV) under treatment of Co catalysts with 

excessive amounts of boron hydrides.

Table 2

Calculated binding energies ΔEb (in eV) of B occupying the preferred interstitial cavities, on-

surface sites, and lattice vacancies on Co extended surfaces and the middle of nanoparticle (NP) 

facets. Stabilization energy due to surface reconstruction is included in ΔEb(B, interstitial). 

Surface ΔEb(B, interstitial) ΔEb(B, on-surface) ΔEb(B, substitutional)

Co(100) +0.11 −0.18 (4-fold hollow) −0.42 (topmost layer)

Co(111) +0.74 +0.93 (hcp hollow) −0.67 (topmost layer)

Co459(100) +0.25 −0.03 (4-fold hollow) not considered

Co459(111) +0.67 +0.93 (hcp hollow) not considered



Fig. 4. Oxidation of substitutional B into BOx* (top and side views). Numeric values are ΔE (in 

eV) of the reaction (BOx−1* + O* → BOx* + *). B is shown in pink and oxygen in red. Other 

colors are the same as in Fig. 1.

Furthermore, our simulations indicate that the presence of interstitial B in Co-extended 

surfaces led to spontaneous surface reconstructions during local geometry optimization (Fig. 5). 

These surface reconstructions stabilized B-containing Co(100) by 0.62 eV and Co(111) by 0.17 

eV relative to the unreconstructed counterparts. A notable consequence of the surface 

reconstructions was the turning of 4-fold hollow sites on (100) into 3-fold hollow sites.



Fig. 5. Surface reconstructions due to the presence of interstitial B. Colors are the same as in Fig. 

4.

Reactivity of Co(B)/ZrO2 towards CH4 or CO2 

To further understand the reactivity of the Co(B)/ZrO2 compared to that of Co/ZrO2, the 

transient behavior of Co(B)/ZrO2 was studied using TGA to monitor weight changes upon 

exposure under CH4 or CO2 only, which would correspondingly lead to C formation via CH4 

dissociation; CH4(+Co) → C(-Co) + 2H2 or O formation via CO2 oxidation; CO2 (+Co) → CO + 

O(-Co). Prior to the CH4 or CO2 measurements, both samples were completely reduced in 4% 

H2/He at 750 °C. 

The result for CH4 decomposition (CH4 → C + 2H2) over the Co catalysts at 750 °C is 

shown in Fig. 6(a). We observed both Co/ZrO2 and Co(B)/ZrO2 catalysts showed reactivity 



towards CH4 activation. Intriguingly, the B-containing sample accelerated the decomposition of 

CH4, which was evident from the rapid increase in carbon amount for Co(B)/ZrO2 when 

compared to Co/ZrO2. We observed an initial rate of 4.4 μmol-CH4 μmol-Co−1 s−1 on 

Co(B)/ZrO2 which was nearly 3-times higher than that of Co/ZrO2 (1.0 μmol-CH4 μmol-Co−1 

s−1). The accelerated rate of decomposition of methane on Co(B)/ZrO2 further confirms that B is 

located where it interacts with Co.

Similarly, the transient behavior for CO2 activation was monitored by weight change for 

the reduced sample. We observed that the weight increase was due to oxidation of metallic Co on 

both Co/ZrO2 and Co(B)/ZrO2 catalysts (as shown in Fig. 6b). Noticeably, the B-containing 

sample accelerated the activation of CO2 to oxidize the Co, which can be observed by the rapid 

increase in weight for Co(B)/ZrO2 compared to that for Co/ZrO2. We observed an initial rate of 

1.3 μmol s−1 on Co(B)/ZrO2, which was higher than that of Co/ZrO2 (0.6 μmol s−1). 

Fig. 6. Response of weight upon gas switching to (a) CH4 or (b) CO2 (10 kPa CH4 or CO2 

balanced by Ar, total flow rate 100 mL min−1, 750 °C). 

To monitor the oxidation behavior more carefully, the TPO in CO2 was conducted over 

the reduced Co/ZrO2 and Co(B)/ZrO2. The behavior was monitored by two methods for the 



reaction, Co/ZrO2 + CO2 → CoO/ZrO2 + CO: TGA (Fig. 7a) by monitoring the weight change 

due to oxidation reaction of Co and by monitoring directly the Co oxidation state using XANES 

spectroscopy (Fig. 7b). In the reduced sample shown in Fig. 7a (referenced to be 100% weight), 

CO2 adsorption on the samples at 30 °C was achieved and led to a weight increase of 0.2 to 0.3 

wt%. The initial decrease in weight upon increase in reaction temperature up to ~300 was due to 

CO2 desorption. The weight increase was then observed first with Co(B)/ZrO2 starting at ~300 

°C and peaking at ~410 °C. In contrast, the weight increases gradually happened for Co/ZrO2 

and peaked at 640 °C. Accordingly, a similar trend was observed for the operando XANES 

measurement (Fig. 7b), indicating that Co oxidation happened at lower temperature for Co(B) 

followed by Co/ZrO2. The final product of CO2 oxidation at 750 °C was CoO as pointed both the 

total weight increase in TGA measurement and via its characteristic XANES fingerprint (Fig. 

S5). The stable DRM performance for the Co(B) sample did not occur simply because the 

presence of B prevented Co metal oxidation. By combining the results from Fig. 6, the beneficial 

effects of B presence for DRM were likely due to kinetic control, which accelerated CH4 

activation of Co thus maintaining the active metallic Co state for DRM. 

 



Fig. 7. Temperature programmed oxidation (TPO) in CO2 for the reduced Co/ZrO2 or 

Co(B)/ZrO2 monitored by (a) thermogravimetric analysis (TGA) and (b) X-ray absorption near 

edge structure (XANES) with 20 mg catalyst, 10 K min min−1, 100 mL min−1 CO2. 

To explore how interstitial B affected the activity of Co DRM catalysts, DFT calculations 

were performed to study the effects of B on the binding energy of methyl (CH3), H, CO, and O 

on cobalt extended surfaces and NP facets. On Co459 NP facets, we simulated interstitial B near 

the edges and then far away from them. The behavior near NP edges is important because unlike 

NP terraces, which showed almost identical adsorption activity as extended surfaces (Table S7), 

NP edges adsorb DRM species more strongly (Table 3), which could be attributed to the atomic 

flexibility around the NP edges. However, local geometry optimization of interstitial B near the 

NP edges resulted in structures in which B displaced Co edge atoms (Fig. S6), which makes B 

prone to oxidation by CO2. Binding energies of such B atoms were found to be lower than 

substitutional B. Using the same argument as before, B near NP edges would form mobile boron 

oxide species under DRM conditions and eventually desorb from the catalyst. Interstitial B that 

is located far from NP edges is protected from oxidation and would results in facet 

reconstructions as shown in Fig. S7. 

The variable ΔΔEb(X) was defined to quantify the effects of B on binding energies as 

ΔΔEb(X) = ΔEb
with B(X) − ΔEb

without B(X) in which X is one of the four adsorbates. By monitoring 

the effect of B on these binding energies, we can also reveal its effect on the reaction energies, 

ΔEdiss(X), of the key elementary steps in DRM, CH4 and CO2 dissociation on the catalyst surface 

(Eq. 7 and Eq. 8):

(7)∆𝐸𝑑𝑖𝑠𝑠(𝐶𝐻4) = ∆𝐸𝑔𝑎𝑠
𝑑𝑖𝑠𝑠(𝐶𝐻4) + ∆𝐸𝑏(𝐶𝐻3) + ∆𝐸𝑏(𝐻) ― ∆𝐸𝑏(𝐶𝐻4)



(8)∆𝐸𝑑𝑖𝑠𝑠(𝐶𝑂2) = ∆𝐸𝑔𝑎𝑠
𝑑𝑖𝑠𝑠(𝐶𝑂2) + ∆𝐸𝑏(𝐶𝑂) + ∆𝐸𝑏(𝑂) ― ∆𝐸𝑏(𝐶𝑂2)

in which  and  are the energies of the gas-phase CH4 and CO2 ∆𝐸𝑔𝑎𝑠
𝑑𝑖𝑠𝑠(𝐶𝐻4) ∆𝐸𝑔𝑎𝑠

𝑑𝑖𝑠𝑠(𝐶𝑂2)

dissociations, and  and  are the binding energies of CH4 and CO2 whose ∆𝐸𝑏(𝐶𝐻4) ∆𝐸𝑏(𝐶𝑂2)

effects are considered negligible since they do not chemisorb on transition metals. In a similar 

fashion, we can quantify the effect of B on these reaction energies, ΔΔEdiss(X), (Eq. 9 and Eq. 

10): as:

(9)∆∆𝐸𝑑𝑖𝑠𝑠(𝐶𝐻4) = ∆𝐸𝑤𝑖𝑡ℎ 𝐵
𝑑𝑖𝑠𝑠 (𝐶𝐻4) ― ∆𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐵

𝑑𝑖𝑠𝑠 (𝐶𝐻4) = ∆∆𝐸𝑏(𝐶𝐻3) + ∆∆𝐸𝑏(𝐻)

(10)∆∆𝐸𝑑𝑖𝑠𝑠(𝐶𝑂2) = ∆𝐸𝑤𝑖𝑡ℎ 𝐵
𝑑𝑖𝑠𝑠 (𝐶𝑂2) ― ∆𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐵

𝑑𝑖𝑠𝑠 (𝐶𝑂2) = ∆∆𝐸𝑏(𝐶𝑂) + ∆∆𝐸𝑏(𝑂)

Results (Table 4) show that interstitial B lowered the dissociation energies of CH4 and CO2 on 

all considered models, which is consistent with the improved activity that was experimentally 

observed. The highest reduction was ~0.45 eV for CH4 dissociation on (100) planes with 

subsurface B and by 0.25 to 0.31 eV for CO2 dissociation on (111) planes with B.



Table 3 

Effect of NP edges on the binding energies (in eV) of CH3, H, CO, and O on Co459.

Co459(100) facet Co459(111) facet
Species

ΔEb(edge) − ΔEb(terrace) ΔEb(edge) − ΔEb(terrace)

CH3 −0.35 −0.32

H −0.10 −0.06

CO −0.07 −0.14

O 0 −0.37

Table 4

Effects of interstitial B in Co catalysts on the binding energies (in eV) of CH3, H, CO and O in 

addition to the dissociation energies of CH4 and CO2. Binding energies without B are listed in 

Table S5.

Surface ΔΔEb(CH3) ΔΔEb(H) ΔΔEdiss(CH4) ΔΔEb(CO) ΔΔEb(O) ΔΔEdiss(CO2)

Co(100) −0.30 −0.17 −0.47 −0.18 −0.01 −0.19

Co(111) −0.07 −0.03 −0.10 −0.12 −0.19 −0.31

Co459(100) −0.38 −0.05 −0.43 −0.07 −0.02 −0.09

Co459(111) −0.19 −0.04 −0.23 −0.05 −0.20 −0.25

According to the Brønsted–Evans–Polanyi relation, activation barriers tend to correlate 

linearly with the reaction energies for reactions in the same family [38,39]. Hence, it is expected 

that interstitial B at (100) surfaces accelerates CH4 dissociation and, to a lesser extent, CO2 

dissociation. In other words, the more profound interstitial B effect of 0.28–0.34 eV on 



ΔΔEdiss(CH4) compared to ΔΔEdiss(CO2) on (100) planes would have resulted in the stronger 

acceleration of methane dissociation compared to CO2 dissociation. As a result, the presence of 

subsurface B would increase the formation rate of surface C atoms more than that of surface O 

atoms. In this way, subsurface B would increase the stability of (100) planes of Co in DRM by 

providing additional C to clean the surface by recombining with the excessive oxygen (C* + O* 

→ CO* + *) that otherwise would lead to the catalyst deactivation through oxidation.

A plausible reason that interstitial B at (100) extended surfaces and NP facets enhanced 

CH4 dissociation more than CO2 dissociation could be the loss of the 4-fold hollow sites (in the 

case of extended surfaces, Fig. 5) or their distortion (in the case of NPs, Fig. S7), which are the 

preferred sites for adsorbed oxygen atoms. Without B (Table S5 and Table S7), an adsorbed O 

would be more stable by 0.32 eV on the 4-fold hollow sites of (100) extended surfaces and NP 

facets than on the 3-fold sites of (111). This argument is supported by Table 4 in which it is 

shown that the value of ΔΔEb was the least negative for O on (100) extended surfaces and facets. 

Additionally, the turning of 4-fold hollow sites on (100) extended surfaces into 3-fold hollow 

sites upon surface reconstruction enabled CH3 and H to adsorb on the more preferred 3-fold 

hollow sites (Table S5 and Table S7). This argument is also supported by Table 4 in which it is 

shown that the value of ΔΔEdiss(CH4) was the most negative on (100) extended surfaces.

On the other hand, the presence of interstitial B in (111) planes seemed to facilitate their 

deactivation via metal oxidation because CO2 activation became favorable by a larger extent than 

CH4 activation. However, as interstitial B is at least 0.42 eV more stable in (100) planes than in 

(111) planes, one could expect much lower concentrations of subsurface B in the latter and 

consequently, much lower effects on the catalytic stability of (111) planes. 



In this study, we focused on the discussion on the Co metal particle interacted with B. It 

has been discussed in the literature that the support also plays an important role for DRM [1]. 

The Ni/ZrO2 catalyst was claimed that coking on Ni nanoparticles are suppressed by oxygen 

supply from the support, namely correlated with the “oxygen availability index (OAI)” [40]. In 

this study, we did not vary the support material, and thus the effects of ZrO2 on the kinetics 

remains unclear. As mentioned previously, however, ZrO2 does not form mixed oxide with Co, 

like in the case of CoTiO3 from Co/TiO2 upon metal oxidation [13-15]. The impact of support on 

the stability using Co(B) should be investigated for future works.   

Conclusions

This study provides evidence that B impurities on Co drastically impacts the reactivity 

towards CH4 and CO2 activation and resulting DRM performance. A stable DRM performance 

was achieved for Co(B)/ZrO2 compared to unpromoted Co/ZrO2. DFT simulations show that B 

remained only in interstitial cavities under DRM conditions because the exothermic oxidation of 

substitutional and on-surface B into mobile boron oxide species occurred under DRM conditions. 

DFT also shows that interstitial B, likely located at (100) surfaces and NP facets, caused 

structure reconstruction that induced a drastic increase in the exothermicity of CH4 dissociation 

together with slight increase in that of CO2 dissociation. Consistently, the rate for CH4 

decomposition rate improved on Co(B)/ZrO2 relative to that on Co/ZrO2. The oxidation of 

metallic cobalt in CO2 stream was found to occur more preferentially on Co(B)/ZrO2 relative to 

Co/ZrO2 by both the temperature programmed techniques and steady state operations. Overall, 

incorporation of the small amount of B into Co particles induced the acceleration of both CH4 

and CO2 activation, but was more effective for CH4, resulting in reducing conditions on the 



surface species during steady-state DRM conditions. On the Co(B) sample, a higher number of 

surface C and H atoms produced by CH4 decomposition at steady state reacted with the 

excessive surface O atoms produced by CO2 dissociation and via oxidation, prevented 

deactivation of Co catalysts. This finding seems to provide a strategy for improving the reactivity 

and hindering the oxidation of Co catalysts for various relevant catalytic reactions. 
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