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We report a highly active copper-based catalyst for electrochemical
CO, reduction. Electrochemical
maximum turnover frequency for CO, to CO conversion reached to
1,460,000 s at an overpotential (n) of 0.85 V. Surprisingly, this
value is more than 1,000,000 times higher than those of the other
reported copper-based molecular catalysts.

analysis revealed that the

The catalytic reduction of CO, in fuels or commodity chemicals
is one of the most important technologies for constructing a
renewable energy system.! For this purpose, extensive efforts
have been made to develop catalytic systems for the reduction
of C0O,.24% Among them, homogeneous molecular catalysts
have an advantage in catalyst design at the molecular level
based on the detailed mechanistic study. To date, many
examples of metal-complex-based homogeneous catalysts have
been reported.?* In particular, earth-abundant first-row
transition metals have attracted attention as a constituent
element of the catalyst.32-3n4

In this context, copper has attracted significant attention
because it is earth-abundant, inexpensive and non-toxic. In
addition, it facilitates CO, capture and activation.>@>¢ Actually, it
has been reported that copper electrodes can efficiently
catalyze electrochemical CO, reduction in agueous media, and
afford highly reduced species such as methane, ethane, and
ethanol.”® Followed by this pioneering work, heterogeneous
copper-based catalysts have intensively been studied in recent
years.>® However, reports on copper-based homogeneous
molecular catalyst for CO, reduction have been limited.*
Moreover, the catalytic activities of copper complexes for CO,
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reduction are much lower (turnover frequency (TOF) < 1.1 s)%
than those of the reported molecular catalysts based on
manganese (5,011 s1),3™ iron (7,300,000 s*),3 cobalt (33,000 s
1),3k and nickel (190 s1).3" These limitations associated with the
copper-based CO, reduction catalysts have prompted us to
explore a new copper-based molecular catalyst with high
performance.

Here, we report a copper-based molecular catalyst that
exhibits  highly electrochemical CO, reduction.
Electrochemical analysis revealed that the TOF value for CO, to
CO conversion was the highest among the copper-based
molecular catalysts. The catalytic Tafel plot® also indicated that
the TOF value was high even at a very low overpotential, which
is superior to that of most molecular catalysts reported so far.

We assumed that the following three factors are crucial for
constructing an efficient catalytic system for electrochemical

active

CO; reduction. First, the copper porphyrin complex is used as a
scaffold; metal porphyrin complexes are considered as efficient
scaffolds for catalysis owing to their flexible redox properties
and robustness during the catalysis.?*3231 Second, a strong
electron-withdrawing substituent is introduced at the meso
positions of the porphyrin framework; generally, strong
electron-withdrawing groups are preferred in the
electrochemical reduction reaction to lower the overpotential.”
Finally, acetonitrile (MeCN) was used as the reaction medium;
we previously reported that the catalytic activity of the iron(lll)
porphyrin complex is improved dramatically in MeCN than
those in other solvents,3 and thus, we used MeCN herein.

As a candidate that satisfies all the aforementioned factors,
we employed copper(ll) tetrakis(pentafluorophenyl)porphyrin
(CuTPFP) shown in Scheme 1. CuTPFP contains a copper
porphyrin framework with pentafluorophenyl groups at the
meso positions. Pentafluorophenyl groups act as strong
electron-withdrawing substituents. In addition, CuTPFP is well
soluble in MeCN because of these groups. The synthesis of
CuTPFP was performed by modifying a previously reported
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Scheme 1 Chemical structure and characteristics of CuTPFP.

method.® CuTPFP was characterized by elemental and single-
crystal X-ray structural analysis (see experimental section, Fig.
S1, and Table S1 in the ESI™).

Initially, the cyclic voltammetry of CuTPFP was measured in
a 0.1 M tetra-n-butylammonium perchlorate (TBAP)/MeCN
solution. Under Ar atmosphere, CuTPFP exhibited two redox
waves at—1.32 V [vs. ferrocene/ferrocenium (Fc/Fc*)] and -1.77
V (Fig. 1a, and Table S2). Due to the electron-withdrawing effect
of the pentafluorophenyl group, the redox potentials of CUTPFP
shifted to more positive potential than those of copper(ll)
tetraphenyl porphyrin, CuTPP (—1.64 V and —2.16 V, Fig. S2 and
Table S2). Quantum chemical calculation also revealed that the
LUMOs of CuTPFP are lower than those of CuTPP, indicating
that CuTPFP can more easily be reduced than CuTPP (see also
the ESI (P.S11) for details).The peak currents corresponding to
these redox potentials of CUTPFP have a linear relationship with
the square root of the scan rate and follow the Randles—Sevcik
equation, indicating that CuTPFP can facilitate rapid electron
transfer reactions (Fig. S3). Under CO, atmosphere in the
presence of 1.0 M trifluoroethanol (TFE) as a proton source,
CuTPFP exhibited a large irreversible current at —-1.67 V,
suggesting the electrocatalytic activity of the complex for CO,
reduction (Fig. 1b, blue line).

To quantify the catalytic product, a controlled potential
electrolysis (CPE) experiment of CuTPFP was performed in
MeCN with 0.1 M TBAP, in the presence of 1.0 M TFE, under CO,

(a) (b)

at —2.39 V vs. Fc/Fc*. In the CPE experiment, tetra-n-butyl
ammonium acetate (TBAA) was added to the anodic chamber
(Fig. S4) to promote the oxidation process on the Pt counter
electrode. TBAA reacts at the anode to consume the holes and
produce CO, and ethane via the Kolbe reaction.38 As a result,
the total amount of charge passed over a period of 60 min was
72.4 C (Fig. 1c). The products of the reaction were also
quantified by gas chromatography and high-performance liquid
chromatography, and the formation of CO, HCOOH, and H, was
confirmed with a Faradaic efficiency (FE) of 76.6% (287.4 umol),
19.6% (73.5 pmol) and 1.7% (6.4 umol), respectively. We also
note the almost linear evolution of the charge during
electrolysis, indicating no noticeable sign of catalyst
degradation. After the CPE experiment, we performed a
dynamic light scattering measurement of the solution and
confirmed that there was no particle formation in the solution,
which is evidence of the homogeneous nature of CuTPFP (Fig.
S6). Additionally, the UV-absorption spectra of CuTPFP
measured before and after the CPE experiment is almost
identical (Fig. S7), and the no formation of the catalytically
active heterogenous species was detected by the blank CPE
experiment using the electrode after the electrolysis (Fig. S8
and Table S4, see the ESI (P.S16) for details). These results
clearly demonstrate that CuTPFP can
robusthomogeneous CO, reduction catalyst.
To evaluate the catalytic activity of CuTPFP, a catalytic Tafel
plot for CO production was then constructed.® In this study,
TOFs were determined directly from the results of CPE
experiments at varying applied potentials (Fig. S5 and Table S3).
It is useful to benchmark the performance of a catalyst as a
function of the overpotential (7); therefore, we converted the
applied potentials into overpotentials. Here, 77 = Ecoy/co — E and
Ecoajco =—1.54 V vs. Fc/Fc*.32 As shown in Fig. 2, TOF increased
as the overpotential increased and reached a plateau at 77=0.66
V (for details, please refer to the details provided on P.S17-S18
and Table S5). The TOF value of the plateau, corresponding to
the intrinsic catalytic activity of the catalyst (TOF..y), was
1,460,000 s™. Surprisingly, this value is more than 1,000,000
times greater than those of other reported copper-based
catalysts (Fig. 3 and Table 1). It should be noted that the TOF
values of CuTPFP is significantly larger than that of a copper
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Fig. 1 (a) Cyclic voltammograms of CuTPFP (0.20 mM) in MeCN with TBAP (0.1 M) under Ar Sscan rate: 100 mV s). (b) Cyclic voltammograms of CuTPFP (0.20 mM) in
MeCN with TBAP (0.1 M) in the presence of TFE (1.0 M) under CO, (scan rate: 100 mV s). (c) Electrolysis data of CuTPFP (0.02 mM) in MeCN with TBAP (0.1 M) in the
presence of TFE (1.0 M) under CO, at a potential of -2.39 V vs. Fchc*. Working electrode: glassy carbon, counter electrode: Pt wire, reference electrode: Ag/Ag*.
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Fig. 2 Catalytic Tafel PIOt of CUTPFP in MeCN with TBAP (0.1 M) for CO, to CO
1

conversion obtained from CPE experiments at varying overpotentials. Working
electrode: glassy carbon, counter electrode: Pt wire, reference electrode: Ag/Ag".

porphyrin without pentafluorophenyl functional groups, CuTPP
(18,200 s, see also the ESI (P.S21-22) for details). We also
calculated the turnover number (TON) of the catalytic reaction,
and the value was reached to 5.26 x 10° {for the details of the
determination of the TON, see the footnote of the Table S6).
We also compared the catalytic activity of CUTPFP with that
of other metal-complex-based molecular catalysts. Table S6
shows that the TOF,,., value of CuTPFP is comparable to that of
current, high-performing metal-complex-based molecular
catalysts for electrochemical CO, reduction. The catalytic Tafel
plots of several metal-complex-based molecular catalysts also
the of their TOFs, in
overpotential. As shown in Fig. 4, the TOF value of CuTPFP was

enabled comparison terms of
1,770 st at 7=0.17 V. This performance is superior to those of
most metal-complex-based molecular catalysts, indicating that
CuTPFP is an excellent catalyst, even at very low overpotentials.
In other words, CuTPFP is a highly active electrocatalyst for CO,

reduction from low to high overpotentials.

Table 1 TOFs of the copper-based molecular catalyst for CO, reduction.

In summary, we have shown a copper-based homogeneous
catalyst that exhibits CO,
reduction. Herein, we selected CuTPFP as a copper-based

highly active electrochemical

molecular catalyst that satisfied the following three elements:
(i) copper porphyrin as a scaffold, (ii) introduction of strong
electron-withdrawing substituents, and (iii) soluble in MeCN as
a reaction medium. CPE experiments indicated that CuTPFP
functioned as a robust homogeneous CO; reduction catalyst.
Furthermore, it exhibited a TOF value for CO production of
1,460,000 s, which is more than 1,000,000 times higher than
those of other reported copper-based catalysts. The catalytic
Tafel plot for CO production revealed that the activity of CUTPFP
was comparable to that of current best-in-class molecular
catalysts across a wide range of overpotentials. The TOF value
of CuTPFP at a low overpotential {1,770 s at 7= 0.17 V) was
superior than those of most catalysts, demonstrating the
advantages of CUTPFP. We believe that the present study will
open a new avenue for the development of efficient copper-
based homogeneous catalysts for CO, reduction.
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Catalystl! Media Reductant TOF / s71lb] Reference
CuTPFP 0.1 M TBAP/MeCN, 1.0 M TFE Electrochemical 1.46 X 10°¢] (-2.39 V vs. Fc/Fc*) This work
Cul THF! pinBlel 1.39 X 102 4a
cuz THF pinB 2.78 X 102 4a
Cu3 0.1 M TBAP/MeCN Electrochemical 5.56 X 104l (—1.7 V vs. Ag/AgCl) ab
Cu4 MeCN/H,0 {(v/v = 97:3), 0.1 M BIHEl/TEOAM {15% v/v) Photochemical {1> 420 nm) 1.15 4e
Cus MeCN/H,0 (v/v = 4:1), 0.3 M TECA Photochemical {41= 450 nm) 2.75 X 1071 4f
Cu6 MeCN/H,0 (v/v = 4:1), 0.3 M TEOA Photochemical (1= 400 nm) 8.40 X 10 ag

[a] The chemical structures of Cul—Cu6 are shown in Fig. 3. [b] The TOF value cannot be directly compared without recognizing that reaction conditions such as solvent,
reductant, and applied potential differ. [c] Calculated from CPE data. [d] THF = tetrahydrofuran [e] pinB = 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane. [f] TOF was calculated
by dividing the turnover number by the time during catalysis. [g] BIH = 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole. [h] TEOA = triethanolamine.
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Fig. 3 Chemical structure of copper-based molecular catalysts for CO, reduction in Table 1.
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Fig. 4 Benchmarking of the metal-complex-based molecular catalysts323¢3d:383i3k313m of the CO, to CO electrochemical conversion by means of their catalytic Tafel plots.
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