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ABSTRACT: An original series of cobalt complexes bearing
redox-active ligands based on bipyridyl-N-heterocyclic carbene
donors has been developed for electrocatalytic CO, reduction in
acetonitrile and aqueous solutions. The mechanism was examined
by electrochemical methods and electronic structure calculations.
From controlled potential electrolysis (CPE) in CH;CN/2%
H,O solutions, 1-Co supported by a non-macrocyclic ligand gives
a Faradaic efficiency (FE) for CO,-to-CO conversion of 78%,
while 2-Co and 3-Co supported by tunable macrocycles afford
higher selectivities for CO evolution with FEs of 91% and 98%,
respectively, with the balance of charge going to H, production in
each case. Electrochemical experiments show that the turnover
frequencies across the catalyst series increase systematically from
66 s™' (1-Co) to 570 s~' (3-Co). These results demonstrate that increasing the rigidity of the ligand framework enhances
catalytic activity and selectivity for CO, reduction over the competing H, evolution reaction. Indeed, catalysis was extended to
water, where the same trend was observed, and CPE in CO,-saturated aqueous solutions using a mercury electrode revealed
that 3-Co catalyzes CO, reduction at an overpotential of 420 mV in 0.1 M NaHCO; buffer with a Faradaic yield for CO of 93%.
Homogeneous behavior was observed in acetonitrile solutions at carbon-based electrodes, while the catalysts were found to
adsorb to mercury and exhibit heterogeneous behavior in aqueous solutions. Density functional theory (DFT) calculations and
localized orbital bonding analysis indicate that the first reduction of each cobalt(II) catalyst is ligand-based to form [Co™(L*")]*
species. The second reductions are computed to transition from being ligand-localized (1-Co) to mainly metal-centered (3-Co)
across the series as the ligand is more constrained, which yields a more nucleophilic cobalt center in 3-Co that enhances CO,
reduction, kinetically and thermodynamically, with respect to 1-Co and 2-Co.

Profound Macrocyclic Effect on Catalytic Perfoj'mance

KEYWORDS: cobalt catalysts, bipyridyl-N-heterocyclic carbene, redox-active ligands, electrocatalytic CO, reduction, macrocycles,
aqueous solution, density functional theory

B INTRODUCTION
The global energy supply has long been found in chemical

However, carbon dioxide is relatively inert and its direct one-
electron reduction to the highly energetic radical CO,*” anion
requires large energy inputs to overcome activation barriers for
electron transfer.” Catalysts are needed to mediate the
reduction of CO, by providing lower-energy, multielectron
pathways. Importantly, reaction thermodynamics shift pro-
gressively to more positive potentials as the number of
electrons and protons involved increases.” As a result, proton
sources are frequently added to promote the proton-coupled
reduction of CO,. In the presence of a proton source, catalysts

bonds, most notably, those of coal, oil, and natural gas. Fossil
fuels are a finite resource, the combustion of which releases
carbon dioxide and other airborne pollutants. The ongoing
accumulation of atmospheric CO, has been linked to climate
change and ocean acidification, among other environmental
concerns, spurring the pursuit of alternative energy sources
that are sustainable and carbon neutral.' To achieve this goal,

solar energy or renewable electricity can be used to drive the
catalytic conversion of CO, and H,O into energy-rich fuels (or
fuel precursors) with unlimited storage capacity and
compatibility with existing infrastructure.” In this approach,
H,O oxidation at an anode supplies the protons and electrons
that are needed at the cathode for CO, conversion into
reduced carbon products.’
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must be selective for CO, reduction (e.g,, CO, + 2H" + 2¢” —
CO + H,0) over the competing hydrogen evolution reaction
(ie, 2H" + 2¢” — H,), which is comparable in energy
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thermodynamically and often less demanding kinetically.* For
large-scale fuel production, water is the ultimate reductant and
thus the ideal proton source, indeed the ideal reaction medium,
to target for sustainable CO, reduction catalysis.”

Existing catalysts often exhibit low turnover numbers, high
overpotentials, and poor selectivity in the presence of water.
Moreover, the majority of homogeneous molecular catalysts
for CO, reduction are limited to nonaqueous _solutions,4
including recently reported Co macrocycles.” Notable
exceptions include a tetranuclear iron carbonyl cluster reported
by Berben and co-workers that is selective for CO, conversion
to formate at pH 7;° systems employing precious metals
ruthenium,” rhenium,® and iridium;” and several catalysts
supported by tetraazamacrocycles.'"™'* However, predictive
design principles that would facilitate the development of
better catalysts are often missing.

In this context, we recently reported a family of nickel
catalysts bearing tunable tetradentate ligands comprised of a
redox-active 2,2'-bipyridyl moiety and electron-rich N-
heterocyclic carbene (NHC) donors, which were investigated
for CO, reduction in CH;CN solutions containing 2% (v/v)
H,0.">' Electrochemical measurements and density func-
tional theory (DFT) calculations showed that selectivity for
CO, reduction versus proton reduction to H, depends heavily
on the electronic structure of the reduced catalysts. Ligand-
localized reductions were beneficial for CO production, while
metal-centered reductions allowed the formation of metal-
hydrides that favored H, evolution."> These results led us to
explore further the synergy between the metal center and
redox-active macrocycle by metal ion substitution. Observa-
tions with tetraazamacrocycles demonstrate that reactivity can
be altered and varied products and/or product distributions
can be accessed with different metal active sites; however,
differences in reactivity as a function of metal are poorly
understood, hindering predictive catalyst design. Herein, we
describe a new series of catalysts based on cobalt (Scheme 1)
and their electrocatalytic activity for CO, reduction in
acetonitrile and aqueous solutions.

Scheme 1. A Series of Cobalt(II) Catalysts (1-Co, 2-Co, and
3-Co) Supported by Tunable, Redox-Active Bipyridyl- NHC
Ligands
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B RESULTS AND DISCUSSION

Synthesis and Characterization. Cobalt complexes were
synthesized by first reacting the previously reEorted
imidazolium hexafluorophosphate ligand precursors'> with
excess Ag,O to form the corresponding silver—NHC
compounds. The latter were transmetalated with CoCl, and
subsequently stirred with sodium hexafluorophosphate to yield
cobalt(II) salts with PFs~ counteranions. Related procedures
were developed to prepare the triflate (OTf") salts of each
complex to access water-soluble Co(II) catalysts. Synthetic
details are provided in the Supporting Information (SI). The
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cobalt complexes are designated 1-Co, 2-Co, and 3-Co, as
shown in Scheme 1, regardless of their counteranions. No
difference in redox potentials or reactivity was observed
between the PFs~ and OTf™ salts in CH3;CN solutions, while
the triflate salts were used exclusively in studies involving
aqueous solutions due to solubility. Solution magnetic
susceptibilities were determined for the triflate salts in
CD;CN using the Evans method,'” and the p g values are
consistent with one unpaired electron on cobalt (Table S1, SI).
The purity and composition of each paramagnetic cobalt(II)
complex was confirmed by elemental analysis.

Electrochemistry in Acetonitrile Solutions. The elec-
trochemical properties of 1-Co, 2-Co, and 3-Co were analyzed
under inert atmosphere by cyclic voltammetry in anhydrous
CH;CN containing 0.1 M Bu,NPFs as the supporting
electrolyte (Figure 1). All potentials in nonaqueous conditions
are referenced to the ferrocenium/ferrocene couple (Fc*/°).
Scanning reductively from the initial Co(II) species, the first
redox events occur beyond —1.0 V vs Fc¢™/ and have AE,
values close to the ideal 59 mV peak splitting expected for a
reversible, one-electron process at 25 °C.'® At more negative
potentials, a quasireversible second reduction is observed for
each complex with AE, values around 80 mV. Altering the ring
size of the macrocycle has a minor effect on redox potentials
when comparing values of 2-Co and 3-Co. From scan-rate-
dependent CVs of each complex, a linear relationship is
observed in plots of cathodic peak current versus the square
root of the scan rate (¢'/?), consistent with diffusion-controlled
redox processes (Figures S1—S3, SI). Redox potentials for the
cobalt series are summarized in Table 1.

CVs of the cobalt family were then carried out in CO,-
saturated CH3;CN solutions to investigate their ability to
catalyze CO, reduction. The first reductions shown in Figure 1
exhibit nearly no change in going from N,- to CO,-saturated
solutions. However, in the presence of CO,, a more positive
second reduction is observed for each complex before a
catalytic wave emerges. In comparing the second reduction
under N, and the new precatalytic wave under CO,, positive
shifts of +125, +131, and +155 mV are observed for 1-Co, 2-
Co, and 3-Co, respectively. This behavior is characteristic of
CO, binding, where the difference in potential between N,-and
CO,-saturated solutions reflects the ability of the reduced
complex to activate CO,.'””° Carbon dioxide binding
constants (Kcp,) were estimated from the shift in cathodic

peak potential as a function of CO, concentration, as detailed
in the Supporting Information and summarized in Table S2.
The calculated K¢, values increase from 136 M~ (1-Co) to

447 M™! for 3-Co, which fall within the range of CO, bindin$
constants measured for other molecular cobalt complexes.”
We note that the equation used to obtain these values was
derived for systems that show reversible redox couples; this
ideal situation is not met with our system, and thus, the CO,
binding constants are rough estimations and should be treated
as such. Upon scanning the voltage to more negative values,
catalytic waves appear with peak potentials at —2.09, —2.12,
and —2.26 V vs Fc*/? for 1-Co, 2-Co, and 3-Co, respectively.

Next, water was added to facilitate the proton-coupled
reduction of CO,. Significant current enhancement relative to
anhydrous solutions is observed in CVs under CO, in the
presence of water for all three cobalt catalysts. Since water can
also serve as a proton source for hydrogen generation, CVs
were conducted in both N,- and CO,-saturated solutions to

DOI: 10.1021/acscatal.9b00708
ACS Catal. 2019, 9, 7398—7408



ACS Catalysis

Research Article

200

360

NZ
—co,

——N,, 2% H,0
——C0,, 2% H,0

200{ —N,

1504 1604

100 1204

80

Current / pA
Current / pA

50
40

2-Co

——N,, 2% H,0
——€0, —C0,,2% H,0

—N, ——N,2%H,0

——C0, ——CO,, 2% H,0

300
240
1804

3-Co

120

Current / pA

60

A2 16
Potential / V vs Fc™®

24

16
Potential / V vs F¢™®

15 20
Potential / V vs F¢™

20 24 -25

Figure 1. CVs of 1 mM 1-Co, 2-Co, and 3-Co in CH;CN/0.1 M Bu,NPF solutions (v = 100 mV/s, glassy carbon disk) under N, without H,O
(black) and with 2% H,O (green) and under CO, without H,O (red) and with 2% H,O (blue). The background under CO, with 2% H,O is

shown as the dashed gray curve.

Table 1. Experimental Redox Potentials for 1-Co, 2-Co, and
3-Co from Cyclic Voltammetry in CH;CN/0.1 M Bu,NPF,
Solutions

catalyst redox potentials, E, ,,/V* (AEP/mV)
1-Co ~1.22 (63) ~1.87 (75)
2-Co —1.34 (69) —1.99 (80)
3-Co ~1.30 (62) —2.03 (83)

“Redox potentials obtained from CVs shown in Figures 1 and S1—-S3

(SI).

predict the selectivity for CO, reduction versus H" reduction.
CVs of 1-Co, 2-Co, and 3-Co under N, in the presence of
H,O display the same redox features compared to CVs under
N, but in the absence of H,O (Figure 1). However, at more
negative potentials than the second reduction peak, all three
cobalt complexes exhibit a current response indicating that
proton reduction also occurs. For 1-Co, an onset potential for
proton reduction is observed at E = —2.10 V, which is ~200
mV more negative than the onset potential of CO, reduction.
In the case of 2-Co and 3-Co, the difference in onset potentials
is greater and proton reduction requires more negative voltages
(E = —2.20 and —2.31 V, respectively) than are necessary for
CO, reduction, implying that the macrocyclic catalysts may
possess higher selectivity for CO, reduction under these
conditions. Higher current densities were obtained when
increasing the concentration of added water in CO,-saturated
CH,;CN solutions until current plateaus were reached at water
concentrations exceeding 1.8%, 1.1%, and 2.0% for 1-Co, 2-
Co, and 3-Co, respectively, consistent with saturation
conditions (Figures S4—S6, SI).

With these results in hand, controlled potential electrolyses
were carried out with each catalyst in CO,-saturated CH;CN
solutions containing 2% H,O to characterize the products and
determine Faradaic efficiencies. Potentials were applied at E_,,
(the potential at peak catalytic current, i.,). Gaseous products
in the headspace of airtight electrochemical cells were analyzed
by gas chromatography after 1 h of electrolysis. The
corresponding charge—time profiles are overlaid in Figure
2A. Consistent with observations from cyclic voltammetry,
catalyst 1-Co displays a Faradaic efficiency of 20% for H, and
78% for CO, whereas 2-Co exhibits higher selectivity for CO,
reduction, generating 91% CO and 7% H, (Figure 2B).
Remarkably, under the same conditions with 2% added H,O,
3-Co catalyzes CO,-to-CO conversion with a Faradaic
efficiency of 98% with only trace amounts of H, detected.
Combined Faradaic efficiencies for CO and H, are nearly
100% across the series and strongly favor CO, reduction.
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Figure 2. (A) Charge versus time plots from CPEs with 0.2 mM of 1-
Co, 2-Co, and 3-Co in CO,-saturated CH;CN/0.1 M Bu,NPF
solutions containing 2% H,O with a glassy carbon rod. (B) Faradaic
efficiencies for H, and CO showing the product distribution of each
catalyst.
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Control experiments were also performed to further validate
these results. Controlled potential electrolyses (CPEs) of free
ligand L3 and CoCl, salt were performed under the same
conditions (Figure S7, SI). There was no increase in current
above background, indicating that the cobalt complexes are
responsible for the observed catalytic activity. Rinse tests were
also conducted in which the glassy carbon rods were gently
rinsed and subjected to the same applied potential in clean,
CO,-saturated CH3;CN/2% H,O solutions. No catalytic
current was observed, which rules out the possible formation
of a heterogeneous catalyst on the electrode surface.

Standard potentials for the 2e”/2H" reduction of CO,-to-
CO were recently reported by Matsubara for CH;CN—H,0
mixtures covering a wide range of water concentrations, for
which a reduction potential of —1.54 V vs Fc*/° was estimated
for CH;CN/2% H,O (v/v).”” From this potential and E,
values, the half-wave potential of the catalytic wave™ of each
catalyst (Figure 1), overpotentials for 1-Co, 2-Co, and 3-Co
are calculated to be 0.55, 0.58, and 0.72 V, respectively.
Overpotentials for the nickel catalysts that are capable of CO,
reduction under the same conditions are 0.93 and 0.92 V for 2-
Ni and 3-Ni, respectively.15

In order to probe the catalytic mechanism, the relationship
of limiting catalytic current (i) versus the concentrations of
catalyst and substrate was investigated by cyclic voltammetry
using electroanalytical eq 1:**

e = neFALcat] (D[P

cat

(1)
Here, n, is the number of electrons transferred in the catalytic
process (2 for CO, reduction to CO), F is the Faraday
constant, A is the electrode surface area (~0.07 cm?), [cat] is
the molar concentration of the catalyst, D is its diffusion

DOI: 10.1021/acscatal.9b00708
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coefficient (cm?/s),'® k., is the rate constant of the catalytic
reaction, and [S] is the concentration of dissolved substrates
(i.e., CO, and acid). In CVs of 1-Co, 2-Co, and 3-Co in CO,-
saturated CH3CN/2% H,O solutions, i, increases linearly
with increasing catalyst concentration (Figures S8—S10, SI).
Next, with a fixed concentration of 1 mM for each catalyst,
CVs were obtained under different ratios of N, and CO, to
vary the concentration of dissolved CO,. Results from these
experiments (Figures S11—S13, SI) show a linear increase in
catalytic current as a function of the square root of CO,
concentration. As previously eluded to, the concentration
dependence of added H,O was also investigated. Plots of i, as
a function of [H,0] showed a linear dependence at low
concentrations with all catalysts before reaching saturation
kinetics (Figures S4—S6, SI), indicating a change from second-
order to zero-order in [H,0] for the observed catalytic rate.
The combined data points to a consistent mechanism across
the series that is first-order in catalyst, first-order in CO,
(where y = 1), and second-order in proton source (where y =
2) at low concentrations of water as the substrate terms are
also to the one-half power in eq 1. Moreover, these results are
consistent with the expected stoichiometry of the proton-
coupled conversion of CO, to CO + H,O requiring 2 equiv of
H".

Catalytic rates from cyclic voltammetry were first evaluated
using eq 2, where i, is the peak current observed with the
catalyst in the absence of CO, and the quantity (i.,/ iP)2 is
proportional to the turnover frequency (TOF).>

Fon* (04463 ) (e |
TOF = k_[CO,] = —2 [—) cat

RT lp (2)
We note that eq 2 was derived for ideal “S-shaped”
voltammograms that are characteristic of pure kinetic
conditions. Sufficiently fast scan rates are often applied with
this method to access a limiting catalytic current plateau. To
estimate maximum TOFs, CVs as a function of scan rate were
obtained in order to reach scan-rate-independent TOFs for
each catalyst (Figures S14—S16, SI). From plots of TOF vs
scan rate, the maximum TOFs observed for 1-Co, 2-Co, and 3-
Co are 66, 186, and 570 s7}, respectively, with associated ki,
values of 236, 664, and 2036 M~! s7! as the concentration of
dissolved CO, was taken to be 0.28 M in CH;CN.** While
scan-rate-independent TOFs were reached at fast scan rates,
ideal steady-state behavior was not observed.

Given the nonideal behavior, Costentin and Saveéant’s foot-
of-the-wave analysis (FOWA)*>*” was also employed via eq 3
to determine intrinsic catalytic rates:

T
i 224 [-52k[CO,]
P

;o F
lP 1+ eXP[E(E - Ecat/z)]

Meat

)

In this electroanalytical method, competing factors such as
substrate depletion and catalyst inhibition are minimized by
analyzing the foot of the catalytic wave to determine the
observed catalytic rate constant (k). From plots of i/ i,, versus
1/{1 + exp[(F/RT)(E — E.2)1}, keyt can be calculated from
the slope of the linear portion of the curve, which gives access
to the maximum TOF, where TOF = k,[CO,] under
saturation conditions.”””’” Scan-rate-independent TOFs of 19,
47, and 118 s~ were determined, as shown in Figures S17—
S19 (SI). Notably, comparable TOF values (within a factor of

7401

5) are obtained between the two methods (eqs 2 and 3). In
addition, the previously determined reaction orders with
respect to cobalt catalyst and CO, were confirmed using
FOWA (Figures $20—S25, SI). Estimated TOFs and product
distributions from electrocatalytic studies of each complex are
summarized in Table 2.

Table 2. Summary of Electrocatalysis and Product
Distributions for the Cobalt Series in CH;CN Solutions
Containing 2% H,0

TOF/s™"
catalyst E./V* CO/% H,/% eq2® eq 3°
1-Co —2.09 78 20 66 19
2-Co -2.16 91 7 186 47
3-Co —2.26 98 trace 570 118

“Catalytic peak obtained from CVs (in V versus Fc*’?). “TOF under
steady-state conditions using eq 2. “Maximum TOF obtained from
FOWA (eq 3).

In order to compare the activity of our cobalt catalysts to
known molecular catalysts, a catalytic Tafel plot was
constructed (Figure $26, SI) that correlates the turnover
frequency as a function of overpotential for each system. This
plot allows these two properties to be assessed concurrently
where the best catalysts are found toward the upper left
corner.”® Indeed, the cobalt series compares favorably to most
reported systems and significantly outperforms cobalt
tetraphenylporphyrin.”

Electrocatalytic CO, Reduction in Aqueous Solutions.
Given the high selectivity for CO, reduction over proton
reduction across the cobalt series in CH;CN/2% H,O, we
sought to extend our investigation to aqueous solutions. CO,
reduction in water is considerably more difficult, as the
solubility of CO, drops from 0.28 M in acetonitrile to 0.033 M
in water at standard conditions,®® while the concentration of
neat H,O is ~55 M in comparison and serves as a high-
concentration proton source that can compete with CO,
reduction to generate H,.

Electrocatalytic CO, reduction in aqueous solutions was first
investigated using a glassy carbon electrode. However, no
catalytic response was observed within the electrochemical
window afforded by this electrode before background proton
reduction occurred at the glassy carbon surface. Thus, the
working electrode was switched to mercury, which is
inherently more inert toward proton reduction, in order to
evaluate the catalytic activity of the cobalt series in water.
Initial cyclic voltammetry was performed in aqueous 0.1 M
NaClO,, under CO,-saturation conditions (pH 4.2) and under
N,-saturation conditions using a mercury drop electrode
(Figure 3). In the case of 1-Co, a significant catalytic wave
assigned to proton reduction appears under N, at roughly
—1.17 V vs NHE, whereas a weaker current response is
observed under CO,. CVs of 2-Co and 3-Co exhibit similar
catalytic features under N,, but with slightly more negative
onset potentials at around —1.20 V vs NHE. However,
prominent catalytic waves emerge in CO,-saturated solutions
at —1.12 and —1.24 V for 2-Co and 3-Co, respectively,
indicative of CO, reduction and potentially higher selectivity
for the macrocyclic derivatives. Notably, the maximum
catalytic current observed with catalyst 3-Co is twice that of
2-Co under CO, (Figure 3).

DOI: 10.1021/acscatal.9b00708
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Figure 3. CVs of 0.1 mM 1-Co, 2-Co, and 3-Co in 0.1 M NaClO, aqueous solutions (v = 100 mV/s, mercury drop electrode) under N, (black)
and under CO, (red). The background under CO, is shown as the gray curve.

Following cyclic voltammetry, CPEs of 1-Co, 2-Co, and 3-
Co were carried out in CO,-saturated aqueous solutions (0.1
M NaClO,, pH 4.2) to evaluate the stability and selectivity of
each catalyst under these conditions. The applied potential was
varied to analyze the product distribution, as shown in Table 3.

Table 3. Selectivity of Cobalt Catalysts Applied to CO,
Reduction in CO,-Saturated 0.1 M NaClO, Aqueous
Solutions at Different Potentials”

catalyst Epp/V vs NHE charge/C H,/% CO/% FE/%
1-Co -1.19 28 42 4S5 87
—-1.09 19 44 43 87
2-Co -1.12 58 38 5§ 93
—-1.02 38 35 59 94
3-Co —-1.24 23S 7 88 95
—1.14 179 S 92 97
—-1.04 146 4 93 97

“Data obtained from 10 h of CPE for each entry (10 M catalyst, pH
4.2, Hg pool electrode) as detailed in the Supporting Information.

Minor changes in the ratio of CO:H, are observed, but overall,
the product distributions are quite steady with differences in
applied potentials of as much as 200 mV. Non-macrocyclic
complex 1-Co produces a ~1:1 ratio of CO:H,. Across the
series, selectivity increasingly favors CO, reduction as the 16-
membered macrocycle supporting 2-Co effects optimal
Faradaic efficiencies of 59% CO and 35% H,, and the more
rigid 15-membered macrocycle of 3-Co enables FEs of 93%
CO and 4% H, (Figure 4A). Furthermore, 3-fold higher charge
is accumulated with 3-Co in comparison to 2-Co, consistent
with the higher activity observed in cyclic voltammetry and the
measured TOFs.

Additional studies were pursued with our champion catalyst
3-Co to determine its long-term stability in CO,-saturated 0.1
M NaClO, aqueous solutions. Five consecutive 10 h
electrolyses were conducted, in which the solution was
resaturated with CO, and the pH was measured after each
segment before the electrolysis was resumed on the same
solution (Figure 4B). The pH value of the solution changes
from 4.2 to 6.0 over the course of this experiment. As shown in
Table S3 (SI), a total of 724 C were passed over SO h at an
applied potential of —1.04 V vs NHE. The average charge
consumed from each 10 h CPE was 145 + 6 C with a
consistent Faradaic yield of ~92% for CO evolution. Total
turnovers for CO,-to-CO conversion, specifically, are 4350
after 50 h. CVs are essentially unchanged in wave shape and
catalytic current before and after electrolysis (Figure S27, SI).
The catalyst also shows very little change with repeated cycles
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Figure 4. (A) Faradaic efficiencies of H, (gray) and CO (red) from
CPEs with 10 uM Co catalyst in CO,-saturated H,0/0.1 M NaClO,
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(Figure S28). We note that repeated CVs of 1-Co and 2-Co
also overlay and suggest that the catalysts are stable under
these conditions.

Given the gradual increase in pH of electrolyzed, CO,-
saturated 0.1 M NaClO, solutions, electrocatalysis with 3-Co
was also conducted in CO,-saturated 0.1 M NaHCOj; buffer
(pH 6.7). Cyclic voltammetry shows a substantial catalytic
peak under CO, atmosphere at E = —1.10 V vs NHE (Figure
S29A, SI) with an overgotential of 420 mV (calculated from
the potential at ic,). > CPEs were initially conducted at
different applied potentials to evaluate the selectivity for CO,
reduction over S-h electrolyses (Table S4, SI). When holding
the potential at E = —1.0 V vs NHE, the selectivity of CO,
reduction is 93% for CO with an overall Faradaic efliciency of
~100% when H, is accounted for. As before, consecutive 10-h
CPEs were carried out for a total of 40 h under these
conditions in which an average charge of 117 + 3 C was passed
during each 10-h segment (Figure S29B, SI). The selectivity
for CO evolution was sustained at ~93% Faradaic efliciency
(Table SS, SI), and a minor change in pH was measured from
6.7 to 7.0 after 40 h. CVs taken before and after electrolysis
(Figure S30, SI) indicate that 3-Co remains a durable
molecular catalyst for CO, reduction under these conditions
and operates with high activity and selectivity. In addition,
control experiments were also conducted with free ligand L3
and CoCl, in CO,-saturated aqueous solutions with 0.1 M
NaClO, or 0.1 M NaHCO; (Figures S31 and S$32, SI). As
before, catalytic activity is contingent on the presence of the
cobalt complexes.

Following repeated CVs or a short electrolysis, CVs of the
used Hg electrode in fresh (catalyst-free) solution reveal a
catalytic wave with each system, indicating that the catalyst

DOI: 10.1021/acscatal.9b00708
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becomes adsorbed on the electrode surface. This behavior is
analogous to the strong adsorption of nickel cyclam to mercury
electrodes, which has been studied in detail.>'** In order to
investigate whether the catalysts are molecular adsorbates or
potentially decompose to an active heterogeneous catalyst,
additional studies were performed with all three cobalt
complexes. Following 1-h electrolyses, CVs of the used
mercury electrode were obtained in fresh, catalyst-free solution
showing a catalytic wave under CO, as shown in Figure S33
(SI). Controlled potential electrolyses were then performed in
catalyst-free solution with the used mercury electrodes
obtained with each catalyst. Charge—time profiles are shown
in Figure S34 (SI) and the same Faradaic efficiencies for CO
and H, evolution were measured as before (see Table 3 and
Figure 4A), which strongly suggests that the catalysts are
molecular adsorbates and retain their unique activities. The
electrode—catalyst interactions will be the focus of future
studies.

While many molecular catalysts have been reported for CO,
reduction in organic solvents, this number is far fewer for
catalysts that operate in aqueous solutions (Table S6, SI).
Several cobalt-based catalysts are known to catalyze CO,
reduction in aqueous solutions; however, they often afford
poor selectivity for CO,-to-CO conversion (<50% Faradaic
yield), and long-term stability is generally absent with these
catalysts.'”'” In contrast, 3-Co generates CO with high
Faradaic efficiency (>90%) over at least 40 h at an applied
potential of —1.0 V vs NHE, showing a remarkable
improvement in catalyst performance relative to previous
molecular cobalt complexes. The steady charge accumulation
and reproducible pre- and post-electrolysis CVs, in addition to
the complex-dependent product distributions, strongly suggest
that the catalysts are molecular in nature. Indeed, 3-Co is a
remarkably stable molecular electrocatalyst for CO, reduction
with high selectivity in aqueous solutions.

Computational Results. Electronic structure calculations
were performed on the cobalt(I) catalysts (denoted in this
section as [1-Co]**, [2-Co]**, and [3-Co]**) as well as their
one- and two-electron-reduced species in order to rationalize
the observed reactivity and selectivity. The @B97X-D*’ results
are discussed in the main text; however, similar trends were
obtained with the B3LYP-D3(B]),**** PBE0-D3(BJ),*>*° and
TPSSh*” functionals (see the Supporting Information).

Experimentally, the first reductions of the Co(II) species are
reversible across the series, which are followed by a
quasireversible reduction in each case that gives rise to
catalysis in the presence of CO,. These reductions are of
interest in understanding the difference in behavior of the
cobalt complexes in catalyzing CO, reduction and were
investigated in detail computationally.

Starting with the Co(II) species (S = '/,), our calculations
indicate that the four-coordinate species are lower in energy
than the five-coordinate species, in which one molecule of
acetonitrile is bound to cobalt (Tables S7—S11, SI). It is worth
mentioning that five-coordinate distorted square pyramidal
cobalt(II) complexes have been previously isolated and
characterized by X-ray crystallography and DFT calculations.*®
The computed structure of the four-coordinate catalyst [1-
Co]** (where the first superscript denotes the spin multiplicity
of a given species, in this case doublet) was found to deviate
from ideal square planar geometry at cobalt. For instance, the
dihedral angle (7) between the two ligand planes (CoC, and
CoN,) is calculated to be 24° in ?[1-Co]**, while 7 is equal to
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10° and 6° in 2[2-Co]** and %[3-Co]**, respectively. This
observation reflects the increased rigidity of the ligand
framework in going from 1-Co to 3-Co. Localized orbital
bonding analysis (LOBA) calculations indicate that the four-
coordinate catalysts have one unpaired electron in the d;
orbital (seven fully localized d-electrons, Figure S37—S39,
SI), consistent with the +2 oxidation state on cobalt. This is in
agreement with the solution magnetic susceptibilities measured
in CD;CN by the Evans method (Table S1, SI).

The redox potentials of the first reduction were calculated by
optimizing the one-electron-reduced species in solution
(acetonitrile, € = 35.688). The calculated redox potentials of
the cobalt complexes are in good agreement with the
experimental values [Tables 1 and S12 (SI)]. Specifically, the
computed reduction potentials from the four-coordinate
cobalt(Il) compounds to the one-electron reduced species
are within 50 mV for all three complexes. In this case, all cobalt
catalysts have a low-spin triplet ground state (Table S13, SI) in
which one electron in the d2 orbital of the cobalt center
couples ferromagnetically with one electron in the 7* orbital of
the bipyridine ligand (Figure S40, SI). LOBA confirms that the
cobalt center remains in the +2 oxidation state (Figures S41—
S46, SI), suggesting that the first reduction is mainly ligand-
based for all three cobalt catalysts. It should be noted that the
open-shell singlets are calculated to be accessible, where the
unpaired electron in the d, orbital couples antiferromagneti-
cally with one unpaired electron in the 7* orbital of bipyridine
(Table S13, SI). All DET functionals that were tested in this
study suggest that the first reduction is mainly ligand-localized
(Tables S15—S17, SI) and best described as [Co™(L*")]".

The second reductions were also considered computation-
ally. The calculated potentials are again in good agreement
with the experimental values [Tables 1 and S18 (SI)]. For
instance, the calculated reduction potential for the non-
macrocyclic catalyst is within 30 mV of the experimental value
(AE = ~0 mV for 2-Co and ~70 mV for 3-Co). In the case of
the low-spin doublet *[1-Co]°, our calculations indicate that
adding a second electron to the 7* orbital of the bipyridine
unit is 3.6 kcal/mol lower in energy than formation of a
cobalt(I) metal center (Table S19, SI). This implies that the
doubly reduced species 2[1-Co]° is best described as
[Co™(L*7)]° [Figures S and $48 (SI)]. Interestingly, reduction

[1-Co]°

[2-Co]° [3-Co]°

Figure 5. Summary of electronic structure calculations of the doubly
reduced species and their relative energies.
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of the metal center becomes more accessible across the series
as the ligand is more constrained in going from 1-Co to 3-Co.
In the case of 2[2-Co]", formation of a cobalt(I) intermediate
is only 1.6 kcal/mol higher in energy than reduction at the
bipyridine ligand, while reduction of the metal center becomes
accessible in *[3-Co]® [AG = —1.0 kcal/mol in favor of the
metal reduction to yield a cobalt(I) species, Figure S and Table
S19 (SI)]. Although the relative computed free energies are
within the computational error range, our initial computational
results show that for the second reduction, a more nucleophilic
metal center is obtained as the ligand framework becomes
more rigid. Additional test calculations using hybrid and hybrid
meta-generalized gradient approximation (GGA) functionals
also suggest that accessing a cobalt(I) metal center becomes
more facile in going from 1-Co to 3-Co (Tables S21-23, SI).

On the basis of the experimental and computational data, we
hypothesize that a more nucleophilic cobalt metal center in 3-
Co is formed, which can subsequently activate and bind CO,
more readily than in 1-Co and 2-Co. For instance, additional
calculations indicate that CO, binding is kinetically more facile
for 3-Co, with a computed free energy of activation of +8.1
kcal/mol relative to the separated reactants, compared to the
other catalysts [AG* = +12.8 kcal/mol for 1-Co and AG* =
+10.4 kcal/mol for 2-Co, Figures 6 and S35 and S36 (SI)].
Our hypothesis is further supported by the calculated CO,
binding energies (AG = +6.5 kcal/mol for 1-Co, AG = +2.9
kcal/mol for 2-Co, and AG = +2.9 kcal/mol for 3-Co), which
agree with the trend and experimental CO, binding constants
measured in acetonitrile solutions [Tables S2 (SI) and Figures
6 and S35 and S36 (SI)].
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In addition to CO, binding, we have also considered
protonation of the doubly reduced species *[Co]° to give a
cobalt—hydride intermediate and compared this pathway to
the formation of a metallocarboxylic acid species. The
computational results for 3-Co are discussed in the main text
(Figure 6); however, similar trends were obtained for 1-Co
and 2-Co (Figures S35 and $36, SI). In order to study the two
competitive pathways computationally and locate transition
states for the formation of the protonated complexes 3-Co-14
and 3-Co-I7, explicit water molecules were incorporated into
the calculations. However, the use of H,O as the proton source
leads to the formation of hydroxide anions (OH™), which we
expect to be poorly solvated in solution (acetonitrile, & =
35.688) using the SMD approach. Previous studies have
demonstrated that OH™ can be stabilized by accepting three or
four hydrogen bonds from water.’” Therefore, calculated free
energies of reactions involving proton transfer were deter-
mined by considering a (H,0); cluster,”” which leads to a
OH ™ (H,0), cluster after formation of the cobalt—hydride
intermediate or metallocarboxylic acid species. We note that
the formation energy of the water cluster [SH,0 — (H,0);]
has been ignored by referencing all computed free energies to
the separated reactants: 2[3-Co]° CO,, and (H,0); in a cyclic
configuration.”” Along the CO, reduction pathway, the
metallocarboxylic acid complex 3-Co-13 (G = 14.4 kcal/mol)
is obtained by initial formation of 3-Co-12 (G = 8.2 kcal/mol),
in which the water cluster interacts with the Co—CQO, adduct
(Figure 6). A transition state, 3-Co-TS2, for protonation of
CO, was located with a modest activation barrier (AG¥ = 6.1
kcal/mol with respect to 3-Co-12). The activation barrier for
this last step increases to 14.3 kcal/mol with respect to [3-
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Co]°, where the reactants are infinitively separated. In the
transition state 3-Co-TS2, the nearby water cluster stabilizes
the hydroxide anion while one proton is transferred onto CO,
(OCO-+H = 1.08 A, Figure 7). Alternatively, the doubly

3-Co-TS2,G=14.3

3-Co-TS3, G=22.7

Figure 7. Computed transition states 3-Co-TS2 and 3-Co-TS3 for
formation of the metallocarboxylic acid species 3-Co-I3 and cobalt—
hydride complex 3-Co-16, respectively. Computed energies are in
kcal/mol, distances in angstroms, and bond angles in degrees.
Nonparticipating hydrogen atoms have been omitted for clarity.

reduced complex [3-Co]® can be protonated in the presence of
water via initial formation of 3-Co-I5 (G = 9.0 kcal/mol). A
transition state, 3-Co-TS3, was computed for the formation of
a cobalt—hydride species in which a hydrogen-bonding
network is used to stabilize the hydroxide anion and facilitate
protonation of cobalt (Co-H = 1.49 A, Figure 7). Overall,
formation of 3-Co-14, in which the OH™(H,0), cluster was
removed from the calculation, is computed to be kinetically
lower in energy by 8.4 kcal/mol than formation of the cobalt—
hydride intermediate 3-Co-17 [after removal of the
OH™(H,0), cluster]. Similar results were observed for 1-Co
and 2-Co, in which direct protonation of the doubly reduced
species is kmetlcallz less accessible (AG* = 26.0 keal/mol for
1-Co-TS3 and AG™ = 23.4 kcal/mol for 2-Co-TS3) than Co2
activation and protonation of the cobalt—CO, species (AG* =
12.0 kcal/mol for 1-Co-TS2 and AG* = 13.5 kcal/mol for 2-
Co-TS2). Consistent with previous reports, formation of the
cobalt—hydride and/or metallocarboxylic acid intermediates
are computed to be uphill in the presence of a weak Bronsted
acid such as water.”' Here, we have considered the first
protonation step, and our initial computational data indicate
that CO, reduction is kinetically favored over proton reduction
via a Co—H intermediate, which agrees with the experimental
data. Notably, formation of the Co(II)—H hydride inter-
mediate also becomes easier across the series as the metal is
more nucleophilic (AG¥ = +26.0 kcal/mol for 1-Co, AG* =
+23.4 kcal/mol for 2-Co, and AGF = +22.7 kcal/mol for 3-
Co). This again supports our hypothesis that a more
nucleophilic metal center is formed in 3-Co. The full
examination of the catalytic mechanism of all three cobalt
catalysts is beyond the scope of this work and a comprehensive
computational study is underway.

Comparison of Cobalt Catalysts to Nickel Analogues.
The trend in selectivity for the cobalt series is similar to that of
the previously reported nickel analogues.> However, the
cobalt complexes operate with lower overpotentials, higher
activity, and greater selectivity for CO, reduction in the
presence of H,O compared to the nickel series, which had FEs
for CO production ranging from S to 87% with the remaining
charge balance observed as H, evolution.

Our electronic structure calculations indicate that the first
reduction is ligand-based for each cobalt catalyst to give
[Co"(L*7)]" species. These observations are in contrast to the
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nickel series, for which electronic structure calculations found
that the first reduction of the Ni(Il) complexes switches from
being metal-centered to ligand-based as the redox-active
framework becomes increasingly rigid and planar (going
from 1-Ni to 3-Ni)."” On this basis, by avoiding a metal-
centered reduction, selectivity for CO, reduction was favored
over the competing hydrogen evolution reaction in CH;CN/
2% H,O solutions."” Catalysts with an accessible Ni(II/T)
reduction generated significantly more H,, presumably by
facile formation of nickel—hydride intermediates,** compared
to 3-Ni, for which the first reduction is localized on the ligand
to yield [Ni"(L*7)]".

Conversely, it is the first reduction that is ligand-localized
across the cobalt catalyst series reported here. An interesting
aspect of the cobalt complexes is that it is the second reduction
which appears to be sensitive to structural modifications. For
instance, our electronic structure calculations suggest that the
non-macrocyclic complex 1-Co is at odds with its macrocyclic
counterparts 2-Co and 3-Co, which each have a more
accessible metal-based reduction that enhances CO, activation
and conversion, even in aqueous solutions. CO, binding
constants for the cobalt catalysts were estimated from cyclic
voltammograms, whereas the CO, binding constants could not
be reliably measured for the nickel series using the same
technique. It has been shown previously with cyclam and
unsaturated cylam derivatives of nickel- and cobalt-based
catalysts for CO, reduction that cobalt forms stronger bonds
with CO, than its nickel congeners, indicative of greater charge
transfer to the substrate.”"*’

A proposed mechanism is given in Figure 8 based on the
experimental data. The rate law determined in acetonitrile

- -|2+

+2e

° -
e \<

<> U<

H,0

CO, H

rds

Figure 8. Proposed mechanism for electrocatalytic CO, reduction to
CO with 3-Co in the presence of water as a proton source. The rate-
determining step (rds) at low concentrations of H,O is indicated.

solutions with low concentrations of water as the proton
source is rate = k[cat][CO,][H"]% Given the second-order
dependence on acid concentration (at low [H,0]), the second
protonation event is rate-limiting under these conditions. We
do not have insight into whether this step is a concerted
proton-coupled reduction or a sequential process (i.e.,
reduction followed by protonation). This rate-determining
protonation results in C—O bond cleavage and the elimination
of H,0
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While protonation of the reduced cobalt also occurs at the
expense of CO, reduction, as no formate is observed, the more
nucleophilic cobalt centers of 2-Co and 3-Co clearly favor CO,
over H.

B CONCLUSIONS

We have presented an original series of cobalt complexes
bearing 2,2'-bipyridine-linked N-heterocyclic carbenes that are
active for electrocatalytic CO, reduction in organic and
aqueous solutions using water as the proton source. The
activity, selectivity, and stability of these molecular catalysts
have been thoroughly investigated. From mechanistic studies,
catalysis is first-order in catalyst, first-order in CO,, and
second-order in acid (H,0) at low concentrations, consistent
with the overall reaction: CO, + 2H' + 2e” - CO + H,0.
Experimental results show that the macrocyclic effect that was
previously reported for the analogous nickel catalysts also
applies to the cobalt complexes reported here, as both the
catalytic activity and selectivity increase with increasing rigidity
of the ligand framework: 1-Co < 2-Co < 3-Co.

Our computational results indicate that after the first
reduction, all complexes are best described as [Co'(L*7)]"
species. In the case of the second reduction, the electronic
structure calculations suggest a potential effect of the
macrocycle in which the reduction is switched from being
ligand-based to being metal-centered across the series. On the
basis of these arguments, we propose that a more nucleophilic
metal center is formed in 3-Co after two reductions, which
facilitates CO, binding with respect to 1-Co. This is consistent
with the Faradaic efficiency for CO,-to-CO conversion of 78%
in 1-Co, while 3-Co affords higher selectivities for CO
evolution with a Faradaic efficiency of 98% in CH;CN/2%
H,O solutions.

These redox-active macrocycles employ NHC donors, which
distinguish them from previous macrocycles for CO,
reduction. Moreover, they are neutral ligands rather than
dianionic (i.e., porphyrins and phthalocyanines) or trianionic
frameworks (i.e., corroles). The overall charge of the resulting
catalysts promotes water solubility with appropriately chosen
counteranions. In contrast, charged functional groups, such as
sulfonates and quaternary amines, must be appended to
porphyrin-based systems to access water-soluble catalysts.'*

With the high selectivity afforded by the cobalt catalysts,
their catalytic performance was also investigated in aqueous
solutions. The trend established in CH;CN/2% H,O0
translated to aqueous solutions with relatively minor losses
in selectivity. High activity and exceptional selectivity for CO,-
to-CO conversion (93%), combined with long-term stability,
was found for 3-Co in both buffered and unbuffered CO,-
saturated aqueous solutions at overpotentials as low as 420
mV.
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