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Molecular copper catalysts serve as exemplary models for correlating the structure-reaction-mechanism
relationship in the electrochemical CO, reduction (eCO,R), owing to their adaptable environments sur-
rounding the copper metal centres. This investigation, employing density functional theory calculations,
focuses on a novel family of binuclear Cu molecular catalysts. The modulation of their coordination con-
figuration through the introduction of organic groups aims to assess their efficacy in converting CO, to C;
products. Our findings highlight the crucial role of chemical valence state in shaping the characteristics of
binuclear Cu catalysts, consequently influencing the eCO,R behaviour. Notably, the Cu(II)Cu(Il) macrocy-
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cle catalyst exhibits enhanced suppression of the hydrogen evolution reaction (HER), facilitating proton
transfer and the eCO,R process. Furthermore, we explore the impact of diverse electron-withdrawing and
electron-donating groups coordinated to the macrocycle (R = -F, -H, and -OCH3) on the electron distri-
bution in the molecular catalysts. Strategic placement of ~-OCH3 groups in the macrocycles leads to a
favourable oxidation state of the Cu centres and subsequent C-C coupling to form C, products. This
research provides fundamental insights into the design and optimization of binuclear Cu molecular cat-
alysts for the electrochemical conversion of CO, to value-added C, products.

© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-

vecommons.org/licenses/by/4.0/).

1. Introduction

CO, conversion into high-value chemicals, fuels, and materials
is a topic of significant societal and scientific importance due to
its potential to alleviate the impacts of climate change and pro-
mote sustainable energy utilization [1-3]. Electrochemical carbon
dioxide reduction (eCO,R) is regarded as a promising strategy
due to considerations of technical complexity, maturity, and eco-
nomic feasibility, thus drawing considerable research interest from
both academia and industry [4-8]. The electrocatalytic conversion
of CO, to multi-carbon (Cy.) products is the holy grail of electro-
chemical synthesis [9-11]. Compared to one-carbon (C;) products
such as carbon monoxide (CO), methane (CH4), formic acid
(HCOOH), and methanol (CH30H), C,. products like ethylene
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(CH,CH,), ethanol (CH3CH,OH), acetic acid (CH3;COOH), and n-
propanol (CH3CH,CH,0H) exhibit superior energy densities and
economic value. Additionally, they can be utilized as feedstocks
for the synthesis of long-chain hydrocarbon fuels [12-14]. Never-
theless, the pursuit of efficient catalysts that can achieve high pro-
duct selectivity, particularly C,. molecules, remains one of the
critical technological hurdles for effective eCO,R [15,16].

Copper (Cu) is recognized as catalytic candidates for multiple
proton-coupled electron transfer (PCET) reactions to generate valu-
able chemicals [6,17-21]. However, most reported heterogeneous
Cu catalysts (including alloys [22,23], metal oxides [24,25],
nanoparticles [26,27]) often exhibit inconsistent and difficult-to-
tune active sites, such as edges, corners, and facets, leading to vari-
ations in reactivity and selectivity. Moreover, the concealed Cu
atoms within the bulk structure will limit atomic utilization to
CO, reduction. Compared with traditional copper bulk catalysts,
single-site molecular catalysts achieve high atomic utilization
and allow for precise tuning of the active sites. By substituting
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different central metals and surrounding ligands, the catalytic per-
formance of molecular catalysts can be finely tuned to optimize the
selectivity of the eCO,R towards specific products [28,29].

In recent times, bimetallic molecular catalysts have emerged as
new paradigm in the field of electrocatalysis [30,31]. Several inves-
tigations have indicated that binuclear metal catalysts exhibit
superior selectivity and catalytic activity compared to mononu-
clear metal catalysts. This is attributed to the synergistic effects
between the two metal sites, leading to a reduction in overpoten-
tial, an increase in reactivity measured by turnover number and
turnover frequency, and an enhancement in product selectivity
[32-39]. Recent efforts have delved into the developments in elec-
trocatalytic reduction of CO, using earth-abundant bimetallic com-
plexes, encompassing metals including Fe [40-42], Co [43], Ni [44],
and Cu [45,46]. However, for the Cu-family molecule catalyst, most
studies conducted thus far have concentrated on heteronuclear
copper-based systems [47-49]|, with few exploring the perfor-
mance of Cu-Cu dual sites in eCO,R. Furthermore, there remains
a gap in achieving molecular engineering to enhance the perfor-
mance of bimetallic catalysts and acquiring a more profound
understanding of their electrocatalytic mechanism of CO,
reduction.

In this work, we employed computational methods based on
density functional theory (DFT) to investigate the electrocatalytic
conversion of CO, into C; to C; products using a series of binuclear
CuCu macrocycle (Mac) catalysts adorned with various organic
groups. By incorporating donor-acceptor groups onto the molecu-
lar macrocycle, we effectively adjusted the electron density distri-
bution of the catalytic centre. This adjustment not only improved
the control of electron distribution but also facilitated the electron
migration towards CO, activation [29], consequently refining the
selectivity of the resulting products. This study sheds lights on
the influence of the Cu’" valence state on the eCO,R process and
the impact of organic groups on the electronic properties of the
central Cu atoms. Our objective is to advance the rational design
of molecular catalysts containing two copper atoms, with the
aim of enhancing their performance in eCO,R, especially in the
generation of C, products.

2. Experimental
2.1. Computational details

All DFT calculations were performed using the Gaussian 16 pro-
gram [50]. The Becke-type three-parameter Lee-Yang-Parr B3LYP
[51] exchange correlation functional used together with the Los
Alamos National Laboratory 2 double-{ (LANL2DZ) [52] pseudopo-
tential and basis set were used for structure optimization and fre-
quency analysis. The B3LYP/LANL2DZ level of theory has been
widely used to study the reactions of transition metal complexes
[53,54]. The energies of the intermediates of the eCO,R were
refined using the correlation-consistent polarized triple-zeta (cc-
pVTZ). Solvent effects were incorporated with the continuum sol-
vation model based on density (SMD) to describe the aqueous
environment. The transition state (TS) structures for the C-C cou-
pling step were located using the QST2 option in Gaussian. Fre-
quency calculations were then conducted to verify the TS
character of located structure.

To analyse the stability of CuCu-Mac structures, we computed
the formation energy (Ef) according to the following expression
[55,56]:

(1)

ECu
(bulk)
Ef = (ECuCu—Mac - Evo—Mac - 7)

N
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where the Eyjmac is the energy of M/Mac, Ny, N¢, and Ny are the
number of metal, carbon, and nitrogen atoms in the unit cell,
respectively, and gy, fc, and py are the chemical potentials of
the metal, carbon, and nitrogen atoms, which were obtained from
the energy calculation of transition metal single atom, graphene
(pc = E(Mac)/Nc¢), and N, (un = E(N3)/2), respectively. The electro-
chemical stability of the catalyst was evaluated by computing the
dissolution potential (Ugss) of the metal [57]. The dissolution
potential of Cu was computed according to the following expres-
sion [58].

Ecu(bulk)
<ECuCu—Mac - Evo—Mac - %

Udiss (Cu) = Ugiss(Cu,bulk) — e

(2)
where the values of U3, (Cu, bulk) were taken from Guo et al. [56].
and n was set to 2.

The solution-phase Gibbs free energies (G) of high- and low-
spin forms of all intermediates were calculated according to the
following expression:

G= Ee + 8GVRT + AGsolv (3)

where the first term is the total DFT electronic energy of the
intermediate, the second term is the vibrational-rotational—
translational contribution to the gas-phase Gibbs free energy
(8Gygr) at T = 298 K under a standard-state partial pressure of
1 atm, and the third term is the solvation free energy corrections
computed using the SMD model. The effect of pH and electrode
potential (U) was then included according to the following equation
for the reaction free energy (AG) [59]:

AG = AE. + AdGyrr + AAGgoy + AGpy + AGy (4)

where the fourth term is the free energy correction due to the
difference in proton concentration, AGpy = 2.303-kg-T-pH, and the
last term is free energy correction due to the difference in electrode
potential, AGy = —eU, where n is the number of electrons trans-
ferred, e is the electronic charge, and U is the applied potential.
The PCET involved in the eCO,R were studied in the framework
of the Nerskov’s computational hydrogen electrode (CHE) model
[60]. This model provides an efficient approach to study PCET with-
out treating solvated protons explicitly and is widely used in the-
oretical study of electrocatalysis. In the CHE model, zero voltage
was defined based on the potential energy (u) of components
involved in the reversible hydrogen electrode at all pH, T, and p.
Therefore, u(H") + p(e™) = 1/2 u(H;) at a potential of 0 V. The lim-
iting potential U;, an important parameter for evaluating the cat-
alytic activity, was obtained according to the formula Up
—AGmax/ne, where AGnayx is the Gibbs free energy change of the
rate-determining step. This methodology was used to compute
the AG of the elementary reactions involved in the formation of
the C, products CH3COOH, CH3CH,0H, and CH,CH,:

*+CO, + H" + e~ —*COOH

*COOH + H* + e~ —*CO + H,0
*CO —* + COY

*CO + Ht + e~ —*COH

*CO + *COH —*COCOH

*COCOH + H* + e~ —*CCO + H,0

*CCO + H" + e~ —*HCCO
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*H,CCO + H,0 —*H3;CCOOH

*HCCO + H* + e~ —*H,CCO

*H,CCO + H* + e~ —*H,CCHO
*H,CCHO + HT + e~ —*H,CCHOH
*H,CCHOH + H* + e~ —*H,CCH+H,0
*H,CCH + H* + e~ —*H,CCH,
*H,CCHOH + H* + e~ —*H,CCH,0H

*H,CCH,0H + H" + e~ —*H3CCH,0H

2.2. Computational models

The binuclear Cu macrocycles investigated in this study,
denoted as [CuCu-Mac-n], are depicted in Fig. 1. Their design takes
inspiration from the work of Yamasumi et al. [61]. Here, we
explore the use of small organic ligands with n representing vari-
ous substituents (n = F, CH3, 20CH3, 40CH3, and 60CH3) to modu-
late the binuclear Cu electronic state at the centre and enhance the
catalytic performance for eCO,R. The interatomic distances (d)
between the central Cu atoms, which are reported in Table S1,
reveal that d[Cu(I)-Cu(l)] is 2.817 A) and d[Cu(I)-Cu(ll)] is
2.988 A. Out-of-plane distortions observed in [Cu(I)Cu(I)]-Mac
and [Cu(II)Cu(I)]-Mac are significantly reduced in [Cu(IT)Cu(II)]-
Mac, as depicted in Figs. S1 and S2 of the Supporting Information
(SI). This closer approach to planarity could potentially influence
its catalytic activity. In a previous DFT study by Cove et al. [44],
changes in planarity were also observed for metal porphyrins
catalysts.

As detailed in Table S2, the formation energies of metal coordi-
nation into nitron-oxygen atoms in Mac structures are as follows:
—6.81 eV in CuCu-Mac, —6.86 eV in [CuCu-Mac]-20CH3, —6.76 eV
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in [CuCu-Mac]-40CH3, and —6.80 eV in [CuCu-Mac]-60CHj3. These
values, being highly negative, indicate the stability of the
complexes. Additionally, examining the dissolution potential val-
ues presented in Table S2, all catalysts exhibit Ug;ss values more
positive than the experimentally applied potential for eCO,R (rang-
ing from —0.2 to 1.2 V) [58]. This suggests that the active sites are
stable and resistant to dissolution during eCO,R.

3. Results and discussion

3.1. The effect of the oxidation state of the Cu®* centre on the eCO,R
reactivity

The oxidation state of the metal centre in the molecular catalyst
significantly influences the energetics of the eCO,R to CO, as
reported by Cove et al. [44]. Moreover, recently, Liu et al. investi-
gated the binuclear Cu(Il) macrocycle compound for selective
reduction of CO, to ethylene [62]. We have conducted a compara-
tive analysis of the catalytic behaviour of binuclear macrocycles
containing Cu centres with varying chemical valence states, includ-
ing [Cu(I)Cu(I)-Mac], [Cu(I)Cu(I)-Mac], and [Cu(II)Cu(II)-Mac], as
shown in Fig. 2. The Gibbs free energy diagram in Fig. 2(a) reveals
that the reaction free energy (AG) of CO, adsorption (* + CO, —
*CO,) is 1.77 eV on [Cu(II)Cu(I)-Mac], indicating a distinctive CO,
molecule adsorption mechanism on such mix valence state, which
will be delved deeper into the intricacies of this phenomenon in
the subsequent analysis. On the other hand, the AG values of CO,
adsorption on [Cu(II)Cu(Il)-Mac] (0.41 eV) and [Cu(I)Cu(I)-Mac]
(0.24 eV) are similar. Following CO, adsorption, the initial PCET
step, leading to the formation of formate (*CO, + H" + e~ — *COOH)
is pivotal in generating the crucial *CO intermediate.

To quantify the selectivity of binuclear Cu catalysts towards CO,
reduction over HER, we employed the difference between the
limiting potential of the eCO,R, U;(CO;R), as shown in Fig. 2(a),
and the HER, U (HER), as shown in Fig. 2(b) [21]. This difference
is denoted as AU; = U;(CO,R) — Ui (HER). The limiting potential
refers to the minimum reverse electrode potential required to
overcome the PCET step associated with the largest positive free

Me Me
(d) Me (e) e () e
M ' I M l IN Me Me ' |N Me
COAA0L, “IAA0Y SO
) i Cu i
N N W Me e N N N\ Me Me N N M Me

<

Me

Fig. 1. The binuclear Cu macrocycles [CuCu-Mac-n] considered in this study: (a) [CuCu-Mac]; (b) [CuCu-Mac-F]; (c) [CuCu-Mac-CHjs]; (d) [CuCu-Mac-20CHj3]; (e) [CuCu-Mac-

40CH3;]; (f) [CuCu-Mac-60CHs].
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Fig. 2. Gibbs free energy diagrams of the (a) CO, reduction reaction and (b) hydrogen evolution reaction. (c) The values of AU, = U (CO,RR) — U (HER) on the binuclear Cu
macrocycle with varying valence oxidation state of the Cu centres: [Cu(I)Cu(I)-Mac]; [Cu(II)Cu(I)-Mac]; [Cu(II)Cu(II)-Mac].

energy change in the reaction pathway. Consequently, a positive
AU indicates that the largest Gibbs free energy step during eCO,R
is smaller than that of HER, resulting in a greater selectivity for
CO, reduction over hydrogen evolution [21,63,64]. The computed
AUy values for the eCO3R to CO on [Cu(I)Cu(I)-Mac], [Cu(II)Cu(I)-
Mac], and [Cu(II)Cu(II)-Mac] are summarized in Fig. 2(c). Notably,
on [Cu(I)Cu(Il)-Mac], the upper limit potential (AUp) reaches
1.27 V, significantly exceeding the value of 0.54 V observed on
[Cu(I)Cu(I)-Mac]. This divergence in AU values aligns with the
HER hinderance observed on [Cu(Il)Cu(Il)-Mac]. On [Cu(II)Cu(II)-
Mac], the *CO desorption energy is —0.37 eV, whereas on
[Cu(I)Cu(I)-Mac], it is close to 0 eV, indicating a competitive reac-
tion between *CO desorption and further *CO reduction on
[Cu(IT)Cu(II)-Mac]. From the geometric features listed in Table S1
corresponding to Fig. 1, the low valence state Cu(l) brings the
binuclear Cu atoms into proximity, a spatial arrangement that
induces a stronger interaction between the two Cu atoms.

We employed frontier molecular orbitals (MOs) to elucidate the
differences in CO, binding strength with the chemical valence state
of the binuclear Cu complexes. The frontier MOs encompass the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO). For the isolated CO, molecule,
the HOMO and LUMO levels are located at —10.18 and 0.35 eV
(Fig. S3). Muthuperiyanayagam et al. reported that CO, activation
results from electronic charge transfer between the HOMO of the
metal catalyst and the LUMO of the CO, molecule [59]. In this
study, the HOMO of [Cu(I)Cu(I)-Mac] is —4.14 eV, closer to the
LUMO of the CO, molecule (0.35 eV) than the HOMO (—11.46 eV)
of [Cu(I)Cu(Il)-Mac]. Therefore, the Cu(l) centre could be more
stable during the CO, activation process. The HOMO-LUMO elec-
tronic density distribution in Fig. S4 shows [Cu(I)Cu(I)-Mac] has a
more delocalized feature than [Cu(II)Cu(II)-Mac], which further
confirms the activity of [Cu(I)Cu(I)-Mac]. Moreover, Fig. S4 reveals
a significantly reduced HOMO-LUMO gap (1.20 eV) for [Cu(I)Cu(I)-
Mac] compared to both [Cu(II)Cu(Il)-Mac] (1.72 eV) and [Cu(I)Cu
(I)-Mac] (1.85 eV), suggesting a potentially easier electron excita-
tion in the mixed-valence complex. This aligns with the higher
degree of charge transfer towards CO, in [Cu(Il)Cu(l)-Mac]
reported in Table S3. Interestingly, while [Cu(II)Cu(Il)-Mac] and
[Cu(I)Cu(I)-Mac] exhibit CO, physisorption (weak interaction
through van der Waals forces) in Fig. S9(a and h), respectively,
[Cu(I)Cu(I)-Mac] in Fig. S9(e) shows chemisorption. This suggests
a different adsorption mechanism for the mixed-valence state. In
other computational studies on the topic of catalytic CO, conver-
sion, it is frequently observed that CO, tends to exhibit greater sta-
bility in the physisorption state as opposed to chemisorption
[63,65-68]. In terms of adsorbed geometry configuration, the pre-
dominant scenario observed in this study involves intermediates
preferentially occupying the bridge sites of binuclear Cu. This
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utilization of binuclear Cu capitalizes on the synergistic effect,
thereby enhancing reaction efficiency, especially in the coupling
of intermediates. Initial attempts were made to adsorb intermedi-
ates on the top site of a single Cu metal. However, following DFT
optimization, stable geometric configurations were consistently
maintained between the two Cu atoms, as illustrated in Figs. S9-
S12. The free energy diagram (Fig. S7) illustrates that the C, path-
way possesses a lower potential determining step (PDS) compared
to the C; pathway. Specifically, as summarised in Fig. 3, the PDS for
C, is 0.4 eV, while the PDS for C; is 1.29 eV. This lower PDS suggests
that C, formation is thermodynamically favoured on the [CuCu-
Mac] catalyst.

3.2. Effect of electron-withdrawing and electron-donating groups on
eCO5R

In addition to the oxidation state of the Cu atoms, we also inves-
tigated the influence of the organic functional groups on the elec-
tronic distribution around the binuclear Cu and its ability to reduce
CO,. Based the reaction Gibbs free energy change on eCO,R
(Fig. 4a) and HER (Fig. 4b), we plotted the difference between the
limiting potentials, U (CO,RR), and the U;(HER), denoted as AU; =
UL(CO,R) — U (HER) (Fig. 4c). The positive AU, value indicates that
the largest Gibbs free energy step during the eCO,R is smaller than
the largest one during the HER, leading a greater selectivity for car-
bon products over H, formation [21]. It is noted that in Fig. 4(c), the
performance does not show a consistent trend as the number of
OCHj; groups increases, which may be related to the spatial orien-
tation of the OCHs3 groups. Specifically, 40CH3 is positioned near
both sides of the binuclear coppers, while 60CH3 has the additional
two OCHs groups oriented perpendicular to the CuCu binuclear
axis shown Fig. 1. This may lead to a more uniform distribution
of electron accumulation on the binuclear Cu macrocycle, poten-
tially buffering the catalyst function. As a result, the HOMO level
does not exhibit a consistent trend in Fig. 5, ranging from
—3.90 eV for 20CH5 to —3.70 eV for 40CH3, and —3.73 eV for
60CHs. The positive AU value indicates that the largest Gibbs free
energy step during the eCO,R is lower than that of the HER, sug-
gesting an inhibitory effect on the competitive hydrogen evolution
reaction [21]. On Cu-Mac-4(OCH3), the AU, value can reach 0.44 V,
exceeding the values of 0.25 V on Cu-Mac-2(OCH3) and 0.18 V on
Cu-Mac-6(OCH3). These findings suggest that the Cu-Mac-4
(OCHs) catalyst inhibits the HER, thus demonstrating the potential
for high selectivity towards the formation of carbon intermediates.

Organic groups can stabilize the oxidation state of binuclear Cu
catalyst, as exhibited in Figs. S5 and S6, and control the electron
distribution around the metal centres. This regulation will further
lead to improved effectiveness and specificity [44]. In Fig. 5, we
illustrate the impact of electron-withdrawing and electron-
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Fig. 3. Gibbs free energy values of the potential determining step (PDS) for the formation of C; (HCOOH, CH4, CH30H) and C, (CH,CH,, CH3CH,OH) products on CuCu-Mac.
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Fig. 5. The HOMO-LUMO levels in CuCu-Mac (in eV) without and with electron-withdrawing and electron-donating groups. Values obtained from DFT calculations at the
B3LYP/cc-pVTZ//B3LYP/LANLDZ level of theory.
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donating groups (R = -F, -H, and -OCH3) on the HOMO-LUMO
levels. Comparing with the bare CuCu-Mac system, the HOMO level
shifts from —4.14 to —4.08 eV when R = CH3, to —4.44 eV when
R F, to —3.97 eV when R 20CH;, to —3.70 eV when
R = 40CH3, and to —3.73 eV when R = 60CH; (Fig. 5). A catalyst
with a higher HOMO energy facilitates the transfer of electrons
to the LUMOs of the CO, and CO molecules, promoting CO, activa-
tion, and the subsequent conversion of carbon intermediates.

Bader charge analysis (Figs. S5 and S6) reveals that organic
ligands oxidize the central Cu atoms for the higher charge values.
For instance, compared to the unfunctionalized [Cu,-Mac] in
Fig. S5(a) with a Bader charge of +0.836 and +0.841 on the two
Cu atoms, both [Cu-40CH3] in Fig. S6(d) and [Cu,-60CH3] in
Fig. S6(e) exhibit higher charges of +0.873 and +0.863,
and +0.886 and +0.883, respectively. Variation of the Bader charges
of the metal centres before and after CO, adsorption reported in
Table S3 reveals that -OCHs groups enhance electron density
transfer onto CO,. Compared to the unfunctionalized catalyst,
CO, adsorbed on the Cu-Cu binuclear macrocycle with two
—0CHj3 groups exhibits a 4.6% increase in positive charge. Introduc-
ing four —~OCHj3 groups further increases the CO, charge by 3.3%,
and to a substantial 10.6% charge enhancement with six —~OCHs
ligands. According to these findings, the incorporation of ~-OCHs3
groups in bimetallic [CuCu]-Mac catalysts influence the electron
density in the molecular catalyst and could facilitate the reduction
of the CO, molecule.

3.3. Carbon coupling reaction and formation of C; molecules

The conversion of the *CO intermediate is the initial step in the
formation of C, products, including CH;COOH, CH3CH,OH, and
CH,CH, [69,70]. As depicted in Fig. S7, we computed the free ener-
gies of all possible C-C coupling reactions: 2*CO — *COCO (AG =
—3.67 eV); 2*CHO — CHOCHO™* (AG = —3.40 eV); *COH + *CHO —
CHOCOH* (AG = -2.29 eV); CO* + COH* — COCOH* (AG =
—0.14 eV); CO* + CHO* - COCHO* (AG = 1.25 eV). The significantly
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negative free energy of formation for *COCO (-3.61 eV) implies
that this intermediate could be excessively stable, posing a
difficulty to subsequent reduction reactions, and thus impeding
the generation of C, products. Taking the coupling reaction path
2*CO — *COCO as a case, the energy required for the subsequent
PCET step, *COCO + (H* + e”) — COCOH in Fig. S7(d) is
AG =5.05 eV. Similarly, the PCET at the carbon end, *COCO + (H" +-
e ) —» COCHO in Fig. S7(d), requires an energy of AG =5.92 eV. Both
these steps are thermodynamically unfavourable. For the C-C cou-
pling step and the subsequent PCET steps to take place, the reac-
tion free energy of the C-C coupling step should be mildly
exothermic. Given the previous analysis, *CO + *COH — *COCOH
is the preferred coupling path with a reaction Gibbs free energy
of —0.14 eV, as shown in Fig. S7(c)). Moreover, according to the
computational study by Calle-Vallejo and Koper on eCO,R to C,
products [69], the C-C distance serves as an indicator for monitor-
ing multiple bonds in intermediates. In the COCOH intermediate,
the C-C distance of 1.50 A suggests a more stable single bond com-
pared to COCHO, which has a C-C bond length of 1.31 A (Fig. 6).
Henceforth, the COCOH intermediate is considered as the key
intermediate for the generation of C, products, as shown in
[60,69]. Therefore, the activation barrier for the C-C coupling reac-
tion leading to COCOH was also considered. As shown in Fig. 6, the
barrier for CO-COH coupling on [CuCu]-40CHj5 is 0.05 eV, while on
[CuCu]-60CHj3 it is 0.9 eV, and on [CuCu]-Mac without ligands, the
kinetic barrier reaches as high as 0.66 eV (Fig. S7(e)). In this regard,
the inclusion of -OCH3 ligands decreases the carbon coupling
kinetic barrier. Starting with the coupling reaction *CO + *COH — *
COCOH, we computed the subsequent PCET steps responsible for
the formation of CH;COOH, CH3CH,OH, and C;H, on [CuCu-Mac-
nOCHs] (n = 4, 6). The catalytic pathways associated with these
products, along with the corresponding reaction free energy val-
ues, are presented in Fig. 6. All free energies are referenced to
U= —1.25 vs. RHE (reversible hydrogen electrode) (values reported
in Table S10) and the structures of the intermediates are illustrated
in Figs. S11 and S12. The reaction free energies referenced to U = 0

Fig. 6. (a) Lowest potential pathway towards C, products. Gibbs free energy diagrams for the formation of (b) CH,CH,, (c¢) CH3CH,0H, and (d) CH3COOH on [CuCu]-40CH3 and

[CuCu]-60CHj3 at conditions of U= —1.25 V vs. RHE and pH = 0.
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vs. RHE are presented in Fig. S8 and Table S9. For [CuCu-Mac-
40CH3], the Gibbs free energy of the *CO + *COH — *COCOH step
is —0.20 eV. Coupled with a kinetic barrier of 0.05 eV and the sub-
sequent spontaneous PCET reactions, the C, production pathways
could be favourable on [CuCu]-40CHs. However, when comparing
the pathways on [CuCu-Mac]-40CH; and [CuCu-Mac]-60CHs;, the
key C-C coupling step (*CO + COH — COCOH) at the binuclear Cu
centre experiences a slightly less favourable free energy change
on [CuCu-Mac]-60CHs (AG = 0.90 eV). This disadvantage in C, pro-
duct formation might be attributed to the lower HOMO energy
level observed after 60CH; coordination (—3.73 eV in Fig. 5) com-
pared to the —3.70 eV on [CuCu-Mac]-40CHs.

Fig. 6 illustrates the reaction mechanism for C, products includ-
ing *CH,CH,, *CH3CH,OH, and *CH3COOH formation. The *H,CCO
intermediate is shared between the pathways leading to CH,CH,
(Fig. 6b), CH3CH,OH (Fig. 6¢), and CH3COOH (Fig. 6d) [33,70]. On
[CuCu]-40CHs, following the CO + COH coupling reaction, the CHs-
COOH pathway, depicted by the black line in Fig. 6(d), involves the
sequential steps COCOH —» CCO — HCCO — H,CCO — H3CCOOH.
The intermediate *H3CCOOH forms through the reaction of H,0
with CH,CO*, specifically, CH,CO* + H,0 — *CH3COOH. The final
step of CH3COOH desorption from the binuclear catalyst is favour-
able (AG = —0.2 eV). Prior to the formation of *CH3;COOH, the inter-
mediate *H,CCO engages in a competitive pathway leading to
*CH,CH,, where the preceding step is *CH,CHOH + (H" + e7) —
*CH,CH + H,0 with a Gibbs reaction free energy of —0.70 eV, as
illustrated by the green line in Fig. 6(b). Similarly, from the
*CH,CH; intermediate, *CH,CHOH participates in another pathway
resulting in *CH3CH,OH and the subsequent formation of ethanol
(*CH,CHOH + (H* + e7) - *CH,CH,0H, AG = —0.49 eV), as shown
in Fig. 6(c). Furthermore, the influence of pH on the reaction path-
way is shown in Fig. S8(d-f). The pH significantly impacts the reac-
tion pathways, lowering the Gibbs free energy of the final
intermediate *CH,CH,. On [CuCu-40CH3], *CH,CH; binding adopts
a much more favorable energy state at pH = 0 (-5.34 eV, Fig. S8a)
compared to pH = 7 (—4.92 eV, Fig. S8d). Similar trends are
observed for the CH3CH,OH and CH3COOH pathways, suggesting
enhanced product stabilization at lower pH. Based on the above
analysis, [CuCu-Mac]-40CHj; exhibits the most favourable reaction
pathway to C, products.

4. Conclusions

We conducted DFT calculations of the electrochemical
reduction of CO, to C; and C, products on binuclear [CuCu-Mac]
molecular catalysts. Our observations revealed that the chemical
valence state influences the catalytic properties of binuclear Cu
macrocycles and its CO, reduction behaviour: [Cu(I)Cu(Il)-Mac]
exhibits greater hindrance towards the hydrogen evolution reac-
tion; [Cu(I)Cu(I)-Mac] possesses a stronger binding affinity for
*CO; mix-valence state [Cu(II)Cu(I)-Mac] exhibits a different CO,
adsorption mechanism, preferring the CO, chemisorption. Further-
more, organic ligands were identified as effective modulators of
the HOMO-LUMO levels of the molecular catalyst. The -OCHs
group demonstrates a significant enhancement in CO, activation.
Notably, the [CuCu-Mac] catalyst adorned with four —-OCH3 groups
exhibited a decrease in the potential-limiting step of C, pathways.
This study highlights the effectiveness of organic groups in fine-
tuning the electronic properties of binuclear Cu macrocycle for
electrocatalysis, thereby optimizing the CO, to C, reduction. In
summary, this study explored the potential of binuclear [CuCu]-
Mac for selectively generating value-added C, chemicals, effec-
tively briding the gap between theoretical design and practical
application.
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