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ABSTRACT: Metallo-porphyrin complexes such as cobalt
and iron porphyrins (CoP and FeP) have shown potential as
electrocatalysts for CO, reduction. Here we report that
introducing amino substituents enhances the electrocatalytic
activity of these systems toward CO, reduction through a dual
active site approach. We developed a flexible synthesis of Co-
and Fe-porphyrins having variable amino groups and found
that monoamino FeP reduces CO, to carbon monoxide (CO)
at ambient pressure and temperature with competitive
turnover numbers (TONs). This efficiency enhancement
approach opens a new path to designing and optimizing next
generation homogeneous catalysts.
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Anthropogenic climate change"” associated with increased
carbon dioxide (CO,) levels”* mandates, among other
strategies, the electrochemical reduction of CO, to value-
added chemicals. The goal is to upgrade CO, into a chemically
stored form of energy source using renewable electricity.” '
Homogeneous catalysts offer the potential for high catalytic
activity and selectivity even under mild conditions. And
although such systems may have limited industrial applications

at this point,'*"'~'* homogeneous systems offer tunability

v ACS Publications  © xxxx American Chemical Society

and allow a more systematic optimization and can then be
converted to heterogeneous systems downstream.'*™"*

A series of low-oxidation-state transition metal cyclams,
porphyrins, and phthalocyanines have been favored as
homogeneous electrocatalysts for CO, reduction reactions in
recent years.'” >~ Structural changes of the porphyrin ligand
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have been shown to modulate the catalytic activity of the metal
center, making the study of substituent effects a promising
avenue of research.”” Cobalt- and iron-based porphyrins are
two of the most popular metallo-porphyrins for this
purpose.””**** Since interactions between the ligand, the
metal center, the CO, adsorbate, and reduced products are
critical,”® ™ a judiciously selected substitution pattern on the
porphyrin is imperative, as it allows influence over the
electronic structure of the system, which in turn influences
its catalytic activity.””

The reactivity of amino groups and CO, to form carbamates
has been well studied.”” > Recent studies have built upon this
body of work and introduce N—H groups as substituents to
enhance the activity of different metal ligands.”"**

Savéant and co-workers explored the use of metallo-
porphyrins for the electro-reduction of CO, to CO and
demonstrated in an elegant study that it involves proton
coupled electron transfer (PCET).*” Moreover, examples of
amine-directed PCET have been demonstrated previously.”

We hypothesized that the use of an amino group that is
directly tethered to a porphyrin will essentially enable the
system to function as a single unit, where the amino group
captures CO,, thereby enhancing the activity of the catalyst.
Moreover, it was hypothesized that the activity of the catalyst is
tunable, > as a function of the number of amino substituents.
Our goal was to investigate systematically the effect of amino
substituents on the catalytic efficiency of metalated tetraphe-
nylporphyrin (TPP) (1a) complexes for CO, reduction. We
report the synthesis of Co and Fe-amino-porphyrin complexes
and their catalytic activity for CO, reduction in DMF. To this
end, we prepared a series of symmetrical and asymmetrical
NH,-substituted porphyrins (Scheme S1, 3a—3h and 4a—
5b).>’ 7>’ We started our investigations with cobalt-porphyrin
compounds and compared the catalytic activity of the most
efficient cobalt-porphyrins 4a—4b with that of similarly
substituted iron-porphyrin complexes Sa—Sb as shown in
Figure 1.

Ry

®
Q)

R,

1a. M= R,= Ry= Rg= R,= H; TPP
3a. M= Ry= NHy, Rp= Rg= R,= H; TPP-NH,

3b. M= Ry= Ry= NHy, Rg= Ry= H; TPP-Adj-(NH,),

4. M= Co, Ry= Ry= Rg= Ry= H; Co-TPP

4a. M= Co, Ry= NH,, Ry= Ry= Ry= H; Co-TPP-NH,

4b. M= Co, Ry= Rp= NHy, Ry= Ry= H; Co-TPP-Adj-(NH,),
4c. M= Co, Ry= Rg= NHy, Rp= Ry= H: Co-TPP-Opp-(NH;),

4d. M= Co, Ry= Ry= Rg= NH,, Ry= H; Co-TPP-(NH,);
4f. M= Co, Ry= Ry= Ry= Ry= NH,; Co-TPP-(NH,),

5. M=Fe, Ri= Ry= Ry= R4= H; Fe-TPP

5a. M= Fe, Ry= NHy, Ro= Rg= Rs= H; Fe-TPP-NH,

5b. M= Fe, Ry= Ry= NH,, Rg= R,= H; Fe-TPP-Adj-(NH,),

Figure 1. Molecular structure of metalated cobalt 4a—4f and iron Sa—
Sb amino phenyl-porphyrin complexes.

The amino- and nitro- derivatives were characterized using
"H NMR spectroscopy (see Figures SI—S12). Metalations of
the porphyrins were monitored by UV—vis spectroscopy, and
the products were confirmed by mass spectrometry.**™"
Figure S14 and Table S2 provide an overview of the UV—vis
spectroscopic data of the various amino-porphyrins, while

Table S3 provides an overview of the corresponding Co and Fe
complexes. The presence of NH, substituents at the meso
position resulted in a slight red shift of the Soret band
compared to TPP. As the number of NH, groups increased,
the Soret bands are increasingly red-shifted, demonstrating a
greater distribution of charge toward the porphyrin core.

Addition of CO, to a solution of amino-porphyrins 4a—4f
may proceed via carbamate formation involving the amino
substituent or direct CO, coordination to the metal center.
Organocarbamate formation was originally reported by
Caplow™ in 1968 and studied in more detail by Danckwerts*
and Kortunov.””*® The mechanisms of CO, reduction in
aqueous and nonaqueous solvents has been widely studied,
suggesting an interaction between the carbon atom of CO, and
the metal centers of cobalt and iron. It was also found that
more negative potentials (i.e., larger overpotential) are needed
in aqueous environments compared to that of nonaqueous
solutions, 3623334750

As depicted in Figure 2, protonation of the free amine to
produce molecules (I) and (II) results in a stronger electron-

Figure 2. Formation of carbamic salt after purging 3a with CO,.

withdrawing ability, which in turn causes more positive applied
potential (the formation of the carbamate is indicated in Figure
S13 using Fourier-transform infrared spectroscopy (FT-IR)).

Cyclic voltammetry (CV) experiments of TPP (la) and
TPP-NH, (3a) were performed in the presence and absence of
CO, (Figure S15) to uncover the effects of the amino group in
the formation of the carbamic salt complex (I + II) in Figure 2.
Comparison of the total charge of la (—0.05 xC) and 3a
(—0.58 uC) shown in Figure S16 and Table 1 with the
saturated 4a (—1.00 xC) with CO, in DMF solution shows an
increase in the reductive current of the cobalt-porphyrin
system. The current enhancement in the presence of CO,
could be due to hydrogen evolution or the reduction of CO,
itself.

To clarify the mechanism and discern if hydrogen evolves,
we ran these studies in a nonaqueous (Figure 3A and 3B) as
well as aqueous environment (Figure 3C). By adding water the
starting material, 4a, is regenerated (Figure 2), and a more
negative potential and higher efficiency were observed, a
finding we attribute to the electron-donating nature of the
NH,. Adding water as a proton source to the electrolyte
solution enhances the catalytic current and confirms the
catalytic peak at —2.04 V is related to CO, reduction, and not
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Table 1. Product Analysis of the Constant Potential Electrolysis for the CO, Reduction

coulomb [cO] [H,] [MeOH] FE% FE% FE%
compd (©) ppm ppm ppm (co) (MeOH) (H,) TON TOF/h™!
la 5% 107 0 737 0 0 0 100 0 0
3a 5x107* 0 1774 0 0 0 100 0 0
4 2% 1074 299 1476 0 1 0 98 17 (CO) 6
4a 1x107° 1233 7498 4 04 0.03 99 0.5 (MeOH), 196 (CO) 0.18 (MeOH), 65 (CO)
4b 3x 1074 826 10496 2 8 04 99 03 (MeOH), 134 (CO) 0.09 (MeOH), 45 (CO)
4c 3x107° 418 9867 1 0.3 0.008 99 0.06 (MeOH), 23 (CO) 0.02 (MeOH), 7 (CO)
4d 1x107° 537 16793 1 04 0.006 99 0.04 (MeOH), 30 (CO) 0.01 (MeOH), 10 (CO)
af 2% 107 329 18304 0 02 0 99 0 (MeOH), 18 (CO) 0 (MeOH), 6 (CO)
5 sx 107 8572 1594 0 27 0 72 663 (CO) 332
Sa 2x1073 34997 2500 0 49 0 50 2267 (CO) 945
sb 3x 1074 30870 2771 0 36 0 63 1663 (CO) 554
A No methanol was observed in the absence of the amino
S0uA I substituent (Co-TPP, 4), nor for the Fe systems S, Sa, and Sb,
(Current) demonstrating the necessity of both cobalt and the —NH,
B substituent in the formation of methanol. Although GC-MS

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential/V (vs. Ag/AgCl)

Figure 3. Cyclic voltammograms (CV) of 0.01 mM of (A) 4, (B) 4a,
and (C) 4a with 5% H,0; under CO, in 0.1 M NBu,PF; and DMF
solutions. Conditions: scan rate, 100 mV s'; working electrode,
glassy carbon; reference electrode, Ag/AgCl; counter electrode,
platinum

the competitive hydrogen evolution peak observed at the much
more negative potential of —2.42 V (Figure S17 and Table S4).
To a 5 mL electrolyte solution, adding 0.25 mL of water shifts
the catalytic peak potential from —2.35 V to —2.42 V, which
arises from hydrogen evolution.

After observing higher reductive currents for compound 4a
in comparison to 4 and 3a, experiments were performed on
porphyrins having more than one amino substituent. Our
studies show that an increased number of amino substituents
significantly decreases the catalytic current (4a, —1.00 uC; 4f,
—0.02 uC; see Table SS and Figure S18).

Substituent effects on FePs complexes for reduction of CO,
to CO have been well studied.””****** To expand on this
research, we chose to compare the reductive capabilities of the
iron-porphyrins Sa and the Fe-adj-amino-porphyrin Sb, which
demonstrated the best efficiency with cobalt 4a and 4b. Our
results show that higher catalytic efficiencies were observed for
Fe versus Co catalysis (Figure $20).

Table 1 provides an overview of our electrocatalytic
reduction experiments. It is evident that significant differences
between the electrochemical characteristics and the electronic
spectra of the cobalt-amino-porphyrin, iron-amino-porphyrin,
and free amino-porphyrin compounds were observed. We
found that a small amount of cobalt-amino porphyrin
complexes in parallel undertook an alternative electrocatalytic
CO, reduction pathway different from that of their iron
analogues that led to formation of a small amount of methanol.

supports the formation of methanol (see Figure S22) which
was further confirmed by D,0O addition to DMF solutions (see
Figure S24), the experiments conducted to confirm the
production of methanol were not sufficient to unequivocally
satisfy this claim. Further experiments involving *CO, would
be necessary to remove any doubt of methanol impurities,
which will be investigated in future work.

The TONs and TOFs for CO formation were higher than
those observed for the corresponding Co analogues. It has
been shown that CoTPP performs poorly in DMF with a slow
reaction for CO, electroreduction since [Co'TPP]™ reacts
slowly with CO, in DMF,** which will be much faster in the
case of iron porphyrin compounds. In the case of iron
porphyrin compounds, the Fe-CO, interaction is weaker which
causes less energy to cleave the C—O bond, therefore resulting
in higher efficiency.”'

TOFs were calculated using the catalyst concentration in the
solution, an approach that underestimates the activity of the
catalyst.”> The TOF and TON comparison of different
catalysts is more meaningful when all reaction conditions,
including the type of solvent, electrolyte, and electrodes, are
the same. The TOF and TON of a variety of homogeneous
catalysts have been compared,™ introducing FeTDHPP and
Re(bpy)(CO); with the highest TOF of 0.5/s and 0.3/s,
respectively.”>>* A later study by Savéant involving fluorinated
porphyrin catalysis recorded TOFs of as high as 170/s;
however, these findings were reported in the presence of
phenol or acetic acid which act as an additional proton
source.”® In another comparative study between CoTPP (1
mM) and FeTPP (1 mM) using a glassy carbon plate with an
area of 3 cm” in 0.1 M Bu,NBF,/DMF, CoTPP TONs of 3.8/
h and TOFs of 0.95/h over a 4 h time period were recorded.*
The significant difference in electrochemical CO, reduction
ability of CoTPP compared to that of FeTPP (TON of 60/h
and TOF of 30/h)51 was attributed to the relative poor
product selectivity and slow reaction rates observed in
CoTPP.*****° Similarly, we observed higher TONs and
TOFs for the Fe-porphyrin systems compared to the Co-
porphyrin systems.

The TOFs were calculated based on the charge transfer
considering the catalysts’ concentration in solution (see
Supporting Information). After applying a constant potential,
both liquid and gas phases were analyzed using gas
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chromatography—mass spectrometry (GC-MS) and gas
chromatography (GC), respectively.

In conclusion, the effect of different numbers of amino
substituents on several metalloporphyrins was investigated for
their effect on the electrocatalytic reduction of CO,. Here, a
series of amino substituted Fe- and Co-porphyrins were
designed and synthesized as new electrochemical catalysts for
CO, reduction and their catalytic efliciencies were systemati-
cally examined. In contrast to previous work performed with
homogeneous metallo-porphyrin catalysts,'>>">%377%% e
sought to investigate the potential effects of amino group
functionalization on the catalytic activity of both Fe and Co
systems. It was observed that monosubstituted amino-
porphyrins had the greatest efficiency among both the Fe or
Co group in terms of TON and TOF improvement.

The cobalt-amino-porphyrin complexes were found to be
more active for the hydrogen evolution reaction (HER)
compared to their iron analogues, which could explain their
lower reductive efficiencies. Electrochemical reduction of CO,
is a multistep PCET process, which involves both electron
transfer and proton transfer to the catalytic site at multiple
intermediate stages with different oxidation states. Each
microstep requires a different electronic microenvironment in
order to achieve an optimal yield. In general, electron-
withdrawing groups decrease the electron density and facilitate
the transfer electrons to the catalytic center, but may
concertedly impede the proton transfer step. Vice versa, an
electron-donating group helps the proton transfer but disfavors
the electron transfer. An optimal catalyst, therefore, would
require a balance between the electron-donating and -with-
drawing ability and, ideally, would be able to controllably
alternate between the two to match the requirement at each
microstep. The amino-group shows potential for such
tunability. Even though —NH, is a classic electron-donating
group due to its lone pair, protonation and/or conversion of
—NH, to a carbamate will reverses its electron-donating effect.
It is possible that the electron-donating and withdrawing effect
of monoamino substituted porphyrins is better balanced for
CO, reduction than that of the other amino-porphyrin
derivatives, accounting for its higher relative catalytic activity.
Whether and how this dynamic electronic interaction plays a
role in CO, reduction is among the most interesting questions
for future study.

Ongoing work exploring the mechanism of metallo-
porphyrin catalysts for the reduction of CO, will further
increase understanding of the roles of amino substituents and
their relationship with catalytic activity. This discovery
provides a new approach to the design and optimization of
next generation catalysts for electrochemical CO, reduction.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications Web site. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsaem.8b01900.

Reagents and chemicals; preparation and character-
ization of nitro and amino porphyrin complexes; cyclic
voltammetry; experimental and procedure details (PDF)

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: bernie kraatz@utoronto.ca.

*E-mail: xazhang@utsc.utoronto.ca.

*E-mail: ted.sargent@utoronto.ca.

ORCID

Ali Seifitokaldani: 0000-0002-7169-1537
Edward H. Sargent: 0000-0003-0396-6495
Xiao-an Zhang: 0000-0001-9417-4228

Heinz Bernhard Kraatz: 0000-0002-7149-0110

Funding

This work was supported by NSERC DG 2016-06122 and
2016-06589 through Discovery Grants to HB.K. and X.-a.Z,,
respectively, and by the Canada Foundation for Innovation,
Canada Research Chair, and the Ontario Research Fund.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the University of Toronto Scarborough for
funding, University of Toronto Scarborough TRACES center
manager Tony Adamo as well as Oleksandr Voznyy, Lei
Dong, Billy Deng, Fengwang Li, Yuhang Wang, Nam Dae-
Hyun, Sussanah Tran, and Evangeline Tsagarakis for all their
support of this work.

B REFERENCES

(1) Zhang, X,; Caldeira, K. Time Scales and Ratios of Climate
Forcing Due to Thermal versus Carbon Dioxide Emissions from
Fossil Fuels. Geophys. Res. Lett. 2015, 42, 4548—4555.

(2) Hook, M.; Tang, X. Depletion of Fossil Fuels and Anthropogenic
Climate Change-A Review. Energy Policy 2013, 52, 797—809.

(3) Connell, S. D.; Kroeker, K. J.; Fabricius, K. E.; Kline, D. I;
Russell, B. D. The Other Ocean Acidification Problem: CO, as a
Resource among Competitors for Ecosystem Dominance. Philos.
Trans. R. Soc, B 2013, 368, 20120442—-20120442.

(4) Doney, S. C.; Fabry, V. J.; Feely, R. A;; Kleypas, J. A. Ocean
Acidification: The Other CO, Problem. Annu. Rev. Mar. Sci. 2009, 1,
169—192.

(5) Matlachowski, C.; Braun, B.; Tschierlei, S.; Schwalbe, M.
Photochemical CO, Reduction Catalyzed by Phenanthroline
Extended Tetramesityl Porphyrin Complexes Linked with a Rhenium-
(I) Tricarbonyl Unit. Inorg. Chem. 2015, 54, 10351—10360.

(6) Dreyse, P.; Honores, J.; Quezada, D.; Isaacs, M. Electrocatalytic
Transformation of Carbon Dioxide into Low Carbon Compounds on
Conducting Polymers Derived from Multimetallic Porphyrins.
ChemSusChem 2018, 8, 3897—3904.

(7) Olah, G. a; Prakash, G. K. S.; Goeppert, A. Anthropogenic
Chemical Carbon Cycle for a Sustainable Future. J. Am. Chem. Soc.
2011, 133, 12881—12898.

(8) Olah, G. a; Goeppert, A.; Prakash, G. K. S. Chemical Recycling
of Carbon Dioxide to Methanol and Dimethyl Ether: From
Greenhouse Gas to Renewable, Environmentally Carbon Neutral
Fuels and Synthetic Hydrocarbons. J. Org. Chem. 2009, 74, 487—498.

(9) Qiao, J;; Liu, Y.; Hong, F.; Zhang, J. A Review of Catalysts for
the Electroreduction of Carbon Dioxide to Produce Low-Carbon
Fuels. Chem. Soc. Rev. 2014, 43, 631—675.

(10) Kas, R.; Hummadi, K. K; Kortlever, R.; Wit, P. De; Milbrat, A.;
Luiten-olieman, M. W. J.; Benes, N. E.; Koper, M. T. M.; Mul, G.
Electrochemical Carbon Dioxide Reduction. Nat. Commun. 2016, 7,
1-7.

(11) Liu, M; Pang, Y.; Zhang, B.; De Luna, P.; Voznyy, O.; Xu, J;
Zheng, X.; Dinh, C. T.; Fan, F; Cao, C.; Arquer, F. P. G. D.; Safaei, T.
S.; Mepham, A,; Klinkova, A.; Kumacheva, E.; Filleter, T.; Sinton, D.;
Kelley, S. O.; Sargent, E. H. Enhanced Electrocatalytic CO,

DOI: 10.1021/acsaem.8b01900
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsaem.8b01900
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01900/suppl_file/ae8b01900_si_001.pdf
mailto:bernie.kraatz@utoronto.ca
mailto:xazhang@utsc.utoronto.ca
mailto:ted.sargent@utoronto.ca
http://orcid.org/0000-0002-7169-1537
http://orcid.org/0000-0003-0396-6495
http://orcid.org/0000-0001-9417-4228
http://orcid.org/0000-0002-7149-0110
http://dx.doi.org/10.1021/acsaem.8b01900

ACS Applied Energy Materials

Reduction via Field-Induced Reagent Concentration. Nature 2016,
537, 382—386.

(12) Seifitokaldani, A.; Gabardo, C. M.; Burdyny, T.; Dinh, C.-T;
Edwards, J. P.; Kibria, M. G.; Bushuyev, O. S.; Kelley, S. O.; Sinton,
D.; Sargent, E. H. Hydronium-Induced Switching between CO,
Electroreduction Pathways. J. Am. Chem. Soc. 2018, 140, 3833—3837.

(13) Dinh, C. T.; Burdyny, T.; Kibria, G; Seifitokaldani, A;
Gabardo, C. M.; Pelayo Garcia De Arquer, F.; Kiani, A.; Edwards, J.
P.; De Luna, P.; Bushuyev, O. S.; Zou, C.; Quintero-Bermudez, R.;
Pang, Y.; Sinton, D.; Sargent, E. H. CO, electroreduction to Ethylene
via Hydroxide-Mediated Copper Catalysis at an Abrupt Interface.
Science 2018, 360, 783—787.

(14) Gabardo, C. M; Seifitokaldani, A.; Edwards, J. P.; Dinh, C.-T.;
Burdyny, T.; Kibria, M. G.; O'Brien, C. P.; Sargent, E. H.; Sinton, D.
Combined High Alkalinity and Pressurization Enable Efficient CO,
Electroreduction to CO. Energy Environ. Sci. 2018, 11, 2531—2539.

(15) Lin, S; Diercks, C. S.; Zhang, Y.-B.; Kornienko, N.; Nichols, E.
M.; Zhao, Y,; Paris, A. R;; Kim, D.; Yang, P.; Yaghi, O. M.; Chang, C.
J. ovalent Organic Frameworks Comprising Cobalt Porphyrins for
Catalytic CO, Reduction in Water. Support. Science 2015, 349, 1208—
1213.

(16) Ambre, R. B,; Daniel, Q.; Fan, T.; Chen, H.; Zhang, B.; Wang,
L.; Ahlquist, M. S. G.; Duan, L.,; Sun, L. Molecular Engineering for
Efficient and Selective Iron Porphyrin Catalysts for Electrochemical
Reduction of CO, to CO. Chem. Commun. 2016, 52, 14478—14481.

(17) Hod, L; Sampson, M. D.; Deria, P.; Kubiak, C. P.; Farha, O. K;;
Hupp, J. T. Fe-Porphyrin-Based Metal-Organic Framework Films as
High-Surface Concentration, Heterogeneous Catalysts for Electro-
chemical Reduction of CO,. ACS Catal. 2015, S, 6302—6309.

(18) Zahran, Z. N.; Mohamed, E. A; Naruta, Y. Bio-Inspired
Cofacial Fe Porphyrin Dimers for Efficient Electrocatalytic CO, to
CO Conversion: Overpotential Tuning by Substituents at the
Porphyrin Rings. Sci. Rep. 2016, 6, 24533—24537.

(19) Costentin, C.; Robert, M.; Savéant, J.-M. Catalysis of the
Electrochemical Reduction of Carbon Dioxide. Chem. Soc. Rev. 2013,
42, 2423—2436.

(20) Costentin, C.; Robert, M.; Savéant, J.-M.; Tatin, A. Efficient
and Selective Molecular Catalyst for the CO2-to-CO Electrochemical
Conversion in Water. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 6882—
6886.

(21) Shen, J.; Kortlever, R; Kas, R; Birdja, Y. Y.; Diaz-Morales, O.;
Kwon, Y.; Ledezma-Yanez, I.; Schouten, K. J. P.; Mul, G.; Koper, M.
T. M. Electrocatalytic Reduction of Carbon Dioxide to Carbon
Monoxide and Methane at an Immobilized Cobalt Protoporphyrin.
Nat. Commun. 20185, 6, 1-8.

(22) Costentin, C.; Passard, G.; Robert, M.; Savéant, J.-M.
Ultraefficient Homogeneous Catalyst for the CO, to CO Electro-
chemical Conversion. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 14990—
14994.

(23) Leung, K; Nielsen, I. M. B.; Sai, N.; Medforth, C.; Shelnutt, J.
A. Cobalt—Porphyrin Catalyzed Electrochemical Reduction of
Carbon Dioxide in Water. 2. Mechanism from First Principles. J.
Phys. Chem. A 2010, 114, 10174—10184.

(24) Hu, X. M; Ronne, M. H,; Pedersen, S. U.; Skrydstrup, T.;
Daasbjerg, K. Enhanced Catalytic Activity of Cobalt Porphyrin in
CO, Electroreduction upon Immobilization on Carbon Materials.
Angew. Chem., Int. Ed. 2017, 56, 6468—6472.

(25) Costentin, C.; Robert, M.; Savéant, J.-M. Current Issues in
Molecular Catalysis Illustrated by Iron Porphyrins as Catalysts of the
CO,-to-CO Electrochemical Conversion. Acc. Chem. Res. 2015, 48,
2996—3006.

(26) Costentin, C.; Drouet, S.; Robert, M.; Savéant, J. M. A Local
Proton Source Enhances CO, Electroreduction to CO by a Molecular
Fe Catalyst. Science 2012, 338, 90—94.

(27) Savéant, J.-M. Molecular Catalysis of Electrochemical
Reactions. Mechanistic Aspects. Chem. Rev. 2008, 108, 2348—2378.

(28) Tlili, A; Blondiaux, E.; Frogneux, X.,; Cantat, T. Reductive
Functionalization of CO, with Amines: An Entry to Formamide,

Formamidine and Methylamine Derivatives. Green Chem. 2018, 17,
157—-168.

(29) Kortunov, P. V; Siskin, M.; Paccagnini, M.; Thomann, H. CO,
Reaction Mechanisms with Hindered Alkanolamines: Control and
Promotion of Reaction Pathways. Energy Fuels 2016, 30, 1223—1236.

(30) Kothandaraman, J.; Goeppert, A.; Czaun, M.; Olah, G. A;
Prakash, G. K. S. Conversion of CO, from Air into Methanol Using a
Polyamine and a Homogeneous Ruthenium Catalyst. . Am. Chem.
Soc. 2016, 138, 778—781.

(31) Younus, H. A; Su, W.; Ahmad, N.; Chen, S.; Verpoort, F.
Ruthenium Pincer Complexes: Synthesis and Catalytic Applications.
Adv. Synth. Catal. 2018, 357, 283—330.

(32) Gunanathan, C.; Milstein, D. Bond Activation and Catalysis by
Ruthenium Pincer Complexes. Chem. Rev. 2014, 114, 12024—12087.

(33) Costentin, C.; Passard, G.; Robert, M.; Savéant, J.-M. Pendant
Acid—Base Groups in Molecular Catalysts: H-Bond Promoters or
Proton Relays? Mechanisms of the Conversion of CO, to CO by
Electrogenerated Iron(0)Porphyrins Bearing Prepositioned Phenol
Functionalities. J. Am. Chem. Soc. 2014, 136, 11821—11829.

(34) Costentin, C.; Drouet, S.; Passard, G.; Robert, M.; Savéant, J.
M. Proton-Coupled Electron Transfer Cleavage of Heavy-Atom
Bonds in Electrocatalytic Processes. Cleavage of a C-O Bond in the
Catalyzed Electrochemical Reduction of CO,. J. Am. Chem. Soc. 2013,
135, 9023—9031.

(35) Goff, H; La Mar, G. N. High-Spin Ferrous Porphyrin
Complexes as Models for Deoxymyoglobin and -Hemoglobin. A
Proton Nuclear Magnetic Resonance Study. J. Am. Chem. Soc. 1977,
99, 6599—6709.

(36) Walker, F. a.; Beroiz, D.; Kadish, K. M. Electronic Effects in
Transition Metal Porphyrins. 2. The Sensitivity of Redox and Ligand
Addition Reactions in Para-Substituted Tetraphenylporphyrin Com-
plexes of Cobalt (II). J. Am. Chem. Soc. 1976, 98, 3484—3489.

(37) Meng, G. Z. G.; James, B. R.; Skov, K. a. Porphyrin Chemistry
Pertaining to the Design of Anticancer Drugs. 1. The Synthesis of
Porphyrins Containing Meso-Pyridyl and Meso-Substituted Phenyl
Functional-Groups. Can. J. Chem. 1994, 72, 1894—1909.

(38) Kruper, W. J.; Chamberlin, T. A.; Kochanny, M. Regiospecific
Aryl Nitration of Meso-Substituted Tetraarylporphyrins: A Simple
Route to Bifunctional Porphyrins. J. Org. Chem. 1989, 54, 2753—
2756.

(39) Luguya, R.; Jaquinod, L.; Fronczek, F. R.; Vicente, M. G. H,;
Smith, K. M. Synthesis and Reactions of Meso-(p-Nitrophenyl)-
Porphyrins. Tetrahedron 2004, 60, 2757—2763.

(40) Nappa, M.; Valentine, J. S. The Influence of Axial Ligands on
Metalloporphyrin Visible Absorption Spectra. Complexes of Tetra-
phenylporphinatozinc. J. Am. Chem. Soc. 1978, 100, 5075—5080.

(41) Dorough, G. D.; Miller, J. R.; Huennekens, F. M. Spectra of the
Metallo-Derivatives of a,f,y,6-Tetraphenylporphine. . Am. Chem. Soc.
1951, 73, 4315—4320.

(42) Sun, Z. C.; She, Y. B;; Zhou, Y.; Song, X. F.; Li, K. Synthesis,
Characterization and Spectral Properties of Substituted Tetraphe-
nylporphyrin Iron Chloride Complexes. Molecules 2011, 16, 2960—
2970.

(43) Giovannetti, R. The Use of Spectrophotometry UV-Vis for the
Study of Porphyrins. Macro To Nano Spectroscopy; IntechOpen: 2012.

(44) Caplow, M. Kinetics of Carbamate Formation and Breakdown.
J. Am. Chem. Soc. 1968, 90, 6795—6803.

(4S) Danckwerts, P. V. The Reaction of CO, with Ethanolamines.
Chem. Eng. Sci. 1979, 34, 443—446.

(46) Kortunov, P. V,; Siskin, M.; Baugh, L. S.; Calabro, D. C. In Situ
Nuclear Magnetic Resonance Mechanistic Studies of Carbon Dioxide
Reactions with Liquid Amines in Non-Aqueous Systems: Evidence for
the Formation of Carbamic Acids and Zwitterionic Species. Energy
Fuels 2015, 29, 5940—5966.

(47) Grodkowski, J.; Neta, P.; Fujita, E.; Mahammed, A,
Simkhovich, L.; Gross, Z. Reduction of Cobalt and Iron Corroles
and Catalyzed Reduction of CO,. J. Phys. Chem. A 2002, 106, 4772—
4778.

DOI: 10.1021/acsaem.8b01900
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsaem.8b01900

ACS Applied Energy Materials

(48) Dhanasekaran, T.; Grodkowski, J.; Neta, P.; Hambright, P.;
Fujita, E. P-Terphenyl-Sensitized Photoreduction of CO, with Cobalt
and Iron Porphyrins. Interaction between CO and Reduced
Metalloporphyrins. J. Phys. Chem. A 1999, 103, 7742—7748.

(49) Mondal, B.; Rana, A,; Sen, P.; Dey, A. Intermediates Involved
in the 2e”/2H" Reduction of CO, to CO by Iron(0) Porphyrin. J. Am.
Chem. Soc. 2015, 137, 11214—11217.

(50) Shen, J.; Kolb, M. J.; Géttle, A. J.; Koper, M. T. M. DFT Study
on the Mechanism of the Electrochemical Reduction of CO,
Catalyzed by Cobalt Porphyrins. J. Phys. Chem. C 2016, 120,
15714—15721.

(51) Bhugun, L; Lexa, D.; Savéant, J.-M. Catalysis of the
Electrochemical Reduction of Carbon Dioxide by Iron(0) Porphyr-
ins: Synergystic Effect of Weak Bronsted Acids. J. Am. Chem. Soc.
1996, 118, 1769—1776.

(52) Nie, W.; McCrory, C. C. L. Electrocatalytic CO, Reduction by
a Cobalt Bis(Pyridylmonoimine) Complex: Effect of Acid Concen-
tration on Catalyst Activity and Stability. Chem. Commun. 2018, 54,
1579—1582.

(53) Costentin, C.; Robert, M.; Savéant, J. M. Catalysis of the
Electrochemical Reduction of Carbon Dioxide. Chem. Soc. Rev. 2013,
42, 2423-2436.

(54) Hawecker, J.; Lehn, J.-M.; Ziessel, R. Electrocatalytic Reduction
of Carbon Dioxide Mediated by Re(Bipy)CO;CLPdf. J. Chem. Soc,
Chem. Commun. 1984, 984, 328—330.

(55) Chen, L; Guo, Z.; Wei, X.-G.; Gallenkamp, C.; Bonin, J;
Anxolabéhere-Mallart, E.; Lau, K.-C.; Lau, T.-C.; Robert, M.
Molecular Catalysis of the Electrochemical and Photochemical
Reduction of CO, with Earth-Abundant Metal Complexes. Selective
Production of CO vs HCOOH by Switching of the Metal Center. J.
Am. Chem. Soc. 2015, 137, 10918—10921.

(56) Chapovetsky, A; Do, T. H; Haiges, R; Takase, M. K;
Marinescu, S. C. Proton-Assisted Reduction of CO, by Cobalt
Aminopyridine Macrocycles. J. Am. Chem. Soc. 2016, 138, 5765—
5768.

(57) Lim, C. H; Holder, A. M.; Musgrave, C. B. Mechanism of
Homogeneous Reduction of CO, by Pyridine: Proton Relay in
Aqueous Solvent and Aromatic Stabilization. J. Am. Chem. Soc. 2013,
135, 142—154.

(58) Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A Review of Catalysts for the
Electroreduction of Carbon Dioxide to Produce Low-Carbon Fuels; 2014;
Vol. 43.

(59) Graphene, P.; Tripkovic, V.; Vanin, M.; Karamad, M.;
Bjorketun, M. E.; Jacobsen, K. W.; Thygesen, K. S.; Rossmeisl, J.
Electrochemical CO, and CO Reduction on Metal-Functionalized. J.
Phys. Chem. C 2013, 117, 9187—-9195.

(60) Wang, W. H.; Himeda, Y.; Muckerman, J. T.; Manbeck, G. F.;
Fujita, E. CO, Hydrogenation to Formate and Methanol as an
Alternative to Photo- and Electrochemical CO, Reduction. Chem. Rev.
2018, 115, 12936—12973.

(61) Kumar, S.; Wani, M. Y.; Arranja, C. T.; e Silva, J. de A,; Avula,
B.; Sobral, A. J. F. N. Porphyrins as Nanoreactors in the Carbon
Dioxide Capture and Conversion: A Review. J. Mater. Chem. A 2015,
3, 19615—19637.

(62) Tripkovic, V.; Vanin, M.,; Karamad, M.; Bjorketun, M. E;
Jacobsen, K. W.; Thygesen, K. S.; Rossmeis], J. Electrochemical CO,
and CO Reduction on Metal-Functionalized Porphyrin-like Gra-
phene. J. Phys. Chem. C 2013, 117, 9187—9195.

(63) Birdja, Y. Y.; Shen, J.; Koper, M. T. M. Influence of the Metal
Center of Metalloprotoporphyrins on the Electrocatalytic CO,
Reduction to Formic Acid. Catal. Today 2017, 288, 37—47.

DOI: 10.1021/acsaem.8b01900
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsaem.8b01900

