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Abstract

Project Code: TRG5680015

Project Title: Electroreduction of CO, to methane on Cu-based alloys: First-principle
calculations

Investigator: Dr. Pussana Hirunsit National Nanotechnology Center, National Science
and Technology Development Agency

E-mail Address: pussana@nanotec.or.th

Project Period: June 03, 2013 — June -02, 2015

A systematic investigation of CO, electroreduction to CH, and CH;OH on copper-based alloys
stepped surfaces, Cu, CusAg, CusAu, CusNi, CusPd, CusPt, Cu;Co, CusRh, and Cuslr, was
performed using density functional theory (DFT) calculations associated with the standard
hydrogen electrode model. The calculation results were able to determine the correlations
between CO adsorption energy and the other key C,H,O, intermediates adsorption energy, the
overpotential, the limiting-potential elementary step, and selectivity to CH,, CH;0H, HCOOH, and
H,. The electrode efficiency decrease by OH* poisoning and the H, evolution is also investigated.
The results demonstrate that the CO* protonation is the limiting-potential step on most surfaces,
with the exception on CusAu and CusCo surfaces. In spite of the excessive strong CO* interaction
on some surfaces, the overpotentials reduce when the degree of CO* adsorption energy and
HCO*/COH* adsorption energy decoupling increases. The CO* adsorption energy is a good
descriptor for linear scaling correlations with the other C,H,0, intermediates due to the similar
charge transfer characteristics of the C-O bond in CO* and those intermediates. The formic acid
production can be efficiently catalyzed on Cu;Pt, CusNi, Cu;Co, and Cu;Rh surfaces. Methanol
production is favorable on Cu;Pd and CusPt surfaces, yet they show high overpotential (~0.7
V). The key of methanol selectivity is CH,OH* intermediate formation favorability associated with
the preference of CH,OH* protonation at the C atom over the O atom. The calculations reveal
that the electroreduction activity on Cu-based alloys catalysts do not show a volcano type relation

as was previously found on pure metal catalysts

Keywords: CO, reduction, density functional theory, heterogeneous catalysis, and copper alloys
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1. Introduction

The electroreduction of CO, to valuable hydrocarbon products is a promising process that would
create a significant impact to the global carbon balance by recycling waste CO, into usable
hydrocarbons. The critical challenges for the CO, electroreduction process are that the reaction
must be at a low overpotential as well as being selective. The overpotential is the difference
between the applied potential and the equilibrium potential for the reaction. The faradic efficiency
and selectivity of CO, electroreduction depends on a number of factors; the electrode materials,
electrode surface structures, type of ionic species in electrolytes, local pH, and CO, concentration
on the electrode.™ The electrode material is crucial in that it plays essential roles in determining
the overpotential, efficiency and selectivity. A variety of electrode materials have extensively been
examined for CO, electroreduction, including ionic liquids'®, organometallic complexes''"?,
organic compounds '™, doped graphene15, semiconductors'®, proteins'’ and enzymes (carbon
monoxide dehydrogenase)'®'®. Several excellent reviews provide important research advances
regarding catalysis for CO, conversion and other important factors as well.® % 224

A Copper electrode was found to perform the direct reduction of CO, to hydrocarbons (methane
and ethylene) with a reasonable current density (5-10 mA.cm?) and current efficiency." 2% A
wider range of hydrocarbons such as ethanol and propanol can also be produced.” ?”*° The most
common reactions and their equilibrium potentials vs RHE (reverse hydrogen electrode) are listed
in reaction (1-6). Despite the unique hydrocarbons production from CO,, copper inefficiently
catalyzes CO, electroreduction to the point that the overpotential is quite high, approximately 1.0
V. Thermodynamically, the equilibrium potential of CO, reduction to CH, (reaction 5) is only +0.17
Vi at 18.5 °C. Nevertheless, it was experimentally shown that the potential of -0.8 V is required
for the onset CH, production on a copper electrode and -1.0 V is required for a decent current (2
mA.cm™ to CH, production).>' Hori et al. proposed that the reduction of COH* intermediate, which
is formed upon CO* reduction, might be the rate determining step.*? Several groups have also
shown that the rate-limiting step occurs after the formation of CO*.***® The density functional
theory (DFT) calculations by Ngrskov’s group indicated that the limiting potential step of CO,
reduction to CH, on Cu(211) surface is the protonation of adsorbed CO* to form adsorbed HCO*
(CO*+H +¢ - HCO*).*® The calculations suggested that when the adsorbed HCO* can be
stabilized relative to adsorbed CO*, the overpotential can be significantly reduced leading to a

more efficient process.
CO, + 2(H* + &) = HCOOH(aq) U = -0.20 Ve (1)

CO, + 2(H" + &) = CO + H,0 U =-0.12 Vree 2)



CO, + 4(H* + &) = CH,O(aq) + H,0 U = -0.07 Ve (3)

CO, + 6(H* + &) = CH,0OH(aq) + H,0 U = +0.03 Vpue (4)
CO, + 8(H" + &) = CH, + 2H,0 U= +0.17 Ve (5)
2C0, + 12(H" + &) = C,H, + 4H,0 U = +0.08 Vpue (6)

The CO, electroreduction on Cu catalyst yields the relatively high selectivity of methane and
ethylene formation instead of methanol, while methanol is the majority product for the
conventional CO, conversion. The selectivity still remains a crucial question.. Recently, the DFT
calculation of the kinetic barrier of the CO, reduction paths by Nie et al*"*® revealed that the
selectivity step for methane versus methanol on Cu(111) occurs with hydrogenation of CO* to
COH* (produce CH,/C,H,) versus CHO* (produces CH;OH).**® The reduction of CO* to COH*
is kinetically favored over CHO* when the potential-dependent barriers for hydrogenating the CO*
are evaluated in the presence of a water molecule.®® The polar O-H bond formation is stabilized
through water-assisted proton shuttling coupled with electron transfer.>® The less polar C-H bond
requires direct surface interaction with both C and H at the ftransition state. Once COH* is
produced, it is further reduced to C*, and then reduced to CH, and C,H, products on Cu(111).%
Thus, the proposed reaction path by Nie et al.*" differs from the one proposed by Peterson et
al.® for methane production which goes through CH,O* and CH,0* intermediates. Also, the DFT

studies by Nie et al 3"

indicate that surface CH;O* will kinetically favor methanol production
over methane due to higher barriers for methane formation. The methanol formation was also
proposed to go through reduction of methanediol which is the hydrated form of formaldehyde.>*
The relative stabilities and rate of formation of CHO* versus COH* are dependent on various
parameters, such as Cu surface structure, computational functional and approach of solvation
inclusion. The intermediates adsorption is very sensitive to the electrode surface morphology
resulting in the voltammetry feature changes and the change in voltage potential of the product

formation.*®*" Although copper is not an ideal catalyst, the understanding of this unique ability of

a copper electrode is fruitful for better catalyst design.

In addition, several studies have investigated the pathway leading to C, species products and
the step determining the favorability between C, and C, species.®® **** Nevertheless, the
reduction reaction mechanism selectively leading to C, or C, species is still unclear. The previous
experiment suggested that on a copper electrode the HCO* is the key intermediate towards the
breaking of the C-O bond, leading to C, species (methane) production, while the key first step of
the C, species products such as ethylene and ethanol was suggested to be the formation of CO

dimer.*?** The DFT calculations by Nie et al. also suggested that the effective barrier for ethylene



formation occur at CH,* reduction to CH,* on Cu(111).%” Though the rate constant favors ethylene
selectivity at lower overpotentials on Cu(111), the relative coverage of CH,* and H* will also affect
the selectivity and might be expected to further promote methane formation at higher
overpotentials.’” Hansen et al. also predicted that the formation of both CH, and C,H, are
kinetically feasible from CH,* on Cu(211) surface, with CH, being more kinetically favorable.*
The presence of CH,* allows for ethylene production from the same path as methane, which
matches recent experimental studies® that indicate these two products share a common

intermediate.

The electroreduction of CO, to hydrocarbons takes place on almost all metal electrodes, although

the efficiencies and the selectivity are low.?? 4546 The CO, electroreduction using 0.1 M KHCO,

electrolyte and a temperature of 18.51% 0.5 °C on various pure metal electrodes demonstrated
that CO and formate are the main products on many metal electrodes.?® *® The CO formation
occurred on Cu, Au, Ag, Zn, Pd, Ga, Ni and Pt and the formate formation took place on Pb, Hg,
In, Sn, Cd and T1.?* *® Also, the electrochemical reduction of CO, at a low-temperature of 0°C in
0.05 mol dm™ KHCO; solution revealed a similar product selectivity group, that CO is mainly
produced on Ti, Ni, Ag and Au electrodes and HCOOH is mainly yielded on Cd, In, Sn, Pb, TI,
and Hg electrodes.® Also, it was experimentally shown that Zn, Ag, Cu, Ni, and Pt are able to
produce both methane and methanol and the selectivity may be determined by the C* and O*

binding energy by modifying the surface to favor or disfavor C-O bond breakage.

Furthermore, the electrode potentials of CO, reduction on metals are well correlated with the
potential of H, evolution which is a competitive side reaction and may obstruct the further
reduction of hydrocarbon intermediate species.?* *® Many pure metal electrodes catalyze a major
side reaction of H, evolution (HER); metals in group VA, VIA, Mn, Re, Fe, Ru, Co, Rh, and Ir.4®
Compared with all metals, Cu is the only metal that produces hydrocarbons (C,H,) efficiently.
Based on DFT calculations by Narskov’s group, the analysis of CO, reduction to CH, on transition
metals; Cu, Pt, Rh, Pd, Ni, Au and Ag revealed the “volcano” type of the activity diagram in which
Cu is at the top among these metals.*’ The calculations clearly exhibit why Cu is the best-known
metal electrocatalyst. Copper exhibits a better ability to perform CO* protonation than the other
metals, but this is only associated with the poor activity of the hydrogen evolution reaction (HER),
i.e., moderate negative potential for HER.* They suggested that the key to a substantially
improved process efficiency is to find materials that have the binding energy of CO* and the
binding energy of products upon CO* protonation (HCO* or COH*) decoupling, which leads to

the reduction of the CO* and the protonation potential to be less negative.*’



Alloying is an approach that may reduce the overpotential. It also leads to a major change in
product distribution and faradic efficiency compared to those of the pure metals.*® Many Cu alloys;
Cu-Ni, Cu-Sn, Cu-Pb, Cu-Zn, Cu-Cd and Cu-Ag were experimentally studied for the CO, reduction
in 0.05 M KHCO, aqueous solution.*® These alloys were found to have selectivity toward CO and
HCOOH products.*® The alloy composition also highly influences the selectivity and product
formation potential. Copper-gold alloy showed that the CO production increases markedly with
the Au content, while the fraction of CH, decreases and the Au;,Cus, appears to be the
composition giving the most efficient CO, conversion and yielding the highest faradic efficiency
with CO as the major product.*® The experimental onset potential of CO, electroreduction on the
rich-Au nanoparticles (Au,Cu) was positively shifted, indicating that copper-gold has the potential
to lower the energy used for CO, conversion.”® The alloying approach is anticipated to improve
the HCO* intermediate stability on the surface leading to a significant reduction in the
overpotential. In the previous theoretical work,®" we found that the overpotential of CO, reduction
to CH, on CusAu(211) is negatively shifted compared to the Cu(211) surface and the potential-
limiting step is CO, protonation to form HOCO* while the overpotential on Cu;Ag(211) is similar
to that on the Cu(211) surface with the same potential-limiting step of CO* protonation. However,
the side reaction of H, evolution can pose a challenge on copper-gold and copper-silver alloys
with Cu-rich composition.51 CO is the major product on copper-gold and copper-silver alloys with
higher Au and Ag content because it is challenged by the CO* desorption preference over further

reduction of CO*.%'

The exploration for electrocatalyst materials which can primarily meet the requirements of
providing a more efficient process and being selective of CO, reduction is required for the process
to advance. The development of more promising electrode materials requires a fundamental
understanding of how electrode materials influence key reaction steps. The preferential adsorption
of reactants, intermediates and products on electrode materials essentially contributes to the
overpotential, catalytic activity and selectivity. This work aims to perform a systematic
thermodynamic investigation of CO, electroreduction to CH, and CH;OH on Cu-based alloys with
Cu-rich composition of CusX where X is Ag, Au, Co, Ni, Pd, Pt, Rh, and Ir using DFT calculations
associated with the standard hydrogen electrode model®?. The results of CO, conversion to CH,
on CusAu and CusAg and pure Cu surfaces were reported in the previous work®! and are included
here again to complete the systematic analysis. The goal of this work is to examine how copper
alloying with transition metals modifies the CO, electroreduction activity and selectivity compared
to that on pure Cu catalyst. The analysis provides useful theoretical insights for a better

understanding of the chemical nature of the catalysts which could lead to improved catalyst



development. We demonstrated how Cu-based alloys influence the electrocatalytic reactivity, the
overpotential, the potential limiting step, the tendency of OH* surface poisoning, H, evolution and
the selectivity to formic acid, methane and methanol products. The calculations suggest that
alloying with some metals can reduce the overpotential of methane production and also affect

the selectivity of methane, methanol and formic acid production.
2. Computational details

The structures of Cu;X surfaces are modeled with L1, crystal lattice structures where X are metals
in group 9-11 which are Ag, Au, Co, Ni, Pd, Pt, Rh, and Ir. The slab models of stepped (211)
surface with a unit cell of 3x3 containing 6 layers of metal atoms and a vacuum region equivalent
to more than 6 atomic layers (approximately 15 A) were used for a search of the most stable
binding sites. The bulk L1, crystal lattice structure of CuzX and the slab model of Cu3;X(211) are
shown in Figure 1. The stepped surfaces (211) is chosen because it was generally found to be
the most reactive for C-O bond breaking,>® which is a crucial process here. The two atomic layers
from the bottom of the slab were fixed, while the other layers were relaxed to their lowest energy
configurations. The fixed layers were set to their bulk bond distances according to their optimized
lattice constants that were determined from bulk calculations. The calculated lattice constants in
A are 3.63(Cu), 3.78(CuzAg), 3.79 (CusAu), 3.61(Cu;Co), 3.70(Cuslr), 3.60(CuNi), 3.72(CuzPd),
3.73(CusPt), and 3.70(CusRh).

The impurity Au, Ag and Pd on the Cu host shows a moderate degree of segregation.54 Also, the
segregation may be induced by the strong affinity toward CO adsorption on those impurity metals.
It should be noted that the segregation may induce the surface and near-surface composition
change. The systematic investigation of CusX in this work exhibits how the alloying effect
produces a considerably different electrocatalytic activity trend from that found previously on pure

metals and changes hydrocarbon products selectivity.

The fully periodic plane-wave DFT calculations as implemented in the Vienna ab initio Simulation
Program (VASP)*>*® were employed. Spin-polarized DFT calculations were performed with the
exchange-correlation functional Perdew-Burke-Ernzerhof (PBE)°"*® described within the
generalized gradient approximation implemented with the projector augmented wavefunction
(PAW)‘SQ'60 method for representing the non-valence core electrons. The calculations employed
5x5x1 k-points Monkhorst-Pack mesh sampling in the surface Brillouin zone. The plane-wave
cutoff energy was optimized at 400 eV. The results were checked for convergence with respect

to the energy cutoff and number of k-points. The Methfessel-Paxton smearing of order 2 with a

value of smearing parameter O of 0.2 eV was applied. The convergence criteria for electronic
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self-consistent iteration were set to 1.5x10” eV and the ionic relaxation loop was limited for all

forces smaller than 0.035 eV/A for free atoms.

(@)

(b)

Top view side view

Figure 1. (a) The bulk L1, crystal lattice structure of Cus;X , and (b) a unit cell of slab model of
stepped (211) CusX alloys surface. Cu atom-blue and X atom-green. The dashed line indicates

a unit cell boundary.

The free energy diagrams of the electrochemical reactions for a given surface at 291.65 K were
constructed according to the method proposed by Narskov et al.”> The method successfully
described the overpotential of the oxygen reduction reaction on metal surfaces and CO, reduction
to be methane on the Cu(211) surface.*® *? Details of calculations are described very well in

I36

Peterson et al.™ Also, our previous work®! includes the calculation details, the applied values of

zero-point energy (ZPE), /deT and TAS correction terms of all adsorbed species and gas-phase
species and the parameters taking into account the solvation effect on the adsorbate stabilization.
The method® sets the reference potential to be the standard hydrogen electrode (SHE). This
means, at U # 0, the free energy of the proton-electron pair can be treated by shifting the energy
by -eU where U is the electrode potential relative to SHE. The reference electrode in this work is
the theoretical reversible hydrogen electrode (RHE) which can relate to the standard hydrogen

electrode (SHE) as Ugye = Ugpe - (KT X pH X In10) where the pH value in this work is 6.8.
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3. Results and discussion

Figure 2 shows the eight and six electrons and protons transferred pathways for CO, reduction
to methane and methanol, which are investigated in this work. The pathways share the common
first-three proton and electron transfer steps (seen in the top reaction scheme in Figure 2) of i)
CO, protonation to be HOCO* ii) the protonation of HOCO* to be HCOOH or to form CO* +
H,O(aq) and iii) the protonation of CO* at C to form HCO* or at O to form COH. The second
and third reaction scheme in Figure 2 shows the further proton and electron transfer steps when
HCO* is favorable and when COH* is favorable, respectively. The protonation of HCO* (the
second reaction scheme in Figure 2) at the C atom can form formaldehyde (OCH,*) or at the O
atom to form HCOH* leading to methane and methanol production. The protonation of COH* (the
third reaction scheme in Figure 2) at the C atom can yield HCOH* or at the O atom can yield
C*+H,0 leading to methane and methanol production as well. The theoretical work based on
DFT calculations by Nerskov et al.*® *! suggested that the lowest free energy pathway from CO,
to CH, on Cu(211) surface proceeds through the adsorbed formaldehyde intermediate and
methane production is more energetically favorable than methanol production. However, this
disagrees with the experimental results that formaldehyde reduction leads to methanol product
rather than methane.** Recently, Narskov et al. * has suggested that methanol is possibly formed
by the reduction of methanediol rather than formaldehyde which could explain the contradiction.
Their calculations showed that methandiol which is formed by hydration of formaldehyde is
selectively reduced to methanol. Thus, methanol may be formed by reduction of methanediol
rather than by reduction of adsorbed formaldehyde. This means the calculation results do not
necessarily contradict the suggestion that CO/CO, reduction on Cu(211) surface goes through
adsorbed formaldehyde intermediate to yield methane. In this work, we also include the
investigation of methanediol reduction to methanol/methane and hydrogen evolution reaction

(HER), which is a competitive side reaction.
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The common first-three proton and electron transfer steps
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Pathways via COH* intermediate
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Figure 2. Six and eight protons/electrons transfer step pathways of CO, reduction to methanol

and methane. The most thermodynamically favorable pathway on each surface is labeled on the

right hand side. The top reaction scheme shows the common first-three electrons/protons transfer
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step. The second and third reaction scheme shows the further protons and electrons transfer
step when the favorable HCO* and COH* intermediate is formed, respectively. The steps for
methanediol reduction to methanol/methane and hydrogen evolution reaction (HER) are shown
in the last two reaction schemes. Cu atom-blue, X atom-green, C atom-brown, O atom-red, and

H atom-white.
3.1 Surface Interaction with Intermediate Species

The affinity relation between intermediates and surfaces are of importance to the free energy
change of the elementary steps. We begin with the analysis of the interaction between the key
intermediates and the alloy surfaces (Figure 3). The most favorable adsorption configurations and
adsorption energies of all intermediate species on Cu;X surfaces are shown in Tables 1-3. It was
previously reported that the pure Au and Ag surfaces show weaker CO* interaction compared to
that on the pure Cu surface, but the other pure metal surfaces (i.e. Pd, Pt, Ni, Rh and Ir) show
stronger CO* interaction.*’ Alloying the transition metals with copper reveals a similar general
trend of CO* interaction with the pure metal surfaces. Figure 3a (top) shows that the CO* binding
on CusAg and CusAu surfaces are weaker than that on pure Cu surface and the CO* binding on
the other alloy surfaces are stronger. The CO* intermediate binds strongest on Cuslr and Cu;Rh
surfaces. The CO* adsorption energies on CusPt, CusNi and CusCo are comparable. The O*
binding energy trend on CusX surfaces (Figure 3a) is similar to that of pure metals. Alloying Cu
with metals which have weaker O* adsorption than Cu; namely Ag, Au, Pd and Pt, remain to
have relatively weak O* adsorption and vice versa for the metals with strong O* adsorption;
namely Ni, Co, Rh and Ir. In addition, we found that the high affinity of CO* with Cu, Pd, Co, and
Rh may influence the segregation resulting in relatively high composition of those metals on the
surface and near surface atomic layers. The calculations show that the binding energy can be
affected by the composition change. The CO* binding energies on the segregated structures are
weaker than those on the non-segregated structures by 0.02, 0.06 and 0.16 eV on Cu;Pd, Cu;Co
and CusRh, respectively. Figure 4 shows CO* adsorption structures on Cu;Pd, Cu;Co and CuzRh.
The CO* binding energy on segregated CusAg structure is stronger than that on the non-
segregated structure by 0.02 eV. The sensitivity of CO* binding energy to the change of surface
composition due to segregation tends to increase on the surface with relatively strong CO*

interaction.
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Table 1. Adsorption energy of intermediate species, B.E?, on Cu(211), CuzAg(211), and
Cu3Au(211) in eV. Blue atom is Cu, gray atom is Ag, orange atom is Au, red atom is O, brown

atom is C and white atom is H.

_ Cu(211) CusAg(211) CusAu(211)
species

P configuration | B.E* | configuration | B.E* | configuration | B.E?
O 0.77 0.88 1.13
H -0.28 -0.19 -0.17
C 2.05 2.85 291
OH -0.28 0.05 0.24
(6{0) 0.93 1.05 1.12
CH 1.01 1.35 1.55
CH2 0.53 0.77 0.79
COH 1.91 2.00 2.12
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species Cu(211) CusAg(211) CuzAu(211)
configuration | B.E* | configuration | B.E* | configuration | B.E?
HCO E 1.43 1.51 1.45
HCOH E 1.18 1.45 1.37
HOCO E 1.04 1.26 1.51
CHs -0.61 -0.39 -0.40
OCH: E 0.83 1.06 1.01
OCHs E -0.27 0.07 0.16
CH20H 0.54 0.68 0.65

“B.E = Etotal(CxHyOZ) - Eslab - XE(C) - yE(H) - ZE(O)
Where Etotal(CxHyOZ) is the total energy of the state, Eg;,), is the energy of the clean slab,
E(C)is energy of C atom referenced to graphene, E(H) is the energy of H atom referenced to

1/2H, and E(0) is the energy of O atom referenced to (H,O — H,)
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Table 2. Adsorption energy of intermediate species, B.E?, on CuzPd(211), Cu;Pt(211), and
Cu;Co(211) surfaces in eV. Blue atom is Cu, gray atom is Pd or Pt, dark blue atom is Co, red

atom is O, brown atom is C and white atom is H.

cpecies CusPd(211) CusPt(211) CusCo(211)

configuration B.E® | configuration | B.E? configuration B.E?

O 1.22 1.26 m 0.08
H -0.31 -0.40 ‘ -0.46
C 1.93 1.34 1.67
OH 0.18 0.19 ﬁ -0.63
CO 0.66 0.14 “ 0.13
CH 1.09 0.53 u -0.15
CH:2 0.60 0.11 “ -0.18
COH 1.68 0.94 * 0.29
HCO 1.12 0.62 * 0.68




_ CusPd(211) CusPt(211) CuzCo(211)
species
P configuration B.E? configuration B.E* | configuration | B.E?
HOCO ﬁ 1.23 ﬁ 0.71 0.60
{
OCHs 0.34 0.42 -0.42
CHoOH ﬂ 0.54 ﬂ 0.04 ﬁ 0.22

°B.E = Etotal(CxHyOZ) - Eslab - xE(C) - yE(H) - ZE(O)

Where Etotal(CxHyOZ)iS the total energy of the state, Eg;,j is the energy of the clean slab,
E(C)is energy of C atom referenced to graphene, E(H) is the energy of H atom referenced to

1/2H, and E (0)is the energy of O atom referenced to (H,O — H,)
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Table 3. Adsorption energy of intermediate species, B.E?, on CuzNi(211), Cu;Rh(211), and
Cuslr(211) surfaces in eV. Blue atom is Cu, gray atom is Ni or Rh, green atom is Ir, red atom is

O, brown atom is C and white atom is H.

species CusNi(211 CusRh(211) Cuslr(211)

configuration B.E? configuration B.E? configuration B.E?

0 0.52 0.71 ﬂ 0.16

H -0.47 061 ﬂ -0.66

C 0.75 0.33 m 0.12
OH 041 0.12 ﬁ -0.29
co 0.10 0.13 ﬁ 062
CH 0.11 0.10 ﬁ -0.60
CH; 0.09 013 ﬁ 1159
COH 0.77 0.19 m -0.39
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_ CusNi(211) CusRh(211) Cuzlr(211)
species

P configuration | B.E* | configuration B.E? configuration B.E?

|

N * N ﬁ - ﬁ N
HOCO ﬁ 0.76 ﬁ 0.67 ﬁ 0.30
CH3 ﬁ -0.90 ﬁ -0.86 ﬁ -2.11
OCH 0.25 ﬁ 0.29 ﬂ -0.64
CH,OH ﬁ 0.14 ﬂ 0.09 ﬁ 10.50

°B.E = Etotal(CxHYOZ) = Egiap - xE(C) - yE(H) - zE(O)

Where Ewml(cxHyoz)is the total energy of the state, Eg;,j is the energy of the clean slab,

E(C)is energy of C atom referenced to graphene, E(H) is the energy of H atom referenced to

1/2H, and E (0)is the energy of O atom referenced to (H,O — H,)
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Figure 3. (a) CO* and O* binding energy (b) Linear scaling correlations of the free energy of the

adsorbed HCO*, COH*, OCH,*, HCOH*, CH,OH* and HOCO* on Cu3X surfaces as a function of
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CO* binding energy. The X element is labeled at the data point. The binding energy is calculated
bY Etotal —Eciean siab — Eisolated adsorbate(gas)- 1N€ free energy of the adsorbed states is calculated by
Eiotal —Eciean siab T (ZPE, entropy and enthalpy corrections). The binding is stronger with the more

negative binding energy.

(a) (b) (c)
Figure 4. Structures of CO* adsorption on segregated structures of (a) Cu;Pd(211), (b)
Cu;Co(211) and (c) CuzRh(211) surfaces.

The good linear scaling correlations between the CO* binding energy and the surface interaction
with the other key intermediates i.e. HCO*, COH*, OCH,*, HCOH*, CH,OH and HOCO* on Cu3X
surfaces can be obtained as shown in Figure 3b. The coefficients determination (R?) are in the
range of 0.90-0.98 which represents a very strong relation between CO* binding energy and the
surface interaction with those key intermediates. Similarly, the good correlation between
adsorption energies of CO* and HCO* on pure transition metal (TM) surfaces was previously
found as well.*’ Interestingly, the CO* interacts with the surfaces through the C atom, thus the
CO* binding energies also show good linear scaling correlations with C* binding energies but
very poor correlation with O* binding energies (Figure 5). Although. the intermediate HCO* and
COH* binds to the alloy surfaces through the C atom, HCO*/COH* binding energies do not
correlate with C* binding energies. Yet, they show very good correlation with CO* binding

energies.
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The protonation of CO* forming HCO*/COH* is a crucial step. It was previously reported to be
the limiting-potential step on pure Cu, Pd, Ni, Rh, Pt and CusAg surfaces.’® **%' The favorability
of CO* protonation products between HCO* and COH* can be affected by alloying. Alloying Rh
and Co with Cu results in COH* being more stable. The stability of HCO* and COH* is comparable
on Cu;Ni surface. It is interesting that the relatively higher stability of COH* than HCO* may occur
on catalysts with relatively strong CO* interaction energy (Figure 3b). Also, it was previously
reported that the HCO* or COH* favorability may be affected by the solvation effect through
water-assisted proton shuttling coupled with electron transfer.*” We also found that the favorability
of HCO* or COH* formation carries on, being the same on the segregated and non-segregated
structures. The sensitivity of HCO* binding energy due to segregation is low (<0.05 eV) on the
surfaces with weak CO* interaction and it is large (>0.1 eV) on the surfaces with strong CO*
interaction such as Cus;Pd and Cu;Co surfaces. The sensitivity of COH* binding energy due to
segregation is larger so that the binding energy change ranges between 0.1-0.4 eV. Furthermore,
the protonation of CO, to produce HOCO* was previously reported to be the limiting-potential
step on pure Au, Ag and CusAu surfaces.*” °' All the alloy surfaces show stronger HOCO*
interaction than the CusAu surface (Figure 3b). Thus, the significantly weak HOCO* interaction
resulting in the CO, protonation to yield HOCO*, which proves to be the limiting-potential step,

should not be problematic on the other alloy surfaces.

24



The electronic structures facilitate the understanding of the nature of CO bonding with the alloys
surfaces. The charge density difference of CO* adsorption (Figure 6) on the Cu surface shows
significant electron transfer from Cu surface atoms to C atom. However, on the Cu;Co surface,
electrons are mostly transferred from the Co surface atoms to the C atom rather than from the
Cu surface atoms. The CO* adsorption trend on metal surfaces qualitatively agrees with the

surface d-band center energy level trend (Table 4). The trends can be ascribed to the interaction

between the metal d states and the CO 27T* and 50 states.®’ The d-band center energy levels
of CusAu and CusAg shift to lower energy than that of the Cu surface whereas the d-band center
energy levels of the other alloy surfaces shift to higher energy compared to the Cu surface. This
corresponds to the weaker chemisorption of CO* on CusAg and CusAu surfaces than that on the
Cu surface whereas CO* adsorption is relatively stronger on the other alloy surfaces. Also, the d
states of Cu tends to interact with CO* rather than the d states of Au and Ag which manifests in
the favorable CO* adsorption site to be on top of Cu on CuzAg and CusAu surfaces (see structures
in Table 1). Similarly, the d states of the other X elements; namely Pd, Pt, Co, Ni, Rh and Ir tend
to interact with CO* rather than the d states of Cu which results in the favorable CO* adsorption
on a top site of those X atoms or the foot of the step site where CO* interacts with two X atoms

(see structures in Tables 2-3).

Table 4. Surface d-band center energy level referenced on Fermi energy level.

CuzX(211) d-band center energy level (eV)

CusAg -2.68
CuzAu -2.54

Cu -2.16
Cu,Pd -1.83
Cu,Pt -1.85
Cu;Ni -1.49
CuzCo -1.76
CuzRh -1.52
Cuglr -1.68
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Figure 6 The isosurface of charge density differences of (a) CO* adsorption with the isosurface
value of 10.005 eV/A® (b) HCO* adsorption with the isosurface value of 0.002 eV/A® and (c)

COH* adsorption with the isosurface value of £0.001 eV/A3. The top row is the adsorption on
Cu(211) surface and the bottom row is the adsorption on Cu;Co(211) surface. Red and blue
colors represent charge depletion and accumulation, respectively. The blue atom is Cu and grey

atom is Co.

The common features of charge density difference analysis seen in HCO* and COH* adsorption
on both Cu and Cu;Co surfaces (Figures 6b and 6c¢) are that electrons transfer from the Cu
surface to the C atom. In Figure 6b, electron accumulation (blue) at the C-H bond and the electron
depletion (red) at the C-O bond can be observed upon HCO* adsorption, whereas in Figure 6c¢,
electron depletion (red) occurs at C-O and O-H bond upon COH* adsorption. Thus, electron
depletion at both O-H and C-O bonds in COH* adsorption may induce the preference to COH*
formation on a surface with a relatively high d-band center energy level and strong CO*
adsorption; namely Cu;Ni, CusCo, CuzRh and Cuslr. Yet, electron accumulation at the C-H bond
in HCO* adsorption may bring the favorability of HCO* formation on a surface with a relatively
low d-band center energy level; namely CusAu, CusAg, Cu, CusPd and CusPt. In addition, the
poor correlation between HCO*/COH* adsorption energy with the C* adsorption energy may result

from the difference of charge transfer characteristic at the C-H (HCO* adsorption) bond and at
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the O-H (COH* adsorption) bond. The charge transfer characteristic of the C-O bond in HCO*
and CO* adsorption is similar, thus CO* adsorption energy is a good descriptor for correlations
with HC* and COH* adsorption energy as well as with OCH,*, HCOH*, CH,OH and HOCO*

adsorption energy.
3.2 Pathway Investigation

The investigated CO, reduction pathway to produce methane and methanol is shown in Figure
2. The pathways through COH* are considered on Cus;Co, CusNi and CusRh surfaces because
COH* formation is more favorable than HCO* formation on those surfaces. The pathways through
HCO* are considered on Cu, CusAg, CusAu, CusPd, and CusPt surfaces. The stability of adsorbed
HCO* and COH* is comparable on CusNi and Cuslr in which the free energies of HCO* and
COH* states are very close with ~0.1 eV difference. Thus, the pathways through both HCO* and
COH* intermediates are considered on Cu;Ni and Cuslr surfaces. From a thermodynamic point
of view, the limiting-potential indicates the highest electrode potential at which the free energy of
every elementary step is downhill and the reaction begins to have an evident rate. By constructing
the free energy diagrams as a function of potential, the energetically favorable pathway and the
limiting-potential step on surfaces can be indicated. The free energy diagrams at 0 Vg are
shown in Figures 7-8. The most favorable pathway, the limiting-potential elementary step, the
limiting-potential voltage, and the onset potential of HER and the H,O formation step are

summarized in Table 5.

The calculated free energy diagrams indicate that the Cu-based alloy catalysts mostly are more
energetically favorable to yield methane than methanol product. Methanol production is found to
be favorable on Cu;Pd, and CujPt surfaces. On Cu;Ni surface, the reduction to methanol shows
a slightly higher limiting-potential of 0.1 V than the reduction to methane. The CO* protonation
producing HCO* or COH* is the limiting-potential step on most surfaces with the exception of
CusAu, and Cu;Co surfaces. The protonation of CO, yielding HOCO* is the limiting-potential step
on CusAu surface. The water formation step and the protonation of COH* to form HCOH* are the
limiting-potential steps on Cu;Co surface. Figure 9 displays the onset potentials of the CO,
protonation, CO* protonation, and the formic acid formation step. It can be seen that the
overpotentials on Cu;Co, CuzRh and Cuslr surfaces are lower than that on pure Cu. The
overpotentials on CuzAg, Cu;Pd and CusPt surfaces are similar to that on pure Cu and they show

the same limiting-potential step.
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Figure 7. Free energy diagrams of the most favorable CH, pathway and the reduction of

methanediol at 0 Vgye on Cu, CusAg, CusAu, CuzCo, CuzRh, and Cuslr (211) surfaces.
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Figure 8. Free energy diagrams of the most favorable CH;OH, CH, pathway and the reduction

of methanediol at 0.0 Vgye on CusPd, CusPt, and CusNi (211) surfaces.
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Table 5. Summary of the most favorable pathway, the calculated limiting-potential voltage, the

limiting-potential elementary step, and the calculated onset potential of H,O formation and HER

on CuzX(211) surfaces.

Most The limiting-potential Onset Onset potential  Onset
potential of the of OH* + H" + potential of
favorable
elementary step limiti S HER
pathway imiting- e H,O
potential step (Vrue) (VruE)
(VRHE)
Cu CH, CO* + H* + & = HCO* -0.75 -0.31 -0.10
Cu;Au  CH, CO, + H' + & = HOCO* -0.86 0.21 0.02
CusAg  CH, CO* +H" +e = HCO*  -0.72 0.02 -0.01
CusPd CH;OH  CO* + H'+e = HCO* -0.72 0.16 -0.12
CusPt CH, OH CO*+H'+e = HCO*  -0.74 0.17 -0.21
CH, CO*+H'+e = COH*  -0.85
Cu;Ni -0.44 -0.28
CH,OH CO*+H'+e = HCO*  -0.95
CusCo CH, COH* + H* + & = HCOH* -0.67
-0.66 -0.27
OH* + H" + & = H,0 -0.66
Cu;Rh  CH, CO* + H' + & = COH* -0.49 0.15 -0.42
CH, CO* + H'+e = HCO*  -0.32
Culr -0.31 -0.47
OCH,* + H + & = OCH,* -0.33

The CusAu, and CusNi surfaces show the highest limiting-potential of -0.86 Vz.e (Table 5, Figure

9). The relatively very weak HOCO* adsorption on CusAu (Figure 3b) contributes to the high

limiting-potential of HOCO* formation. The HOCO* binding energies on the other surfaces are

relatively stronger, thus the HOCO* formation is not a challenging step on the other surfaces.

Furthermore, the two protons and electrons transfer steps of CO, reduction to formic acid take

place at low potential close to the equilibrium potential of formic acid formation (-0.20 Vgyg,

equation 1) on CujPt, Cu;sNi, Cu;Co, and CusRh surfaces (Figure 9). This suggests that these

surfaces are thermodynamically favorable for HCOOH production. The experiments showed that

the addition of 10% Ni into Cu shifts the onset potential of HCOOH production in a positive

potential direction compared to Cu (~0.2 V).*® The calculation results show the shift of HCOOH
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onset potential ~0.3 V on Cu;sNi compared to Cu. Additionally, Cu-Ni experimentally showed the
strong suppression of CO formation and is not a significant effect on faradaic efficiency or the
overpotential for production.*® This may result from the increase efficiency of HCOOH production,

and consequently the suppression of CO formation.
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Figure 9. The onset potentials of the CO,, HOCO*, and CO* protonation step. The dot squares

indicate the calculated limiting-potential step on CuzX(211) surfaces.

The very strong CO* adsorption on Cu;Ni induces the protonation of CO* to be potentially limited
at -0.85 Vg resulting in a relatively high overpotential for methane production. The Cu;Co,
Cu;zRh and Cuslr surfaces also show very strong CO* and HCO*/COH* interaction (Figure 3b),
however, the onset potentials of CO* protonation step on these surfaces are less negative (-0.3
to -0.5 Vgye) than that on CusNi surface. The strong adsorption of CO* and HCO*/COH* is not
essentially an indicator as to whether the onset potential of CO* protonation is likely to be at high
negative potential, yet the relative interaction between CO* and HCO* or COH* on a surface is
an important one. The difference in free energies of the adsorbed states of HCO* or COH*
referenced on free energies of the adsorbed CO* state on Cu;Co, CuzRh and Cuslr are 2.9-3.1
eV whereas that on CusNi is 2.55 eV and they are ~2.7 eV on Cuj;Ag, Cu, CusPt and Cu;Pd
which show a similar onset potential of the CO* protonation step. The larger of the free energy
differences, the CO* protonation step tends to take place at the less negative onset potential.
The lowest calculated onset potential of CO* protonation (-0.32 Vgye) occur on Cuslr surface in
which the free energy difference is largest. The higher degree of CO* and HCO*/COH* adsorption
energy decoupling pronounces, the onset potential of CO* protonation becomes less negative

which increases the thermodynamic favorability of the CO* protonation step. The theoretical
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overpotential on pure metal surfaces were shown to have a volcano-type relationship with copper
situated near the top.47 However, the volcano-type relationship is not seen on copper-based alloy

surfaces.
3.3 Methanol Production

The investigated reaction pathways for methanol production as shown in Figure 2 may proceed
through OCH,*, HCOH* intermediates and methanediol reduction. The equilibrium potential of
CO, + 6H" + 6e -> CH30H (aq) is 0.03 Vgye. The free energy diagrams reveal that methanol
production is more thermodynamically favorable than methane production on Cu;Pd and Cu;Pt
surfaces, yet with high overpotential (~0.7 V) for methanol production. The favorable pathway on
Cu;Pd is through OCH,* intermediate and through HCOH* intermediate on CusPt. Then, the
protonation of OCH,* and HCOH* yields a common intermediate of CH,OH*. This may suggest
that the key of methanol selectivity is CH,OH* formation favorability associated with the
preference of CH,OH* protonation at the C atom over the O atom. On Cu;Ni surface, the most
thermodynamically favorable production pathway for methane production proceeds through HCO*
and OCH,* and is only 0.1 V (Table 5) more energetically favorable than the methanol production
pathway which goes through COH* intermediate. This comes from the onset potential of HCO*
and COH* formation is only 0.1 V difference on CusNi surface. The surface affinity with key
species HCO*/COH* also plays a role on methanol and methane selectivity. In addition, the Cu-
Ni alloy with 10% of Ni added was experimentally reported to have CH;OH production in the
potential region from -0.1 to -1.1 Vgye with the maximum production at -0.5 Vrye whereas it is
absent on Cu and Ni catalysts.48 The calculations in this work suggested that the onset potential
of CH;0H on Cu;Ni is relatively high at -0.95 Vze and the OH* removal step initially occurs at -
0.44 Vrgye which may allow the high production at this potential.

The reduction of methanediol is also considered (Figure 2). Methanediol is formed via hydration
of formaldehyde (OCH,). At 0.0 Vgyg, the reduction of methanediol through CH,OH* intermediate
(the first pathway) is energetically favorable on Cu;Co, CuzRh, Cu;Pt, and CusNi surfaces. Yet,
the formation of CH,OH* is the potential-limiting step on Cu, Cuz;Ag, CusAu, CusPd surfaces with
the limiting potential of -0.30, -0.21, -0.19 and -0.08 V4, respectively. The protonation of CH,OH*
to form CH3;OH is the potential-limiting step on Cuslr surface with the limiting potential of -0.47
Vgrue- Additionally, an alternative pathway may occur with the protonation at carbon atoms of
methanediol coupling with C-O breaking; CH,(OH), + H + &’ - CH3;0H + OH*. The OH* removal
step is an important one for this pathway. This alternative pathway is the lowest free energy

pathway to produce CH3;OH at 0.0 Vgye on most surfaces except Cu;Pt and Cuslr surfaces.
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However, the OH* removal step is a challenging step on Cu, Cu;Ni, Cus;Co, and Cu;Rh surfaces

where the onset OH* removal step takes place at negative potentials (Table 5).

3.4 H, Evolution and OH Removal

The OH* protonation to form water is a significant elementary step to inhibit the catalytic activity
decrease via surface OH* poisoning. The OH* removal step to form H,O is the potential-limiting
step on Cu;Co due to the excessively strong OH* binding energy (Figure 10). The OH* and H*
binding energies are shown in Figure 10. Although the OH* removal step is not the potential-
limiting step on the other surfaces with relatively high affinities for OH*(Figure 10); namely Cu,
Cu;Ni, CusRh and Cuslr, the surfaces may be poisoned by OH* species due to the relatively high
negative onset potential of the step (-0.2 to -0.7 Vg4, Table 5). Thus, surface OH* poisoning
may occur on the surface of Cu alloying with high OH affinity metals; namely Co, Ni, Rh and Ir.
Likewise, alloying Cu with less affinity toward OH; namely Au, Ag, Pd and Pt metals improve the

OH* removal step and prove to be more efficient than pure Cu.
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Figure 10. OH* and H* binding energies on Cu;X(211) surfaces. The binding energy is calculated

by Etotal _Eclean slab ™ Eisolated adsorbate(gas)-

Furthermore, the efficient CO, conversion catalyst would be expected to not overly catalyze HER
and therefore dominate over CO, reduction, consequently the surface may mostly be covered by
adsorbed H*. Also, the high activity of HER may lead to surface CO* poisoning which the
adsorbed CO* is not further reduced. The pure Pd, and Pt surfaces were experimentally shown
to mainly produce CO and HCOOH and prevent further CO, reduction with significant H, evolved
as a side reaction.*® The pure Co, Rh and Ir electrodes were experimentally shown to mainly
produce H,.** The HER on all alloy surfaces occurs at more negative potential than that on pure

Cu with the exception on CusAu and CusAg surfaces (Table 5). The approximately 0.0 Vgye of
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HER onset potential on Cus;Ag and Cus;Au surfaces possibly lead to much higher selectivity of H,

on these surfaces.

The calculated HER on Cu surface is -0.1 Vrye but almost entirely H, production on Cu is
experimentally31 observed at approximately -0.5 Vgue. This may result from H*, O* and OH*
binding to the same step sites and it would require the OH* removal step taking place in order to
clear adsorbed OH* and enable H, evolution.* Similar to the Cu surface, the H, production on
Cu;Ni and Cus;Co would occur at a more negative potential than the calculated HER onset
potential shown in Table 5 and take place approximately at the onset potentials of their OH*
removal step. Therefore, compared to the Cu surface, the HER would be suppressed due to high
OH* coverage on the surfaces when alloying Cu with Ni, Co, and Ir. The H* binding energies
shown in Figure 10 demonstrates that only H* on Cus;Ag and CusAu surfaces binds more weakly
than on pure Cu surface. Thus, the Cu alloying results in the suppression of HER with the

exception on CuszAg and CusAu surfaces.
4. Conclusions

This work systematically investigated thermodynamics of CO, electroreduction to methane and
methanol on copper-based alloys (Cu;X) where X are metals in group 9-11 using DFT calculations
associated with the standard hydrogen electrode model. The affinity relation between
intermediates and surfaces are crucial to the free energy change of the elementary steps,
consequently, determining the overpotential, the potential-limiting step, and the selectivity. The
key intermediates are CO*, HCO*, COH*, CH,OH*, HOCO*, OH* and H,* and their interactions
with the catalysts is required to be optimum in order to efficiently catalyze CO, conversion to

methane and methanol, suppress H, production and avoid OH* surface poisoning.

The CO* protonation producing HCO* or COH* is the limiting-potential step on most surfaces with
the exception on Cus;Au, and Cu;Co surfaces. In spite of the excessive strong CO* interaction
which is even higher than that on pure Cu, the onset potentials of the CO* protonation step on
Cu;Co, CuzRh and Cuslr surfaces can be at less negative potential than that on pure Cu surface.
The strong adsorption of CO* and HCO*/COH* is not necessarily an indicator as to whether the
onset potential of CO* protonation is likely to be at high negative potential. Instead, the higher
degree of CO* adsorption energy and HCO*/COH* adsorption energy decoupling produces, the
onset potential of CO* protonation becomes less negative. This show that the CO* protonation
step becomes more efficient. The selectivity between HCO* and COH* formation upon CO*
protonation can be affected by alloying. The relatively higher stability of COH* than HCO* can be

found on the surfaces with relatively strong CO* adsorption because they allow a relatively high
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degree of electron transfer to CO* corresponding to the electron deficiency at the O-H bond of
COH?*. The charge transfer characteristics of the C-O bond in HCO* and COH* adsorption is
similar to that of CO*, therefore CO* adsorption energy is a good descriptor for linear scaling
correlations with HCO* and COH* adsorption energies as well as with the other key intermediates
of OCH,*, HCOH*, CH,OH*, and HOCO* binding energies. The selectivity of HCO* and COH*
intermediates was not found to change due to the change of surface and near-surface
compositions caused by segregation. Yet, the sensitivity of CO*, HCO* and COH* binding

energies to the change of surface and near-surface compositions can be somewhat significant.

The Cu-based alloy catalysts mostly are more energetically favorable to yield methane than
methanol product except on Cu;Pd, and CusPt surfaces. The protonation of CO, yielding HOCO*
is the limiting-potential step on Cus;Au due to the significant weak HOCO* adsorption. The water
formation step and the protonation of COH* to form HCOH* are the limiting-potential steps on
Cu;Co surface. The two proton and electron transfer steps of CO, reduction to yield formic acid
takes place at low potential close to the equilibrium potential of formic acid formation on Cu;Pt,
Cu;Ni, Cu;Co, and CuzRh surfaces. Thus, it suggests that these surfaces are thermodynamically

favorable for formic acid production.

Methanol production is found to be more favorable than methane production on Cu;Pd, and Cu;Pt
surfaces, yet they show high overpotential (~0.7 V). Both surfaces show that the key of methanol
selectivity is CH,OH* intermediate formation favorability associated with the preference of
CH,OH* protonation at the C atom over the O atom. The reduction of methanediol to methanol
is energetically favorable at 0.0 Vgye on most Cu-based alloy surfaces. However, the OH* removal
step is a significant and challenging step in which its onset potential may take place at negative

potentials resulting in OH* surface poisoning.

Alloying Cu with high OH affinity metals; namely Co, Ni, Ir, and Rh worsen surface OH* poisoning
compared to pure Cu surface, yet it possibly suppresses the HER. Likewise, alloying Cu with less
affinity toward OH; namely Au, Ag, Pd and Pt improve the OH* removal step to be more efficient
than pure Cu, yet it may promote the HER. The HER on all alloy surfaces occurs at more negative
potential than that on pure Cu with the exception on CuszAu and Cu;Ag surfaces where HER is

very efficient with the onset potentials at ~0.0 Vgye.
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ABSTRACT: The electrochemical reduction of CO, is a promising process
capable of efliciently recycling CO, waste and converting it into hydrocarbon
fuel. To date, copper is the best metal catalyst; however the overpotential to
achieve this reaction on Cu is excessively high. It follows that the development
of a catalyst to efficiently catalyze the conversion with a low overpotential at a
reasonable current density is needed. Many aspects of the molecular details of
the reaction are still unclear. In this work, DFT calculations are applied to
investigate CO, electroreduction to CH, over Cu;Ag and CujAu stepped
surfaces (211) compared to that over Cu(211). In the resulting analysis, the
CusAg surface shows a slightly lower overpotential and suppresses OH
poisoning compared to the Cu surface, yet the selectivity toward H, increases.
The CusAu is not a good candidate due to higher overpotential and a relatively
weak CO adsorption resulting in CO desorption rather than further reduction.

/\/\//\;ﬂ
2 mm&w

€ g
v x
EooA Z
: 2 Ve
e - g
]

The CO desorption can also be problematic on Cu;Ag as well. The thermodynamics and kinetics of the nonelectrochemical
hydrogenations are also examined to explore alternative paths which might result in an absence of formaldehyde intermediate

production during CO, reduction on Cu.

1. INTRODUCTION

The various environmental, economic, and societal impacts of
Earth’s climate change have been well documented. The
observation that CO, plays a significant role is well-established:
the higher the atmospheric CO, level, the better the
atmosphere retains heat. Thus, CO, acts as a rule setter for
climatic conditions and hence the need to creatively dispose of
excess CO,. A process capable of efficiently recycling CO,
waste and converting it into hydrocarbon fuel would provide a
renewable energy source that creates a more favorable carbon
energy cycle. There are several approaches for CO, conversion
to hydrocarbon. These include using biomass as well as
thermochemical and electrochemical processes. The electro-
chemical process has an appealing advantage because it does
not require high-temperature reactions and the production rate
can be varied to follow the availability of electricity produced
from clean resources such as solar cells. The types of CO,
electroreduction products formed and faradic efficiency of the
process depend on a number of factors, primarily the catalytic
activity of the electrodes, type of ionic species in electrolytes,
local pH, and CO, concentration on the electrode.”” The
electrode material plays a crucial role in determining the
primary product and selectivity. The surface structure, surface
crystallography, and its electronic configurations which
influence the preferential adsorption of reactant, the
intermediates, and the products are all important factors
determining the catalytic activity of the electrode.”™® A key
discovery was the direct reduction of CO, to hydrocarbons

-4 ACS Publications  © 2013 American Chemical Society
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(methane and ethylene) on a copper electrode with reasonable
current density (5—10 mA/cm ™) and current efficiency by the
group of Hori.”'® To date, the production of pure hydro-
carbons has not yet been found. Interestingly, however, it was
found that a wider range of hydrocarbons such as ethanol and
propanol can also be produced."'™'* It is an important
challenge to discover promising electrode materials (electro-
catalysts) which provide high efficiency and high hydrocarbon
product selectivity. Thus, an understanding of the key reaction
step and the structural and electronic effect of the electrodes on
catalytic activity and selectivity is very crucial.

The satisfactory electrode for CO, reduction with high
current efficiency should provide medium hydrogen over-
potential, while catalyzing C—O bond breaking and strong CO
adsorption and also allowing CO to be further reacted as well.
Copper is a unique electrode which further reduces the CO
intermediate to a more reduced species in significant amounts.
The primary reactions occurring at a copper electrode during
CO, reduction with the standard potentials calculated using
formation energies are listed below."

2H' + 2¢” < H,

U, = 0.0 V vs SHE (standard hydrogen electrode) (1)
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2CO, + 12H" + 12¢~ & C,H, + H,0

U, = 0.079 V vs SHE )
CO, + 8H" + 8¢~ < CH, + 2H,0
U, = 0.169 V vs SHE 3)
CO, + 2H" + 2¢” < CO + H,0
U, = —0.103 V vs SHE (4)
CO, + H" 4+ 2¢” &» HCOO U, = —0.225 V vs SHE
()

Methane and ethylene should, in theory, thermodynamically
occur at less cathodic potential; however, kinetically this does
not occur. The factor of changing the dominant product from
CO to CH, can be influenced by other factors such as electrode
preparation and the amount of mass transport of co.!

Several studies'>™'® clearly showed that during CO,
reduction CO adsorption dominates on the electrode surface,
suggesting that CO is a key intermediate. The high coverage of
adsorbed CO found during CO, reduction also suggested that
the reduction of adsorbed CO may be a key rate-determining
step.'”?° Furthermore, recent DFT calculations by Peterson et
al*' have provided significant insights about how copper
catalyzes CO, reduction to CH,. The calculations suggested
that the key step in the formation of CH, from CO, is the
protonation of adsorbed CO* to form adsorbed HCO* (CO*
+ H* + e~ > HCO%*). If the adsorbed HCO* can be stabilized
relative to adsorbed CO*, the overpotential can be significantly
reduced, leading to a more efficient process. Therefore, the
exploration of potential electrocatalyst materials which can
primarily meet the requirements of providing a more efficient
process of CO, reduction should be expanded.

The nature of the metal electrodes has a great influence on
the product distribution from CO, reduction as it affects
whether the reactants, intermediates, and products are adsorbed
or not and also the strength of the adsorption. The analysis
based on DFT calculations of the key adsorbates which are
intermediates in the proposed mechanism of CO, reduction to
CH, by Peterson et al.*' on transition metals, Cu, Pt, Rh, Pd,
Ni, Au, and Ag, has presented an activity diagram of the
“volcano” type in which Cu is at the top among these metals,
reflecting why Cu is the best-known metal electrocatalyst.”*
Copper exhibits a better ability to perform CO* protonation
than the other metals, but this is only associated with the poor
activity of the hydrogen evolution reaction (HER), ie.,
moderate negative potential for HER. Peterson et al’**
suggested that effective catalysts must catalyze the protonation
of adsorbed CO* effectively and simultaneously show poor
activity for the competitive HER.

This work aims to perform an analysis of CuzAg and Cu;Au
as electrocatalysts for CO, reduction to yield methane using
DFT calculations in conjunction with the standard hydrogen
electrode model.”* The goal is to examine the potential of these
catalysts for CO, electroreduction to methane and to provide
the insights as to how these Cu alloyed electrodes modify CO,
reduction activity compared to pure Cu electrodes. Ultimately,
the analysis will provide useful guidance for catalyst search and
design, which will lead to further improvements in CO,
electroreduction catalytic efficiency. Also, we perform thermo-
dynamics and kinetics investigations on the alternative
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nonelectrochemical reactions in an attempt to understand the
absence of formaldehyde intermediate suggested experimentally
for CO, reduction to methane on Cu since a formaldehyde
intermediate is theoretically favorable during the reduction.

2. COMPUTATIONAL DETAILS

The fully periodic plane-wave DFT calculations as imple-
mented in the Vienna ab initio Simulation Program
(VASP)**** were employed. The slab models of a stepped
(211) surface with a unit cell of 3 X 3 (shown in Figure 1)

side view

Top view

Figure 1. Unit cell of a slab model of a stepped (211) Cu;X alloy
surface. Cu atom, blue; and X atom, green. The solid line indicates a
unit cell boundary.

containing six layers of metal atoms and a vacuum region of
more than six layers (approximately 1S A) were used for a
search of the most stable binding sites. The calculations were
carried out on stepped surfaces (211) because it was %enerally
found to be the most reactive for C—O bond breaking”® which
is a crucial process here. The structures of Cu;X surfaces are
modeled with L1, crystal lattice structures, where X is Ag and
Au. It should be noted that Au and Ag have a moderate degree
of segregation on the Cu host.”” However, the favor of CO
adsorption on Cu could reduce the tendency of Ag and Au
segregation.

The two atomic layers from the bottom of the slab were
fixed, while the other layers were relaxed to their lowest energy
configurations. The fixed layers were set to their bulk bond
distances according to their optimized lattice constants that
were determined from bulk calculations. The calculated lattice
constants are 3.63 A for Cu, 3.78 A for Cu;Ag, and 3.79 A for
CuzAu bulk compositions. Spin-polarized DFT calculations
were performed with the exchange—correlation functional
Perdew—Burke—Ernzerhof (PBE)*** described within the
generalized gradient approximation implemented with the
Projector Augmented Wave function (PAW)***" method for
representing the nonvalence core electrons. The calculations
employed 5 X S X 1 k-point Monkhorst—Pack mesh sampling
in the surface Brillouin zone. The plane-wave cutoff energy was
optimized at 400 eV. The results were checked for convergence
with respect to energy cutoff and number of k-points. The
Methfessel—Paxton smearing of order 2 with a value of
smearing parameter ¢ of 0.2 eV was applied. The convergence
criteria for electronic self-consistent iteration were set to 1.5 X
1077 eV, and the ionic relaxation loop was limited for all forces
smaller than 0.035 eV/A for free atoms.
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ref

HER

Figure 2. Studied CO, reduction pathways; hydrogen evolution reaction (HER), pathway A and pathway B. In pathway A, the protonation of HCO*
forms formaldehyde (state 6), while it forms HCOH* (state 10) in pathway B. State 11(not shown here) in which HCO* dissociates to be CH* +
O%* is less stable (~ 0.4 eV) than state 10 (HCOH*). The intermediate configurations and adsorption energies are reported in the Supporting

Information.

To construct the free energy diagrams, the free energy of the
electrochemical reactions for a given surface at 291.65 K was
calculated according to the method proposed by Nerskov et
al.>® Details of calculations are described very well in ref 21.
The model is based on the thermochemistry of the reaction
with an assumption of very small barriers due to proton and
electron transfer to metal surfaces and includes the effect of
solvation, electrode potential, zero-point energy (ZPE), heat
capacity (/ C,dT), and entropy (TAS) corrections. The values
of ZPE, / C,dT, and TAS correction terms of all adsorbed
species and gas-phase species are shown in the Supporting
Information. Those of adsorbed species were calculated by
performing normal-mode vibrational analysis treating all 3N
degrees of freedom of the adsorbate as vibrational and assuming
the vibrations of metal surfaces due to the presence of
adsorbate are minimal; all vibrations were treated in the
harmonic oscillator approximation. The solvation effect on
adsorbate stabilization was estimated according to those shown
in ref 21; OH* and R—OH* adsorbates (OH does not directly
bond to surfaces) are stabilized by approximately 0.5 and 0.25
eV, respectively. CO*, HCO*, and COH* adsorbates are
stabilized by approximately 0.1 eV.

The method sets the reference potential to be the standard
hydrogen electrode (SHE). This means that at pH = 0 in the
electrolyte and 1 bar of H, in the gas phase at 298 K the
reaction free energy of 1/ 2H2(g) - H+(aq) + e is zero at zero
electrode potential (U = 0). Therefore, at the standard
conditions, the free energy of the reaction HA* < A + H" +
e” can be calculated as the free energy of *AH < A + 0.5H,,).
At U # 0, the free energy of the proton—electron pair can be
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treated by shifting the energy by —eU where U is the electrode
potential relative to SHE. The reference electrode in this work
is the theoretical reversible hydrogen electrode (RHE) which
can relate to the standard hydrogen electrode (SHE) by
subtracting kT X pH X In 10 where the pH value in this work is
6.8.

The nonelectrochemical barrier energies are calculated by
using the nudged elastic band (NEB)**and dimer*’methods to
locate transition state structures. All transition states are verified
by the number of imaginary frequencies = 1.

3. RESULTS AND DISCUSSION

The CO, electroreduction pathways included in this study are
illustrated in Figure 2. Pathway A and pathway B have common
intermediates up to state 5. Both pathways involve eight
proton—electron pairs transferred. The difference between two
pathways begins at the protonation of HCO*(state 4). State
S(COH*) is not likely to form as state 4 is more
thermodynamically stable (>0.5 eV) on all studied surfaces.
The pathway A is similar to the proposed mechanism by
Norskov et al. on Cu.*' They have studied a number of possible
pathways in the electroreduction of CO, on a Cu(211) surface
and found pathway A has the lowest free energy. However, the
reduction of formaldehyde on copper experimentally led to
both methanol and methane products, while methanol is not
produced during the reduction of CO, on copper. Thus, it was
suggested that formaldehyde may not be an intermediate of
CO, reduction on copper.”* Thus, the pathway B in which the
formaldehyde intermediate does not present is also included in
this work. Although HCOH* (state 10) in pathway B is less
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thermodynamically stable than formaldehyde (state 6) in
pathway A, pathway B may be of importance for the impact
on the kinetics which will also be investigated in this work. The
CO, reduction to CH, is thermodynamically possible at +0.17
Viug which is very close to the equilibrium of HER which
occurs at 0.00 Vyyg. CO, reduction to CHy is in competition
with HER at all negative potentials. Therefore, the hydrogen
evolution reaction (HER) is also included in the calculations.

From a thermodynamic point of view, the limiting potential
indicates the electrode potential at which the reaction begins to
have an evident rate. It is the highest potential at which the free
energy of the entire elementary step is downhill. Figure 3 shows

0.4

0 Urefl
+ U23 1
® U34

0.2

Limiting potential (\ ;)

-0.8F 1
o

Cuf“}Ag Cu3Au
Figure 3. Limiting potential (Vgyp) of common elementary steps of
pathways A and B. The legends indicate, for example, that U23 means
the limiting potential of the elementary step of state 2 to state 3. The
adsorbate corresponding to each state refers to Figure 2.

the limiting potential of the common steps of pathways A and
B. On Cu(211) and Cu;Ag(211) surfaces, U34 (protonation of
CO*) is at the highest potential in which the elementary steps
up to state 4 are free energy downhill, whereas it is Urefl
(protonation of CO,) on the CujAu(211) surface. The Urefl is
theoretically found to be the limiting-potential step on pure
Ag(211) and Au(211).”

The limiting potentials of the steps after HCO* formation in
pathways A and B are shown in Figures 4 and 5. Considering

1.4

1.2+ o Ud46 71
1 x + Ue67 B
T 0.8F * U78 4
35 0.6 . x U89 |
3 odl o U9-H20 1
§ o . 0 UITH, ]
a
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N .
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£
S -0.4f =
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-0.81 B
B I
bu Cu3Ag Cu3Au

Figure 4. Limiting potential (Vg) of the elementary steps after state
4 in pathway A and the limiting potential of HER (U17—H,).

Figures 3 and 4 (pathway A), the most limiting potential step of
pathway A is U34 (CO* protonation) on Cu and CujAg
surfaces at —0.75 and —0.72 Vyyy, respectively, while it is Urefl
(CO, protonation) on the CusjAu surface at —0.86 Vyyg. The
second most limiting step in pathway A on Cu is the OH
removal steps (U23 and U9—H,0), while it is CO, protonation

8265

14 T

1.2F o U4-10 ]
. + Ul11-13
1+ ]
* U13-14
- 0.8% o x U14-15 q
2 06l o o U15-16 ]
3 o4l o U16-CH, 3
3 x
g oot a U17-H, |
Q.
F Y
2% 2
E 0.2 ® 4
a3 -04f g
0.6 B
-08f R
R |
ta Cu3Ag Cu3Au

Figure S. Limiting potential (Vgyg) of the elementary steps after state
4 in pathway B and the limiting potential of HER (U17—H,).

(Urefl) on Cu;Ag and CO* protonation (U34) on CujAu.
The prediction of the most limiting potential step of Cu;Ag and
Cu;Au closely follows the volcano plot by Peterson and
Norskov.”* The CO adsorption energies of Cu;Au and Cu;Ag
lie between those of Cu and Au with the values closer to Cu
than Au. The most limiting step of Cu;Ag is on the CO* —
CHO* line in the volcano plot at slightly less negative potential
than Cu, and the most limiting step of Cu;Au falls on the CO,
— COOH* line after the top of the volcano plot (the
intersection between CO, — COOH* and CO* — CHO*
lines) which predicts the most limiting step of Cu;Au to be
CO, — COOH?* at more negative potential than Cu. The
OH* removal steps (OH* + H* + e~ — H,0) are likely to
reduce Cu catalyst effectiveness, but it can be significantly
improved by alloying with Au and Ag. This results in a less
negative limiting potential of U23 and U9—H,0. The limiting
potentials of HER (U17—H,) on Cu, Cu;Ag, and Cu;Au are
—0.10, —0.01, and 0.02 Vgyg, respectively. The medium
overpotential of HER on Cu suppresses HER activity,”" while
the reduction in overpotential of HER on Cu;Ag and CusAu
may promote the HER, leading to the higher selectivity of H,
compared to that on Cu. It should be noted that very small
calculated overpotentials for HER on CuzAu and Cu;Ag
suggest that these catalysts would be remarkable HER catalysts.

Alloying Cu with Ag does not change the limiting-potential
step and results in slightly smaller overpotential compared to
pure Cu. Although Ag assists to promote the OH* removal
step, it causes the CO, protonation step (Urefl) to be more
difficult. The theoretical overpotential becomes less favorable
when alloying Cu with Au, and the limiting-potential step
changes. Alloying Cu with Au and Ag does not have a
significant effect on HCO* adsorption where the HCO*
adsorption energies on Cu;Ag(211) and CujAu(211) are
different from that on Cu(211) by less than 0.1 eV. Comparing
the adsorption of all intermediates, the HCO* adsorption is
found to be the least sensitive to the alloying effect with Au and
Ag. However, Au and Ag significantly affect HOCO* (state 1)
adsorption energies (0.2—0.5 eV difference) due to the bonding
through both C and O atoms. The CO, reductions which were
carried out on copper—gold electrodes by Christophe et al.*®
showed that the CO production increases markedly with the Au
content, while the fraction of CH, diminishes. This relates to
the strong sensitivity between the higher Au content and the
reduction in CO* adsorption energy and the smaller CO*
desorption barrier energy. This induces CO* to desorb rather
than to be further reduced. CO* adsorption energy on CusAu
is weaker than Cu by 0.19 eV. Cu3Ag may also present the same
challenge of CO* desorption because CO* adsorbs on Cu;Ag
more strongly than on CuzAu only by 0.07 eV. In addition, it
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was found that Au-rich alloy of Au,Cu has relatlvely lower CO,
reduction onset potentials than Au and Cu.*® This indicates the
strong effect of alloy composition which can lower energy used
for CO, reduction.

The difference between pathway A and pathway B begins
after state 4 where the protonation of HCO* produces
HCOH?* in pathway B instead of OCH,*. The OCH,*
adsorption is approximately 0.4 eV more stable than HCOH*
adsorption. Considering Figures 3 and S (pathway B), the
potential limiting step of pathway B remains the same as the
limiting step with pathway A on all surfaces. The most limiting
of the later steps is still the OH* removal step (U13—14) for
the high oxygen affinity surface like Cu. The limiting potential
of the protonation of HCO* to become HCOH*(U4—10) on
Cu;Ag and CusAu surfaces is comparable with that of the OH*
removal step (U13—14). The calculated free energy diagrams of
both pathways at the limiting potential of Cu and Cu;Ag are
shown in Figures 6 and 7, and for CuzAu it is shown in the
Supporting Information.
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Figure 6. Cu(211) free energy diagram following reaction steps in
pathway A and pathway B at limiting potential U = —0.75 Vyyp.
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Figure 7. Cu;Ag(211) free energy diagram following reaction steps in
pathway A and pathway B at limiting potential U = —0.72 V.
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Adsorbed CO*, HCO*, HOCO¥*, and OH* are the key
intermediates that require an optimum binding energy among
them to achieve an effective catalyst; nevertheless, their natures
are not quite related. Alloying Cu with Au or Ag does not
induce significant change on CO* and HCO* adsorption
energies compared to Cu (<02 eV), while the adsorption
energies of HOCO* and OH* show a significant change (0.2—
0.5 eV). The insensitivity with the surface affinity toward O or
C of CO* and HCO* adsorption energy, while HOCO* and
OH* are strongly related to surface affinity toward O, creates a
great challenge for a search of effective catalysts.
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The reaction free energies and barrier energies of the
nonelectrochemical reactions involving adsorbed H* are also
investigated as shown in Tablel. The corresponding transition
state configurations are shown in the Supporting Information.
The CO* protonation is favorable up to the potential —0.75
and —0.72 Viye on Cu and CuzAg, respectively, while the
nonelectrochemical CO* hydrogenation by adsorbed H* to
form HCO¥* is not energetically favorable on all surfaces.
Furthermore, the barrier energies of H* + CO* — HCO¥* are
relatively high. Therefore, it is more likely that the HCO*
formation takes the route of CO* electro-reduction rather than
the nonelectrochemical hydrogenation of CO¥*, and it is also
supported by the good agreement between the theoretical
limiting potential (—0.75 V) and the experimental onset
potential of CH, formation on Cu catalyst (—0.8 V)."

The OCH,* adsorption is approximately 0.4 eV (electronic
energy) more stable than HCOH* adsorption, thus the
pathway A is more thermodynamically favorable than pathway
B. OCH,* adsorption is more stable on the surface than
HCOH?* because OCH,* bonds through both oxygen and
carbon atoms while HCOH* bonds through the carbon atom
only. However, the experimental result by Schouten et al.**
suggested that formaldehyde may not be an intermediate of
CO, reduction on Cu. Table 1 shows that the formation of
HCOH* and OCH,* via hydrogenation of adsorbed H* is
energetically favorable on all surfaces except for the formation
of HCOH* on CusAg. The barriers of HCOH* formation are
comparable to those of OCH,* formation except on Cu;Ag in
which HCOH* formation has much higher barriers than
OCH,* formation. Thus, the formation of both HCOH* and
OCH,* via hydrogenation of HCO* can be facilitated on Cu
and CuzAu surfaces. However, on CujAg, the formation of
OCH,* is more likely than the formation of HCOH*. The
dissociation of OCH,* back to HCO* is difficult due to
energetically unfavorable and relatively high energy barriers.
Thus, once OCH,* is formed it is more likely to be further
protonated to be OCH;* (step 67). The thermodynamic and
kinetics point of view indicates that the nonelectrochemical
formation of both HCOH* and OCH,* is feasible on Cu.
Considering the results from both electro and nonelectrochem-
ical reactions, the absence of a formaldehyde intermediate on
Cu catalyst suggested by Schouten et al.*>* is, however, still
unclear. Nevertheless, the coverage of HCO* may play a role in
the favorability of species formed by HCO* hydrogenation. We
found that the presence of HCO* adsorbed on the adjacent site
influences the adsorption energy of OCH,* to be more stable
than HCOH* by 0.27 eV, while it is by 0.4 eV without the
coadsorption of HCO*.

In addition, the first C—O bond breaking in both pathways id
found in step 1 — 2, and the second C—O bond breaking step
in pathway A occurs at step 7 — 8. In pathway B, it occurs at
step 10 — 13. Step 10 — 13 is not an electrochemical reaction
in nature, thus the free energy change will be expected to be
roughly constant and does not depend on applied potentials. In
pathway B, once HCOH* formed, it is energetically favorable
for C—O bond breaking to result in CH* and OH* (state 13)
except on the Cu;Au surface. Nevertheless, the CH, formation
via pathway B may be kinetically limited at the C—O bond
breaking step (10 — 13) as the barrier energies are
approximately 1.2—1.4 eV.
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Table 1. Nonelectrochemical Reaction Free Energies (AG), Reaction Energy (AE, Only Electronic Energy), and Barrier
Energies (E,, Only Electronic Energy) of Elementary Steps Involving HCO*, OCH,*, and HCOH* Intermediates (in eV)*

Cu(211) Cu,Ag (211) CuzAu (211)

elementary step E, AE AG E, AE AG E, AE AG
H* + CO* - HCO* +0.96 +0.75 +0.82 +0.58 +0.53 +0.60 +0.98 +0.46 +0.54
HCO* + H* - OCH,* +0.66 -0.32 —-0.07 +0.37 —0.39 —0.13 +0.66 —0.52 —0.27
OCH,* - HCO* + H* +0.98 +0.32 +0.07 +0.76 +0.39 +0.13 +1.18 +0.52 +0.27
HCO* + H* - HCOH* +0.60 —0.10 —0.03 +0.74 +0.01 +0.07 +0.72 —0.07 0.00
HCOH* — HCO* + H* +0.70 +0.10 +0.03 +0.74 —0.01 —0.07 +0.79 +0.07 0.00
HCOH* — CH* + OH* +1.37 —0.05 —-0.36 +1.20 +0.10 —0.21 +1.64 +0.48 +0.18

“AG includes ZPE, enthalpic, entropy, and solvation effect corrections, but E, and AE do not.

4. CONCLUSIONS

This work investigated the pathways for CO, electroreduction
to CH, on Cu(211), Cu;Ag(211), and CuzAu(211) using DFT
calculations associated with the standard hydrogen electrode
model . The limiting potential step is the protonation of HCO*
on Cu and Cu;Ag surfaces which is limited at —0.75 and —0.72
Vgpue, respectively. The limiting potential step is CO,
protonation on the CujAu surface at —0.86 Vyyp The higher
overpotential makes CusAu less efficient than Cu and CusAg.
Cu;Ag can be slightly more efficient than Cu considering lower
overpotential. OH poisoning can be suppressed on Cu;Ag and
CujAu compared to Cu. However, the efficiency of CujAg and
CujAu can be reduced due to the higher selectivity toward H,.
The CO* desorption preference over further reduction of CO*
with the higher Au content is also a challenge. This also can be
expected on CuzAg in which the CO* adsorption is relatively
weak as it also is on CujAu. The adsorbed CO*, HCO¥,
HOCO#*, and OH* species are the key intermediates that
require an optimum binding energy among them to achieve an
effective catalyst; nevertheless, their natures are not quite
related. The HCO* and CO* adsorptions are insensitive with
the surface affinity toward O or C, while HOCO* and OH* are
strongly related to surface affinity toward O, creating a great
challenge in the search for effective catalysts.

The alternative pathway which goes through HCOH*
instead of the formaldehyde intermediate and the hydro-
genation via nonelectrochemical reaction were also investigated
to seek an understanding of the possible pathway that may not
involve a formaldehyde intermediate. The protonation of
HCO* is more favorable to form a formaldehyde intermediate
than a HCOH* intermediate. The thermodynamic and kinetics
points of view indicate that both HCOH* and formaldehyde
intermediates are favorable via the nonelectrochemical hydro-
genation of HCO* with comparable barrier energies. None-
theless, the absence of a formaldehyde intermediate on the Cu
catalyst during CO, reduction suggested experimentally is still
unclear. However, we suggest that the coverage of HCO* plays
an important role in influencing the species formed by HCO*
hydrogenation, and the high coverage of HCO* possibly affects
the adsorption energies of HCOH* to be comparable with that
of OCH,*
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Table S1. Adsorption energy of intermediate species, B.E, on Cu(211), CuzAg(211), and
CuzAu(211)ineV.

Cu(211) Cu;Ag(211) Cu;Au(211)
species configuration | B.E configuration B.E | configuration B.E
o a 0.77 0.88 i 1.13
H H -0.28 -0.19 i -0.17
C u 2.05 2.85 291
OH u -0.28 0.05 ! 0.24
CO 0.93 1.05 " 1.12
~ .‘L d
’ .< » . .\ ‘4
CH N 1.01 1.35 1.55
CH, ! ! g 0.53 0.77 0.79
COH 1.91 2.00 2.12




Cu(211) Cu;Ag(211) Cuz;Au(211)
species configuration | B.E configuration | B.E | configuration B.E
HCO I 1.43 1.51 i | 145
HCOH i 1.18 1.45 i i 1.37
HOCO 1.04 1.26 “ 1.51
70
» ..
CH, i -0.61 -0.39 ) -0.40
OCH, ! E ! 0.83 1.06 1.01
OCH; i -0.27 0.07 0.16
*CO* + H* E 0.68 0.86 0.99
*HCO* + H* 1.15 1.44 1.33
*CH* + OH* i 0.94 1.54 1.85

B.E = Etotal(CxHyOZ) - Egqap - XE(C) - yE(H) - zE(O)

Where Eorai(c, H,0,) is the total energy of the state, E;,p, is the energy of the clean slab, E'(C)is energy
of C atom referenced to graphene, E(H) is the energy of H atom referenced to 1/2H, and E (0O) is the
energy of O atom referenced to (HO — H,)

* The adsorption energies corresponds to the co-adsorption of the two adsorbates.



Table S2. Calculated zero-point energy correction, enthalpic temperature and entropic

corrections for adsorbed species.

adsorbed species ZPE JC,dT -TS ZPE + /C,dT — TS
V) V) eV) V)
H* 0.160 0.005 -0.007 0.158
O* 0.072 0.025 -0.038 0.059
C* 0.097 0.017 -0.025 0.089
OH* 0.364 0.046 -0.079 0.331
CO* 0.192 0.076 -0.153 0.115
HCO* 0.444 0.086 -0.184 0.346
COH* 0.451 0.068 -0.110 0.409
HOCO* 0.624 0.096 -0.178 0.542
HCOH* 0.765 0.068 -0.109 0.724
OCH,* 0.758 0.091 -0.190 0.659
OCH;* 1.108 0.093 -0.179 1.022
CH* 0.348 0.028 -0.039 0.337
CH,* 0.589 0.049 -0.075 0.563
CH;* 0.900 0.060 -0.096 0.864

Table S3. Calculated zero-point energy correction, enthalpic temperature and entropic

corrections for gas-phase species taken from ref [1].

adsorbed species ZPE JC,dT -TS ZPE + /C,dT — TS
eV) (eV) (eV) (eV)

H, 0.27 0.09 -0.42 -0.06

CO, 0.31 0.10 -0.65 -0.24

H,0 0.58 0.10 -0.65 0.03

CH,4 1.20 0.10 -0.06 1.24
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Table S4. Transition state structures corresponding to the calculated barrier energies shown in

Table 1.
Elementary step Cu(211) CusAg (211) CuzAu (211)
Ea Ea Ea
H* + CO* > +0.96 +0.48 +0.98
HCO*
HCO* + H* > +0.66 +0.37 +0.66
h ﬁ
HCO* + H* > +0.60 +0.74 +0.72
- ﬂ
HCOH* > CH* | +1.37 +1.20 +1.64
. ﬁ
Reference
1. Peterson, A.A., et al., How copper catalyzes the electroreduction of carbon dioxide into

hydrocarbon fuels. Energy & Environmental Science, 2010. 3(9): p. 1311-1315.
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ABSTRACT: We performed a systematic investigation of CO, electroreduction to CH,
and CH3;0H on copper-based alloys stepped surfaces using density functional theory
calculations associated with the standard hydrogen electrode model. We determined the
correlations between CO adsorption energy and the other key C,H,O, intermediates
adsorption energy, the overpotential, the limiting-potential elementary step, and
selectivity to CH,, CH;OH, HCOOH, and H,. The electrode efficiency decrease by
OH* poisoning and the H, evolution is also investigated. The results demonstrate that
the CO* protonation is the limiting-potential step on most surfaces, with the exception
on CuzAu and Cu;Co surfaces. In spite of the excessive strong CO* interaction on some
surfaces, the overpotentials reduce when the degree of CO* adsorption energy and
HCO*/COH?* adsorption energy decoupling increases. The CO* adsorption energy is a good descriptor for linear scaling
correlations with the other C,H,O, intermediates due to the similar charge transfer characteristics of the C—O bond in CO* and
those intermediates. The formic acid production can be efficiently catalyzed on Cu;Pt, Cu;Ni, Cu;Co, and CusRh surfaces.
Methanol production is favorable on Cu;Pd and Cu;Pt surfaces, yet they show high overpotential (~0.7 V). The key of methanol
selectivity is CH,OH* intermediate formation favorability associated with the preference of CH,OH* protonation at the C atom
over the O atom. The calculations reveal that the electroreduction activity on Cu-based alloys catalysts do not show a volcano-
type relation as was previously found on pure metal catalysts.

1. INTRODUCTION ing catalysis for CO, conversion and other important factors as
well 6:920-24

A copper electrode was found to perform the direct
reduction of CO, to hydrocarbons (methane and ethylene)
with a reasonable current density (5—10 mA-cm™2) and current
efficiency.”**7>° A wider range of hydrocarbons such as ethanol
and propanol can also be produced."””~** The most common
reactions and their equilibrium potentials versus RHE (reverse
hydrogen electrode) are listed in reactions 1—6. Despite the
unique hydrocarbons production from CO,, copper inefli-
ciently catalyzes CO, electroreduction to the point that the
overpotential is quite high, approximately 1.0 V. Thermody-

The electroreduction of CO, to valuable hydrocarbon products
is a promising process that would create a significant impact to
the global carbon balance by recycling waste CO, into usable
hydrocarbons. The critical challenges for the CO, electro-
reduction process are that the reaction must be at a low
overpotential as well as being selective. The overpotential is the
difference between the applied potential and the equilibrium
potential for the reaction. The faradic efficiency and selectivity
of CO, electroreduction depends on a number of factors; the
electrode materials, electrode surface structures, type of ionic

species in electrolytes, local pH, and CO, concentration on the namically, the equilibrium potential of CO, reduction to CH,
electrode.' ™ The electrode material is crucial in that it plays (reaction S) is only +0.17 Vg at 18.5 °C. Nevertheless, it was
essential roles in determining the overpotential, efficiency, and experimentally shown that the potential of —0.8 V is required
selectivity. A variety of electrode materials have extensively for the onset CH, production on a copper electrode and —1.0
been examined for CO, electroreduction, including ionic V is required for a decent current (2 mA-cm > to CH,
liquids,'® organometallic complexes,'"'* organic com-
13,14 15 . 16 17

pounds, doped graphene,” semiconductors,” proteins, Received: February 16, 2015
and enzymes (carbon monoxide dehydrogenase).'®'® Several Revised:  March 20, 2015
excellent reviews provide important research advances regard- Published: April 7, 2015
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production).’” Hori et al. proposed that the reduction of
COH* intermediate, which is formed upon CO* reduction,
might be the rate-determining step.>> Several groups have also
shown that the rate-limiting step occurs after the formation of
CO*.3735 The density functional theory (DFT) calculations
by Nerskov’s group indicated that the limiting potential step of
CO, reduction to CH, on Cu(211) surface is the protonation
of adsorbed CO* to form adsorbed HCO* (CO* + H" + e~ —
HCO*).>® The calculations suggested that when the adsorbed
HCO* can be stabilized relative to adsorbed CO¥*, the
overpotential can be significantly reduced leading to a more
efficient process.

CO, + 2(H" + ¢7) » HCOOH(aq) U = —0.20 Vpyy;

(1)
CO, +2(H " +e) > CO+H,0 U=-012 Vg

)
CO, + 4(H" + ¢7) » CH,0(aq) + H,0 U = —0.07 Vpye (3)
CO, + 6(H* + ¢7) » CH,0H(aq) + H,0 U= +0.03 Vgy  (4)
CO, + 8(H" + ) » CH, + 2H,0 U = +0.17 Vi (5)
2C0, + 12(H" + ¢7) —» C,H, + 4H,0 U = +0.08 Vg (6)

The CO, electroreduction on Cu catalyst yields the relatively
high selectivity of methane and ethylene formation instead of
methanol, while methanol is the majority product for the
conventional CO, conversion. The selectivity still remains a
crucial question. Recently, the DFT calculation of the kinetic
barrier of the CO, reduction paths by Nie et al.>”>® revealed
that the selectivity step for methane versus methanol on
Cu(111) occurs with hydrogenation of CO* to COH*
(produce CH,/C,H,) versus CHO* (produces CH;OH).*”**
The reduction of CO* to COH* is kinetically favored over
CHO* when the potential-dependent barriers for hydro-
genating the CO* are evaluated in the presence of a water
molecule.®® The polar O—H bond formation is stabilized
through water-assisted proton shuttling coupled with electron
transfer.’® The less polar C—H bond requires direct surface
interaction with both C and H at the transition state. Once
COH* is produced, it is further reduced to C*, and then
reduced to CH, and C,H, products on Cu(111).*® Thus, the
proposed reaction path by Nie et al.*’ differs from the one
proposed by Peterson et al.*® for methane production which
goes through CH,0* and CH;0* intermediates. Also, the
DFT studies by Nie et al.>”*® indicate that surface CH;0* will
kinetically favor methanol production over methane due to
higher barriers for methane formation. The methanol formation
was also proposed to go through reduction of methanediol
which is the hydrated form of formaldehyde.** The relative
stabilities and rate of formation of CHO* versus COH* are
dependent on various parameters, such as Cu surface structure,
computational functional and approach of solvation inclusion.
The intermediates adsorption is very sensitive to the electrode
surface morphology resulting in the voltammetry feature
changes and the change in voltage potential of the product
formation.*”*' Although copper is not an ideal catalyst, the
understanding of this unique ability of a copper electrode is
fruitful for better catalyst design.

In addition, several studies have investigated the pathway
leading to C, species products and the steg determining the
favorability between C, and C, species.*****’ Nevertheless, the
reduction reaction mechanism selectively leading to C, or C,
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species is still unclear. The previous experiment suggested that
on a copper electrode the HCO* is the key intermediate
toward the breaking of the C—O bond, leading to C,; species
(methane) production, while the key first step of the C, species
products such as ethylene and ethanol was suggested to be the
formation of CO dimer.**** The DFT calculations by Nie et al.
also suggested that the effective barrier for ethylene formation
occur at CH,* reduction to CH;* on Cu(111).”” Though the
rate constant favors ethylene selectivity at lower overpotentials
on Cu(111), the relative coverage of CH,* and H* will also
affect the selectivity and might be expected to further promote
methane formation at higher overpotentials.’’” Hansen et al.
also predicted that the formation of both CH, and C,H, are
kinetically feasible from CH,* on Cu(211) surface, with CH,
being more kinetically favorable.** The presence of CH,*
allows for ethylene production from the same path as methane,
which matches recent experimental studies™ that indicate these
two products share a common intermediate.

The electroreduction of CO, to hydrocarbons takes place on
almost all metal electrodes, although the efliciencies and the
selectivity are low.”>*>*® The CO, electroreduction using 0.1
M KHCOj; electrolyte and a temperature of 18.5 + 0.5 °C on
various pure metal electrodes demonstrated that CO and
formate are the main products on many metal electrodes.”>*®
The CO formation occurred on Cu, Au, Ag, Zn, Pd, Ga, Ni, and
Pt and the formate formation took place on Pb, Hg, In, Sn, Cd,
and TL***® Also, the electrochemical reduction of CO, at a
low-temperature of 0 °C in 0.05 mol dm™ KHCO; solution
revealed a similar product selectivity group, that CO is mainly
produced on Ti, Ni, Ag and Au electrodes and HCOOH is
mainly yielded on Cd, In, Sn, Pb, T], and Hg electrodes.*® Also,
it was experimentally shown that Zn, Ag, Cu, Ni, and Pt are
able to produce both methane and methanol and the selectivity
may be determined by the C* and O* binding energy by
modifying the surface to favor or disfavor C—O bond breakage.

Furthermore, the electrode potentials of CO, reduction on
metals are well correlated with the potential of H, evolution
which is a competitive side reaction and may obstruct the
further reduction of hydrocarbon intermediate species.”>*®
Many pure metal electrodes catalyze a major side reaction of H,
evolution (HER); metals in group VA, VIA, Mn, Re, Fe, Ry,
Co, Rh, and Ir.® Compared with all metals, Cu is the only
metal that produces hydrocarbons (C,H,) efficiently. Based on
DFT calculations by Nerskov’s group, the analysis of CO,
reduction to CH, on transition metals; Cu, Pt, Rh, Pd, Ni, Au,
and Ag revealed the “volcano” type of the activity diagram in
which Cu is at the top among these metals.*’ The calculations
clearly exhibit why Cu is the best-known metal electrocatalyst.
Copper exhibits a better ability to perform CO* protonation
than the other metals, but this is only associated with the poor
activity of the hydrogen evolution reaction (HER), that is,
moderate negative potential for HER.*” They suggested that
the key to a substantially improved process efficiency is to find
materials that have the binding energy of CO* and the binding
energy of products upon CO* protonation (HCO* or COH*)
decoupling, which leads to the reduction of the CO* and the
protonation potential to be less negative.*’

Alloying is an approach that may reduce the overpotential. It
also leads to a major change in product distribution and faradic
efficiency compared to those of the pure metals.** Many Cu
alloys, Cu—Ni, Cu—Sn, Cu—Pb, Cu—Zn, Cu—Cd, and Cu—Ag,
were experimentally studied for the CO, reduction in 0.05 M
KHCO; aqueous solution.** These alloys were found to have
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Figure 1. Six and eight protons/electrons transfer step pathways of CO, reduction to methanol and methane. The most thermodynamically
favorable pathway on each surface is labeled on the right-hand side. The top reaction scheme shows the common first-three electrons/protons
transfer step. The second and third reaction scheme shows the further protons and electrons transfer step when the favorable HCO* and COH*
intermediate is formed, respectively. The steps for methanediol reduction to methanol/methane and hydrogen evolution reaction (HER) are shown
in the last two reaction schemes. Cu atom, blue; X atom, green; C atom, brown; O atom, red; and H atom, white.

selectivity toward CO and HCOOH products.*® The alloy product.*” The experimental onset potential of CO, electro-

composition also highly influences the selectivity and product reduction on the rich-Au nanoparticles (Au,Cu) was positively
formation potential. Copper—gold alloy showed that the CO shifted, indicating that copper—gold has the potential to lower
production increases markedly with the Au content, while the the energy used for CO, conversion.*® The alloying approach is
fraction of CH, decreases and the Aug,Cuy, appears to be the anticipated to improve the HCO* intermediate stability on the
composition giving the most efficient CO, conversion and surface leading to a significant reduction in the overpotential. In
yielding the highest faradic efficiency with CO as the major the previous theoretical work,>" we found that the overpotential
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of CO, reduction to CH, on Cu;Au(211) is negatively shifted
compared to the Cu(211) surface and the potential-limiting
step is CO, protonation to form HOCO®* while the
overpotential on Cu;Ag(211) is similar to that on the
Cu(211) surface with the same potential-limiting step of
CO* protonation. However, the side reaction of H, evolution
can pose a challenge on copper—gold and copper—silver alloys
with Cu-rich composition.>® CO is the major product on
copper—gold and copper—silver alloys with higher Au and Ag
content because it is challenged by the CO* desorption
preference over further reduction of CO*.>!

The exploration for electrocatalyst materials which can
primarily meet the requirements of providing a more efficient
process and being selective of CO, reduction is required for the
process to advance. The development of more promising
electrode materials requires a fundamental understanding of
how electrode materials influence key reaction steps. The
preferential adsorption of reactants, intermediates and products
on electrode materials essentially contributes to the over-
potential, catalytic activity and selectivity. This work aims to
perform a systematic thermodynamic investigation of CO,
electroreduction to CH, and CH3;OH on Cu-based alloys
with Cu-rich composition of Cu;X, where X is Ag, Au, Co, Nij,
Pd, Pt, Rh, and Ir using DFT calculations associated with the
standard hydrogen electrode model.>> The results of CO,
conversion to CH, on CuzAu and Cu;Ag and pure Cu surfaces
were reported in the previous work’' and are included here
again to complete the systematic analysis. The goal of this work
is to examine how copper alloying with transition metals
modifies the CO, electroreduction activity and selectivity
compared to that on pure Cu catalyst. The analysis provides
useful theoretical insights for a better understanding of the
chemical nature of the catalysts which could lead to improved
catalyst development. We demonstrated how Cu-based alloys
influence the electrocatalytic reactivity, the overpotential, the
potential limiting step, the tendency of OH* surface poisoning,
H, evolution, and the selectivity to formic acid, methane, and
methanol products. The calculations suggest that alloying with
some metals can reduce the overpotential of methane
production and also affect the selectivity of methane, methanol,
and formic acid production.

2. COMPUTATIONAL DETAILS

The structures of Cu;X surfaces are modeled with L1, crystal
lattice structures, where X are metals in groups 9—11, which are
Ag, Au, Co, Nj, Pd, Pt, Rh, and Ir. The slab models of stepped
(211) surface with a unit cell of 3 X 3 containing six layers of
metal atoms and a vacuum region equivalent to more than six
atomic layers (approximately 15 A) were used for a search of
the most stable binding sites. The bulk LI, crystal lattice
structure of Cu;X and the slab model of Cu;X(211) are shown
in Figure SI1. The stepped surfaces (211) is chosen because it
was generally found to be the most reactive for C—O bond
breaking,>® which is a crucial process here. The two atomic
layers from the bottom of the slab were fixed, while the other
layers were relaxed to their lowest energy configurations. The
fixed layers were set to their bulk bond distances according to
their optimized lattice constants that were determined from
bulk calculations. The calculated lattice constants in A are 3.63
(Cu), 3.78 (CusAg), 3.79 (CusAu), 3.61 (CuyCo), 3.70
(Cuslr), 3.60 (Cu;Ni), 3.72 (CuyPd), 3.73 (CusPt), and 3.70
(CusRh).

8242

The impurity Au, Ag, and Pd on the Cu host shows a
moderate degree of segregation.>* Also, the segregation may be
induced by the strong affinity toward CO adsorption on those
impurity metals. It should be noted that the segregation may
induce the surface and near-surface composition change. The
systematic investigation of Cu;X in this work exhibits how the
alloying effect produces a considerably different electrocatalytic
activity trend from that found previously on pure metals and
changes hydrocarbon products selectivity.

The fully periodic plane-wave DFT calculations as
implemented in the Vienna Ab Initio Simulation Program
(VASP)*>>*® were employed. Spin-polarized DFT calculations
were performed with the exchange-correlation functional
Perdew—Burke—Ernzerhof (PBE)*”>® described within the
generalized gradient approximation implemented with the
projector augmented wave function (PAW)**%° method for
representing the nonvalence core electrons. The calculations
employed 5 X 5 X 1 k-points Monkhorst—Pack mesh sampling
in the surface Brillouin zone. The plane-wave cutoff energy was
optimized at 400 eV. The results were checked for convergence
with respect to the energy cutoff and number of k-points. The
Methfessel—Paxton smearing of order 2 with a value of
smearing parameter ¢ of 0.2 eV was applied. The convergence
criteria for electronic self-consistent iteration were set to 1.5 X
1077 eV and the ionic relaxation loop was limited for all forces
smaller than 0.035 eV/A for free atoms.

The free energy diagrams of the electrochemical reactions for
a given surface at 291.65 K were constructed according to the
method proposed by Norskov et al.>* The method successfully
described the overpotential of the oxygen reduction reaction on
metal surfaces and CO, reduction to be methane on the
Cu(211) surface.**>* Details of calculations are described very
well in Peterson et al.>® Also, our previous work®' includes the
calculation details, the applied values of zero-point energy
(ZPE), f C,dT and TAS correction terms of all adsorbed
species and gas-phase species and the parameters taking into
account the solvation effect on the adsorbate stabilization. The
method® sets the reference potential to be the standard
hydrogen electrode (SHE). This means, at U # 0, the free
energy of the proton—electron pair can be treated by shifting
the energy by —eU, where U is the electrode potential relative
to SHE. The reference electrode in this work is the theoretical
reversible hydrogen electrode (RHE), which can relate to the
standard hydrogen electrode (SHE) as Ugyy = Ugyg — (kT X
pH X In 10), where the pH value in this work is 6.8.

3. RESULTS AND DISCUSSION

Figure 1 shows the eight and six electrons and protons
transferred pathways for CO, reduction to methane and
methanol, which are investigated in this work. The pathways
share the common first-three proton and electron transfer steps
(seen in the top reaction scheme in Figure 1) of (i) CO,
protonation to be HOCO* (ii) the protonation of HOCO* to
be HCOOH or to form CO* + H,0(aq) and (iii) the
protonation of CO* at C to form HCO* or at O to form COH.
The second and third reaction scheme in Figure 1 shows the
further proton and electron transfer steps when HCO* is
favorable and when COH* is favorable, respectively. The
protonation of HCO* (the second reaction scheme in Figure
1) at the C atom can form formaldehyde (OCH,*) or at the O
atom to form HCOH* leading to methane and methanol
production. The protonation of COH* (the third reaction
scheme in Figure 1) at the C atom can yield HCOH* or at the
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Figure 2. (a) CO* and O* binding energy (b) Linear scaling correlations of the free energy of the adsorbed HCO*, COH*, OCH,*, HCOH¥,
CH,0H*, and HOCO* on Cu;X surfaces as a function of CO* binding energy. The X element is labeled at the data point. The binding energy is
calculated by Eqytq — Edtean stab — Eisolated adsorbate(gas) 1he free energy of the adsorbed states is calculated by Eyy — Ectean stab + (ZPE, entropy and
enthalpy corrections). The binding is stronger with the more negative binding energy.

O atom can yield C*+H,O leading to methane and methanol
production as well. The theoretical work based on DFT
calculations by Norskov et al.***' suggested that the lowest free
energy pathway from CO, to CH, on Cu(21l1) surface
proceeds through the adsorbed formaldehyde intermediate
and methane production is more energetically favorable than
methanol production. However, this disagrees with the
experimental results that formaldehyde reduction leads to
methanol product rather than methane.** Recently, Norskov et
al* has suggested that methanol is possibly formed by the
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reduction of methanediol rather than formaldehyde, which
could explain the contradiction. Their calculations showed that
methandiol which is formed by hydration of formaldehyde is
selectively reduced to methanol. Thus, methanol may be
formed by reduction of methanediol rather than by reduction of
adsorbed formaldehyde. This means the calculation results do
not necessarily contradict the suggestion that CO/CO,
reduction on Cu(211) surface goes through adsorbed form-
aldehyde intermediate to yield methane. In this work, we also
include the investigation of methanediol reduction to methanol
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and hydrogen evolution reaction, which is a competitive side
reaction.

3.1. Surface Interaction with Intermediate Species.
The affinity relation between intermediates and surfaces are of
importance to the free energy change of the elementary steps.
We begin with the analysis of the interaction between the key
intermediates and the alloy surfaces (Figure 2). The most
favorable adsorption configurations and adsorption energies of
all intermediate species on Cu;X surfaces are shown in Tables
S1-S83 of Supporting Information. It was previously reported
that the pure Au and Ag surfaces show weaker CO* interaction
compared to that on the pure Cu surface, but the other pure
metal surfaces (i, Pd, Pt, Ni, Rh, and Ir) show stronger CO*
interaction.*” Alloying the transition metals with copper reveals
a similar general trend of CO* interaction with the pure metal
surfaces. Figure 2a (top) shows that the CO* binding on
Cu3Ag and CusAu surfaces are weaker than that on pure Cu
surface and the CO* binding on the other alloy surfaces are
stronger. The CO* intermediate binds strongest on Cu;lr and
Cu;Rh surfaces. The CO* adsorption energies on Cu;Pt,
Cu;Ni and Cu3Co are comparable. The O* binding energy
trend on Cu;X surfaces (Figure 2a) is similar to that of pure
metals. Alloying Cu with metals which have weaker O*
adsorption than Cu, namely, Ag, Au, Pd, and Pt, remain to have
relatively weak O* adsorption and vice versa for the metals with
strong O* adsorption, namely, Ni, Co, Rh, and Ir. In addition,
we found that the high aflinity of CO* with Cu, Pd, Co, and Rh
may influence the segregation, resulting in relatively high
composition of those metals on the surface and near surface
atomic layers. The calculations show that the binding energy
can be affected by the composition change. The CO* binding
energies on the segregated structures (Figure S2, Supporting
Information) are weaker than those on the nonsegregated
structures by 0.02, 0.06, and 0.16 eV on Cu;Pd, Cu;Co and
CuyRh, respectively. The CO* binding energy on segregated
Cu;Ag structure is stronger than that on the nonsegregated
structure by 0.02 eV. The sensitivity of CO* binding energy to
the change of surface composition due to segregation tends to
increase on the surface with relatively strong CO* interaction.

The good linear scaling correlations between the CO*
binding energy and the surface interaction with the other key
intermediates, that is, HCO*, COH*, OCH,*, HCOH?*,
CH,OH, and HOCO* on Cu;X surfaces can be obtained as
shown in Figure 2b. The coefficients determination (R*) are in
the range of 0.90—0.98, which represents a very strong relation
between CO* binding energy and the surface interaction with
those key intermediates. Similarly, the good correlation
between adsorption energies of CO* and HCO* on pure
transition metal (TM) surfaces was previously found as well.*’
Interestingly, the CO™ interacts with the surfaces through the C
atom, thus the CO* binding energies also show good linear
scaling correlations with C* binding energies but very poor
correlation with O* binding energies (Figure S3, Supporting
Information). Although, the intermediate HCO* and COH*
binds to the alloy surfaces through the C atom, HCO*/COH*
binding energies do not correlate with C* binding energies.
Yet, they show very good correlation with CO* binding
energies.

The protonation of CO* forming HCO*/COH* is a crucial
step. It was previously reported to be the limiting-potential step
on pure Cu, Pd, Ni, Rh, Pt, and Cu;Ag surfaces. 364751 The
favorability of CO* protonation products between HCO* and
COH* can be affected by alloying. Alloying Rh and Co with Cu
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results in COH* being more stable. The stability of HCO* and
COH* is comparable on Cu;Ni surface. It is interesting that the
relatively higher stability of COH* than HCO* may occur on
catalysts with relatively strong CO* interaction energy (Figure
2b). Also, it was previously reported that the HCO* or COH*
favorability may be affected by the solvation effect through
water-assisted proton shuttling coupled with electron transfer.”’
We also found that the favorability of HCO* or COH*
formation carries on, being the same on the segregated and
nonsegregated structures. The sensitivity of HCO* binding
energy due to segregation is low (<0.05 eV) on the surfaces
with weak CO* interaction and it is large (>0.1 eV) on the
surfaces with strong CO* interaction such as Cu;Pd and Cu;Co
surfaces. The sensitivity of COH* binding energy due to
segregation is larger so that the binding energy change ranges
between 0.1 and 0.4 eV. Furthermore, the protonation of CO,
to produce HOCO* was previously reported to be the limiting-
potential step on pure Au, Ag, and Cu,Au surfaces.*”*" All the
alloy surfaces show stronger HOCO¥* interaction than the
CuzAu surface (Figure 2b). Thus, the significantly weak
HOCO#* interaction resulting in the CO, protonation to
yield HOCO#*, which proves to be the limiting-potential step,
should not be problematic on the other alloy surfaces.

The electronic structures facilitate the understanding of the
nature of CO bonding with the alloys surfaces. The charge
density difference of CO* adsorption (Figure 3) on the Cu

by 4]

@%ﬁg

Figure 3. Isosurface of charge density differences of (a) CO*
adsorption with the isosurface value of +0.005 eV/A% (b) HCO*
adsorption with the isosurface value of +0.002 eV/A%; and (c) COH*
adsorption with the isosurface value of +0.001 eV/A>. The top row is
the adsorption on Cu(211) surface and the bottom row is the
adsorption on Cu;Co(211) surface. Red and green colors represent
charge depletion and accumulation, respectively. The blue atom is Cu
and the gray atom is Co.

puv ¥,

surface shows significant electron transfer from Cu surface
atoms to C atom. However, on the Cu;Co surface, electrons are
mostly transferred from the Co surface atoms to the C atom
rather than from the Cu surface atoms. The CO* adsorption
trend on metal surfaces qualitatively agrees with the surface d-
band center energy level trend (Table S4 of Supporting
Information). The trends can be ascribed to the interaction
between the metal d states and the CO 27* and 56 states.’
The d-band center energy levels of Cu;Au and Cu;Ag shift to
lower energy than that of the Cu surface whereas the d-band
center energy levels of the other alloy surfaces shift to higher
energy compared to the Cu surface. This corresponds to the
weaker chemisorption of CO* on CuzAg and CusAu surfaces
than that on the Cu surface, whereas CO* adsorption is
relatively stronger on the other alloy surfaces. Also, the d states
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Table 1. Summary of the Most Favorable Pathway, The Calculated Limiting-Potential Voltage, The Limiting-Potential
Elementary Step, And the Calculated Onset Potential of H,0 Formation and HER on Cu;X(211) Surfaces

fa\?;(r);ltale onset potential of the limiting- onset potential of OH* + H" + e — H,0 onset potential of
pathway limiting-potential elementary step potential step (Vrys) A HER (Vryg)
Cu CH, CO* + H" + e —» HCO* —0.75 —0.31 —0.10
Cu,Au CH, CO, + H' + e~ - HOCO* —0.86 021 0.02
CuAg CH, CO* + H" + e~ — HCO* —0.72 0.02 —0.01
Cu;Pd CH;0H CO* + H* + e~ - HCO* —0.72 0.16 —0.12
CusPt CH;0H CO* + H* + e~ » HCO* —0.74 0.17 —0.21
Cu;Ni CH, CO* + H" + e —» COH* -0.85 —0.44 —0.28
CH;0H CO* + H* + e - HCO* —0.95
Cu;Co CH, COH* + H* + e~ - HCOH* —0.67 —0.66 —0.27
OH* + H" + e~ - H,0 —0.66
Cu;Rh CH, CO* + H" + e~ » COH* —0.49 —0.15 —0.42
Cu,lr CH, CO* + H* + e~ -» HCO* —0.32 —0.31 —0.47
OCH,* + H' + ¢~ — OCH,* -033

of Cu tends to interact with CO* rather than the d states of Au
and Ag which manifests in the favorable CO* adsorption site to
be on top of Cu on Cu;Ag and CujAu surfaces (see structures
in Table SI of Supporting Information). Similarly, the d states
of the other X elements, namely, Pd, Pt, Co, Ni, Rh, and Ir,
tend to interact with CO* rather than the d states of Cu, which
results in the favorable CO* adsorption on a top site of those X
atoms or the foot of the step site where CO* interacts with two
X atoms (see structures in Tables S2—S3 of Supporting
Information).

The common features of charge density difference analysis
seen in HCO* and COH* adsorption on both Cu and Cu;Co
surfaces (Figure 3b,c) are that electrons transfer from the Cu
surface to the C atom. In Figure 3b, electron accumulation
(green) at the C—H bond and the electron depletion (red) at
the C—O bond can be observed upon HCO* adsorption,
whereas in Figure 3c, electron depletion (red) occurs at C—O
and O—H bond upon COH* adsorption. Thus, electron
depletion at both O—H and C—O bonds in COH* adsorption
may induce the preference to COH* formation on a surface
with a relatively high d-band center energy level and strong
CO* adsorption, namely, Cu;Ni, Cu;Co, CuzRh, and Cuylr.
Yet, electron accumulation at the C—H bond in HCO¥*
adsorption may bring the favorability of HCO* formation on a
surface with a relatively low d-band center energy level; namely
CujAu, CuzAg, Cu, CusPd and CusPt. In addition, the poor
correlation between HCO*/COH* adsorption energy with the
C* adsorption energy may result from the difference of charge
transfer characteristic at the C—H (HCO¥* adsorption) bond
and at the O—H (COH* adsorption) bond. The charge
transfer characteristic of the C—O bond in HCO* and COH*
adsorption is similar, thus, CO* adsorption energy is a good
descriptor for correlations with HCO* and COH* adsorption
energy, as well as with OCH,*, HCOH*, CH,OH, and
HOCO* adsorption energy.

3.2. Pathway Investigation. The investigated CO,
reduction pathway to produce methane and methanol is
shown in Figure 1. The pathways through COH* are
considered on Cu;Co, Cu;Ni and CusRh surfaces because
COH* formation is more favorable than HCO* formation on
those surfaces. The pathways through HCO* are considered on
Cu, CusAg, CuzAu, Cu;Pd, and Cu;Pt surfaces. The stability of
adsorbed HCO* and COH* is comparable on Cu;Ni and
Cuslr in which the free energies of HCO* and COH* states are
very close with ~0.1 eV difference. Thus, the pathways through
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both HCO* and COH* intermediates are considered on
Cu;Ni and Cuglr surfaces. From a thermodynamic point of
view, the limiting-potential indicates the highest electrode
potential at which the free energy of every elementary step is
downhill and the reaction begins to have an evident rate. By
constructing the free energy diagrams as a function of potential,
the energetically favorable pathway and the limiting-potential
step on surfaces can be indicated. The free energy diagrams at 0
Vipge are shown in Figures S4 and S5 of Supporting
Information. The most favorable pathway, the limiting-potential
elementary step, the limiting-potential voltage, and the onset
potential of HER and the H,O formation step are summarized
in Table 1.

The calculated free energy diagrams indicate that the Cu-
based alloy catalysts mostly are more energetically favorable to
yield methane than methanol product. Methanol production is
found to be favorable on Cu;Pd, and Cu;Pt surfaces. On Cu;Ni
surface, the reduction to methanol shows a slightly higher
limiting-potential of 0.1 V than the reduction to methane. The
CO* protonation producing HCO* or COH* is the limiting-
potential step on most surfaces with the exception of Cu;Au,
and Cu;Co surfaces. The protonation of CO, yielding HOCO*
is the limiting-potential step on CujAu surface. The water
formation step and the protonation of COH* to form HCOH*
are the limiting-potential steps on Cu;Co surface. Figure 4
displays the onset potentials of the CO, protonation, CO*
protonation, and the formic acid formation step. It can be seen
that the overpotentials on Cu;Co, CuzRh, and Cuslr surfaces
are lower than that on pure Cu. The overpotentials on Cu;Ag,
Cu;Pd, and Cu;Pt surfaces are similar to that on pure Cu and
they show the same limiting-potential step.

The CuzAu and Cu;Ni surfaces show the highest limiting-
potential of —0.86 Vypyg (Table 1, Figure 4). The very weak
HOCO* adsorption on CujAu (Figure 3b) contributes to the
high limiting-potential of HOCO* formation. The HOCO*
binding energies on the other surfaces are relatively stronger,
thus, the HOCO* formation is not a challenging step on the
other surfaces. Furthermore, the two protons and electrons
transfer steps of CO, reduction to formic acid take place at low
potential close to the equilibrium potential of formic acid
formation (—0.20 Vg, eq 1) on CuyPt, CuyNi, CuyCo, and
Cu,Rh surfaces (Figure 4). This suggests that these surfaces are
thermodynamically favorable for HCOOH production. The
experiments showed that the addition of 10% Ni into Cu shifts
the onset potential of HCOOH production in a positive

DOI: 10.1021/acs.jpcc.5b01574
J. Phys. Chem. C 2015, 119, 8238—8249


http://dx.doi.org/10.1021/acs.jpcc.5b01574

The Journal of Physical Chemistry C

———————————————————————

10 - = CO"+H*+e «» HCO®
® CO"+H'+e « COH"
v A CO,;+H" +e < HOCO*
v HOCO* H* + & «» HCOOH(aq)
0.5 4 v =
A
P v
: A
> 00 .
= x A v
3 —
5 s £ o &
2 .05 L b
o 0.5 pe " A iy
Q PEm SrEt aeee
o S T TR L T onens
5 A ¢ L
104 . .
L] » . .
13 T I I T T I I T T 1
CuzAu CuzAg Cu CusPd CuyPt CusCo CugNi CuzRh Cuslr

Figure 4. Onset potentials of the CO, HOCO%*, and CO*
protonation step. The dot squares indicate the calculated limiting-
potential step on Cu;X(211) surfaces.

potential direction compared to Cu (~0.2 V).*® The calculation
results show the shift of HCOOH onset potential ~0.3 V on
Cu;Ni compared to Cu. Additionally, Cu—Ni experimentally
showed the strong suppression of CO formation and is not a
significant effect on faradaic efficiency or the overpotential for
production.”® This may result from the increase efficiency of
HCOOH production, and consequently the suppression of CO
formation.

The very strong CO* adsorption on Cu;Ni induces the
protonation of CO* to be potentially limited at —0.85 Vyyg
resulting in a relatively high overpotential for methane
production. The Cu;Co, CuzRh and Cuslr surfaces also show
very strong CO* and HCO*/COH?* interaction (Figure 2b),
however, the onset potentials of CO* protonation step on
these surfaces are less negative (—0.3 to —0.5 Vgy) than that
on Cu;Ni surface. The strong adsorption of CO* and HCO*/
COH* is not essentially an indicator as to whether the onset
potential of CO* protonation is likely to be at high negative
potential, yet the relative interaction between CO* and HCO*
or COH* on a surface is an important one. The difference in
free energies of the adsorbed states of HCO* or COH*
referenced on free energies of the adsorbed CO* state on
Cu;Co, CujRh, and Cu;lr are 2.9—3.1 eV, whereas that on
Cu;Ni is 2.55 eV and they are ~2.7 eV on Cu;Ag, Cu, Cu;Pt,
and Cu;Pd, which show a similar onset potential of the CO*
protonation step. The larger of the free energy differences, the
CO* protonation step tends to take place at the less negative
onset potential. The lowest calculated onset potential of CO*
protonation (—0.32 Vi) occur on Cu,lr surface in which the
free energy difference is largest. The higher degree of CO* and
HCO*/COH* adsorption energy decoupling pronounces, the
onset potential of CO* protonation becomes less negative,
which increases the thermodynamic favorability of the CO*
protonation step. The theoretical overpotential on pure metal
surfaces were shown to have a volcano-type relationship with
copper situated near the top.*” However, the volcano-type
relationship is not seen on copper-based alloy surfaces.

3.3. Methanol Production. The investigated reaction
pathways for methanol production, as shown in Figure 1, may
proceed through OCH,*, HCOH* intermediates, and
methanediol reduction. The equilibrium potential of CO, +
6H" + 6e~ — CH;0H (aq) is 0.03 Vg (eq 4). The free
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energy diagrams reveal that methanol production is more
thermodynamically favorable than methane production on
Cu;Pd and Cu,Pt surfaces, yet with high overpotential (~0.7
V) for methanol production. The favorable pathway on Cu,Pd
is through OCH,* intermediate and through HCOH*
intermediate on CuyPt. Then, the protonation of OCH,* and
HCOH¥* yields a common intermediate of CH,OH*. This may
suggest that the key of methanol selectivity is CH,OH*
formation favorability associated with the preference of
CH,OH¥* protonation at the C atom over the O atom. On
Cu;Ni surface, the most thermodynamically favorable produc-
tion pathway for methane production proceeds through HCO*
and OCH,* and is only 0.1 V (Table 1) more energetically
favorable than the methanol production pathway which goes
through COH* intermediate. This comes from the onset
potential of HCO* and COH* formation is only 0.1 V
difference on Cu;Ni surface. The surface affinity with key
species HCO*/COH* also plays a role on methanol and
methane selectivity. In addition, the Cu—Ni alloy with 10% of
Ni added was experimentally reported to have CH;O0H
production in the potential region from —0.1 to —1.1 Vyyg
with the maximum production at —0.5 Vyye, whereas it is
absent on Cu and Ni catalysts.*® The calculations in this work
suggested that the onset potential of CH;OH on Cu;Ni is
relatively high at —0.95 Vg and the OH* removal step
initially occurs at —0.44 Vyyp, which may allow the high
production at this potential.

The reduction of methanediol is also considered (Figure 1).
Methanediol is formed via hydration of formaldehyde (OCH,).
At 0.0 Vpyg, the reduction of methanediol through CH,OH*
intermediate (the first pathway) is energetically favorable on
Cu;Co, CusRh, Cu;Pt, and Cu;Ni surfaces. Yet, the formation
of CH,OH* is the potential-limiting step on Cu, CusAg,
CusAu, and Cu;Pd surfaces with the limiting potential of —0.30,
—0.21, —0.19, and —0.08 Vyyyg, respectively. The protonation of
CH,0OH* to form CH3;OH is the potential-limiting step on
Cu;Ir surface with the limiting potential of —0.47 Vpyg.
Additionally, an alternative pathway may occur with the
protonation at carbon atoms of methanediol coupling with
C—O breaking; CH,(OH), + H" + e~ — CH;OH + OH*. The
OH* removal step is an important one for this pathway. This
alternative pathway is the lowest free energy pathway to
produce CH;OH at 0.0 Vyyy on most surfaces except Cu;Pt
and Cu;lr surfaces. However, the OH* removal step is a
challenging step on Cu, Cu3Ni, Cu;Co, and Cu;Rh surfaces,
where the onset OH* removal step takes place at negative
potentials (Table 1).

3.4. H, Evolution and OH Removal. The OH*
protonation to form water is a significant elementary step to
inhibit the catalytic activity decrease via surface OH* poisoning.
The OH* removal step to form H,O is the potential-limiting
step on CuzCo due to the excessively strong OH* binding
energy (Figure S). The OH* and H* binding energies are
shown in Figure 5. Although the OH* removal step is not the
potential-limiting step on the other surfaces with relatively high
affinities for OH* (Figure S), namely, Cu, Cu;Ni, Cu;Rh, and
Cu,lr, the surfaces may be poisoned by OH* species due to the
relatively high negative onset potential of the step (—0.2 to
—0.7 Vgyg, Table 1). Thus, surface OH* poisoning may occur
on the surface of Cu alloying with high OH affinity metals,
namely, Co, Ni, Rh, and Ir. Likewise, alloying Cu with less
affinity toward OH, namely, Au, Ag, Pd, and Pt metals improve
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the OH* removal step and prove to be more efficient than pure
Cu.

Furthermore, the efficient CO, conversion catalyst would be
expected to not overly catalyze HER and therefore dominate
over CO, reduction; consequently, the surface may mostly be
covered by adsorbed H*. Also, the high activity of HER may
lead to surface CO* poisoning which the adsorbed CO* is not
further reduced. The pure Pd and Pt surfaces were
experimentally shown to mainly produce CO and HCOOH
and prevent further CO, reduction with significant H, evolved
as a side reaction.*® The pure Co, Rh, and Ir electrodes were
experimentally shown to mainly produce H,.** The HER on all
alloy surfaces occurs at more negative potential than that on
pure Cu with the exception on CujAu and Cu;Ag surfaces
(Table 1). The approximately 0.0 Vi of HER onset potential
on Cu;Ag and CujAu surfaces possibly lead to much higher
selectivity of H, on these surfaces.

The calculated HER on Cu surface is —0.1 Vg, but almost
entirely H, production on Cu is experimentally®" observed at
approximately —0.5 Vyyg. This may result from H*, O*, and
OH* binding to the same step sites and it would require the
OH* removal step taking glace in order to clear adsorbed OH*
and enable H, evolution.’® Similar to the Cu surface, the H,
production on Cu;Ni and Cu3Co would occur at a more
negative potential than the calculated HER onset potential
shown in Table 1 and take place approximately at the onset
potentials of their OH* removal step. Therefore, compared to
the Cu surface, the HER would be suppressed due to high OH*
coverage on the surfaces when alloying Cu with Ni, Co, and Ir.
The H* binding energies shown in Figure S demonstrate that
only H* on Cu;Ag and CusAu surfaces binds more weakly than
on pure Cu surface. Thus, the Cu alloying results in the
suppression of HER with the exception on Cu;Ag and CuzAu
surfaces.

4. CONCLUSIONS

This work systematically investigated thermodynamics of CO,
electroreduction to methane and methanol on copper-based
alloys (CusX), where X are metals in groups 9—11 using DFT
calculations associated with the standard hydrogen electrode
model. The affinity relation between intermediates and surfaces
are crucial to the free energy change of the elementary steps,
consequently, determining the overpotential, the potential-
limiting step, and the selectivity. The key intermediates are
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CO*, HCO*, COH*, CH,0H*, HOCO¥*, OH*, and H*, and
their interactions with the catalysts are required to be optimum
in order to efficiently catalyze CO, conversion to methane and
methanol, suppress H, production, and avoid OH* surface
poisoning.

The CO* protonation producing HCO* or COH* is the
limiting-potential step on most surfaces with the exception on
CuzAu and Cu;Co surfaces. In spite of the excessive strong
CO* interaction which is even higher than that on pure Cu, the
onset potentials of the CO* protonation step on Cu;Co,
Cu;Rh, and Cu;lr surfaces can be at less negative potential than
that on pure Cu surface. The strong adsorption of CO* and
HCO*/COH¥* is not necessarily an indicator as to whether the
onset potential of CO* protonation is likely to be at high
negative potential. Instead, the higher degree of CO*
adsorption energy and HCO*/COH* adsorption energy
decoupling produces, the onset potential of CO* protonation
becomes less negative. This shows that the CO* protonation
step becomes more efficient. The selectivity between HCO*
and COH* formation upon CO* protonation can be affected
by alloying. The relatively higher stability of COH* than
HCO* can be found on the surfaces with relatively strong CO*
adsorption because they allow a relatively high degree of
electron transfer to CO* corresponding to the electron
deficiency at the O—H bond of COH*. The charge transfer
characteristics of the C—O bond in HCO* and COH*
adsorption is similar to that of CO*; therefore, CO* adsorption
energy is a good descriptor for linear scaling correlations with
HCO* and COH* adsorption energies, as well as with the
other key intermediates of OCH,*, HCOH*, CH,OH¥*, and
HOCO* binding energies. The selectivity of HCO* and
COH* intermediates was not found to change due to the
change of surface and near-surface compositions caused by
segregation. Yet, the sensitivity of CO*, HCO*, and COH*
binding energies to the change of surface and near-surface
compositions can be somewhat significant.

The Cu-based alloy catalysts mostly are more energetically
favorable to yield methane than methanol product, except on
Cu;Pd and Cu;Pt surfaces. The protonation of CO, yielding
HOCO* is the limiting-potential step on CujAu due to the
significant weak HOCO* adsorption. The water formation step
and the protonation of COH* to form HCOH* are the
limiting-potential steps on Cu;Co surface. The two proton and
electron transfer steps of CO, reduction to yield formic acid
takes place at low potential close to the equilibrium potential of
formic acid formation on CusPt, Cu;Ni, Cu;Co, and Cu;Rh
surfaces. Thus, it suggests that these surfaces are thermody-
namically favorable for formic acid production.

Methanol production is found to be more favorable than
methane production on Cu;Pd and Cu;Pt surfaces, yet they
show high overpotential (~0.7 V). Both surfaces show that the
key of methanol selectivity is CH,OH* intermediate formation
favorability associated with the preference of CH,OH*
protonation at the C atom over the O atom. The reduction
of methanediol to methanol is energetically favorable at 0.0
Viue on most Cu-based alloy surfaces. However, the OH*
removal step is a significant and challenging step in which its
onset potential may take place at negative potentials resulting in
OH* surface poisoning.

Alloying Cu with high OH affinity metals, namely, Co, Nij, Ir,
and Rh, worsen surface OH* poisoning compared to pure Cu
surface, yet it possibly suppresses the HER. Likewise, alloying
Cu with less affinity toward OH, namely, Au, Ag, Pd, and Pt,
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improves the OH* removal step to be more efficient than pure
Cuy, yet it may promote the HER. The HER on all alloy surfaces
occurs at more negative potential than that on pure Cu, with
the exception on CuzAu and Cu;Ag surfaces where HER is very
efficient with the onset potentials at ~0.0 V.
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Top view side view
Figure S1. (a) The bulk L1; crystal lattice structure of Cu3;X , and (b) a unit cell of slab
model of stepped (211) CusX alloys surface. Cu atom-blue and X atom-green. The dashed
line indicates a unit cell boundary.
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Table S1. Adsorption energy of intermediate species, B.E?, on Cu(211), CuzAg(211), and
CuzAu(211) in eV. Blue atom is Cu, gray atom is Ag, orange atom is Au, red atom is O,

brown atom is C and white atom is H.

species Cu@ll) CusAg(211) CuzAu(211)

P configuration | B.E* | configuration | B.E* | configuration | B.E?
0 0.77 | Ehm— 0.88 1.13

. ""i . . =».ﬁ

S I

H _0.28 ﬁ _0.19 _0.17
OH -0.28 <% BEXS 0.24
i u } m ) .
h u : m B -
HCO iEI 1.43 i 1.51 1.45
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Cu(211) CusAg(211) CuzAu(211)
SpeCICes | configuration | B.E* | configuration | B.E* | configuration | B.E*
HCOH i 1.18 1.45 1.37
HOCO E 1.04 1.26 1.51
..

CH; | | -0.61 -0.39 -0.40
OCH: E 0.83 1.06 1.01
OCH3 E -0.27 0.07 0.16

CH.OH S\ 0.54 0.68 0.65
-e
.o g u® €

“B.E = Etotal(CxHyOZ) - Egiap - XE(C) - yE(H) - zE(O)
Where Etotal(CxHyOz) is the total energy of the state, E;,, is the energy of the clean slab, E (C)is

energy of C atom referenced to graphene, E (H) is the energy of H atom referenced to 1/2H, and
E(0) is the energy of O atom referenced to (H2O — Hy)
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Table S2. Adsorption energy of intermediate species, B.E?, on Cu3Pd(211), CuzPt(211), and
Cu3Co(211) surfaces in eV. Blue atom is Cu, gray atom is Pd or Pt, dark blue atom is Co, red
atom is O, brown atom is C and white atom is H.

' CusPd(211) CusPt(211) CusCo(211)
species | configuration | B.E* | configuration | B.E? configuration B.E?
o 1.22 1.26 ﬂ 0.08
. 0.31 -0.40 “ -0.46
C 1.93 1.34 1.67

e .-

OH 0.18 0.19 ﬁ -0.63
o 0.66 0.14 “ 0.13
CH 1.09 0.53 u -0.15
CH, 0.60 0.11 “ -0.18
COH 1.68 0.94 ﬂ 0.29
HCO 1.12 0.62 ﬂ 0.68
HCOH 1.02 0.55 ﬂ 0.61
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‘B.E = Etotal(CxHyOz) - Egiap - xE(C) - YE(H) - zE(0O)
Where Etotal(cx,.,yoz)is the total energy of the state, E;,p, is the energy of the clean slab, E(C)is

' CuszPd(211) CusPt(211) CuzCo(211)
SpeCies | configuration | B.E® configuration B.E* | configuration | B.E*
HOCO ﬁ 1.23 ﬁ 0.71 0.60

(
OCHs 0.34 0.42 -0.42
CILOH m 0.54 ﬁ 0.04 0.22

energy of C atom referenced to graphene, E (H) is the energy of H atom referenced to 1/2H, and
E (0)is the energy of O atom referenced to (H.O — Hy)




Table S3. Adsorption energy of intermediate species, B.E?, on CuzNi(211), CusRh(211), and
Cuslr(211) surfaces in eV. Blue atom is Cu, gray atom is Ni or Rh, green atom is Ir, red atom
is O, brown atom is C and white atom is H.

‘ CusNi(211 Cu3Rh(211) Cuslr(211)
species | configuration B.E? configuration B.E? configuration B.E?
o 0.52 ﬁ 0.71 20.16
q -0.47 m -0.61 -0.66
o 0.75 m 0.33 20.12
OH -0.41 ﬂ -0.12 -0.29
co 0.10 m -0.13 -0.62
CH 0.11 ” -0.10 -0.60
CH, 0.09 ﬁ 2013 -1.59
COH 0.77 0.19 -0.39

{

HCO 0.79 ﬁ 0.48 -0.57
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‘ CusNi(211 CusRh(211) Cuslr(211)
species configuration B.E? configuration B.E? configuration B.E?
o h ﬁ - ﬂ o
HOCO 0.76 ﬁ 0.67 é 0.30

CH. -0.90 ﬁ -0.86 ﬁ 2.11
OCHS 0.25 ﬁ 0.29 ﬂ L0.64
OCH; -0.37 ﬁ -0.06 é -0.70

CHLOH 0.14 ﬁ 0.09 ﬂ -0.50

‘B.E = Etotal(CxHyOZ) = Egqp - xE(C) - yE(H) - zE(O)
Where Etotal(cx,.,yoz)is the total energy of the state, E;,p, is the energy of the clean slab, E(C)is

energy of C atom referenced to graphene, E (H) is the energy of H atom referenced to 1/2H, and
E (0)is the energy of O atom referenced to (H>O — H>)
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(@) | ©

Figure S2. Structures of CO* adsorption on segregated structures of (a) CuzPd(211), (b)
Cu3Co(211) and (c) CusRh(211) surfaces.
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Figure S3. Linear scaling correlations between CO* binding energies and C* or O* binding
energies on CuzX(211) surfaces. The X element is labeled at the data point. The binding
energies are calculated by Etotal — Eclean siab— Eadsorbate (gas)-

Table S4. Surface d-band center energy level referenced on Fermi energy level.

CusX(211) | d-band center energy level (eV)
CusAg -2.68
CusAu -2.54
Cu -2.16
CusPd -1.83
CusPt -1.85
CusNi -1.49
CuzCo -1.76
CusRh -1.52
Cuslr -1.68
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Figure S4. Free energy diagrams of the most favorable CH4 pathway and the reduction of
methanediol at 0 Vrug on Cu, CuzAg, CusAu, CuzCo, CuzRh, and Cuslr (211) surfaces.
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Figure S5. Free energy diagrams of the most favorable CH3;OH, CH4 pathway and the
reduction of methanediol at 0.0 Vrug on Cu3Pd, CusPt, and CusNi (211) surfaces.
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Reactivity Trend of CO, Electroreduction on Copper Alloys
from First Principles

Pussana Hirunsit " Wiwaporn Soodsawang ', Jumras Limtrakul =
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Pathumthani, Thailand
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Abstract: The electroreduction of CO, to valuable
hydrocarbon products is a promising process that
would allow recycling waste CO, into usable hydro-
carbons without high temperature reactions require-
ment and the production rate can be varied to follow
the availability of electricity produced from clean
resources such as solar cells. The critical challenges
for the CO, electroreduction process are that the re-
action must be at a low overpotential as well as being
selective. The electrode material is crucial in that it
plays essential roles in determining the overpotential,
efficiency and selectivity. A Copper electrode was
found to perform the direct reduction of CO, to hy-
drocarbons (methane and ethylene) with a reasonable
rate but very low efficiency (Hori et al., 1986). It is
an important challenge to discover promising elec-
trode materials (electrocatalysts) which provide high
efficiency and high hydrocarbon product selectivity.
In this talk, we will present the thermodynamic inves-
tigation of CO, conversion to CH, on copper-based
alloy with transition metals in group 9-11 using den-
sity functional theory calculations associated with
standard hydrogen electrode model (Ngrskov et al.,
2004) (Hirunsit, 2013). The key intermediate species,
the theoretical overpotential, the potential-limiting
step and the theoretical onset potential of key ele-
mentary steps are discussed. The scaling correlation
of the key intermediate adsorbed free energies and
their electronic structures provide the fundamental
understanding of the interaction with surfaces. Also,
the reactivity toward the competitive reaction of hy-
drogen evolution and the favorability of OH* surface
poisoning will be discussed.

Keywords: density functional theory, heterogeneous
catalysis, electrocatalysts, CO, reduction, and copper
alloys.
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