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Abstract 

Boron-doped copper has recently emerged as an active and stable catalyst for the 

electrochemical reduction of CO2 to value-added C2 products. Here, we develop a realistic 

model of CO electroreduction on surface borides of copper under operational conditions, 

taking into account the effects of electrode potential, electrolyte environment, and pH. We 

study the possible reconstruction of the electrocatalyst surface using grand canonical DFT 

and global optimization to obtain a potential-dependent grand canonical ensemble description 

of metastable, hydrogen-covered catalyst surfaces. Two key surface configurations, low H-

coverage (LC, -0.6 VSHE) and high H-coverage (HC, -0.8 VSHE) dominate this ensemble, with 

the former being kinetically persistent and C2 selective under strongly reducing conditions. 

Nonmetallic boron sites on the surface copper boride are found to bind CO more strongly than 

copper sites, and mechanistic investigation of CO electroreduction pathways presents a 

surprisingly unconventional case of boron-centered reactivity in contrast to typical copper-

centered reactivity. Neighboring boron sites present along boron chains on the surface copper 

boride are found to facilitate C–C coupling, thereby driving the high C2 selectivity of this 

electrocatalyst.  

 

Introduction 

Electrocatalysis provides a sustainable platform for storage of renewable energy and the 

production of value-added chemicals.1–4 Electrochemical reduction of CO2 (eCO2RR) is of 

added interest due to its potential toward closing the carbon cycle.5,6 For eCO2RR, Cu is the 

only transition metal to effectively convert CO2 to valuable multi-carbon (C2+) products such 

as ethylene and ethanol.7,8 There have been multiple strategies to increase C2 product 

selectivity and to tune the product distribution, including the design of multicomponent 

electrocatalysts by introducing metal hydroxides,9,10 functionalizing electrodes with organic 

molecules to stabilize reaction intermediates,11,12 and doping Cu with non-metals to promote 

Cu+ states shown to be active for the C2 production.13–20 In particular, B-doped Cu has recently 

been shown by Sargent et al. to exhibit remarkable performance for the selective synthesis of 

C2 products while remaining stable for prolonged durations.21 Modelling eCO2RR on such 

surfaces has been performed in the past on a simplistic subsurface model, or embedded B-

atoms on the Cu(100) or Cu(111) surfaces, without incorporating realistic reaction 
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conditions.21,22 However, an accurate description of the electrocatalyst surface and accounting 

for its possible restructuring under operating conditions, by taking into consideration effects 

such as electrode potential, presence of electrolyte, and solution pH, is necessary to develop 

an understanding of these catalysts and their performance. 

Here, we model eCORR reactions under realistic operational conditions. The starting point is 

the previously experimentally characterized ordered surface borides of copper on Cu(111).23–

25 We constructed potential-dependent grand canonical ensemble and free energy landscape 

of the copper boride surface, to identify relevant coverage of *H at neutral pH and varying 

cathodic potentials. Both thermodynamic and kinetic considerations (accounting for 

reconstruction, dissolution, and hydrogen evolution reaction) are made to produce the relevant 

surface models, and to identify routes to potential surface degradation. At relevant cathodic 

potentials, CO adsorption showed a strong preference for B sites over Cu sites. Surprisingly, 

further mechanistic investigations revealed that B sites generally outperform Cu sites in CORR 

and are particularly superior for C–C coupling, leading to C2 products. This work presents an 

unconventional instance wherein CORR chemistry occurs almost exclusively on B sites rather 

than Cu sites in contrast to typical non-metal doped Cu, and provides insights to develop an 

understanding of the activity, selectivity, and stability of this surface in catalyzing eCO2RR. 

This will allow for the development of superior heterogeneous electrocatalysts for the efficient 

conversion of CO2 to multi-carbon products. 

 

Results and Discussion 

Modelling electrocatalyst surface 

We considered the ordered copper boride (referred to as CuB hereon) surface with 

stoichiometry Cu8B14 which is reported to form after the deposition of boron on Cu(111) under 

ultrahigh vacuum. We constructed the unit cell consisting of a 4 × 1 supercell of CuB on a 3-

layer √73 × √39 superstructure of Cu(111), as reported experimentally,23 corresponding to a 

repeating Cu32B56 surface (Figure 1a).  The pH, electric double layers, and electrode potential 

can cause substantial restructuring of the surface, and therefore, the configuration of the CuB 

surface under the coverage of H was subjected to global optimization using the grand 

canonical genetic algorithm (GCGA).26–29 Notably, we sampled the positions of the Cu and B, 

and coverage of H atoms, to pursue possible reconstruction. The system was allowed to 

exchange H with a reservoir of hydrogen atoms held at a fixed chemical potential 𝜇H defined 

as: 

𝜇H(pH, 𝑈, 𝑇) =
1

2
𝐸H2

gas
− ln (10) 𝑘B𝑇pH − |𝑒|𝑈SHE + (ZPEgas + 𝐶𝑝

gas
− TSgas) − (ZPEads + 𝐶𝑝

ads

− 𝑇𝑆ads)   

GCGA searches were carried out at the pH of 7 and multiple electrode potentials between 0 

and -1.50 VSHE to minimize the coverage-dependent grand canonical free energy Ωads defined 

as: 

Ωads = 𝑈 − 𝑇𝑆 − 𝜇H𝑁H ≈ 𝐸slab−𝑛H − 𝐸slab − 𝑛H𝜇H 

In total, 4,191 unique structures for the CuB surface under H coverage were obtained. The 

results of grand canonical sampling at four cathodic potentials (-0.25 VSHE, -0.50 VSHE, -0.75 
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VSHE, and -1.00 VSHE) are illustrated in Figure 1 with H coverage represented by θH = nH/nB. At 

-0.25 VSHE, the process of H uptake by the CuB surface is initially thermodynamically 

unfavorable until around θH = 1.0, beyond which, further hydrogenation appears to be 

comparatively favorable but still overall endergonic.  At more negative electrode potentials 

(Figure 1c-e), the H uptake becomes thermodynamically favorable compared to the bare 

surface without hydrogen. At -0.5 V (Figure 1c), a plateau of metastability appears, 

corresponding to a set of deep hydrides of the CuB surface. The hydrogenation occurs on the 

surface boron, in contrast to pure Cu surfaces that uptake H at cathodic potentials.26–28 The 

preferential hydrogenation of B atoms over Cu atoms is likely due to stronger, covalent 

bonding in B–H compared to more ionic bonding in Cu–H. This is demonstrated by analyzing 

features of the charge density ρ using QTAIM (Quantum Theory of Atoms In Molecules).30,31 

Higher values of ρ (>0.1 a.u.) and generally negative values of ∇2ρ (i.e. the Laplacian) at the 

B–H bond critical points are indicative of their covalent nature while the contrastingly lower 

values of ρ (<0.09 a.u.) and positive values of ∇2ρ indicate ionic bonding in the Cu-H bonds 

(Figure S14). The sampling also shows that the thermodynamic global optimum corresponds 

to the uptake of even more H, with gradual breaking off of B atoms as borane-like structures, 

leading finally to the destruction of the B chains and likely borane dissolution. Besides borane 

formation, no substantial change of zigzag boron structures occurs, despite the sampling 

algorithm permitting it. Given the experimentally seen stability of the boron dopants on Cu in 

electroreduction conditions,21 it appears that the degradation must be prevented by kinetic 

effects, i.e. substantial barriers to excess hydrogenation and/or B chain breaking (vide infra) 

and competing hydrogen evolution reaction (HER) which maintains intermediate H coverage 

on the surface. Indeed, under non-equilibrium conditions that persist in thermal and 

electrochemical conditions, it has been observed that relaxation of the system to the 

thermodynamic global minimum can exceed relevant reaction timescales.26,28,32 For example, 

H coverage on Cu electrodes has been previously shown to be substantially lower than the 

thermodynamic prediction.28 Along similar lines, we conjecture that the surface is trapped on 

the metastable hydride plateau (outlined in Figure 1c) during CO2RR. Therefore, we 

constrained the upper limit of H coverage to ensure that the system has a maximum of one 

break-off B unit. Here, we only focus on the metastable H coverage regime outlined in Figure 

1c (corresponding to GCGA sampling conducted at -0.5 VSHE) and shown explicitly in Figure 

1f, i.e., where θH ranges from 0.45 to 0.90 (corresponding to nH = 25 to 50 per unit cell). This 

region exhibits a convex hull structure (Figure 1f), indicative of a local optimum in coverage. 

Note that for every θH, multiple possible structures are in a low energy window. A sub-

ensemble is therefore constructed with configurations within 0.2 eV (corresponding to an 

equivalent Boltzmann population cutoff of 0.0005) of the global minimum at each coverage 

from the pool of configurations obtained from the GCGA sampling conducted at -0.5 VSHE. This 

sub-ensemble covers the range where the B chains are majorly preserved on the surface due 

to kinetics, and only a minor breakage is observed.  
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Figure 1. (a) Cu32B56/Cu(111) unit cell. (b)-(e) Grand canonical free energy as a function of H 

coverage (in terms of θH), at different electrochemical potentials (vs SHE); each dash 

corresponds to a unique sampled local minimum with the global minimum at each H coverage 

marked with a circle. The region shaded blue indicates the upper limit of H coverage adopted 

in this work, beyond which, in the region shaded red, the system is considered losing boron to 

the solution phase. The plateau of metastability in (c) is indicated with a blue box. (f) The 

metastable region at -0.5 VSHE as marked in (c); this convex hull is observed with a local 

optimum at θH = 0.7.  

To assess the evolution of the surface H coverage under varying electrochemical potentials, 

we computed potential-dependent free energies for the states within the sub-ensemble via 

GCDFT and calculated their populations using Boltzmann statistics in the relevant potential 

regime (Figure 2). In the window of -0.5 V to -0.7 VSHE, structures with lower H coverage (θH < 

0.66) and no B chain breaking dominate. Around the electrochemical potential of -0.7 VSHE, 

this preference switches to higher H coverage (θH > 0.66) along with the initiation of B chain 

breaking. The configurations with higher H coverage include triply and quadruply 

hydrogenated B sites, with the latter being present as break-off units (Figure 2). However, B 

chain breaking associated with the excess hydrogenation of the B sites was found to have 

substantial kinetic barriers that are outcompeted by HER on these multiply hydrogenated B 

sites (see Supporting Information, Section S2), which likely prevents complete hydrogenation 

of the surface B atoms and subsequent dissolution, providing additional support for our prior 

assumption of kinetic metastability of the surface (vide supra). The sharp switch to higher H 

coverage (Figure 2) is also likely to be restrained by these kinetic barriers to B chain breaking 

and as such, we anticipate the lower H coverage structures to dominate the catalyst ensemble 

at operational timescales. The hydrogen-covered CuB surfaces were also found to be stable 

over 10 ps of unconstrained ab initio molecular dynamics (AIMD) simulations with explicit 

solvation, with no additional B chain breakage or B units floating into solution (see Supporting 

Information, Section S3). We found that within the region of potential importance in CO2RR, 

i.e., -0.6 to -0.9 VSHE, the structures with θH = 0.46 (nH = 26 per unit cell) and θH = 0.70 (nH = 

39 per unit cell) have a particularly high (sometimes exclusive) population. Additionally, a 
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single configuration corresponding to the global minimum (as shown in Figure 2) was found to 

contribute almost exclusively in case of both of the above coverages, i.e., for θH = 0.46 near -

0.6 VSHE and θH = 0.70 near -0.8 VSHE (Figure S3). These configurations, hereafter referred to 

as low coverage, or LC (-0.6 VSHE), and high-coverage, HC (-0.8 VSHE), respectively (with the 

inclusion of the approximate potential at which each dominates the Boltzmann ensemble 

included in the nomenclature) were subjected to further investigation for their activity toward 

electrochemical CO reduction. 

 

Figure 2. Boltzmann population of different H coverage ensembles as functions of 

electrochemical potential. The minimum energy structures (top and side views along with the 

stoichiometry of the corresponding unit cell) of each ensemble are shown, and break-off B 

units are circled in red. The predominant configurations LC (-0.6 VSHE) and HC (-0.8 VSHE) are 

denoted separately. 
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Bader charge analysis of the pristine and H-covered CuB (overall charge-neutral) surface was 

carried out to understand the influence of H coverage on the electronic structure of the surface 

(Figure 3). For the pristine surface, the surface B and Cu atoms carry an average Bader charge 

of -0.24 e and +0.29 e respectively, indicating oxidation of the surface Cu by the B atoms. 

Specifically, among the B atoms, those at the corners of the zigzag B chains are least 

negatively charged and become progressively more negatively charged toward the center of 

the zigzag chains.23,24 The B atoms covered with H atoms, having transferred electron density 

to the respective H atoms, are positively charged. Among the B atoms without B-H bonds, the 

extent of negative charge is seen to follow the geometric trend observed for the pristine 

surface. Therefore, the final charge of a surface B atom depends on both the presence or 

absence of H atoms bound to it and its location in the B chain, i.e., a combination of charge 

transfer to and from coordinating H and Cu atoms on the surface. 

 

Figure 3. (a) Bader charges of the pristine and H-covered CuB surface configurations LC (-

0.6 VSHE) and HC (-0.8 VSHE) which dominate the Boltzmann ensemble at -0.6 VSHE and -0.8 

VSHE respectively. (b) Site-dependent CO binding energies on the predominant H-covered CuB 

surface configurations. Note that sites where CO did not bind successfully are colored dark 

grey and light grey for Cu and B respectively. 

 

To identify potential sites for CORR, we sampled CO binding at different sites on the 

hydrogenated CuB surface. The large size of the unit cell made an extensive GCGA sampling 

of CO (in addition to surface restructuring and H coverage) prohibitively expensive, and we 

therefore resorted to a combination of one-shot sampling methods implemented in GOCIA29 

for CO adsorption (see Supporting Information, Note 2). The CO binding sites thus obtained 

are visualized in Figure 3b with their associated binding energies. The strongest CO binding 

corresponds to a binding energy (ΔEb,CO) of -0.76 eV (corresponding binding free energy, 
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ΔGb,CO = -0.22 eV) at LC (-0.6 VSHE) and -1.49 eV (ΔGb,CO = -0.82 eV) at HC (-0.8 VSHE). It was 

observed that, in general, CO preferentially binds to the B atoms rather than the Cu atoms on 

the surface at both LC (-0.6 VSHE) and HC (-0.8 VSHE). We attribute this to the higher electron 

density on the B atoms relative to Cu, which leads to enhanced electrostatic attraction for the 

protons arriving from solution, and stronger boron-to-ligand π-backbonding, therefore 

strengthening the B-CO bond compared to the Cu-CO bond (see Supporting Information, 

Section S5). In some cases, CO binds to H-covered B sites by displacing the adsorbed *H to 

a neighboring site; however, these instances do not correspond to the strongest CO binding 

(Figure 3b). Most of the other B sites capable of binding CO strongly generally fall into one of 

two categories, being part of either a B3+ chain, i.e., three or more consecutive B atoms without 

H atoms, or part of a B2 chain, i.e., two consecutive B atoms without H atoms. This 

categorization is anticipated to be useful later in the context of C2 reaction pathways since C–

C coupling on B sites in a B2 chain necessitates CO adsorption on neighboring B atoms 

whereas on B sites in a B3+ chain, it may proceed from CO adsorption on alternate B atoms. 

We consider a number of these CO binding sites (both B and Cu) for subsequent mechanistic 

investigation at each of the above electrochemical conditions.  

 

Mechanistic study of C1 and C2 pathways 

Achieving a high C2 vs C1 selectivity during eCORR is of fundamentally high importance, and 

B-doped Cu has been reported to be highly selective for the formation of C2 products.21 To 

this end, we carried out mechanistic studies of C1 and C2 pathways on the CuB surface under 

applied electrochemical potential and the appropriate surface H coverage. Previous 

mechanistic studies modelling CO reduction on Cu have identified key steps and intermediates 

leading ultimately to C1 and C2 products (Scheme 1).33–37 For C1 products, this involves the 

hydrogenation of CO to CHO or COH and their subsequent hydrogenation to CHOH, which 

ultimately leads to C1 products. For C2 products, the reaction proceeds via the C-C coupling 

of neighboring CO molecules to produce CO–CO, or of CO with a hydrogenated intermediate 

to produce CO–COH or CO–CHO. These are the reaction intermediates we modelled on the 

different B and Cu sites as discussed above.  

 

 

Scheme 1. CORR pathways toward C1 and C2 products. 
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The reaction intermediates for the C1 and C2 pathways were modelled on various CO binding 

sites at LC (-0.6 VSHE) and HC (-0.8 VSHE) (Figure 4). To keep the problem tractable, we used 

a ΔGb,CO cutoff of 0.6 eV (compared to the strongest CO binding site) when considering various 

sites for this mechanistic investigation. This results in 20 and 22 different sites respectively in 

the two electrochemical conditions, as highlighted in Figure 4a,d. At LC (-0.6 VSHE), all the 

sites satisfying this cutoff at B sites and we therefore took the strongest CO binding Cu site 

(marked as site 4 in Figure 4a) additionally into consideration, to be comprehensive. For each 

reaction intermediate, a spectrum of site-dependent free energies is observed, of which, the 

site corresponding to the minimum free energy is highlighted and numbered in Figure 4a,d.  

The ensemble-averaged reaction free energy for each process, ⟨ΔGrxn⟩, is thus obtained by 

Boltzmann-weighting the ΔGrxn values, using ΔGb,CO at that site as a weighting factor: 

⟨Δ𝐺rxn⟩ =

∑ Δ𝐺rxn
𝑖 exp (−

Δ𝐺b,CO
𝑖

𝑘𝐵𝑇 )𝑖

∑ exp (−
Δ𝐺b,CO

𝑖

𝑘𝐵𝑇
)𝑖

 

For the C1 pathway, *CO hydrogenation to *CHO is more favorable than *CO hydrogenation 

to *COH, which demands a significantly higher free energy penalty, at both conditions. 

Specifically, ⟨ΔGrxn⟩ *CHO formation has values of +0.08 eV at LC (-0.6 VSHE) and +0.01 eV at 

HC (-0.8 VSHE). The corresponding values for *COH formation are +1.68 eV at LC (-0.6 VSHE) 

and +1.46 eV at HC (-0.8 VSHE) – this stark destabilization of *COH intermediates appears to 

be due to the linear chain-like nature of the surface B and Cu atoms which do not 

coordinatively saturate the *COH fragment (Figure 4g), analogous to a “top” site on Cu(111). 

Indeed, in the case of the most stable *COH binding state in HC (-0.8 VSHE) labelled in Figure 

4e, which is also the only *COH state within 0.5 eV of the most stable *CHO state, involves a 

B chain breakage, creating a “hollow” site in order to coordinatively saturate the *COH 

fragment (Figure S15) – the energetic cost of B chain breakage, nevertheless, renders the 

*COH state non-competitive in the electroreduction pathways. Both *CHO and *COH states 

are significantly destabilized at the Cu sites compared to the B sites. Relative to the lowest 

energy configuration, the most stable Cu-bound *CHO state is destabilized by +0.94 eV at LC 

(-0.6 VSHE) and +0.62 eV at - HC (-0.8 VSHE). The corresponding destabilization of the most 

stable Cu-bound *COH state is 1.51 eV at LC (-0.6 VSHE) and 1.36 eV at HC (-0.8 VSHE). Thus, 

*CHO formation is more favorable at the more cathodic potential and higher H-coverage and 

thermodynamically more facile at the B sites than the Cu sites. Sequential hydrogenation from 

*CO to *CHOH has ⟨ΔGrxn⟩ values of 0.13 eV at LC (-0.6 VSHE) and 0.31 eV at HC (-0.8 VSHE). 

We calculated free energy barriers for *CHO formation at various sites to estimate the kinetics 

for entering the C1 pathway. A spread in *CHO formation barriers is observed and Boltzmann-

weighting them by the site-specific ΔGb,CO gives an ensemble-averaged free energy barrier of 

0.93 eV at LC (-0.6 VSHE) and 0.78 eV at HC (-0.8 VSHE).  

For the C2 pathway, routes via *CO dimerization, and C–C coupling to form *CO–COH and 

*CO–CHO were considered. Notably, none of the C–C coupled species were stable on 

neighboring Cu sites and promptly dissociated upon relaxation. Therefore, we only considered 

neighboring B sites, and neighboring B and Cu sites, for C2
 pathways. Due to the high 

destabilization of the initial state containing *COH species relative to *CO and *CHO species, 

the *CO–COH pathway for the formation of C2 product is ruled out on all of the considered 

sites. Both the CO dimerization and the *CO–CHO coupling pathways are probable based on 
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the free energies of their corresponding intermediates. Specifically, the ⟨Δ𝐺rxn⟩ for CO 

dimerization is 0.34 eV at LC (-0.6 VSHE) and 0.15 eV at HC (-0.8 VSHE) when ensemble-

averaged across all considered sites. The corresponding value of ΔGrxn on the neighboring 

Cu–B sites at LC (-0.6 VSHE) (4-8 in Figure 4c) is 0.56 eV, largest among all sites. At HC (-0.8 

VSHE), CO dimerization is comparatively more facile at Cu–B site (1-8 in Figure 4f), with a ΔGrxn 

of 0.26 eV. *CO–CHO formation has a ⟨Δ𝐺rxn⟩ equal to 0.31 eV and 0.39 eV at LC (-0.6 VSHE) 

and HC (-0.8 VSHE) respectively. Since *CO–CHO formation through this route must 

necessarily be preceded by *CHO formation, and the latter’s conversion to *CHOH formation 

is thermodynamically more favorable, we also discard the C–C coupling process for *CO–

CHO formation in favor of CO dimerization as an entry point into the C2 pathway. Free energy 

barriers for CO dimerization calculated at various sites have an ensemble-average value of 

0.55 eV at LC (-0.6 VSHE) and 0.44 eV at HC (-0.8 VSHE). 
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Figure 4. B and Cu sites considered for CORR on predominant H-covered CuB surface 

configurations (a) LC (-0.6 VSHE) and (d) HC (-0.8 VSHE). Note that the site labels in (a) and (d) 

correspond to different sites. Gibbs free energy profiles for reaction pathways leading to (b), 

(e) C1 and (c,f) C2 products at LC (-0.6 VSHE) and HC (-0.8 VSHE), respectively. Gibbs free 

energies are calculated relative to the respective H-covered CuB surface. For each 

intermediate, the site corresponding to the minimum free energy is highlighted in color and 

labelled, and all the intermediate states at such sites are connected in the profile. States 

corresponding to intermediates at all other sites are colored light grey for clarity. (g) CORR 
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reaction intermediate structures on site 3 at LC (-0.6 VSHE). (h) *C2O2 motifs on distinct sites 

at LC (-0.6 VSHE) including B3 (7-8, 5-6), B2 (1-11), and Cu-B (4-8) sites. 

 

The configuration for CO dimerization, involving two *CO molecules on nearby sites, incurs a 

thermodynamic penalty relative to the one *CO configurations. Thus, it may not be appropriate 

to compare the intrinsic free energy barriers for the *CHO formation and CO dimerization 

processes directly, since they are referenced to different initial states. We therefore compare 

Gibbs free energies of the transition states (Δ𝐺‡) for CO dimerization and *CHO formation 

directly and quantify C2/C1 selectivity using ΔΔ𝐺‡(CO dimerization – *CHO formation) (Figure 

5). As noted previously, we expect the lower H coverage state, represented by the LC (-0.6 

VSHE) state, to dominate the catalyst ensemble at operational timescales due to kinetics 

associated with excess hydrogenation and B chain breaking, even at lower electrode 

potentials at which HC (-0.8 VSHE) is thermodynamically more stable. We therefore calculate 

the C2/C1 selectivity at the LC (-0.6 VSHE) state (and at the HC (-0.8 VSHE) state, for comparison) 

as a function of the varying electrode potential. While C1 and C2 processes appear evenly 

matched for the LC (-0.6 VSHE) state of the catalyst near -0.5 VSHE, the calculated C2:C1 

distribution indicates increasing C2 selectivity as the electrode potential is further lowered, with 

complete C2 selectivity near -1.5 VSHE. This is qualitatively similar to the selectivity switch 

observed by Sargent et al. in the case of B-doped Cu.21 In contrast, the HC (-0.8 VSHE) state 

of the catalyst shows complete C1 selectivity across the potential range considered here. Thus, 

the kinetically metastable LC (-0.6 VSHE) state of the catalyst endows it with high C2 selectivity 

at electrode potentials below -0.6 VSHE. Transition to the thermodynamically more stable HC 

(-0.8 VSHE) would likely abolish C2 selectivity – unless other C2 pathways not considered here 

prevail – and promote C1 product formation. 
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Figure 5. Free energy barriers for (a) *CHO formation and (b) CO dimerization at LC (-0.6 

VSHE); (c) *CHO formation and (d) CO dimerization HC (-0.8 VSHE). Only the sites with the 

lowest energy transition state, initial state, or final state are colored and labeled; the coloring 

and labeling schemes from corresponding pathways in Figure 4 are maintained here. Minimum 

and ensemble-averaged Δ𝐺‡ for entering C1 and C2 pathways and their difference (ΔΔ𝐺‡) at 

(e) LC (-0.6 VSHE) and (f) HC (-0.8 VSHE) as a function of electrode potential. C1 and C2 product 

distribution calculated for (e) LC (-0.6 VSHE) and (f) HC (-0.8 VSHE) as a function of electrode 

potential. All Gibbs free energies are calculated relative to the respective H-covered CuB 

surface.  
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HER is generally an unavoidable side-reaction in aqueous electrocatalysis,6,21,26,27,35 

competing with eCO2RR, particularly when sharing similar onset potentials. We therefore 

inspected the tendencies of the predominant H-covered CuB surfaces LC (-0.6 VSHE) and HC 

(-0.8 VSHE) to undergo HER. We considered both the Tafel and Volmer-Heyrovsky 

mechanisms at these configurations. The Tafel barriers (two *H coupling involving the least 

strongly bound *H) for the preferred configurations at LC (-0.6 VSHE) (with nH = 26 per unit cell) 

and HC (-0.8 VSHE) (with nH = 39 per unit cell) were calculated to be 0.52 eV and 0.26 eV 

respectively. The Volmer-Heyrovsky mechanism involves the initial Volmer step (*Hn + H+ + 

e– → *Hn+1) and the subsequent Heyrovsky step (*Hn+1 + H+ + e– → *Hn + H2) resulting in 

hydrogen evolution. We calculated the ΔGrxn for each step starting from the aforementioned 

global minimum configurations with implicit solvation. At LC (-0.6 VSHE), the relevant process 

was *H26→*H27→*H26, where the ΔGrxn for the Volmer and Heyrovsky steps were +0.20 eV 

and -0.14 eV respectively. At HC (-0.8 VSHE), the relevant process was *H39→*H40→*H39, 

where the Volmer and Heyrovsky steps involved ΔGrxn of +0.26 eV and -0.60 eV respectively. 

Clearly, in both cases the penalty for HER originates from the initial change in configuration 

starting from a global minimum structure. Volmer-Heyrovsky steps may also be initiated from 

closely related structures, which can be accessible during operational conditions while 

involving the global minimum structure as an intermediate state. At LC (-0.6 VSHE), considering 

the process originating from a *H25 state (+0.04 eV above the global minimum *H26), 

*H25→*H26→*H25, we find that the Volmer and Heyrovsky steps have ΔGrxn of -0.04 eV and 

+0.10 eV respectively. The case is slightly different at HC (-0.8 VSHE), where the process 

originating from a *H38 state (+0.04 eV above the global minimum *H39), *H38→*H39→*H38, has 

both the Volmer and Heyrovsky steps being thermodynamically favorable with ΔGrxn equal to 

-0.04 eV and -0.29 eV respectively. Other states with potentially more favorable HER 

thermodynamics may participate in HER but are likely to not be prominent owing to their 

relatively miniscule populations. In summary, we find HER to be an unavoidable and 

competing process parallel to CO2RR, as also observed by Sargent and co-workers in the 

case of B-doped Cu.21 Additionally, persistent HER on the surface likely plays a role in 

maintaining the intermediate H coverage, preventing the system from reaching very high H 

coverage, and thereby preserving the B chains on the surface. 
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Figure 6. (a) Lowest energy CO dimerization transition states on B2 and B3+ chains and their 

corresponding Gibbs free energies. (b) B-C-O fragments involved in lowest energy CO 

dimerization at B2 (top) and B3 (bottom) sites and their respective change in −ICOHP𝐸F
 values 

upon dimerization. 

 

A closer look at configurations with most facile CO dimerization (Figure 6a) reveals that each 

of them involves CO adsorption on alternate B atoms in B3+ chains whereas other 

configurations involve CO adsorption on adjacent B atoms, either in B2 or B3+ chains, prior to 

coupling. To gain further insight into the higher C2 activity of configurations with CO adsorbed 

on alternate sites in B3+ chains relative to those adsorbed on B2 chains, we performed crystal 

orbital Hamilton population (COHP) analysis38 of the fragments involving the respective B sites 

and CO molecules in the reactant and product states of CO dimerization. The obtained COHP 

is integrated up to the Fermi level to yield negative integrated COHP (−ICOHP𝐸F
), which acts 

as a descriptor of the strength of the covalent and noncovalent interactions. In line with the 

positive ΔGrxn for CO dimerization, a decrease in the magnitude of −ICOHP𝐸F
 along the reaction 

coordinate was observed. It was noted that, for the B3 site (i.e., three consecutive B atoms on 

a B3+ chain) under consideration, the change of magnitude of −ICOHP𝐸F
 was much lower 

compared to the B2 sites (i.e., two consecutive B atoms on a B2 chain) – likely arising from the 

lower extent of distortion and strain in the fragment upon CO dimerization to form a five-

membered ring at a B3 site versus a four-membered ring at a B2 site (Figure 6). This provides 

an indication as to why CO dimerization is easier at the B3 site. 

 

Conclusion 

In summary, we have presented a realistic model of a surface copper boride under operational 

electrochemical conditions, followed by mechanistic studies of eCORR that indicate C2 

selectivity of this electrocatalyst. Excess B hydrogenation was found to cause B chain 

breaking, and surface degradation under cathodic potentials. However, this process is 

kinetically inhibited by HER under operational conditions, resulting in a kinetically metastable 

H-covered copper boride surface. A potential-dependent grand canonical ensemble for the 

metastable configurations of the H-covered catalyst surface was constructed using GCGA 

global optimization and GCDFT calculations. Two configurations of the catalyst, namely, LC 

(-0.6 VSHE) and HC (-0.8 VSHE) were identified to dominate this ensemble, with the formation 

of the latter again appearing to be kinetically hindered.  Investigation of C1 and C2 pathways 

for eCORR on these configurations revealed site-dependent reactivity with B sites significantly 

outperforming Cu sites in CO binding and electroreduction. The LC (-0.6 VSHE) configuration 

is C2-selective at electrode potentials under -0.6 VSHE, facilitating the C–C coupling (via *CO 

dimerization) over CO hydrogenation (via *CHO formation). In contrast, the HC (-0.8 VSHE) is 

C1-selective under all relevant potentials. Thus, the metastability of the LC (-0.6 VSHE) state of 

the catalyst endows it with high C2 selectivity at electrode potentials below -0.6 VSHE. This C2 

selectivity is primarily attributed to neighboring B sites in B3+ chains rather than neighboring B 

sites in B2 chains, as supported by chemical bonding analysis. Overall, this work highlights the 

unusual and very important B-centered reactivity on the surface copper boride, demonstrating 

the potential of leveraging B-centered reactivity on transition metal boride surfaces to drive 

electrocatalytic processes, including the challenging reduction of CO(2) to C2 products.39,40  
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Computational Methods 

Model Setup 

We constructed the unit cell with cell dimension of 21.84 Å ×  15.96 Å with 𝛼 = 70.28° (as 

reported experimentally23) consisting of a 4 × 1 supercell of surface copper boride on a 3-layer 

√73 × √39 superstructure of Cu(111), corresponding to a repeating Cu32B56 surface. The 

bottom layer of the slab was constrained as the bulk region with everything else allowed to 

relax. A vacuum of 20 Å was added in the z-direction to avoid interaction between periodic 

images. 

DFT Calculations 

The local optimizations and energy calculation are performed with the RPBE functional41 and 

corresponding pseudopotentials in the projector-augmented wave (PAW)42 scheme using the 

VASP program (version 5.4.4).43–46 The convergence criteria for electronic and force 

minimization were set to 10–5 eV and 0.10 eV/Å during the global optimization and 10–6 eV 

and 0.03 eV/Å for the final refinement. Due to the relatively large system and sampling size, 

only the Γ k-point was sampled in the reciprocal space of the Brillouin zone throughout, and 

the cutoff energy for the kinetic energy of the plane-waves was 400 eV. The vibrational 

contributions to the free energy by the slab atoms are neglected considering their small 

contribution and high computational cost.47 The zero-point energy (ZPE) and thermal 

contribution terms of the adsorbates are obtained from frequency calculations and evaluated 

at 298.15 K, with the partial pressure of gaseous species (H2 and CO) being set to 1 atm (see 

Supporting Information, Section S7).  

The transition states (TS) were located using climbing image nudged elastic band (CI-NEB) 

method48 and each TS geometry was confirmed to have only one imaginary mode. Bader 

charges were calculated using the Bader Charge Analysis program.49 COHP analysis is 

performed using the LOBSTER program.38 Quantum theory of atoms in molecules analysis is 

performed using the critic2 program.50 Isosurfaces are visualized using the VESTA program.51 

Grand Canonical Genetic Algorithm 

The chemical space of CuB surface reconstruction and H coverage was sampled by grand 

canonical genetic algorithm (GCGA) global optimization using our open-source GOCIA python 

package.29 The system is treated as a grand canonical ensemble of H adsorbates, and the 

search target is to minimize the coverage-dependent grand canonical free energy Ωads: 

Ωads = 𝑈 − 𝑇𝑆 − 𝜇H𝑁H ≈ 𝐸slab−𝑛H − 𝐸slab − 𝑛H𝜇H 

where 𝐸slab−𝑛H and 𝐸slab are electronic energies of the adsorbate-covered and the bare CuB 

surface, respectively. The vibrational contributions to the free energy by the slab atoms are 

neglected considering their small contribution and high computational cost.47  The chemical 

potential of H, 𝜇H was calculated as: 

𝜇H(pH, 𝑈, 𝑇) =
1

2
𝐸H2

gas
− ln (10) 𝑘B𝑇pH − |𝑒|𝑈SHE + (ZPEgas + 𝐶𝑝

gas
− TSgas) − (ZPEads + 𝐶𝑝

ads

− 𝑇𝑆ads)   
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where the pH and U (in SHE scale)-dependent terms are calculated using the computational 

hydrogen electrode model. The ZPE and thermal contribution terms of the adsorbates are 

obtained from frequency calculations and evaluated at 298.15 K. 

A population size of 25 and a mutation rate of 40% were used for the GCGA sampling. The 

pool of initial candidates is generated using the box sampling method in GOCIA, which places 

adsorbates with random positions and orientations into the sampling box. The surface Cu and 

B surface atoms are perturbed in the initial generation, and their arrangements are allowed to 

relax as we sample different H coverages and configurations. Any other surface B 

configurations other than chains turn out to be thermodynamically unfavorable in the mid to 

low H coverage regime. 

Grand Canonical DFT Calculations 

Under constant electrochemical potential, the electrode surface represents a grand canonical 

ensemble of electrons where the number of electrons is varied to adapt to the change in the 

work function of the surface. The potential-dependent electronic grand canonical free energy 

of the surface 𝛺𝑒𝑙 was approximated by a surface charging model52  

Ωel(𝑈) = 𝐸(𝑈) − 𝑞(𝑈)𝐹𝑈 ≈ 𝐸(𝑈0) −
1

2
𝐶(𝑈 − 𝑈0)2 

which treats the electrochemical interface as an effective capacitor. Here, 𝐸(𝑈) is the 

electronic energy of the surface under a potential 𝑈 that is calculated by refencing the Fermi 

level of the system against the vacuum level. 𝑞(𝑈) is the surface charge difference referenced 

against the neutral system and 𝐹 is the Faraday constant. 𝑈0 stands for the potential of zero 

charge in vacuum scale and 𝐶 is the effective capacitance. 

The self-consistent implicit solvation model VASPsol53 is used to represent the polarizable 

electrolyte region. The surface slab is symmetrized via a point center symmetry operation to 

avoid an asymmetric potential in the implicit solvation region. The thickness of the implicit 

solvent slab is increased to 5λ, where λ (the Debye screening length) is evaluated by54 

𝜆 ≈
3

√𝐼
Å  

where I is the ionic strength in M; in this study, we take it to be 0.1 to model the 0.1 M KCl 

electrolyte used by Sargent et al.21 Hence, the implicit solvent thickness is set to 50 Å for the 

symmetrized slab.  

By varying the number of electrons in the system,  𝐸(𝑈) of the system at the corresponding  𝑈 

and 𝑞(𝑈) can be obtained, and thereby, a quadratic relation between Ωel(𝑈) and 𝑈 can be 

fitted by sampling a series of 𝑞 values. Multiple calculations were performed at extra charges 

of -3, -2, -1, 0, +1, +2 |e| per simulation box to fit the quadratic potential-dependent free energy 

relation. The 𝑈 (in vacuum scale) can be converted into the SHE scale by referencing it 

against the benchmarked value (4.60 V for VASPsol).55  

The final coverage- and potential-dependent grand canonical free energy Ωtot was 

approximated by: 

Ωtot(𝑛H, 𝑈) = Ωads
slab−𝑛H(𝑈) − Ωads

slab(𝑈) − 𝑛H𝜇H(pH, 𝑈, 𝑇) 
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Given the considerable computational cost involved, the GCDFT calculations were performed 

not during the GCGA sampling but on a subset of structures (within 0.2 eV from the GM of 

each coverage state in the metastable plateau) from the final ensemble, a posteriori. This 

approach greatly reduced the computational expense of constructing the potential-dependent 

grand canonical ensemble while capturing the energetics of key accessible states in the 

ensemble. 
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