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With the advent of societal interest in renewable energy
storage, the use of electricity in solar powered-chemical trans-
formations has become a central research effort in modern
chemical science."™ Catalysis for electrochemical conversions
of abundant carbon sources such as CO, to fuels and chemical
precursors, has therefore been at the forefront of reaction
development, with the specific target of efficient C-C-bond for-
mation reactions and the synthesis of complex carbon
compounds.”” While CO, conversion®® remains a central
effort in this arena, a synergistic research vein in the field of
water splitting aims to efficiently produce hydrogen fuel from
protic media such as water."” As a consequence, electro-
catalytic methods for cathodic production of hydrogen and
anodic production of oxygen from water play key roles in the
advancement of the field of solar fuel production."*™® This
report focuses on the characterization of new catalysts for the
reduction of carbon dioxide and protons.

In the field of heterogeneous electrocatalysis, copper is a
privileged metal for CO, reduction,"”'® showing excellent
rates, but often poor product selectivity. Molecular catalysts
therefore have the distinct advantage of structural tunability
and can impart control of the chemical reaction at the mole-
cular level. In the arena of molecular electrocatalysis, multi-
nuclear Cu coordination compounds have been reported to
enable C-C coupling reactions of CO, at cathodes,"”" with
related metal sulfide clusters of Co and Ir also being active.® In
recent work by Wang and co-workers, a Cu bis-phenanthroline
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This work reports the first example of mono-nuclear Cu pincers with SNS ligation acting as electrocatalyst
precursors for the electrochemical conversion of carbon dioxide to CO and H in protic organic media.

complex was used as a heterogenized molecular catalyst on
graphene with good reaction rates.>” Given this precedent, we
were therefore encouraged to consider the design of novel Cu
mono-nuclear catalysts with S-containing coordination.

Against the backdrop of recent advances in molecular cata-
lysis mediated by first-row metal pincers,>® we identified com-
pounds 1 and 2 (Fig. 1) as potential candidates for electrocata-
lysis for the conversion of CO,.>* To the best of our knowledge,
these compounds are the first instance of electrocatalysts for
CO, reduction based on mono-nuclear Cu' pincer precursors.

Cyclic voltammetry in acetonitrile (MeCN) with 0.1 M tetra-
butylammonium hexafluorophosphate (TBA PF,;) was per-
formed to assess the reductive responses of two electrocatalyst
candidates: Cu' pincer compounds 1 and 2. Fig. 1 shows the
reductive scans of the two pincers of interest in this work at
100 mV s'. Pincer 1, a triazole-based Cu' complex exhibits
two reductive features, one at —2.8 V vs. Fc¢/Fc¢™ and another
one at —3 V with only one observable oxidation return at
—0.7 V. This response suggests the reduction of the complex
likely occurs with participation of the ligand, as has been
observed in other pincer ligands with aromatic ligand
fragments.'*'® In comparison, the pyridine 2,6-bis-methyl
(imidazole) Cu' pincer 2 exhibits reduction responses at —1.8 V
and —2.75 V vs. F¢/F¢' but with a similar oxidation return at
—0.77 V. Diffusional behaviour for both 1 and 2 was addition-
ally confirmed through scan rate dependence experiments at
100, 200, 300, 400, 500 and 600 mV s~' respectively. Linearity
in plots of the observed peak currents versus (Sevcik plots) con-
firms that both complexes are freely diffusing in solution
during the reductive scans (Fig. S3 and S77). In addition,
surface elemental analyses by Energy Dispersive Spectroscopy
(EDS) of the electrolysis electrodes do not reveal detectable
amounts of elemental copper (Fig. S971).

With these diagnostics in hand, we proceeded to analyse
the cyclic voltammograms of the two pincers in the presence
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Fig. 1 (a) Cyclic voltammogram of 5 mM compound 1 in MeCN with 0.1 M TBA PFg as a supporting electrolyte at 100 mV s at a glassy carbon
working electrode, referenced externally vs. Fc/Fc* under an argon atmosphere. (b) Cyclic voltammogram of 5 mM compound 2 in MeCN with 0.1
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Fig. 2 Left (a) Cyclic voltammogram of 5 mM compound 1 in MeCN with 0.1 M TBA PFg as a supporting electrolyte at 100 mV s~ at a glassy carbon
working electrode, referenced externally vs. Fc/Fc* under argon atmosphere (black), CO, atmosphere (blue), and CO, atmosphere with 100 pL
2,2,2-trifluoroethanol (TFE) as a proton source (purple) Right (b). Cyclic voltammogram of 5 mM compound 2 in MeCN with 0.1 M TBA PFg as a sup-
porting electrolyte at 100 mV s~ at a glassy carbon working electrode, referenced externally vs. Fc/Fc* under argon atmosphere (black), CO, atmo-
sphere (blue), and CO, atmosphere with 100 pyL TFE as a proton source (red).

of CO, and added proton source: 2,2,2-trifluoroethanol (TFE)
(Fig. 2). Incremental addition of protons to compound 1 in the
absence of CO, indicates a catalytic response for hydrogen pro-
duction with the appearance of one single CV wave (Fig. S47).
The voltammetry of pincer 1 shows a distinct interaction with
CO, and the current increases at —2 V in the presence of
protons (Fig. 2a) with a corresponding return oxidation at
—0.6 V. The appearance of the catalytic wave suggests two
redox events are involved in turnover. Compound 2 under
argon does not respond to protons at low concentrations by
cyclic voltammetry (Fig. S81). We believe this is the case due to
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relative timescale of the rates of catalytic responses in relation
to the electrochemical reduction steps. The voltammetry of
pincer 2 also shows an interaction with CO, at —2 V vs. Fc/Fc'
and a catalytic response upon the addition of protons
(Fig. 2b). Both compounds show similar catalytic onset poten-
tials, with compound 1 showing a distinct prewave prior to
turnover. While redox electrocatalysis has been often associ-
ated with a redox wave in the starting metal complex, this is
not always the case, responses often being associated with the
redox-response of an electrochemically-generated intermediate
or an alternate physical process' (Fig. 2b).
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Fig. 3 Plots of charge passed (C) vs. time (s) for 1 h electrolyses at
—2.6 V vs. Fc/Fc* of compounds 1 and 2 with the respective observed
faradaic efficiencies for the formation of H, and CO.

Given the positive result of the CV diagnostics of pincers 1
and 2 from Fig. 2, we proceeded to identify product distri-
butions and faradaic efficiencies for the observed currents
using bulk electrolysis. Bulk electrolysis experiments were run
in a two-chamber H-cell separated by a glass frit with carbon
cloth working electrodes and a Ag single-junction reference,
referenced externally vs. Fe/Fc'. Electrolyses at —2.6 V vs. Fc/
Fc' passed 183 C and 178 C for pincers 1 and 2, respectively.
Headspace analyses of the reactions were performed using gas
chromatography with a thermal conductivity detector
(GC-TCD). (Detailed experimental procedures and analyses are
provided in the ESL.t)

While the charge passed through the cell is similar for the
two compounds under study, the observed product distri-
butions indicate that triazole pincer 1 is more active for the
conversion of CO, over protons than pincer 2 with observed
ratios of H, : CO of 6: 1 for 1 and 12.6: 1 for 2, respectively. far-
adaic efficiencies for H, formation during the electrolysis
experiments are similar, with ~66% of the current being com-
mitted to the reduction of protons in both cases (additional
details available in Table S51). In contrast, faradaic efficiencies
for the formation of CO vary between the two pincers: pincer 1
exhibits a faradaic efficiency of 11.02 + 0.40%, while pincer 2
has an efficiency of 5.23 + 0.65%. These efficiencies correlate
with the production of CO with 4 observed turnovers per hour
for compound 1, while compound 2 turns over only 0.6 times
over the same duration for CO production (Fig. 3).

Conclusions

In conclusion, we now report the first instance of mononuclear
catalyst precursors for the electrochemical conversion of CO,
to CO and H, based on Cu'. While the observed activities
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remain modest, this work sets the stage for further develop-
ment of pincer electrocatalysis based on first row, inexpensive
Cu coordination complexes. Additional mechanistic studies
will focus on elucidating speciation and identification of elec-
trocatalytically-active species.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

ORL would like to gratefully acknowledge University of
Colorado for start-up funds. ORL would also like to thank
Dr Tomoko Borsa and the COSINC-CHR campus facility for
experimental assistance. THTM would like to thank the CU
Boulder Department of Chemistry for the Sewall Fellowship.
THT and ORL would like to thank Haley Petersen for useful
discussions. ZM would like to thank the University of Colorado
UROP assistantship. JRM is grateful for the generous support
from the Connecticut NASA Space Grant Alliance for this
project (award number P-1168). JRM also thanks the National
Science Foundation (CHE-1827854) for the acquisition of a
400 MHz NMR Spectrometer and Fairfield University for
awarding JRM a Summer Research Stipend. RMK, EMA, and
SEZ thank the Hardiman Scholars Program at Fairfield
University for generous summer research support.

Notes and references

1 A. Q. Fenwick, J. M. Gregoire and O. R. Luca,
Electrocatalytic Reduction of Nitrogen and Carbon Dioxide
to Chemical Fuels: Challenges and Opportunities for a Solar
Fuel Device, J. Photochem. Photobiol, B, 2015, 152(Pt A),
47-57.

2 A. M. Appel, J. E. Bercaw, A. B. Bocarsly, H. Dobbek,
D. L. DuBois, M. Dupuis, ]J. G. Ferry, E. Fujita, R. Hille,
P. J. Kenis, C. A. Kerfeld, R. H. Morris, C. H. Peden,
A. R. Portis, S. W. Ragsdale, T. B. Rauchfuss, J. N. Reek,
L. C. Seefeldt, R. K. Thauer and G. L. Waldrop, Frontiers,
opportunities, and challenges in biochemical and chemical
catalysis of CO, fixation, Chem. Rev., 2013, 113, 6621-6658.

3 J. J. Concepcion, R. L. House, J. M. Papanikolas and
T. J. Meyer, Chemical approaches to artificial photosyn-
thesis, Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 15560—
15564.

4 R. Francke, B. Schille and M. Roemelt, Homogeneously
Catalyzed Electroreduction of Carbon Dioxide-Methods,
Mechanisms, and Catalysts, Chem. Rev., 2018, 118, 4631-
4701.

5 J. L. Inglis, B. J. MacLean, M. T. Pryce and J. G. Vos,
Electrocatalytic pathways towards sustainable fuel pro-
duction from water and CO,, Coord. Chem. Rev., 2012, 256,
2571-2600.

This journal is © the Partner Organisations 2020



Published on 21 January 2020. Downloaded by University of Colorado at Boulder on 4/27/2020 4:25:52 PM.

Inorganic Chemistry Frontiers

6 Y. Kushi, H. Nagao, T. Nishioka, K. Isobe and K. Tanaka,
Remarkable decrease in overpotential of oxalate formation
in electrochemical CO, reduction by a metal-sulfide
cluster, J. Chem. Soc., Chem. Commun., 1995, 12, 1223-1224.

7 C. Amatore and J. M. Saveant, Mechanism and Kkinetic
characteristics of the electrochemical reduction of carbon
dioxide in media of low proton availability, J. Am. Chem.
Soc., 1981, 103, 5021-5023.

8 S. Gonell and A. J. M. Miller, in Chapter One - Carbon
Dioxide Electroreduction Catalyzed by Organometallic
Complexes, Advances in Organometallic Chemistry, ed.
P. J. Pérez, F. G. A. Stone and R. West, Academic Press,
2018, vol. 70, pp. 1-69.

9 I. Gamba, Biomimetic Approach to CO, Reduction,
Bioinorg. Chem. Appl., 2018, 2018, 2379141-2379141.

10 J. D. Blakemore, R. H. Crabtree and G. W. Brudvig,

Molecular catalysts for water oxidation, Chem. Rev., 2015,
115, 12974-13005.

11 C. Tsay and J. Y. Yang, Electrocatalytic hydrogen evolution

under acidic aqueous conditions and mechanistic studies
of a highly stable molecular catalyst, J. Am. Chem. Soc.,
2016, 138, 14174-14177.

12 M. L. Helm, M. P. Stewart, R. M. Bullock, M. R. DuBois and

D. L. DuBois, A synthetic nickel electrocatalyst with a turn-
over frequency above 100,000 s™' for H, production,
Science, 2011, 333, 863-866.

13 O. R. Luca, J. D. Blakemore, S. J. Konezny, J. M. Praetorius,

T. J. Schmeier, G. B. Hunsinger, V. S. Batista,
G. W. Brudvig, N. Hazari and R. H. Crabtree,
Organometallic Ni pincer complexes for the electrocatalytic
production of hydrogen, Inorg. Chem., 2012, 51, 8704-8709.

14 O. R. Luca, S. J. Konezny, J. D. Blakemore, D. M. Colosi,

S. Saha, G. W. Brudvig, V. S. Batista and R. H. Crabtree, A
tridentate Ni pincer for aqueous electrocatalytic hydrogen
production, New J. Chem., 2012, 36, 1149-1152.

15 O. R. Luca, S. J. Konezny, G. B. Hunsinger, P. Miiller,

M. K. Takase and R. H. Crabtree, Ni complexes of redox-active
pincers with pendant H-bonding sites as precursors for hydro-
gen production electrocatalysis, Polyhedron, 2014, 82, 2-6.

This journal is © the Partner Organisations 2020

16

17

18

19

20

21

22

23

24

View Article Online

Research Article

C. Costentin, M. Robert, ]J.-M. Savéant and A. Tatin,
Efficient and selective molecular catalyst for the CO,-to-CO
electrochemical conversion in water, Proc. Natl Acad.
Sci. U. S. A., 2015, 112, 6882-6886.

K. P. Kuhl, E. R. Cave, D. N. Abram and T. F. Jaramillo, New
insights into the electrochemical reduction of carbon
dioxide on metallic copper surfaces, Energy Environ. Sci.,
2012, 5, 7050.

C. W. Li, J. Ciston and M. W. Kanan, Electroreduction of
carbon monoxide to liquid fuel on oxide-derived nanocrys-
talline copper, Nature, 2014, 508(7497), 504-507.

R. Angamuthu, P. Byers, M. Lutz, A. L. Spek and
E. Bouwman, Electrocatalytic CO, Conversion to Oxalate by
a Copper Complex, Science, 2010, 327, 313-315.

R. ]. Haines, R. E. Wittrig and C. P. Kubiak, Electrocatalytic
Reduction of Carbon Dioxide by the Binuclear Copper
Complex [Cu,(6-(diphenylphosphino-2,2'-bipyridyl),
(MeCN),][PF¢),, Inorg. Chem., 1994, 33, 4723-4728.

U. R. Pokharel, F. R. Fronczek and A. W. Maverick,
Reduction of carbon dioxide to oxalate by a binuclear
copper complex, Nat. Commun., 2014, 5, 5883.

J. Wang, L. Gan, Q. Zhang, V. Reddu, Y. Peng, Z. Liu, X. Xia,
C. Wang and X. Wang, A Water-Soluble Cu Complex as
Molecular Catalyst for Electrocatalytic CO, Reduction on
Graphene-Based Electrodes, Adv. Energy Mater., 2019, 9,
1803151.

T. H. T. Myren, A. M. Lilio, C. G. Huntzinger, J. W. Horstman,
T. A. Stinson, T. B. Donadt, C. Moore, B. Lama, H. H. Funke
and O. R. Luca, Manganese N-Heterocyclic Carbene Pincers
for the Electrocatalytic Reduction of Carbon Dioxide,
Organometallics, 2019, 38(6), 1248-1253.

M. A. Lynn, J. R. Miecznikowski, ]J. P. Jasinski, M. Kaur,
B. Q. Mercado, E. Reinheimer, E. Almanza,
R. M. Kharbouch, M. R. Smith, S. E. Zygmont,
N. F. Flaherty and A. C. Smith, Copper(i) SNS Pincer
Complexes: Impact of Ligand Design and Solvent
Coordination on Conformer Interconversion from
Spectroscopic and Computational Studies, Inorg. Chim.
Acta, 2019, 495, 118996.

Inorg. Chem. Front., 2020, 7,1012-1015 | 1015



