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Abstract

Computational studies of electrochemical reduction of CO, to CO, HCOOH and CH4 were
carried out using tetra-atomic transition metal clusters (Fes, Co4, Nig, Cuy and Pty) at the B3LYP
level of theory. Novel catalytic properties were discovered for these subnanometer clusters,
suggesting that they may be good candidate materials for CO, reduction. The calculated
overpotentials of producing CHy4 are in the order: Cos < Feq < Niy < Cuy < Pt4 with both Co4 and
Fe,4 having overpotentials less than 1 V. Investigation of the effects of supports found that a Cuy
cluster on a graphene defect site has a limiting potential for producing CH4 comparable to that of
a Cu (111) surface. However, due to the strong electronic interaction with the Cuy cluster, the
defective graphene support has the advantage of significantly increasing the limiting potentials
for the reactions competing with CHa, such as the hydrogen evolution reaction (HER), and CO

production.

Introduction

The conversion of CO, to fuels is of use of renewables in carbon-neutral technologies and for
developing approaches to mitigate global warming. High thermodynamic stability of the CO,
molecule requires substantial input of energy for its reduction and conversion. Studies of
catalytic reduction of CO; to useful chemicals, such as CO, HCOOH, CH3;OH, CH4 and longer-
chain hydrocarbons, have been focused on three major approaches: chemical' ™, electrochemical®
>1% and photochemical reductions® ' 2. During the last three decades, electrochemical reduction

of CO; has gained increasing interest from both academia and industry. CO, dissolved in liquids

can be electrocatalytically converted into various hydrocarbons and oxygenates directly at the
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surface of solid electrodes™ ™ ''. Moreover, homogeneous catalysts can be incorporated with the
solid electrodes to facilitate the electron transfer during CO, reduction® °. This approach holds
promise in the utilization of renewable electricity (e.g., from solar and wind power). Compared
to catalytic chemical reduction of CO,, electrochemical reactions provide three advantages in
industrial processes.® First, the surface free energy of the catalyst is easily altered through the
electrode potential, which allows precise control of the reaction rate and product selectivity.
Secondly, the achievable efficiency of electrochemical devices is significantly higher than the
traditional chemical reactors, because the former are not limited by thermochemical cycles.
Finally, because of the non-direct reaction between precursors through redox processes on two
separate catalysts, catalysts can be tailored for each redox process independently. In addition,
electrochemical reduction of CO; is, to some extent, a more straightforward technology
compared to photocatalysis, without having to consider the photon efficiency of the catalytic
materials®.

Electrochemical reduction of CO; to fuels has been investigated both experimentally and
computationally using various transition metal electrodes” '*’. Most of the previous studies
have been focused on single crystal electrodes. Hori et al. discovered experimentally that CO; is
reduced to CHy4, C,H4 and alcohols at Cu electrodes, with overpotentials on the order of 1 v,
More importantly, the surface orientation of Cu crystal plays a significant role in the selectivity
of the products. For instance, CH4 formation is favored at Cu(111), while C,Hy4 is more likely to
form at Cu(lOO)lS. The reaction mechanisms of the formation of CH; and longer chain
hydrocarbons on Cu electrodes were studied computationally by the Norskov group'’ and the
Koper group'® '°. In addition, Pt*°, I and Rh* single crystals were also found to reduce CO,
electrochemically. More recent studies of electrochemical reduction of CO,, on the other hand,
have been carried out using a number of novel metal materials, such as supported metal

69, 23'26, metal alloys27 and metal or metal oxide overlayerszg’ 2 In particular, Centi

nanoparticles
et al.” first utilized Pt nanoparticles on carbon based electrodes (e.g., carbon black (Vulcan XC-
72) and/or carbon cloth) to convert CO, electrochemically to long carbon-chains (>C5) at room
temperature and atmospheric pressure. Gangeri et al.’ later studied conversion of CO, to
oxygenates (e.g., isopropanol) using Pt and Fe nanoparticles supported on carbon nanotube
(CNT) electrodes, showing that Fe particles have a higher activity than Pt particles, although

they also deactivate faster. Furthermore, a recent experimental study by Reske et al.** on CO,
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reduction on Cu overlayers on Pt electrode suggested that the catalyst’s activity is improved with
increasing copper layer thickness, and the formation of methane decreases much faster than that
of ethylene with decreasing Cu layer thickness. All these studies suggest that the reactivity and
product selectivity of the catalysts for CO, electrochemical reduction are essentially controlled
by two major components: the geometric effect (e.g., surface structure and particle size) and the
electronic effect (e.g., type of metal).

Recently, size-selected subnanometer transition metal clusters have gained great attention in
catalysis30'41, due to their unique electronic and catalytic properties, which deviate from extended
metal surfaces and larger nanoparticles®. Typically, for very small clusters (diameters below
around 2 nm), quantum effects become noticeable, referred to as the “catalytic finite-size

effect”.** Vajda et al. have successfully synthesized subnanometer metal and metal oxide clusters

with very narrow size distributions on thin film support materials (e.g. alumina)’' 33337 4%,
These materials have shown great potential in the catalysis of electrochemical reactions. For
instance, the electrocatalysis of water oxidation was studied using Pd4, Pd¢ and Pd;; clusters on a
ultrananocrystalline diamond Si-coated electrode®, indicating that these clusters have stable
electrochemical potentials over several cycles. The catalyst system showed no evidence of
evolution or dissolution of either the electrode material or the clusters™. Also, studies by Proch
et al. on electrocatalysis of carbon oxidation using Pt, (n<11) clusters indicated that Pt clusters
are much more reactive than Pt nanoparticles under similar conditions*. Moreover,
electrochemical reduction of CO, using Auys clusters has been investigated by Kauffman et al.® ,
showing that Au,s clusters represent a remarkable improvement over larger Au nanoparticles and
bulk Au. Despite the increasing reports on electrocatalysis of CO, and applications of size-
selected subnanometer clusters, no detailed mechanistic studies have been carried out on
electrochemical reduction of CO; using size-selected subnanometer transition metal clusters.
Previously, we have studied reaction mechanisms of homogeneous and heterogeneous

catalysis of CO, reduction using surfaces and complexes of 3d transition metal catalysts*®*’, as

3053 In this contribution, computational

well as photocatalytic reduction of CO; on TiO, surfaces
studies of electrochemical reduction of CO, using tetra-atomic metal clusters are presented.
Initially, chemisorption and electrochemical adsorption of CO; on ten metal clusters (Fes, Coa,
Nig, Cuy, Ir4, Pds, Ags, Rhs, Pty and Auy) was investigated. Then, Fes, Cos, Nig, Cus and Pty

clusters were selected to study the reaction mechanisms of electrochemical reduction of CO; to



Physical Chemistry Chemical Physics

CO, HCOOH and CHy, as well as the hydrogen evolution reaction. Possible chemical and
electrochemical reactions were taken into account, and the most favorable reaction pathway was
identified. The over-potentials for producing CH4 were derived using volcano plots. Lastly, the
reaction thermodynamics of the isolated Cuy cluster was compared with that of the Cuy cluster
deposited on a graphene sheet and a defective graphene sheet. We also make a comparison to
previous results using Cu nanoparticles and surfaces and discuss the potential for use of size

selected clusters for CO, reduction.

Computational Details
Geometry optimizations and free energy calculations of all the unsupported clusters were

carried out using the density functional (DFT) method B3LYP**

with the Gaussian09 program
package®®. The structures of the tetra-atomic clusters used in this work are the lowest energy
structures calculated using B3LYP. The B3LYP density functional predictions of the ground-
state geometries and spin states of the tetra-atomic clusters’ considered in this work are
comparable to previous studies of these clusters (See Section S1, Supporting Information).
Single-point calculations of binding energies of CO, to all ten clusters were also carried out
using the M06°" and PBE0>®*® methods, with B3LYP thermo corrections. CCSD(T)' single
point energies were also calculated for Cu, Ag and Au clusters. The B3LYP binding energies are
in reasonable agreement with these other methods in most cases (For a detailed analysis, see
Section S1, Supporting Information). The 6-31G* basis set was used for all the main group
elements (C, O, H). An improved 6-31G* basis set proposed by Mitin et al.®*, m6-31G*, was
utilized for all the 3d metals, and the LANL2DZ basis set®® was used for all the 4d and 5d
metals. The partial charges of adsorbed CO; on the clusters were calculated using natural bond
orbital (NBO) analysis66'71. The transition states of the C-O bond-breaking reactions were
calculated using QST3 method and were confirmed using intrinsic reaction coordinate (IRC)
calculations.

A reaction network containing 38 intermediates for possible electrochemical and chemical
reactions was analyzed to identify the most favorable electrochemical reaction pathway for each
considered cluster system (see Section S2 in Supporting Information). Multiple conformations

and spin states for all the metal clusters and intermediates were considered to locate lowest
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energy geometries and multiplicities. (For the ground-state multiplicities and relative energies of
the species in the pathways see Sections S1 and S3, Supporting Information).

Each electrochemical reaction step considered in the present work involves a proton-electron
pair transfer from solution to an adsorbed species on the cluster. The free energy change of each
proton transfer reaction step was calculated using the computational hydrogen electrode (CHE)
method suggested by Norskov et al.'” "> ">, The reaction free energy of each elementary reaction
can be calculated using Equation 1:

AGge = u[Product] — u[Reactant] — O.SM[HZ(g)] +eU (1)

where AGg represents the free energy change of the elementary step, ¢ is chemical potential and
U is applied electrical potential. When U = 0V, AGg. equals to the limiting potential (U;) of
elementary hydrogenation reaction. Previous calculations have been carried out for the
electrochemical proton transfer barriers of the reduction of O, to OOH on Pt’* and of the
reduction of OH to H,O on pt’” , showing that these barriers are from 0.15e¢V to 0.25¢V at zero
applied voltage, and diminish with higher applied voltages. Such barriers are easy to overcome at
room temperature' . Therefore, it is assumed in the present work that the reaction free energy of
an electrochemical proton transfer reaction is a good measure of the favorability of the reaction.
However, such an assumption does not apply to chemical reactions such as C-O bond breaking
of an adsorbate on the cluster. Thus, the barriers of these reactions were calculated. The CHE
method circumvents the explicit quantum mechanical calculations for solvated protons and all
the solvent effect on geometries and free energies were neglected. All the Gibbs free energies
were calculated in gas phase at 25°C, in which all the gaseous molecules (CO,, CO, H, and CHy)
and all the metal cluster-containing systems were calculated under the standard pressure,
101325Pa, while the liquid phase molecules (H,O, HCOOH and CH3;OH) were calculated under
their corresponding vapor fugacity, which comes from their vapor-liquid equilibrium with water
corresponding to a liquid mole fraction of 0.01'". (See details are in Section S1, Supporting
Information). Selected Cuy reactions were also calculated at 18.5°C for comparison.

Graphene supported Cus systems were calculated with the Vienna Ab initio Simulation
Package '®” (VASP, version 5.3.2), using the PBE functional®® with a plane wave basis set. A
graphene supercell with 72 carbon atoms was built with a 2.46A lattice constant and 15A of
vacuum space. A model for a defect site in graphene was made with one carbon vacancy and is

referred to as “defective” graphene in this paper. During the simulation the positions of all atoms
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in the systems were allowed to relax, while the shape and size of the supercell was fixed. The
energy cutoff was 400 eV, with a 2x2x1 k-point grid and a Fermi-level smearing width of 0.2
eV. Free energies of adsorbates were calculated by treating 3N degrees of freedom of the
adsorbate as vibrational. It is assumed that changes in the vibrations of the graphene support
were minimal.'” Vibrational modes were calculated using a normal-mode analysis. Zero-point
energies, entropies and heat capacities were calculated from these vibrations to convert the
electronic energies into free energies at 18.5°C (for comparison with previous computational
studies). Non-adsorbed molecules were calculated using the same techniques, except with a
Fermi-level smearing of 0.01 eV (Corrections to the non-adsorbed species see Section S1,

Supporting Information).

Results and Discussion
1. Chemisorption vs. Electrochemical Adsorption of CO; on Tetra-atomic Metal Clusters

We first investigated whether, under -electrochemical conditions, chemisorption or
electrochemical adsorption of CO; is more likely to occur. Equations 2 and 3 are typical
representations for the chemisorption and the electrochemical adsorption of CO, on a

heterogeneous catalyst, respectively.

C02 +* - COQ* (2)
CO,+H" +¢ +* —» COOH* 3)

47, 49 .
7% while

The chemisorption of CO; often involves a charge transfer from the catalyst to CO,
the electrochemical adsorption of CO, involves a proton-electron pair transferred to CO,. The
former mainly depends on the intrinsic properties of the catalyst, while the latter can be
controlled by an applied electric potential. In this section, the thermodynamics of chemisorption
and electrochemical adsorption (without applied potential) of CO, on tetra-atomic clusters are
discussed. Middle to late transition metal clusters, Fes, Co4, Nig, Cuy, Irg4, Pds, Ags, Rhy, Pty and
Auy were considered.

The structures of the clusters and CO,-cluster adsorbate complexes, the calculated partial

charges on the adsorbed CO, and adsorption free energies are shown in Table 1 (For the details

of structures and spin-states of all species see Section S2, Supporting Information). In general,
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CO; binding to Fes, Cos, Ni4, Cuy, Rhs and Pty clusters involves a significant reduction of the O-
C-0 angle, as well as a charge transfer from the cluster to CO,, while for Pds, Ags, Irs and Aua,
CO, maintains a nearly linear structure and little charge transfer occurs. The calculated
adsorption free energies of CO, indicate that only Fes, Cos and Ni4 clusters have favorable
interactions with CO,, while the other clusters showed positive adsorption free energies (Table
1). A positive adsorption free energy generally suggests that adsorption on the cluster is unlikely
to happen spontaneously. Therefore, chemisorption of CO; on Fes, Co4 and Niy clusters is much
more favorable than that on the other metal clusters.

In comparison, the electrochemical adsorption of CO, on all clusters involves a (H" + ¢)
transfer resulting in a significant reduction in the O-C-O angle (Table 1). For Fes, Cos, Nig, Cua,
Rhy, Agy and Iry, the COOH adsorbate binds to the cluster through both C and O atoms, while for
Pd,, Pt4, and Auy only the C atom is bound to the cluster. The calculated reaction free energies
show that the electrochemical adsorption of CO, favors Cos and Niy clusters with no applied
potential, while all the other clusters require an applied potential for the reaction to occur. It is
notable that Ag and Au clusters gave high reaction free energies (1.40 and 1.43 eV,
respectively), which lead to high over-potentials of the electrochemical reaction, and are not
catalytically favorable. It is also interesting that, for Fes, Cos and Niy clusters, the adsorption of
CO, (Equation 2) is thermodynamically more competitive (with more negative reaction free
energies) than the electrochemical adsorption (Equation 3). Therefore, when considering these
three clusters for the electrochemical reduction of CO, to fuels (e.g., CHy), the reaction pathways
initiated by both chemisorption and electrochemical adsorption of CO; need to be taken into
account. In this work, Fes, Co4, Nis, Cuy and Pty clusters were selected to study the reaction
mechanisms of electrochemical reduction of CO, to CH4, CH;0H, CO and HCOOH. Larger

6, 80-82

nanoparticles of these five metals have been reported previously in the applications of

electrocatalysis, and showed reasonable stability under acidic conditions.

2. Electrochemical Reduction of CO; to CHy
The CHE model was applied to the electroreduction of CO, by investigating a reaction
network including possible electrochemical and chemical bond cleavage reactions associated

with reduction of CO; to the major products CO, HCOOH and CHy4 (for the reaction network see
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Section S2, Supporting Information). In general, the reaction pathways in the network may be

initiated by three reactions, shown in Equation 2, 3 and 4, respectively.
CO,+H" +¢ +* —» OCHO* 4)

The reaction free energies of all elementary steps in the reaction network were calculated
(Section S2, Supporting Information), and the barriers of the possible chemical bond cleavage
reactions were taken into account (Section 2.1). Thermodynamically most favorable pathways
and major side reactions were identified based on the reaction network for all five clusters
(Section 2.1 and 2.2), and the activity descriptors for the formation of CH4 were analyzed

(Section 2.3).

2.1 C-O Bond Cleavage

In an electrochemical reaction, a C-O bond cleavage is often a multi-step reaction, which
involves the hydrogenation of the oxygen atom and the release of water. A C-O bond can also be
cleaved directly by the catalyst. Our previous studies* have shown that Fe, Co and Ni fcc (100)
surfaces chemically break the C-O bond of CO, spontaneously with low barriers. Thus, in this
study, possible C-O bond breaking reactions were considered to study the catalytic properties of
the metal clusters. As mentioned earlier, catalytic bond breaking reactions are different from the
electrochemical proton transfer reactions, and the barriers of the former cannot be ignored.
Therefore, both reaction free energies and barriers of three possible C-O bond breaking reactions
were studied for the five metal clusters (Fes, Cos4, Nis, Cus and Pts). Equations 5, 6 and 7
represent the C-O cleavage of CO,*, CHO* and OCHO*, respectively.

CO,* — CO* + O* (5)
CHO* — CH* + O* (6)
OCHO* — CHO* + O* (7)

The chemisorption of CO, (Equation 2) is followed by the C-O cleavage of CO,* (Equation 5).
Equation 6 may occur after CHO* is formed. Equation 7 is the reaction following Equation 4.

These reactions result in a carbon-oxygen bond breaking.
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The Bronsted—Evans—Polanyi (BEP) relations of the reaction free energies and barriers were
developed for the three C-O cleavage reactions shown in Figure 1. To begin with, as shown in
Figure 1(a), reaction A is exergonic for Fes, Cos4 and Niy clusters, but endergonic for Cuy and Pty
clusters. In other words, the direct C-O cleavage of CO,* is spontaneous on Fes, Cos and Niy
clusters. In addition, these three metal clusters show low barriers (<1.00 eV, Figure 1(a)), which
allow the reactions to occur at room temperature, while both Cus and Pts systems gave barriers
higher than 1.50 eV. For the C-O cleavage of CHO*, on the other hand, only Fes and Cos
clusters showed negative reaction free energies, while the reaction is endergonic for the other
clusters (Figure 1(b)). Moreover, all the clusters except for Fes showed extremely high barriers
(>2.00 eV). This indicates that the C-O cleavage of CHO* is only likely to occur on Fey cluster
at room temperature. Finally, the C-O cleavage of OCHO*, as shown in Figure 1(c), is
endergonic and shows high barriers (>1.50 eV) for all five metal clusters. In summary, the C-O
cleavage of CO,* is likely to happen directly through Fe4, Cos4 and Niy clusters, as well as the C-
O cleavage of CHO* on Fey4 cluster. These exergonic chemical reactions with low barriers can
compete with the electrochemical reactions, and therefore shall be included in the mechanism

studies of the Fe,, Co4 and Ni4 systems.

2.2 Reaction Mechanisms of Electrochemical Reduction of CO, to CH,
2.2.1 Fey, Coy and Niy Clusters

Figure 2 shows the reaction coordinates of CH4 formation on a Fe, cluster. The lowest energy
electrochemical pathway (pathway 1) was identified, shown in black, Figure 2(a). The reaction
pathway initiated by CO, chemisorption was also considered (pathway 2, red, Figure 2(a)). In the
lowest energy electrochemical pathway (pathway 1), CO, and a (H" + ¢") pair first forms COOH
adsorbed on the cluster (state 2, Figure 2), then the hydroxyl group undergoes further
hydrogenation and dissociates as an H,O molecule, and the remaining carbon and oxygen forms
CO* (state 3). The CO* further goes through four degrees of hydrogenation to form CHO* (4),
CH,O* (5), and then CH30* (6). The CH30* is then hydrogenated on the carbon atom, leading
to the production of CH4. The formation of CH;0OH was found to be less thermodynamically
favorable, agreed with previous studies'’. The remaining adsorbed oxygen (O*, 7) is then
hydrogenated to form OH* (8) and eventually dissociates as H,O. In this reaction path, each

elementary step is an electrochemical reaction and requires transfer of one (H' + €’) pair.
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According to the CHE model, the rate determining step is the last step, the (H' + ¢") pair transfer
to OH*, which is endergonic by 0.72 eV (Figure 2(a)). This requires a potential of -0.72 V to
remove adsorbed OH from Fe, cluster.

On the other hand, according to the discussions in the previous Sections, the Fe4 cluster binds
CO, and breaks the adsorbed C-O bond spontaneously with a low barrier of 0.63 eV. This
suggests that a reaction pathway initiated by the CO, chemisorption may also exist (pathway 2,
red, Figure 2(a)). In this pathway, CO, first chemically binds the cluster and forms CO,* (2b),
which goes through a C-O cleavage transition state (3b) to form a CO and O co-adsorbed
complex (CO* + O*) (4b). In the following the adsorbed CO of (CO* + O*) goes through a
similar reaction path, with the pathway 1 (black, Figure 2(a)), to produce CH4. From (CO* + O%)
(4b) to (CH30* + O*) (7b), the adsorbed oxygen is thermodynamically stable and likely to stay
on the cluster, instead of being hydrogenated. The release of CHy leads to two oxygen atoms
adsorbed on the cluster 2(O*) (9b), in which both oxygens are hydrogenated one after another to
form (OH* + O*) (9b) and 2(OH*) (10b). In the end, the two OH adsorbates are reduced and
leave as two H,O molecules. In this pathway, the first two steps, CO, chemisorption and C-O
cleavage, are chemical reactions that are not affected by the electrochemical environment, while
the other elementary steps are electrochemical reactions. The rate determining step of this
pathway is the hydrogenation of one of the two OH’s of 2(OH*) (from 10b — 8). This step is
endergonic and requires a potential of -1.17 V to become exergonic. Compared to the (H' + ¢")
pair transfer to a single adsorbed OH (8), it is much more difficult to hydrogenate an adsorbed
OH when another OH is co-adsorbed on the cluster. Therefore, the formation of 2(OH*) would
be a problem in the electrocatalysis on Fey4 cluster.

It is worth noting that most of the intermediate states in pathway 2 in Figure 2(a) are
energetically lower-lying than the intermediates in pathway 1, relative to the initial reactants (1).
Moreover, the C-O cleavage transition state lays only 0.07 eV above the initial state (1). This
indicates that pathway 2 is very likely to occur. However, the CHE model suggests that pathway
1 requires a much smaller potential than pathway 2 for the reaction to occur, and thus is the ideal
reaction mechanism. In Figure 2(b), a potential of -0.72 V was applied to the free energy profiles
of both pathways. The first two steps of pathway 2 are chemical reactions that are not affected by
the electric potential, and the reaction free energies and barriers of these reactions remain the

same before and after the external potential is applied. With the applied potential, pathway 1
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generally has lower-lying intermediates than pathway 2; however, pathway 2 could still
contribute to the overall reaction and would require a larger potential to remove the OH
adsorbates from the catalyst.

Co4 and Ni4 clusters showed very similar reaction mechanisms as the Fe4 clusters. As shown
in Figure 3(a) and Figure 4(a), the electrocatalytic (black, pathway 1) and the CO, chemisorption
initiated (red, pathway 2) pathways of these two clusters gave intermediates similar to the Feq4
cluster. The rate determining step of pathway 1 is the hydrogenation of the adsorbed OH (OH*, 8)
for both Co4 and Nig, as for the Fey system. Pathway 1 requires a potential of -0.63 V and -1.01
V to proceed for Cos and Nia, respectively. For both clusters in pathway 2, the intermediate
states are much lower lying than those of pathway 1; the rate-determining step is the
hydrogenation of one OH of 2(OH*) (10b — 8), the same with the Fe, cluster. This pathway
requires large potentials of -1.03 V and -1.53 V to proceed for Cos and Niy systems, respectively
(Figure 3(b) and Figure 4(b). After a potential of -0.63 V was applied to Co4 and -1.01 V was
applied to Niy4 cluster, pathway 1 showed a more exergonic reaction than pathway 2. And similar
to the Fe4 system, pathway 2 could still proceed at a slower rate and cause the poisoning of the
catalyst by engendering 2(OH*).

It is noted that a conformational change of the metal cluster was obtained for the state of Ni4
system during the reaction. The metal cluster with two adsorbed OH groups changed to a
rhombus structure from a tetrahedral structure, while with a single adsorbed OH the cluster keeps
a tetrahedral form. This suggests that the strong electronic interaction between the second OH
and the cluster leads to the deformation of the close-packed tetrahedral structure.

In summary, Fes and Co4 clusters are very active for the electrocatalytic reduction of CO, to
CH,, with limiting reaction free energies of less than 1 eV, while a Ni4 cluster showed a larger
rate-limiting free energy (1.01 eV). However, spontaneous CO; chemisorption and C-O cleavage
on these clusters lead to the formation of intermediate states with an extra adsorbed oxygen or a
hydroxyl group. These intermediates are lower-lying in the energy profile, and the hydrogenation
of the 2(OH*) state is much harder than that of OH*, engendering larger rate-limiting reaction
free energies. Although the ideal reaction pathway requires much smaller potentials, larger

potentials would be necessary to prevent side reactions and deactivation of the catalyst.

2.2.2 Cuy and Pt, Clusters
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In the investigations in Section 2.1, Cus and Pty showed very high barriers and endergonic
reactions for possible C-O cleavage steps. These reactions are, therefore, unlikely to occur at
room temperature for these two clusters. Under the applied potential the only favorable pathway
is thus an electrochemical pathway, where each elementary step requires a (H' + ¢’) pair transfer.
From the CHE model, the lowest energy pathway was identified for both clusters. The
electrocatalysis of CO; on Cus and Pt4 clusters follows a very similar path as the Fes, Cos and
Niy4 clusters. Shown in Figure 5 and 6, CH,4 formation on both clusters still follows the formation
and hydrogenation of CO*, as on the other three metal clusters. However, the hydrogenation of
CO* to form CHO* (3 — 4), rather than the hydrogenation of OH* for the other clusters (Fea,
Cos and Niy), is the rate-determining step of Cuy and Pty systems. This is similar to the
electrochemical reduction of CO, on Cu surfaces from previous studies.!” The CO*
hydrogenation requires a potential of -1.05 V and -1.32V to proceed for Cusy and Pty,

respectively.

2.3 Volcano Plots for the Electrochemical Reduction of CO; to CH,

The five metal clusters (Fes, Coy4, Nis, Cus and Pts) show similar reaction pathways for the
electrochemical reduction of CO, to CHy, although the rate-determining step differs. The
hydrogenation of *OH is the key step for Fes, Cos and Nis, while the hydrogenation of CO* is
the most endergonic step for Cus and Pts. Given that similar reaction mechanisms and
intermediate species were obtained in the reduction of CO, to CHy for the five metal clusters, an
analysis based on the correlations of the adsorption energies of the intermediate species’ can be
carried out. In the major reaction pathway of all five clusters, the first half of the intermediates
(COOH*, CO*, CHO* and CH,0%*) are bound to the cluster through a carbon atom, and the
second half (CH30%*, O* and OH*) interact through an oxygen atom. Previous studies on metal
surfaces”” have suggested that there are strong correlations for the adsorption energies within the
carbon-bound and oxygen-bound species. Based on scaling relations and the d-band theory of
adsorption, the adsorption free energies of the carbon-bound species of the five metal clusters
were correlated to the adsorption free energy of CHO, AGg[CHO], shown in Figure 7(a-c), and
the adsorption free energies of the oxygen-bound species were correlated to AGg[OH] shown in

Figure 7(d,e).



Page 13 of 35

Physical Chemistry Chemical Physics

The cluster's affinity for the carbon-bound and oxygen-bound species display general trends
as a function of metal; for the carbon-bound species, the adsorption free energies are in the order
Ni > Co > Fe > Pt > Cu, while the oxygen-bound species follows the order Co > Fe > Ni > Cu >
Pt. However, one exception was observed for the CO affinity; the ground state triplet Pts(CO)
showed an extremely large adsorption free energy, shown to be the outlier in Figure 7(a). It is
interesting that the three other carbon-bound species (COOH*, CHO* and CH,0%*) showed
strong correlation with each other and were fitted with the other four metal clusters (Figure 7, (b,
c)). It is also worth noting that the singlet Pt4(CO) tends to fit much better with the trend of the
four other metal clusters (Figure 7(a)). In order to verify whether B3LYP provided the correct
spin state for the ground state of the Pt4(CO) complex, CCSD(T) single-point calculations were
carried out for both singlet and triplet Pt4(CO), confirming that the triplet is the ground state.
This implies that the large CO affinity of Pty cluster could possibly be caused by the higher spin
on the Pt, cluster. This exception is not the case for bulk Pt surfaces’, where the ground state of
adsorbed CO is a singlet. Moreover, a previous DFT study® on CO binding energies of Pt
cluster, Pt thin layers and Pt(111) surface found that the Pt; cluster exhibits the strongest CO
binding among the three materials, and the CO binding energy of the Pt cluster is 1.22 eV
higher than that of the bulk Pt surface. Studies also suggested that with the increasing number of
layers of the Pt thin films, the CO binding energy decreases rapidly. In the present study of the
electrochemical reduction of CO, to CHy, the larger CO affinity of Pt4 cluster engenders a more
stable CO* state relative to the other carbon-bound species shown in Figure 6, and this leads to
CO* — CHO* as the rate-limiting step of the Pt pathway and to require a large potential (-1.32
V) to proceed. Although the exact reason for the dramatic CO affinity of Pt clusters is unknown,
the catalytic properties of Pt clusters, at this stage, are different from the bulk materials.

Figure 8 shows the elementary limiting potentials (Ur) that scale with AGg[CHO] and
AGg[OH]. In Figure 8(a), for example, each line shows the limiting potential (Up) of an
elementary step in the electrochemical pathway. These limiting potentials represent the potentials
required for the reaction to proceed, giving a first-order approximation of the electrical potential
sufficient to provide a considerable reaction rate’. The difference between the most negative UL
and the equilibrium potential (+0.17 V for CO, electroreduction to CHy4) represents a theoretical
overpotential. In Figure 8(a), two reactions, CO* — CHO* and CHO* — CH,O%*, are the lowest

lines of the volcano-shape plot, and therefore are responsible for the theoretical overpotential.
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The Pty cluster is an outlier in the plot in Figure 8(a), due to the exceptionally large CO
adsorption energy, and was considered as an individual case (not fitted with the other four metal
clusters). For the other clusters, Ni is shown to be the closest to the top of the "volcano",
followed by Co and Fe. Cu showed the largest overpotential among the four clusters. In Figure
8(b), OH* — * + H,O and CH3;0* — O* + CHy4 are the lowest lines of the volcano plot. Four
metal clusters, Fes, Cos, Nigy and Cuy, are lined up on the line of OH* — * + H,0, while Pty
landed on the line of CH;0* — O* + CH,4. The approximate overpotentials are in the order Cuy
< Pty < Co4 < Fey < Nig. Combining the information from both Figures 8(a) and (b), the total
overpotential of each metal is the largest calculated overpotential in either figure, and it is in the
order Cos < Feq < Nis< Cuy < Pt4, which indicates the ordering of the cluster reactivities.

Possible side reactions and cluster deactivations are not included in the plots in this analysis
of the overpotentials and they may affect the conclusions. Although Fes, Cos and Niy clusters
showed smaller overpotentials than Cus and Pts4, the reaction pathway induced by spontaneous
CO; chemisorption and C-O cleavage leading to adsorbed oxygen on the cluster may result in
higher rate-limiting reaction free energies (Table 3), and could cause deactivation of the catalyst.
The Pt, cluster showed a higher overpotential than Cuy, due the large CO adsorption energy. The
Cuy cluster showed an intermediate theoretical overpotential among the five metal clusters
without any significant side reactions in this study. The Cu cluster results suggest that metal
alloy clusters composed of Co and Cu, for example, may be very favorable for the
electrochemical reduction of CO; to CHy4, possibly providing higher reactivity than a Cu cluster

itself, while reducing the possibility of side reactions found for Co clusters.

3. Competing Reactions with CH4 Production

In addition to the production of CH4 from CO,, there are other competing reactions. Figure 9
shows some competing reaction pathways that produce H,, CO and HCOOH. Figure 9(a) shows
the reaction pathways for the hydrogen evolution reaction (HER) on the five clusters (Fes, Coa,
Nig, Cuy and Pty) and the limiting potentials required for this reaction. The Cuy cluster shows the
smallest limiting potential among the five clusters, and Fe showed a slightly higher limiting
potential, followed by Co and Pt. Ni showed the highest limiting potential for HER.

The electrochemical pathway for producing CH4 can also generate CO and HCOOH as
shown in Figures 9(b) and 9(c), respectively. The release of CO follows the formation of CO*,
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and HCOOH is produced from the hydrogenation of COOH*. For CO production, the CO
dissociation from the cluster corresponds to the rate-limiting step, thus CO binding energies
determine the rate-limiting reaction free energies. The Cuy cluster showed the smallest limiting
potential, while Pt showed the largest, due to the CO-overbinding (Section 2.3). The formation of
HCOOH follows a different trend as a function of metal; the Cus cluster showed the largest
limiting potential for the reaction. The reactions of Co systems are thermodynamically favorable
and require no external potential. Generally speaking, the limiting potentials of producing fuels
from the electrochemical reduction of CO, using the five metal clusters are in the order HCOOH

<CH4 <CO.

4. Electrochemical Reduction of CO; on Graphene Supported Cuy Cluster

In order to directly compare with previous computational studies of graphene supported Cu
nanoparticles and surfaces, graphene supported Cu4 cluster was studied and the calculations were
carried out using GGA PBE method with a plane wave basis set in VASP package. The results
for defective graphene supported Cuy (denoted as Cus/def-graphene) are given in Figure 10. The
Cuy cluster supported on a defect site (a missing carbon atom) on graphene was found to have
better catalytic properties than either the Cuy cluster and Cus/graphene, with a smaller limiting
potential for producing CHy (-1.13 V, -1.27 V and -0.96 V for Cu4, Cus/graphene and Cus/det-
graphene, respectively, Figure 10). It also has a much larger limiting potential for hydrogen
evolution reaction (-0.77 V). It is worth noting that, for CH4 production, the rate-limiting step for
both the Cuy cluster and Cus/graphene systems is CO* — CHO*, while that of Cus/def-graphene
becomes the last step, OH* — * + H,O (Figure 10). In addition, the limiting potentials of
producing CO and HCOOH using Cus/def-graphene are calculated to be -1.26 and -0.72 V,
respectively, which are much larger than those using Cuy cluster (-0.67 V for CO production and
-0.50 V for HCOOH production). This indicates that the reactions competing with CHy are less
favorable on Cus/def-graphene than those on the isolated Cus cluster, suggesting a better
selectivity of CHs on Cus/def-graphene, relative to the competing products, H,, CO and
HCOOH.

As discussed in Section 2.3, the two elementary steps, CO* — CHO* and OH* — * + H,0,
are the key steps of producing CHy4. Therefore, these two steps were compared among Cua,

Cus/graphene and Cuy/def-graphene from this work, as well as with the previously reported
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results for a Cu(111) surface®, a Cu(211) surface'’, a Cuss nanoparticle and a Cuss nanoparticle
on defected graphene®®. In order to make a direct comparison of these systems, the PBE method
and a temperature of 18.5°C were utilized to match previous calculations. Table 3 shows the
calculated reaction energies for the CO* — CHO* and OH* — * + H,0 steps and for producing
H,, using the different Cu materials by the present work and the previous studies.

To begin with, the temperature change from 18.5 to 25 °C showed no significant effect on the
reaction free energy for Cuys systems. (Table 3). Also the B3LYP functional generally showed
good agreement with PBE functional (the reaction energies are only different by < 0.18 eV).
Based on the PBE results, for the CO* — CHO* step, Cus/graphene showed a 0.14 eV higher
reaction free energy than Cuy, while the Cus/def-graphene showed an extremely low free energy
for this step (0.11 eV). However, a different effect was obtained for the OH* — * + H,O step;
compared to Cus, Cus/graphene decreased the reaction free energy of this step to -0.02 eV, while
Cuy/def-graphene increased it to 0.96 eV. It is worth noting that the effect of the defective
graphene on the CO* — CHO* step is much greater than that of the regular graphene support,
suggesting a much stronger interaction between Cuy and the defective graphene support. This
strong interaction is induced by the atomic vacancy of the graphene sheet, allowing more
bonding and shared electron density between Cus and graphene. A Bader charge analysis was
carried out and showed that the charges on the Cuy clusters of Cus/graphene and Cus/def-
graphene are +0.08 and +0.73, respectively (Details of partial charges see Section S4, Supporting
Information). This indicates a charge transfer from the Cuy to the graphene support occurs, and
the defective graphene gained much more charge from Cuy than the regular graphene. This
causes the Cu d orbitals of Cus/def-graphene to be more vacant and available to the adsorbates,
similar to the metal clusters, Fes, Cos and Nis. Therefore, the strong support effect by the
defective graphene leads to a switch of the rate-limiting step from CO* — CHO* to OH* — * +
H,O0 for Cuy/defective graphene (OH* — * + H,0 is the rate-limiting step for Fes4, Co4 and Niy).

For the previously reported Cu materials (Cuss, Cu (111) and Cu(211)) listed in Table 3, CO*
— CHO* was calculated to be the rate-limiting step, similar to what we find with Cus and
Cus/graphene. The defective graphene support reduced the reaction free energy of the CO* —
CHO* step for Cuss clusters (by 0.15 eV), and reduced that for the Cuy cluster (by 1.02eV),
indicating that the support effect for Cuy tends to be much greater than for Cuss. Comparing the

Cuy system with previously reported Cuss and Cu surfaces, Cus shows a comparable limiting step
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free energy (0.96 eV) with that of Cu(111) surface (0.97 eV), while the Cuss particle and
Cu(211) surface both showed somewhat lower rate-limiting step free energies.

Besides the rate-limiting step that determines the overpotential required for producing CHa,
the hydrogen evolution reaction (HER) is another important reaction for the electrochemical
reduction of CO,. Because HER is competitive with CO, reduction, a catalyst that promotes CO,
reduction while preventing HER is desirable. As shown in Table 3, all the previously reported
Cu materials tend to give very low limiting free energies for the HER reaction, suggesting a high
rate of formation of H». In the present work, Cuy and Cus/graphene also both give low limiting
free energies of HER; however, Cus/def-graphene gave a much higher limiting free energy (0.77
eV), indicating a much lower reaction rate of HER. In addition, Cus/def-graphene also showed a
larger limiting potential of producing CO (-1.26 V) than that of producing CH,4 (-0.96V), while
for the other Cuy systems and previously reported Cu materials, production of CO showed a
much smaller limiting potential than that of CH,4. This implies that Cus/def-graphene improves
the selectivity of producing CHa.

Compared to previously reported materials, although Cuy systems did not show a significant
advantage for the limiting potential of CH,4 formation, the HER has a much higher limiting
potential on Cus/def-graphene. The CO production on Cus/def-graphene also showed a higher
limiting potential than CHa. It is clear from these results that the cluster support can have a large
effect on the reaction free energies of Cuy systems. In the case of electrochemical reduction of
CO; to CHa, the defective graphene supported Cus showed an extremely low reaction free energy
for the CO* — CHO* step (0.11 eV), which is the limiting step for all the other studied Cuy
materials, while the rate-limiting step of the Cus/def-graphene switched to the OH* — * + H,0O
step (0.96 eV). This is due to the strong electronic interaction between the support and the

cluster.

Conclusions

Computational studies of electrochemical reduction of CO, to CO, HCOOH and CH4 were
carried out on five tetra-atomic transition metal clusters, Fes, Co4, Nis, Cus and Pts. Reaction
mechanisms and thermodynamics were investigated at the B3LYP level of theory. The following

conclusions are drawn from this study.
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The calculated overpotentials of producing CH,4 are in the order: Cos < Feq < Nigy < Cuy <
Pty with both Cos and Fes having overpotentials less than 1 V, indicating that small
clusters can act as electrochemical catalysts for CO, reduction.

Volcano plots were derived to describe the theoretical overpotentials of electrochemical
reduction of CO, to CHs. Two elementary steps, CO* — CHO* and OH* — * + H,0,
were found to be the key reaction steps of determining the overpotentials for producing
CHy for the tetra-atomic clusters and could be used to optimize metal cluster performance
through size and composition variation.

Investigation of the possible effect of a support was carried out for the Cuy cluster.
Calculations were done with a Cuy cluster on both graphene and on a graphene defect site
(single atom vacancy). The latter was found to have a smaller limiting potential for
producing CH4 comparable to that of a Cu (111) surface. However, the strong interaction
of the defective graphene support with the Cus cluster has the advantage that it
significantly increases the limiting potentials for the reactions competing with CHa4, such

as the hydrogen evolution reaction (HER), and CO production.

The results suggest that small metal clusters have much potential for CO, reduction because

their catalytic properties could be optimized based on size, metal composition and various

support materials. For instance, metal alloy clusters composed of Co and Cu, may provide better

reactivity than Cu clusters while reducing the possibility of side reactions from Co clusters.
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Tables and Figures
Table of Content:

M = Fe, Co, Ni, Cu, Pt

Computational studies of electrochemical reduction of CO, were carried out using tetra-atomic

transition metal clusters.
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Table 1. Structural, electronic and thermodynamic data of chemisorption and electrochemical

adsorption of CO; on tetra-atomic clusters
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Table 2. The limiting reaction free energies (reaction free energies for the most endergonic step)
for each cluster (OH* — H,O + * for Fe4, Cos and Nig, and CO* — CHO* for Cu4 and Pt4) and
(2(OH*) — H,0 + OH*) for the side reactions of Fes, Cos4 and Ni4 clusters

Limiting Reaction Free

Limiting Reaction Free Energies for Side

Cluster
Energies (eV) Reaction Pathway(eV)
Fe4 0.72 1.17
Coq 0.63 1.04
Niy 1.01 1.53
Cuy 1.05 -
Pty 1.32 -
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Table 3. Reaction free energies for the key steps of electrochemical reduction of CO, to CH4 on

different Cu materials (tw = this work)

. * * *
Material AG(CO* — AG(OH* — =+ AGH* - *+H,) Method OT Ref.
E3
CHO*) (eV) H,0) (eV) V) (°C)
B3LYP/m
1.05 0.01 0.14 25
6-31g*
Cuy B3LYP/m tw
1.05 0.02 0.13 18.5
6-31g*
1.13 0.20 0.23 PBE/PW 185
Cuy/Graphene 1.27 -0.02 0.09 PBE/PW  18.5 tw
Cuy/Def-Graphene 0.11 0.96 0.77 PBE/PW 18.5 tw
Cus;s 0.83 - - PBEPW 185 “°
Cuss/Def-Graphene 0.68 - 0.24 PBE/PW 185 %
Cu(111) 0.97 - 0.22 PBEPW 185 *°

Cu (211) 0.74 - 0.03 RPBE/PW 185 "
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Figure 1. Brensted—Evans—Polanyi (BEP) relations of C-O cleavage reactions of (a) CO,* (Eq 4)
(b) CHO* (Eq 5) (¢) OCHO* (Eq 6)
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Figure 2. Reaction pathways of electrochemical reduction of CO, to CH4 on a Fey cluster. (a)
Reaction pathways without applied potential. b) Reaction pathways at applied potential of -0.72
V. The initial state (CO, + *) is denoted as state 1, and the final state (H,O + *) is denoted as

state

9. The intermediates of pathway 1 are denoted as states 2-8, and the intermediates and

transition states of pathway 2 are denoted as states 2b-11b and 8. The structures on the top of
figure (a) represent the states of pathway 1, and those on the bottom represent the states of
pathway 2. Steps 1 — 2b, 2b — 3b and 3b — 4b (pathway 2) are chemical reactions, while all
the other steps (in both pathways) are electrochemical reactions. Each electrochemical step
involves transfer of a (H' + ¢) pair.
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Figure 3. Reaction pathways of electrochemical reduction of CO, to CH4 on a Cog4 cluster. (a)
Reaction pathways without applied potential. (b) Reaction pathways at applied potential of -0.63
V. The initial state (CO, + *) is denoted as state 1, and the final state (H,O + *) is denoted as
state 9. The intermediates of pathway 1 are denoted as states 2-8, and the intermediates and
transition states of pathway 2 are denoted as states 2b-11b and 8. The structures on the top of
figure (a) represent the states of pathway 1, and those on the bottom represent the states of
pathway 2. Steps 1 — 2b, 2b — 3b and 3b — 4b (pathway 2) are chemical reactions, while all
the other steps (in both pathways) are electrochemical reactions. Each electrochemical step

involves transfer of a (H' + ¢) pair.
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Figure 4. Reaction pathways of electrochemical reduction of CO, to CH4 on a Niy cluster. a)
Reaction pathways without applied potential. b) Reaction pathways at applied potential of -1.01
V. The initial state (CO, + *) is denoted as state 1, and the final state (H,O + *) is denoted as
state 9. The intermediates of pathway 1 are denoted as states 2-8, and the intermediates and
transition states of pathway 2 are denoted as states 2b-11b and 8. The structures on the top of
figure (a) represent the states of pathway 1, and those on the bottom represent the states of
pathway 2. Steps 1 — 2b, 2b — 3b and 3b — 4b (pathway 2) are chemical reactions, while all
the other steps (in both pathways) are electrochemical reactions. Each electrochemical step
involves transfer of a (H' + ¢) pair.
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Figure 5. Reaction pathways of electrochemical reduction of CO, to CH4 on a Cuy cluster. The
solid lines represent the reaction pathways with no applied potential, and the dashed lines
represent the reaction pathways at the limiting potential of -1.05 V. The initial state (CO; + *) is
denoted as state 1, and the final state (HO + *) is denoted as state 9. The intermediates of are

denoted as states 2-8. Each elementary step involves transfer of a (H' + ¢) pair.
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Figure 6. Reaction pathways of electrochemical reduction of CO, to CH,4 on a Pty cluster. The
solid lines represent the reaction pathways with no applied potential, and the dashed lines
represent the reaction pathways at the limiting potential of -1.32V. The initial state (CO, + *) is

denoted as state 1, and the final state (H,O + *) is denoted as state 9. The intermediates of are
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denoted as states 2-8. Each elementary step involves transfer of a (H' + ¢) pair.
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Figure 7. Adsorption free energy scaling relations of the intermediate species in the

electrochemical pathway of the reduction of CO, to CH4. The adsorption free energies of the

carbon-bound species (CO (a), COOH (b) and CH,O (c)) are correlated with AGg[CHO], and
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those of the oxygen-bound species (CH;O (d) and O (e)) are correlated with AGg[OH]. The
more negative adsorption free energies correspond to more tightly bound adsorbates. All values

are in eV.
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Figure 8. Limiting potentials (Uy) for elementary steps of the electrochemical pathway of the
reduction of CO; to CH4. The dashed line represents the equilibrium potential (+0.17 V) versus
RHE for the overall electrochemical reduction of CO, to CHy4. Each solid line is fitted by the
calculated limiting potentials of the metal clusters for each elementary step. The energy
difference between the equilibrium potential and Uy indicates a theoretical overpotential as a
function of the considered adsorption free energies. In principle, the larger the overpotential, the
more difficult for the reaction to proceed; the most negative lines in the plots correspond to the

elementary steps that determine the overpotentials.
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Figure 9. Reaction pathways for producing H; (a), CO (b) and HCOOH (c) and limiting
potentials of different metal clusters. Each electrochemical step involves transfer of a (H + ¢)
pair. The numbers on the y axis represent relative free energies (eV). The limiting potentials (the

potential required to proceed over the most endergonic step) of each metal cluster are listed in

the legend.
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Figure 10. Reaction pathways of electrochemical reduction of CO, to CH4 on defective graphene
supported Cuy cluster. The initial state (CO, + *) is denoted as state 1, and the final state (H,O +
*) is denoted as state 9. The intermediates are denoted as states 2-8. Each elementary step

involves transfer of a (H' + ¢") pair.



