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The reduction of carbon dioxide (CO>) into value-added feedstock materials, fine chemicals, and fuels

DOI:00.0000/000000000x represents a crucial approach for meeting contemporary chemical demands while reducing dependence
on petrochemical sources. Optimizing catalysts for the CO, reduction reaction (CO2RR) can entail
employing first principles methodology to identify catalysts possessing desirable attributes, including
the ability to form diverse products or selectively produce a limited set of products, or exhibit favorable
reaction kinetics. In this study, we investigate CO>RR on bimetallic Cu-based paddlewheel complexes,
aiming to understand the impact metal substitution with Mn(Il), Co(Il), or Ni(ll) has on bimetallic
paddlewheel metal-organic frameworks. Substituting one of the Cu sites of the paddlewheel complex
with Mn results in a more catalytically active Cu center, poised to produce substantial quantities
of formic acid (HCOOH) and smaller quantities of methane (CHj4) with a suppressed production
of Cy products such as ethanol (CH3CH;OH) or ethylene (Ca2Hg4). Moreover, the presence of Mn
significantly reduces the limiting potential for CO; reduction from 2.22 eV on the homo-bimetallic
Cu paddlewheel complex to 1.19 eV, thereby necessitating a smaller applied potential. Conversely,
within the Co-substituted paddlewheel complex, the Co site emerges as the primary catalytic center,
selectively yielding CHy as the sole reduced CO» product, with a limiting potential of 1.22 eV. Notably,
the Co site faces significant competition from Hj production due to a lower limiting potential of 0.81
eV for hydrogen reduction. Our examination of the Cu-Ni paddlewheel complex, featuring a Ni
substituent site, reveals two catalytically active centers, each promoting distinct reductive processes.
Both the Ni and Cu sites exhibit a propensity for HCOOH formation, with the Ni site favoring further
reduction to CHg4, whereas the Cu site directs the reaction towards methanol (CH30H) production.
This study holds significance in informing and streamlining future experimental efforts for synthesizing
and evaluating novel catalysts with superior capabilities for CO5 reduction.

1 Introduction o . . .
troductio version into value-added materials, including various fuels (e.g.,

The increasing utilization of petroleum-based fuels has con-
tributed to a persistent and growing accumulation of greenhouse
gases, notably CO,, in the Earth’s atmosphere. This surge
has led to adverse consequences such as rising global tempera-
tures, increased air pollution, and intensified extreme weather
events. To mitigate this upward trend, an array of technolo-
gies collectively known as carbon capture, utilization, and se-
questration (CCUS) are being developed to reduce levels of at-
mospheric CO,.4 This entails capturing CO, emissions and sub-
sequently employing them for immediate utilization or long-
term storage. The process of CO, utilization involves its con-
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methane, methanol), fine chemicals (e.g., formaldehyde, formic
acid), and feedstock materials (e.g., ethylene), thus serving as a
sustainable alternative to petroleum-based resources.”

Several methodologies, including thermal hydrogenation®®
and (photo)electrochemical reduction,?20 are currently under
investigation for the activation and utilization of CO,. Electro-
chemical reduction, in particular, offers a distinctive approach
by allowing precise control over product formation through volt-
age modulation.™ Notably, Kuhl and colleagues®? have exempli-
fied this phenomenon during CO, reduction on metallic copper
surfaces. Their investigation revealed up to fifteen distinct CO4
reduction products, whose composition significantly varied with
applied voltage. At lower voltages (-0.9 V vs. RHE), the pre-
dominant products included CH4, formate, CO, CyH4, and Hj,
while higher voltages led to the formation of C3 products like n-
propanol or acetone in addition to other C; and Cy products.
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Fig. 1 Model paddlewheel complex used to study the CO; reduction
reaction on HKUST-1. Color code: H (white), C (grey), O (red), Cu
(brown), substituent metal (pink).

In contrast to metallic surfaces, materials such as metal organic
frameworks (MOFs) offer highly dispersed and well-defined ac-
tive sites that bridge the gap between traditional heterogeneous
and homogeneous catalysis.13 However, most MOFs are electrical
insulators, which historically posed challenges for electrochemi-
cal studies and CO5 reduction. Nevertheless, recent research has
demonstrated that even insulating MOFs can serve as effective
electrocatalysts for CO5 reduction. 424 Building upon the semi-
nal work of Weng et al. 1% who demonstrated that HKUST-1 could
effectively reduce CO, to CHy, research by Nam et al1> and
Perfecto-Irigaray et al.1® explored how the effects of structural
distortions on HKUST-1 MOFs, yielding diverse CO5 reduction
products. Nam and colleagues induced MOF distortion through
thermal treatments, achieving higher CoH4 production with a re-
markable Faradaic efficiency (FE) of 45% for MOF-derived Cu
cluster catalysts. Conversely, Perfecto-Irigaray et al. introduced
metal dopants (Zn(II), Ru(IIl), or PA(II)) to induce distortions to
HKUST-1. They observed changes in the FE of CH3CH,;OH and
CH3OH production. However, their work revealed that a stable
FE plateau was eventually reached, similar to or lower than that
of the unsubstituted MOF, irrespective of the dopant metal.

Improving upon the findings of Perfecto-Irigaray et al. and
Nam et al., our study takes a significant step forward by employ-
ing first principles methods to investigate the thermodynamics of
CO, reduction on hetero-bimetallic paddlewheel cluster models
of the substituted HKUST-1 MOF (Figure [I). In contrast to pre-
vious research, we explore the substituent metals Mn(II), Co(I),
and Ni(II), as these metals are expected to modify the electronic
structure of the adjacent Cu site while providing an alternative
active site for catalysis. Importantly, our choice of Mn(II),2>"27
Co(I1),26730 and Ni(11)2028l 55 substituents is supported by exper-
imental evidence demonstrating the incorporation of these metals
into the HKUST-1 framework through post-synthetic modification.
This experimental validation reinforces our computational mod-
els’ relevance and feasibility. While we initially considered in-
cluding a Fe metal node,?! we encountered challenges related to
significant spin contamination, which could introduce potential
inaccuracies into our energy calculations. Therefore, we opted to
focus exclusively on the Mn, Co, and Ni substituent metals.

Our research reveals that substitution with Mn significantly re-
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duces the energy barrier for the initial CO, reduction from 2.22
eV to 1.19 €V, resulting in enhanced production of HCOOH and
complete suppression of Cy product formation. In contrast, the Co
site in the Co-substituted paddlewheel cluster exhibits stronger
CO, adsorption and selective CH4 production. However, this site
also promotes more favorable hydrogen reduction to form Hy, po-
tentially limiting CO, reduction efficiency. Lastly, Ni substitution
results in both Ni and Cu sites with distinct reaction mechanisms,
favoring HCOOH and CH,4 formation on the Ni site, while the Cu
site predominantly produces HCOOH and CH3OH. Our findings
underscore the pivotal role of judicious metal substituent selec-
tion in HKUST-1, leading to significant modifications in product
identity and proportions during CO, reduction.

2 Computational Details

To investigate the behavior of bimetallic paddlewheel MOFs, we
used a truncated model of the open-metal site within the HKUST-1
MOF, which consisted of four acetate linkers and two metal nodes
(Figure[T)). While this cluster model can be used to describe many
properties of paddlewheel MOFs, it fails to account for confine-
ment effects that would be felt due to the porous nature of the
MOF. Such models have previously proven effective in examining
various aspects of HKUST-1 behavior, including reaction energet-
ics. 01281325534 1 our study, we substituted one of the metal nodes
with either Mn, Co, or Ni to investigate their influence on the CO,
reduction reaction.

In an effort to preserve some of the inherent rigidity of the MOF
material, we constrained the positions of the C atoms of the ac-
etate linkers to their crystallographic positions, allowing all other
atoms to fully relaxed during the optimization steps.©32 We con-
ducted all calculations using the MO6L>? density functional as
implemented in the ORCA 5.0.32¢ software package. For basis
sets, we employed def2-TZVPP for the metal atoms, def2-TZVP
for the first coordination sphere around the metal atoms and the
adsorbate molecules, and def2-SV(P) for all other atoms.2Z The
resolution of identity (RI)=8 method was utilized to accelerate
the computation of all four-index integrals, employing the def2/J
auxiliary basis set.2? An unrestricted Khon-Sham wavefunction
was assumed for all calculations and tight criteria were used for
both the SCF and geometry optimization steps. To account for dis-
persion effects beyond those inherent in the MO6L density func-
tional, we used the D3zero“% method. Analytical frequency cal-
culations were performed to ensure each structure corresponds
to a local minimum and to derive thermodynamic quantities such
as those shown in Eq. [1| using the quasi-rigid rotor harmonic os-
cillator (Qausi-RRHO) approximation. 4! Implicit solvation effects
were considered using the continuum-like polarizable conductor
model (CPCM), with H,O as the solvent of choice.42

The total free energy (G) of each reactant, intermediate, and
product was determined following Eq. where E represents
the total electronic energy and I encompasses the internal en-
ergy, accounting for zero-point energy and thermal effects. H
and S denote enthalpic and entropic contributions, respectively,
evaluated at T = 298K. Additionally, eU signifies the effect of
an applied potential (U) per electron (e). We considered each
elementary step of the reduction reaction to proceed through a
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Fig. 2 C; reduction intermediates on the Cu-Cu paddlewheel complex.
(grey), O (red), Cu (brown).

proton-coupled electron transfer (PCET) mechanism4344 entail-

ing the addition of a hydrogen atom as a H* /e pair to the sys-
tem. This mechanism ensures the overall charge of the system is
conserved throughout the reaction. The electrochemical reaction
energies were referenced relative to the reactants, which included
the paddlewheel complex, a CO, molecule, and H* /e™ pairs rep-
resenting the PCET steps. The energy of a single H* /e” pair is
set to 1/2 Hy following the computational hydrogen electrode
(CHE) model. 1142l We employed the CHE model as an initial ap-
proximation to elucidate the thermodynamics governing the CO,
reduction mechanism. The limiting potential (Up) was calculated
based on the maximum difference (AGmqx) between elementary
reduction steps leading to the formation of a specific product.

G=E+I+H-TS—-eU @D)]

3 Results & Discussion

3.1 Electronic Structure of substituted Paddlewheel Com-
plexes
The relatively short inter-metallic distances inherent to the pad-
dlewheel complexes often give rise to complex electronic struc-
tures. An illustrative example is observed in the Cu-Cu paddle-
wheel complex. Here, an antiferromagnetically coupled singlet
ground spin state emerges as a consequence of the antiparallel
spins on the Cu sites.4® Consequently, a comprehensive under-
standing of the electronic structure of the substituted paddle-
wheel complexes is imperative for an insightful examination of
the CO5 reduction reaction. To determine the ground spin state
of each paddlewheel complex, we examined both ferromagnetic
and antiferromagnetic spin states with varying spin multiplicities
(Table S2). During our examination, we observed variations in

Arrows correspond to a reduction (PCET) step. Color code: H (white), C

the structure of the paddlewheel complexes (Table S3).

For the Cu-Mn paddlewheel complex, we considered both a fer-
romagnetic septet and antiferromagnetically coupled quintet spin
state (see Table S2 for spin populations). These states correspond
to parallel and antiparallel spins between the two centers, with
five unpaired electrons on the Mn site (S = 5/2) and one un-
paired electron on the Cu site (S = 1/2). We considered only
the possibility of a spin flip on the Cu site for the quintet state
as the half-filled nature of the d-orbitals on the Mn site would
preclude an energetically favorable intermediate spin state. The
energy difference between these states was determined to be 2.7
keal mol'!, slightly smaller than the energy difference calculated
between the antiferromagnetically coupled singlet and ferromag-
netic triplet states of the Cu-Cu paddlewheel complex (2.9 kcal
mol'1). Consequently, we anticipate that the CO, reduction reac-
tion will predominantly occur on the quintet spin state.

In the case of the Cu-Co paddlewheel complex, we examined
four distinct spin states: ferromagnetic quintet and triplet spin
states, as well as antiferromagnetically coupled triplet and singlet
spin states. These states arise from the possibility of high spin
(S = 3/2) and low spin (S = 1/2) states on the Co site, along
with the prospect of a spin flip occurring on the Cu site. The fer-
romagnetic triplet spin state emerged as the ground spin state,
characterized by parallel spins of S = 1/2 on the Co and Cu sites.
The next highest spin state is the antiferromagnetically coupled
singlet, lying 1.1 kcal mol'! above in energy, and corresponding
to the two sites having antiparallel, S = 1/2 and S = -1/2 spins.
The small energy difference between these two states indicates
an easy ability of the Cu site to switch between spin states, po-
tentially affecting the catalytic activity of the center. Lastly, the
ground spin state of the Cu-Ni paddlewheel complex was deter-
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mined to be a ferromagnetic doublet, with an S = 0 Ni site.

3.2 CO;3 Reduction on the Cu-Cu Paddlewheel Complex

To elucidate how metal substituents influence Cu-paddlewheel
complexes in the context of the CO, reduction reaction, we be-
gin by conducting an in-depth analysis of the reaction on the
Cu-Cu paddlewheel complex. As previously mentioned, Nam et
al. 1> conducted studies that underscored the capacity of both Cu-
acetate (CuAc) and HKUST-1 to mediate the reduction of CO5 to
products such as CO and CyH,4. In our present study, we have
elected to employ an acetate paddlewheel complex to model the
open-metal sites of HKUST-1. This choice is anticipated to yield
slight variations, akin to those observed by Nam et al., between
the two materials. However, our primary goal is to explore the
potential of alternative metal substituents, which were not inves-
tigated by Perfecto-Irigaray et al., in enhancing the CO, reduc-
tion reaction. Additionally, we constrained the positions of the
C atoms in the paddlewheel complex to better approximate the
rigidity of the MOF material using the paddlewheel model.

The initial step of CO5 reduction on the Cu-Cu paddlewheel
complex (Figure results in the formation of one of two in-
termediates: “OCHO for reduction at the C atom of CO, and
“OCOH for the reduction at one of the O atoms. Here, the
symbol indicates the surface adsorption of the intermediate. The
“OCHO and “OCOH intermediates exhibit comparable formation
energies of 2.22 eV and 2.34 eV, respectively. The modest differ-
ence of 0.12 eV (2.8 kcal mol'l) between their formation ener-
gies suggests that both intermediates should form with a slightly
higher likelihood of the "OCHO intermediate forming. Subse-
quently, the “OCHO intermediate can undergo further reduction
to form either "HCOOH or “O and CH,0 (formaldehyde), while
the “OCOH intermediate can lead to the formation of “"HCOOH,
“CO, or "HOCOH. In either case, the closed-shell species (*CO
and "HCOOH) are more energetically favored over the open-shell
species ("HOCOH and “0). The "HCOOH intermediate exhibits
slightly stronger binding to the Cu site compared to *CO, although
both are weakly bound (Table S1), potentially explaining the for-
mation of both formate and CO observed by Nam et al. with more
CO being formed due to weaker binding.

Further reduction of both “CO and “HCOOH results in the fa-
vorable formation of "HCO with formation energies of 1.31 eV
and 1.63 €V, respectively. While several other intermediates are
possible, they lie higher in energy and are less likely to form. Sub-
sequent reduction steps favor the formation of the closed-shell
“CH,0 species over the open-shell "HCOH species by 1.81 eV, lim-
iting the likelihood of its formation. Following this, both “CH50
and “CH,OH intermediates are expected to form due to their sim-
ilar formation energies (1.19 eV and 1.12 eV, respectively), but
both ultimately lead to the formation of “CH3OH in subsequent
steps. The reduction process then favors the formation of the “OH
intermediate, accompanied by the release of free CH,, culminat-
ing in the formation of an adsorbed “H,O species as the final
reduced intermediate. The strong binding of both the “CH,0 and
“CH30H intermediates to the Cu site may explain their absence in
the work of Nam et al. Consequently, our results suggest that the

4 Journal Name, [year], [vol.], 1

primary C; products of CO; reduction on the Cu-Cu paddlewheel
complex are formic acid, carbon monoxide, and methane.

Both Nam et al. and Perfecto Irigaray et al. observed
the production of Cy products, namely CoH4, CH3CH,OH, and
CH3COOH (acetic acid), during CO5 reduction. The formation
of Cy products results from the coupling of less strongly bound
C; products on the catalyst surface. In the case of the Cu-Cu
paddlewheel complex, intermediates that may lead to the forma-
tion of ethylene, ethanol, and acetic acid encompass “OCOH and
“CH,0H (Figure. CO-CO coupling was also considered, but we
were unable to find a stable intermediate. These C; intermediates
do not directly lead to the formation of the Cy products, but in-
stead require subsequent reduction: two equivalents of “CH,OH
followed by two reduction steps can lead to both ethanol (Eq.
and ethylene (Eq. formation, while the coupling of “CH,OH
and “OCOH followed by two reduction steps, may result in the
formation of acetic acid (Eq. ELI)

* HT Je
2CH90H — ( CH20H )y ——

* * /e
CHyCH0H + Hy0 2%, 2
“CH3CH20H + H50
* H+/€_
2CH,0H — ("CH20H), —%

* HY Je
CHoCH,0H + Hy0 215, )
"CyH 4 +2H50
* H+/e'
OCOH +CH40H — "HOCH,CO5H —%

“CH2COOH + H50 LACN @
“CH3COOH + H50

The precursor for the formation of ethanol and ethylene is
(CH,0H), (ethylene glycol), while the precursor for acetic acid is
HOCH;CO32H (glycolic acid). The formation of these precursors
is both thermodynamically and electrochemically favorable due
to two high-energy, open-shell intermediates coupling to form a
lower-energy, closed-shell intermediate. The reduction of glycolic
acid favors the formation of the “CH,COOH and “OH intermedi-
ates, featuring small formation energies of 0.74 €V and 0.87 €V,
respectively. The formation of the “OH intermediate coincides
with the production of free CH3COOH and necessitates subse-
quent reduction to yield “H,0, while the “CH,COOH interme-
diate requires the further reduction of the methylene C to yield
*CH3COOH, both processes being energetically favorable. Sim-
ilarly, the initial reduction of (CH,OH), leads to the formation
of “CH,CH,OH with a formation energy of 0.82 eV, which can
be further reduced to either “CyH4 and "CH3CH,OH. “CyHy is
formed upon the reduction of the O atom of “CH,CH,OH, while
“CH3CH,OH is formed following the reduction of the methylene
C atom. Both of these reduction steps are energetically favor-
able, with a 0.15 eV (3.5 kcal moll) difference, indicating the
likelihood of both CoH4 and CH3CH,OH formation on the Cu-Cu
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Fig. 3 Free energy reaction mechanism for the reduction of CO;, on the Cu-Cu paddlewheel complex. Competing intermediates shown in red. Limiting

potential values shown in blue and given in eV.

paddlewheel complex.

We also performed calculations using a Cu-Zn paddlewheel
complex based upon the work of Perfecto-Irigaray et al.1® who
showed that doping HKUST-1 with Zn led to only minor modi-
fications in the FE of CH3CHOH production. The introduction
of the Zn site changed the electronic structure of the Cu site only
modestly, lowering the limiting potential for HCOOH by only 0.05
eV (Figure S1). Additionally, the reduction of COy on the Zn
site leads to a reaction pathway that is nearly identical to that
of the unsubstituted, Cu-Cu paddlewheel complex (Figure S2).
The largest difference is observed as a stronger binding of HyO
following CH,4 formation. The strong binding of H,O competes
with CO, adsorption for the Zn site and the minor change in the
electronic structure of the Cu site are both expected to lead to
only minor modification in the reduction of CO,, as observed by
Perfecto-Irigaray et al..

Expanding on this analysis, we aim to elucidate how the intro-
duction of Mn(II), Co(II), or Ni(II) as substituent metals to the
Cu-Cu paddlewheel complex influences CO5 reduction. We will
emphasize the changes in the electronic structure of the Cu(Il)
site induced by the substituent metal and how that affects the
CO, reduction reaction, as well as how CO, reduction proceeds
on the substituent metal site.

3.3 Cu-Mn Paddlewheel Complex

Our investigations revealed significant electronic structure varia-
tions in the substituted paddlewheel complexes, with perhaps the
largest impact observed when Mn is introduced. This variation
arises from the distinct electronic configurations of the Mn and
Cu sites. The Mn site favors a high spin d® configuration char-
acterized by half-filled d-orbitals, whereas the Cu site can only
accommodate a single unpaired electron due to its d° configura-
tion. These significant variations in the electronic structures of
the metal sites are reflected in the binding energy of CO,, with a
substantial 0.38 eV difference between them. Significantly, the
Mn site exhibits a stronger interaction with CO,, rendering it
more favorable for CO5 reduction.

Furthermore, we observed similar trends in other paddlewheel
complexes. Sites most akin to the d° Cu site, such as d® Ni and
d10 Zn, exhibited the smallest differences in CO, binding energy

(0.10 and 0.05 eV, respectively). In the Cu-Co paddlewheel com-
plex, a difference of 0.29 eV in CO, binding was observed, align-
ing more closely with the Cu-Mn complex than with either the
Cu-Ni or Cu-Zn complexes. These findings emphasize the critical
role of electronic structure variations in influencing the adsorp-
tion behavior of CO5 on different metal sites within the paddle-
wheel complexes.

During the initial reduction of COy (top of Figure [4), the for-
mation of “OCHO is strongly favored over “OCOH, with a notable
energy difference of 1.11 eV, limiting the formation of “OCOH
and, consequently, “CO. Similar to the Cu-Cu paddlewheel com-
plex, closed-shell intermediates are more favored here, resulting
in the formation of "HCOOH over “O (and CH,0) or “OCH,O.
The energy required for the formation of "HCOOH on the Mn site
is relatively low at 0.61 eV, indicating that only a small applied
voltage would be required to reduce CO, to HCOOH. Neverthe-
less, the strong binding of "HCOOH on the Mn site implies limited
desorption.

Subsequent reduction of "HCOOH can yield four different in-
termediates ("HOCHOH, "HOCH,0, “"HCO, and “OH to form free
CH,0), with the formation of the Mn-OH moiety being the most
favored. The “OH intermediate then requires a final reduction
step to yield “HoO and the already free CH,0. The limiting po-
tential for the formation of H,O and CHO is 0.95 €V, higher than
that of HCOOH formation, implying the need for a higher applied
voltage for further “"HCOOH reduction. It is expected that the Mn
site favors the interaction with “H,O rather than CH,O due to the
stronger binding energy (0.50 eV and 0.32 €V, respectively). This
process ultimately results in the production of CH,0O and H;O.
However, the strong binding of H,O suggests limited catalytic ac-
tivity due to significant competition with CO5.

In contrast to the Cu-Cu paddlewheel complex, the initial CO5
reduction on the Cu site of the Cu-Mn paddlewheel complex
strongly favors the formation of “OCHO over “OCOH by 0.80
€V. This inhibits “CO formation while favoring “HCOOH forma-
tion following a second reduction step (bottom of Figure ). The
“HCOOH intermediate can then undergo a subsequent reduction
to lead to the "HCO and “HOCH,O intermediates with similar
formation energies of 1.19 eV and 1.16 eV, respectively. The
small energy difference between these intermediates (0.03 eV,
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Physical Chemistry Chemical Physics

s *OCH,0
*04CH,0 *HOCHOH
2 *0OCOH __HCO
—_geor HOCH,0
S 1 __"OCHO. “TOHECH,O
c U 0.95 e
0.61 — :
a S — =0 *HCOOH "H20+CH;0
o,
-1
-2
0 1 2 3 4
(H* + e7) Transferred
4 *0+CH,0
“OCH,0
3 *HOCHOH
. - . +CH
s 2 OCOH “HCO HCOH CH2OH O1CH.
> Frrony
CR “OCHO i "CH:0 -
a T e 16 119 M JCH0 _CH,
0 0.99 *HCOOH “H,0+CH,0 _ ,,,,,,,,,,,, f,OH_+CH4
o, T *CH30H
-1
*H,0+CH,
0 1 2 3 4 5 6 7 8

(H* + e7) Transferred

Fig. 4 Free energy reaction mechanism for the reduction of CO; on the Mn (top) and Cu (bottom) sites of the Cu-Mn paddlewheel complex.
Competing intermediates shown in red. Limiting potential values shown in blue and given in eV.

0.8 keal moll) indicates comparable likelihoods of formation.
The reduction of "HCO leads to several intermediates, including
“CH,0, “CH30, and “CH3OH, without competition from other
lower-lying intermediates forming. The reduction of the C atom
of “CH3OH is more favorable than the O atom, yielding “OH and
free CHy. The energy difference between these two reductions is
0.66 eV. “OH is then reduced to H,0, yielding one equivalent of
CH4 and two equivalents of H,O from the “HCO intermediate.

While the “HCO intermediate is expected to be reduced to only
“CH,0, with no HyO evolved during this step, the "HOCH,O in-
termediate can be reduced to produce either “Ho,O or “CH,0.
Both “H,0 and “CH,O result in similar formation energies from
“HOCH,0 and similar binding energies to the Cu site (Table S1).
These observations indicate that the reduction of “HOCH;0 can
lead to either free CH5O or H,O with similar likelihoods. If H,O
is produced and “CH,O is bound to the surface, it suggests the
reduction process may continue, ultimately leading to the forma-
tion of CH,4. However, if “"HoO remains adsorbed to the Cu site,
subsequent reduction is unlikely to occur

The production of CH4 from CO, reduction is contingent upon
the effective binding of all intermediates to the Cu site, which
may not occur in the case of the Cu-Mn paddlewheel complex.
Weak binding of closed-shell intermediates at the Cu site implies
a reduced likelihood of subsequent reduction steps as the reac-
tion progresses. Consequently, we anticipate a predominant pro-
portion of HCOOH, with only limited, if any, production of CH,O,
CH3OH, or CHy. This expectation contrasts with the findings of
Nam et al., who reported formate as a minor product from CO,

6 | Journal Name, [year], [vol.], 1

reduction with HKUST-1. Additionally, few C, products are ex-
pected due to the favorable desorption of HCOOH which hinders
the coupling of C; intermediates. Nevertheless, our results em-
phasize the substantial influence of the Mn site on modulating
the CO, reduction reaction in the paddlewheel complexes.

3.4 Cu-Co Paddlewheel Complex

CO, exhibits a stronger interaction with the Co site of the Cu-Co
paddlewheel complex, similar to the Cu-Mn paddlewheel com-
plex. The difference in binding energy between the Cu and Co
centers is slightly smaller at 0.29 €V. However, it remains sub-
stantial enough to strongly favor interaction with the Co site. In
contrast to both the Cu-Cu and Cu-Mn complexes, the Co site of
the Cu-Co paddlewheel complex exhibits a preference for the re-
duction of CO, to “OCOH over “OCHO, with a notable energy
difference of 0.44 eV (Figure. The formation energy of “OCOH
is 1.21 €V, considerably higher than that of hydrogen reduction
on the site, which stands at 0.81 eV. This suggests that the re-
duction of CO, on the Co site may face strong competition from
hydrogen reduction.

Nevertheless, the subsequent reduction of “OCOH favors the
formation of both “CO and "HCOOH with similar formation en-
ergies. Subsequent reductions then yield “HCO, “CH,0, “CH3O0,
and “CH3OH, following a pattern identical to that observed on the
Cu site of the Cu-Mn paddlewheel complex. Each of the interme-
diates strongly interacts with the Co site, influencing two aspects
of the reduction reaction: limiting the desorption of closed-shell
intermediates and inhibiting the coupling of open-shell interme-
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Fig. 5 Free energy reaction mechanism for the reduction of CO;, on the Co site of the Cu-Co paddlewheel complex. Competing intermediates shown

in red. Limiting potential values shown in blue and given in eV.

diates to form Cy products.

Further reduction of “CH3OH at both the C and O atoms lead
to the formation of the “OH and “CHj intermediates with similar
formation energies. While the formation of the “OH intermediate
is more favorable, both pathways ultimately result in the forma-
tion of CH4—either adsorbed following the reduction of “CHj or
as a free gaseous product following the formation of “OH. The
strong binding of intermediates to the Co site is expected to then
lead to the selective reduction of CO, to CHy, in contrast to the
sites of both the Cu-Mn and Cu-Cu paddlewheel complexes. Fur-
thermore, HyO exhibits weaker binding to the Co site compared
to the Mn site, reducing the likelihood of strong H,O adsorption
that could compete with CO, reduction.

The reduction of CO5 on the Cu site within the Cu-Co paddle-
wheel complex is expected to be less favorable than on the Co
site (Figure S3). This difference primarily arises from several fac-
tors, with the foremost being the weaker binding of CO5 to the
Cu site. Additionally, the limiting potential for CO5 reduction is
substantially higher on the Cu site than on the Co site, with val-
ues of 1.21 eV and 1.72 eV, respectively. This energy difference
of 0.51 eV is larger than that observed for the sites within the Cu-
Mn paddlewheel complex (0.61 eV and 1.00 eV for Mn and Cu,
respectively). As a result, a higher potential must be applied to
initiate COy reduction on the Cu site of the Cu-Co paddlewheel
complex, all while competing with the adsorption of CO; to the
Co site. Hence, our expectation is that the Co site serves as the
catalytically active site for the reduction of CO5 on the Cu-Co
paddlewheel complex.

3.5 Cu-Ni Paddlewheel Complex

The adsorption behavior of CO, on the individual sites of the Cu-
Mn and Cu-Co paddlewheel complexes exhibits significant differ-
ences, unlike the Cu-Ni paddlewheel complex, where the differ-
ence in binding energy between the Cu and Ni sites is merely
0.10 eV. This smaller energy difference implies that both Cu and
Ni sites are likely involved in the CO5 reduction reaction (Figures
@). Both sites exhibit a preference for reducing CO, to “OCHO
rather than “OCOH, with comparable limiting potentials (1.55 eV
and 1.37 eV for Cu and Ni, respectively). However, there is a
significant disparity in the energy differences between the two re-

duced intermediates, with values of 0.74 €V for Cu and 0.31 eV
for Ni. Moreover, the “OCHO intermediate is favorably reduced to
“HCOOH, following the trends observed for the other complexes.

Slight differences in electronic structures between the two sites
becomes more pronounced after the reduction of "HCOOH. On
the Ni site (top of Figure @), the formation of "HCO is preferred,
whereas on the Cu site (bottom of Figure @, “HOCHOH forma-
tion is favored. Subsequent reductions of “HCO on the Ni site lead
to the formation of “CH,0, ‘CH,OH, and “CH3OH, ultimately
culminating in the production of CHy4. Unlike the Mn and Co
sites of their respective paddlewheel complexes, the Ni site does
not exhibit strong binding of closed-shell intermediates. The ad-
sorption energies of "HCOOH, “CH,0, and “CH3OH to the Ni site
align with those observed in the Cu-Cu paddlewheel complex (Ta-
ble S1). As a result, the Cu-Ni paddlewheel complex is expected
to produce a large proportion of HCOOH, with a smaller amount
of CH4 being produced as well. Additionally, the Ni site is ex-
pected to inhibit the coupling of C; intermediates and thus, Cy
products are not expected to form.

On the contrary, the Cu site within the Cu-Ni paddlewheel com-
plex is not expected to yield appreciable amounts of CH4 (bot-
tom of Figure E]) Instead, the favorable reduction of "HOCH,OH
can occur at either the O or C atoms, resulting in the formation
of a free H,O and an adsorbed “CH,OH or free CH3;0H and an
adsorbed “OH intermediate, respectively. The latter reduction is
more favorable with a formation energy 0.64 eV lower than the
former. This process subsequently leads to the formation of one
equivalent each of HyO and CH3OH on the Cu site of the Cu-Ni
paddlewheel complex.

The binding of "HCOOH to the Cu site is akin to that on the Ni
site and the Cu sites of the Cu-Cu paddlewheel complex, implying
that a portion of COy will undergo reduction to form HCOOH as
a product. Further reduction of "HCOOH is expected to lead to
CH30H production, following the formation of a favorable “OH
intermediate, which hinders the production of CH4. Anticipated
outcomes from CO, reduction in the Cu-Ni paddlewheel complex
include the production of HCOOH, CH30H, and CHy, with no
significant Cy product formation and only a minor proportion of
H,.
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Fig. 6 Free energy reaction mechanism for the reduction of CO; on the Ni (top) and Cu (bottom) sites of the Cu-Ni paddlewheel complex. Competing
intermediates shown in red. Limiting potential values shown in blue and given in eV.

3.6 Hydrogen Reduction

The hydrogen evolution reaction (HER) often occurs concurrently
with and competes against CO, reduction, particularly when high
voltages are applied. Our investigation reveals that the forma-

tion of metal hydrides on the paddlewheel complexes is generally 2.5

thermodynamically unfavorable, with energy requirements rang- — —— CuMn
ing from 0.81 eV to 2.29 €V. An overview of the formation ener- 2.0 J— CuCo
gies linked to these metal hydrides and the subsequent generation —— CuNi
of Hy is presented in Figure [/} Within the array of Cu sites, the — —  CuCu
incorporation of Mn induces a significant alteration in the metal 151 CuM
hydride formation energy, reducing it from 2.29 €V to 1.67 eV. On < - “uiin
the contrary, the incorporation of Co or Ni into the paddlewheel L 10 — — CuCo
complex results in a relatively modest impact on the formation 2  — —— CuNi
energy, with changes of only 0.08 eV and 0.28 eV, respectively. .

Nevertheless, the substituent metal itself displays significant vari- 0.51 ;'

ations, with the formation of a Co-hydride being the most en- :'

ergetically favorable at 0.81 eV, while the Mn- and Ni-hydrides 0.09 — Y
require 1.10 eV and 1.67 €V to form, respectively. When function- ; ¥

ing solely as a catalyst for hydrogen reduction, the Co-substituted —05 . . . .
paddlewheel complex exhibits the smallest limiting potential, in- * *H *H, H,

dicating an expectation for hydrogen reduction with the small-

?St applied voltage. As a resul, the lncorporatloln (?f.substltuents Fig. 7 Free energy reaction mechanism diagram for the reduction of
into the Cu paddlewheel complexes leads to significantly more hydrogen to Hy on the paddlewheel complexes. Values shown in eV.
favorable hydrogen reduction, potentially influencing the overall Adsorption sites are highlighted in bold text.

efficiency of CO, reduction due to the competitive mechanism.

A direct comparison of the limiting potentials for hydrogen and
CO,, reduction provides valuable insights into the competition be-
tween these reactions. In Figure |8] the limiting potentials (Uy)

8 | Journal Name, [year], [vol.], 1
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for HER are juxtaposed against those for CO,RR. Notably, five
out of the seven metal sites (those situated in the green region
of Figure exhibit more favorable CO, reduction, emphasiz-
ing their potential in this process. This includes both sites of
the Cu-Ni and Cu-Mn complexes and the Cu site of the Cu-Co
complex. On the other hand, the Co site within the Cu-Co pad-
dlewheel strongly favors hydrogen reduction. This observation
underscores the substantial impact that introducing Co sites into
a MOF, such as HKUST-1, could have on CO5 reduction due to the
pronounced competition favoring hydrogen reduction. Finally,
the Cu-Cu paddlewheel exhibits nearly identical limiting poten-
tial values for HER and CO,RR. This similarity suggests an antic-
ipated near-equal production of Hy and reduced CO, products,
assuming comparable reaction kinetics.

4 Conclusions

The investigation into CO, reduction across various mixed-metal
paddlewheel complexes has shed light on the profound influ-
ence of metal substitution in hetero-bimetallic HKUST-1 materi-
als. Beginning with a comprehensive analysis of the CO5 reduc-
tion reaction in a homo-bimetallic Cu-Cu paddlewheel complex,
we gained critical insights into the intricate electronic structure
governing the formation of both C; and Cy products, encompass-
ing HCOOH, CO, CH4, CH3CH,0H, CoHy4, and CH3COOH. Build-
ing upon these foundational insights, our subsequent exploration
delved into Cu paddlewheel complexes substituted with Mn(II),
Co(ID), or Ni(ID).

The incorporation of Mn as a metal substituent emerged to be
a pivotal enhancement strategy, propelled by the distinctive elec-
tronic structure of the Mn site. As a result, there was an inhibi-
tion in the production of C, products on the Cu site, achieved by
strengthening the interactions between the Cu site and open-shell
intermediates, thereby discouraging their coupling. Concurrently,
it weakened interactions with closed-shell intermediates, leading
to a predominant yield of HCOOH from the Cu site and CH,0
from the Mn site. Crucially, the introduction of the Mn site disfa-
vors Hy production on both sites, thereby enhancing the expected
selectivity for CO, reduction.

In stark contrast, the Co site within the Cu-Co paddlewheel
complex exhibited distinctive catalytic behavior, characterized by
stronger CO, adsorption and a lower limiting potential for CO4
reduction compared to the Cu-Cu paddlewheel complex. As a
result, this site emerged as the primary catalytic site within the
Cu-Co paddlewheel complex, promoting the selective formation
of CHy4 through the strong binding of all reduced intermediates.
However, the Co site exhibited a lower Hy limiting potential of
0.81 €V, suggesting that CO, reduction would be disfavored due
to the higher limiting potential of 1.21 €V on the Co site.

Finally, the Cu-Ni paddlewheel complex unveiled a dual iden-
tity, hosting both catalytically active Cu and Ni sites. The Ni site
exhibited a tendency for HCOOH and CH,4 formation without sig-
nificant competition for Cy product formation, while the Cu site
directed the reaction towards HCOOH and CH3OH production.
Additionally, the reduction of hydrogen is disfavored on both the
Ni and Cu sites of the Cu-Ni paddlewheel, indicating a lower com-
petition between HER and CO,RR compared to that observed for
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CO2RR differ by less than 0.25 eV. Adsorption sites are highlighted in
bold text.

HKUST-1.1°

The paramount significance of this study lies in its ability to
offer essential guidance for experimental chemists, providing in-
valuable insights for the efficient synthesis and testing of inno-
vative catalysts. The strategic integration of diverse metal sub-
stituents into Cu-based paddlewheel complexes emerges as a ver-
satile and potent approach to enhance the CO;, reduction reac-
tion. These improvements not only mitigate C, byproduct forma-
tion but also enable precise modulation of selectivity towards C;
products, encompassing HCOOH, CH30OH, and CH4. Moreover,
they wield a profound influence on the intricate interplay with
hydrogen reduction, thereby molding the catalytic landscape for
CO;, reduction across a diverse array of applications.
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