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Abstract

In the pursuit of innovative molecular catalysts for the electrocatalytic reduction
of CO3, we employed computational methodologies to investigate six Cu-based ex-
panded porphyrin dual-atom catalysts (DACs). Our study revealed both large and
small variations among the different DACs. Despite metal center substitutions, the
highly delocalized nature of the 7 orbitals in the expanded porphyrin complexes led to
minimal differences between the frontier orbitals. Conversely, pronounced differences
emerged during hydrogen reduction. Notably, the formation of Hy exhibited low limit-
ing potentials ranging from 0.13 to 0.43 eV, attributable to the ligand-centered activity
of the expanded porphyrin. Similar limiting potentials (< 0.31 eV) for COy reduction
indicate competition between the two reduction processes. This can be attributed to
the emergence of highly favorable bridging ps intermediates, exemplified by “OCHO
and “OH. The preference for these intermediates is expected to lead to the formation
of only 2e¢” and 4e” products, namely Hy, HCOOH and HsCO. Specifically, CuFe and
CuMn DACs are poised to favor CO» reduction to produce HCOOH and HoCO, while

CuCo, CuCu, and CuZn DACs are anticipated to favor the production of Hs.
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Introduction

The continual burning of fossil fuels in the modern world is expected to cause significant
changes in climate caused by increased levels of anthropogenic carbon dioxide (COsz) in
the atmosphere.” Recent atmospheric measurements have detected CO, levels reaching 421
parts per million (ppm), surpassing pre-industrial levels by over 50%, with projections indi-
cating further increases unless effective mitigation strategies are implemented. To address
this environmental challenge and meet current climate objectives, researchers have intensi-
fied their efforts in developing and refining carbon capture, utilization, and sequestration
(CCUS) technologies.* These multifaceted approaches encompass the capture of CO, from
both atmospheric? and industrial sources,? the conversion of CO, into high-value feedstock
materials and fuels,® and the long-term sequestration of CO, in mineral deposits.”

Current techniques for the conversion and utilization of CO5 encompass diverse method-
ologies, including electrocatalytic reduction,® thermal activation,”"*¥ and photochemical con-
version.!? The outcome of these techniques is heavily dependent on the physical properties
and electronic structures of the chosen catalysts.™® Of particular interest are single-atom
catalysts (SAC), where the active metal center and support play a pivotal role in reducing
CO,. 1410 Research has demonstrated substantial variations in product formation when dif-
ferent transition metals (TM) are employed as SACs. Abdinejad et al.™ and Call et al.*®
utilized tetraphenylporphyrin-based molecular electrocatalysts to reduce CO, using different
transition metal active sites. Abdinejad et al. utilized a Mn-based porphyrin catalyst, which
promoted the conversion of CO, to acetate, while Call et al. utilized a Co-based analogue
that exhibited a high degree of selectivity for CO5 reduction to CO. This significant disparity
in product formation stems from the distinct electronic structures imparted by the metal
active sites.

In the pursuit of further refining the CO, reduction reaction (CO2RR), researchers have
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designed materials with secondary active sites, enabling subtle alterations in chemistry.
These innovative dual-atom catalysts (DAC) have emerged as invaluable tools for elucidating
the intrinsic (electronic) structure-function relationships inherent in catalytic systems.t#3
Moreover, physical characteristics, such as the intermetallic distance between active sites,
offer additional facets to optimize and fine-tune CO;RR. An illustrative example of a DAC
with intrinsic metal-metal interactions lies in a recent study by Ding et al.,** where Fe-Mo
DAC sites were designed close together to lower the energy barrier associated with the initial
COy reduction. This strategic adjustment led to a more favorable and selective production
of CO. Conversely, in a different approach, Qiu et al.?® designed a metal-organic frame-
work (MOF) electrocatalyst with minimal metal-metal interactions. The material featured
different Cu active sites far from each other that facilitated the selective reduction of CO,
to ethylene (CoHy). The sites worked synergistically with one reducing COgy to CO while
the other reduced that CO molecule selectively to ethylene. The strategic utilization of
two metal centers, such as those explored by Qiu et al. and Ding et al., not only deepens
our comprehension of structure-function relations in CO5 reduction but also opens up new
prospects for enhancing electrocatalytic performance in sustainable energy conversion and
utilization processes.

In this study, we investigate the use of Cu-based DAC systems incorporated within an
expanded porphyrin (EP) framework® as CO, reduction catalysts. Our primary objective is
to gain insight into the influence of the secondary metal on CORR, specifically as it relates
to the preference towards either HCOOH or H,CO production. In addition to this, we
examine the hydrogen evolution reaction (HER) and the level of competitiveness expected
between HER and COsRR on the EP-based DAC catalysts. Central to this exploration is
the examination of the non-innocent behavior exhibited by the porphyrinic nitrogen atoms,
which serve as the sites for hydrogen reduction to Hy. We then present an extensive analysis

of the CO, reduction process, elucidating the effects of the secondary metal within the DAC.
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By scrutinizing this critical aspect, we aim to better understand the underlying mechanisms
that govern the reduction mechanisms on the DAC systems. A better understanding of the
Cu-based, EP-incorporated DAC may lead to improvement on current DAC systems for CO,

reduction.

Computational Methods

To investigate the reduction of CO, on the Cu-based, DAC-incorporated EP, we utilized
a model system derived from the bis[(u-chloro) copper(II)] amethryin molecular complex
synthesized by Weghorn et al..*® These systems are denoted as CuX, where X represents
the secondary TM. To simplify the EP structure, the -CH3 and -CH,CHj3 functional groups
were replaced with hydrogen atoms (Scheme . Additionally, the Cl" groups were removed,
assuming two initial reductions yielding two Cl" anions and the charge-neutral EP complex,
following previous examples in the literature.™?8 While these simplifications may impact
the final results, we expect the changes to be systematic and consistent across all systems.
To understand how the choice of secondary metal affects CO3RR, one of the Cu atoms in
the EP was substituted with another 3d transition metal, including Mn, Fe, Co, Ni, and Zn.
For each metal-substituted EP, we explored low-, intermediate-, and high-spin states when
applicable to determine the most energetically favorable spin state (Table S1).

Our computational approach follows previous work®=!' and utilizes the B3LYP density
functional®##¥ as implemented in the ORCA 5.0.3 software package.®* Tight convergence
criteria are employed for both the SCF iterations and geometry optimization cycles. Disper-
sion corrections were accounted for using the D3 method®® with the Becke-Johnson damping
factor (D3BJ)."® Unrestricted Kohn-Sham wave functions were assumed for each calculation,
employing the resolution of identity chain-of-spheres (RIJCOSX)*” method with the def2/J

auxiliary basis set.“® The def2-TZVP basis set was used for the 3d transition metals, the first
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M = Mn, Fe, Co, Ni, Cu, Zn

Scheme 1: Model complex for the Cu-based, DAC-incorporated EP.

coordination sphere around each metal, and the adsorbate molecules, while the def2-SV(P)
basis set was used for all other atoms. Analytical frequency calculations were performed to
ensure that each structure represents a local minima on the potential energy surface. The
conductor-like polarizable continuum model (C-PCM) was applied to approximate the im-
plicit solvation environment around the expanded porphyrin.®? We used H,O as our chosen
solvent. Charge model 5 (CM5) partial atomic charges?” were calculated using the Multiwfn
program.*

To calculate the free energy (G) of each reactant, intermediate, and product, we employed
a composite scheme (Eq. [1)). This scheme includes the total electronic energy (E), corrections
for the inner energy composed of the zero-point energy and thermal effects (), enthalpic (H)
and entropic (5) corrections at T = 298.15 K, and corrections due to the implicit solvation
model (AFE¢.pcy). The optimizations and frequency calculations were performed in the gas-
phase which were then followed by a single-point calculation with the solvation model using
the gas-phase optimized geometry in order to calculate the AFE¢ poy term of Eq. [I} For

electrochemical steps involving a reduction via a proton-coupled electron transfer (PCET)
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mechanism, we introduced an additional energy term, eU, to simulate the effect of an applied
potential (U) for each elementary step.#¥ The limiting potential (or overpotential, Up) for
each product is determined based on the largest free energy difference between elementary
steps (AGpax). The reactants for each reduction step consist of the expanded porphyrin,
CO,, and H* /e pairs. The energy of a single H" /e” pair is referenced to one-half the
energy of Hy at the given level of theory according to the computational hydrogen electrode

(CHE) [

G=FE+1+H—-TS+ AEcpcm — eU (1)

Results

To gain deeper insights into the Cu-based DAC systems, we began our investigation with an
analysis of their electronic structures. The 7 orbitals of the expanded porphyrins are highly
delocalized, leading to HOMO-LUMO gaps that show consistent values across the series of
DAC systems (Table S2, Figure S1). When adding an electron to simulate reduction, the
CM5 partial atomic charges of the metal atoms undergoes negligible changes, suggesting
the delocalization of the additional electron throughout the 7 system (Table S3). This
observation implies that the CO, activation mechanism should predominately occur through
a PCET mechanism, as the electron-deficient character of the DAC sites persists after an
initial reduction. Notably, the 7 delocalization resulting from the additional electron does
not induce stronger binding of CO, to either of the DAC sites.

In examining the hydrogen reduction performance of the EP-based DACs, we anticipate
behavior akin to other porphyrin complexes, with an expected degree of ligand-centered
activity.*” Hydrogen adducts can form at several sites within the EP, encompassing metal

atoms and porphyrinic nitrogen atoms. Figure (1| shows these adducts and their influence on
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the planarity of the EP. Notably, nitrogen atoms forming hydrogen adducts must transition
from trigonal planar (sp?) to tetrahedral (sp®) geometries, potentially affecting distinct por-
phyrin nitrogen atoms in a dissimilar manner. The energies of these adducts exhibit minor
disparities, often differing by less than 0.22 eV (5.0 kcal mol™), indicating their likely for-
mation under room temperature conditions. The limiting potentials for hydrogen reduction
(Table S4, Figure [2)) exhibit variation based on the secondary metal, with the CuZn and
CuCo catalysts demonstrating the smallest values at 0.13 and 0.14 eV, respectively, while
the CuMn and CuFe catalysts exhibit the largest values at 0.41 and 0.43 eV, respectively.
The low limiting potential values observed for hydrogen reduction across the the six DACs
suggest significant competition for the reduction of COs.

In the context of examining CO, reduction on the EP-based DACs, the reaction pathway
reveals two distinct intermediates depending on whether the reaction proceeds at the C or O
atom of the COy molecule (Figure S2). Notably, the formation of the “OCHO intermediate
consistently emerges as more energetically favorable than “OCOH across all DAC systems by
a margin of 0.8-1.0 eV, and this preference is likely attributed to the creation of a bridging
12-OCHO species (top row of Figure . The "OCHO intermediate’s structure remains rela-
tively invariant when changing the secondary metal, suggesting that its favorable formation
predominately stems from the geometry of the DAC and close proximity of the metal centers
rather than the specific identity of the secondary metal. The intermetallic distance varies
between 2.640 A (CuMn) and 2.730 A (CuCu) which is an optimal range for the favorable
formation of y, bridging intermediates (Table S5). This preference for the “OCHO interme-
diate entails a nearly complete hindrance in the formation of CO, which can only form from
the “OCOH intermediate. Consequently, the expanded-porphyrin DAC complexes exhibit
promising selectivity, particularly regarding the formation of the 2e” product HCOOH.

A further reduction step shows that the formation of "HCOOH from the "OCHO inter-

mediate is the most favorable across the DACs (Figure (3 second row from the top). While
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Figure 1: Hydrogen adducts on the CuMn EP. Values indicate relative free energies in eV.
Color code: white - H, grey - C, blue - N, black - Mn, red - Cu.
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Figure 2: Limiting potentials for the Hy (red), HCOOH, and HyCO & H2O (green) on the
DAC:s.

Figure 3: Rows from top-to-bottom depict the “OCHO, "HCOOH, “OH, and “H,O inter-
mediates while columns from left-to-right depict the CuMn, CuFe, CuCo, and CuNi DACs.
Color code: H - white, C - grey, O - red, brown - Cu.
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alternative competitive pathways leading to “OCH,0 or “O (and HyCO) intermediates exist,
considerably higher formation energies (1.5-2.2 eV) render their formation on the DACs less
probable. The process of forming "HCOOH requires overcoming a thermodynamic uphill
barrier across all six DACs (Table [I)), with energy inputs ranging from 0.02 eV (CuMn)
to 0.31 eV (CuZn). The limiting potentials for Hy (red) and HCOOH (blue) formation,
depicted in Figure [2] offer valuable insights into the anticipated product selectivity on the
DACs. CuCo, CuCu, and CuZn DACs favor the reduction of hydrogen to form Hs,, while
COy reduction is more favorable on CuMn, CuFe, and CuNi DACs. Further reductions can
occur with the "THCOOH intermediate given a strong enough interaction between the DAC
surface.

The range of "'HCOOH binding energies on the DACs spans 0.33 eV to -0.10 eV, where the
former indicates unfavorable binding for HCOOH, while the latter suggests favorable binding.
This behavior arises from shifts in the synergistic interaction between the two metal centers,
with specific DAC configurations disrupting the scaling relationship and leading to disparate
binding behaviors, as reported in recent literature.*® CuMn and CuNi DACs exhibit favorable
binding for the "HCOOH intermediate, suggesting that HCOOH will not constitute a large
proportion of the products formed. Conversely, CuCu and CuZn DACs exhibit unfavorable
HCOOH binding (0.33, and 0.16 eV, respectively), promoting the desorption of HCOOH
rather than further reduction. This indicates that HCOOH and H, will be the predominant

Table 1: Reaction free energies for the reduction of CO5 on the EP-based DACs. Values are
relative to “CO, and are given in eV.

*OCHO "HCOOH T“OH & H,CO "H,O
CuMn | 0.11 0.13 0.41 0.24
CuFe -0.05 0.15 0.20 0.26
CuCo | -0.11 0.13 0.20 0.19
CuNi -0.01 0.11 0.30 0.15
CuCu | 0.32 0.48 0.66 0.52
CuZn | -0.06 0.25 0.29 0.30
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products for these two DACs. Lastly, CuFe and CuCo result in very weak binding (-0.005
eV), indicating a mixed product distribution due to both HCOOH desorption and further
reduction occurring.

Following the formation of "THCOOH, four different intermediates can form following an
additional PCET step: "HCO & H,O, "HOCH,O, "HOCHOH, or “OH & H,CO. Notably,
the formation of the “OH intermediate (Figure , second row from the bottom) is favored
across all EP-based DACs, leading to the formation of HoCO as a by-product. The PCET
step most favorably attacks the C atom of "HCOOH which leads to the breaking of the
C-0O single bond and the subsequent formation of a py-OH species. The favorable formation
of the ps-OH species is akin to the us-OCHO species discussed earlier, underscoring the
EP-based DAC’s ability to favor certain intermediates based on its geometry, irrespective of
the secondary metal. The subsequent reduction step on the DACs leads to the formation
of “H,0, marking the terminal stage of CO,RR. Thus, the EP-based DACs are expected to
produce only Hy, HCOOH, and Hy,CO with varying selectivities.

Recognizing the inhibitory effect of the “OCHO intermediate on CO formation, we di-
rected our focus towards assessing the potential of EP-based DACs to reduce CO in a manner
akin to CO reduction to see if more highly reduced products could be produced. We began
first by determining the binding energy of CO across the six DACs, revealing a significant
variation in contrast to the nearly identical CO5 binding behavior observed earlier (see Table
S6). Specifically, CuNi exhibited a strong affinity for CO at -0.38 eV, while CuMn demon-
strated relatively weak binding at -0.04 eV. CuFe, CuCo, and CuZn showcased marginally
unfavorable binding of CO within a range of 0.05 to 0.08 eV, whereas CuCu displayed a
pronounced disfavor towards CO binding by 0.84 eV. These findings highlight the influence
of the secondary metal on the CO reduction process, emphasizing the need for a heteronu-
clear DAC complex in fostering favorable CO binding. Evidently, the weak CO binding on

all DACs except CuNi suggest the potential viability of CO reduction exclusively on the
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CuNi surface, while the remaining DACs may display limited CO reduction activity. Thus,
we proceeded to undertake a more comprehensive exploration of CO reduction specifically
focused on the CuNi DAC.

The initial step in the reduction of CO offers two distinct pathways: reduction at the C
or the O atom, yielding the "HCO or "COH intermediates, respectively (Figure S3). "HCO
emerges as more energetically favorable; however, the formation process is endergonic, re-
quiring an input of 0.80 eV to proceed. Subsequent steps, as shown in Figure S3, proceed in
an exergonic fashion. Starting with "HCO, the reaction leads to the formation of “HoCO fol-
lowed by “CH30, "CH30H, "OH (& CHy,), and finally "H,O. The short intermetallic distance
between the Cu and Ni centers (2.715 A) facilitates the emergence of i, bridging geome-
tries for “CO, "HCO, "CH30, and "OH intermediates. The reduced CO intermediates are
adsorbed strongly to the surface of the CuNi DAC, thus enabling their complete reduction
to CHy and H5O. The limiting potential is calculated to be 0.80 eV which far surpasses that
of hydrogen reduction on the CuNi DAC. This disparity suggests significant competition
between the reduction of CO and hydrogen, rendering CO reduction significantly less favor-
able. Comparable limiting potentials were observed across the DACs, ranging from 0.56 eV
(CuCo) to 0.95 eV (CuZn), indicating their likewise strong likelihood of being out-competed
by HER. Consequently, while the prospect of CO reduction remains feasible using the EP-
based DACs, the thermodynamic favorability leans distinctly towards hydrogen and CO,

reduction pathways.

Discussion

Both the reduction of hydrogen and CO, are expected to proceed on the EP-based DACs
with low limiting potentials of less than 0.43 and 0.32 eV, respectively, while the reduction

of CO is expected to not proceed favorably on any of the EP-based DACs. Figure [4] shows
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Figure 4: Difference in HCOOH and Hj limiting potentials on the DACs. Blue bars indicate
that CO,RR is more favored while red bars indicate that HER is more favored.

the differences between the limiting potentials for Hy and HCOOH, which allows for an
estimation of the selectivity between HER and CO;RR. CuMn and CuFe reduce CO5 more
favorably than hydrogen, as evidenced in the blue bars in Figure |4, while CuCo, CuCu, and
CuZn more favorably reduce hydrogen. Thus, a selectivity difference should be observed
among these DACs in which more reduced CO, products are produced using CuMn and
CuFe and more H; is produced using CuCo, CuCu, and CuZn. CuNi is expected to produce
similar amounts of Hy and reduced CO, products due to the small difference between the
limiting potentials.

As mentioned previously, the "HCOOH intermediate is not favorably bound to the surface
of the CuCu or CuZn DACs, thus selectively leading to the formation of only HCOOH.
Conversely, the CuMn and CuNi DACs exhibit strong binding of "THCOOH, which is expected
to push the reaction to produce more highly reduced products, namely HoCO. The formation
of the "OH intermediate during the third reduction step of the reaction yields HoCO as
a by-product which is less strongly bound to the surface of the CuMn and CuNi DACs,
thus leading to the selective formation of HoCO and HyO. The CuMn and CuNi DACs
also exhibit different limiting potentials for HCOOH and H,CO formation, suggesting that

higher potentials must be utilized in order to make the formation of HyCO favorable. The
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two remaining DACs, CuFe and CuCo, are expected to reduce COy to both HCOOH and
H,CO due to the weak but favorable binding of “HCOOH. Based on the limiting potentials
for Hy, HCOOH, and H,CO, different product distributions are expected for the six DACs:
CuMn and CuFe are expected to selectively produce reduced CO, products with CuMn
favoring the formation of H,CO and CuFe favoring both HCOOH and H,CO, CuCo, CuCu,
and CuZn are expected to predominately produce Hy with some reduced CO, intermediates,
and CuNi is expected to produce similar amounts of both Hy and HoCO with little formation
of HCOOH.

The unique ligand environment provided by the expanded porphyrin places two metal
centers in close proximity to one another, which is pivotal for the discussed reduction pro-
cesses. This environment can be further tailored through heteroatom doping within the
ligand structure or by employing diverse combinations of metal centers to fine-tune the
reduction mechanisms. Furthermore, the ligand framework can be integrated into hetero-
geneous structures like metal-organic frameworks to explore analogous or diverse realms of
chemistry. While numerous porphyrin-based MOFs have been successfully synthesized and
investigated,*” it’s noteworthy that we could not identify any MOFs incorporating EP-based
ligand scaffolds. This discovery highlights an as-yet-unexplored frontier in the domains of

both chemistry and materials science.

Conclusions

Six DACs were examined using DFT to understand the secondary metal effects on the
reduction of hydrogen, CO,, and CO. Our model system involved a simplified expanded
porphyrin ligand scaffold in which one of the Cu sites was replaced with another transition
metal (Mn, Fe, Co, Ni, Cu, or Zn). Slight variations were observed for the reduction of

hydrogen on the six DACs and the process is expected to proceed with limiting potentials
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between 0.13 eV (CuCu, CuZn) and 0.43 eV (CuMn, CuFe). The DACs that involve later
transition metals are expected to favor the reduction of hydrogen to form H, due to the
very small limiting potentials. The reduction of CO, is expected to produce only 2¢” and 4e
reduced CO, products: HCOOH and H,CO, respectively. The favorability of two specific
intermediates precludes the formation of any other reduced CO, products with “OCHO
limiting the probability of CO formation while “OH signifies the end of the reduction process
with the formation of HoCO. CuMn and CuFe DACs are expected to favorably produce more
reduced CO, products while CuCo, CuCu, and CuZn are expected to favor the formation
of Hy. Lastly, CO reduction was examined on the CulNi DAC but the process was found to
occur with a limiting potential of 0.80 eV which is significantly higher than that for hydrogen

reduction, thus limiting the feasibility of CO reduction on the CulNi DAC.
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