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Homoleptic terpyridine complexes of first row transition metals are evaluated as catalysts for the
electrocatalytic reduction of CO2. Ni and Co-based catalytic systems are shown to reduce CO2 to CO
under the conditions tested. The Ni complex was found to exhibit selectivity for CO2 over proton
reduction while the Co-system generates mixtures of CO and Hz with CO:Hz ratios being tuneable

10 through variations of the applied overpotential.

Introduction

The development of new energy storage technologies is central to
solving the challenges facing the widespread use of renewable
energies, namely their dilution and intermittent nature.? Batteries
1s and hydrogen production are potential solutions which have been
extensively investigated, but typically suffer from poor
graviometric energy densities for the former and poor volumetric
energy densities for the latter.3 A more attractive option is the
reduction of carbon dioxide (CO2) into carbon-based fuels,
combining higher graviometric and volumetric energy densities.
This can be accomplished either directly through the generation of
formic acid, methanol and higher hydrocarbons, or indirectly via
the formation of carbon monoxide, which can be used as a
feedstock chemical for the synthesis of alkanes through the
25 Fischer-Tropsch process. Moreover, CO2 reduction presents the
advantage of providing a global carbon neutral energy system,
fitting into existing infrastructure and facilitating energy
transport.* This process can be achieved within an electrochemical
cell in which electricity derived from renewable energy sources is
a3 converted into chemical energy.® However, the electroreduction of
CO2 generally requires the presence of catalysts and the application
of large overpotentials, since the reactions involve multiple
electrons. Furthermore it suffers from limited selectivity since a
mixture of the products mentioned above are generally obtained,
together with hydrogen (Hz), derived from the parallel reduction of
protons required for activation of CO2. Molecular compounds have
proven to be beneficial to the understanding of structure-activity
relationships and the optimization of electrocatalytic systems.578
A challenging goal is the development of selective, efficient and
40 cheap catalysts. Cost limitation would require the combination of
simple and robust ligands with first row transition metals.
Polypyridine ligands, such as bipyridine (bpy) and terpyridine
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Mn-tpy : M =Mn; X=CIO,
Fe-tpy : M=Fe ; X =PF_
Co-tpy : M=Co ; X=PF
Ni-tpy : M =Ni; X = PF
Cu-tpy : M=Cu ; X=PF/
Zn-tpy : M=2Zn; X=PF;

Scheme 1 Schematic depiction of the compounds studied.

45 (tpy), are common ligands in coordination chemistry and
molecular catalysis as they generally generate stable well-defined
complexes.®1® As a consequence they have been frequently studied
in the context of CO2 electroreduction in organic solvents, most
often acetonitrile (CH3CN) or N,N-dimethylformamide (DMF), in

so the presence of a source of protons.! Such systems are capable of
undergoing multiple reductions and thus storing multiple redox
equivalents both in the ligand and in the metal ion.1213
Surprisingly, little has been done using synthetic metal-
polypyridine complexes with first row transition metals. Indeed,

ss the best reported catalysts are based on Re,41516 Rh17.18.19 gand
Ru,202% using mostly bpy and only in a few cases tpy ligands.
Recently, [Mn(bpy-R)(CO)sBr] (where bpy-R = substituted 2,2'-
bipyridines) complexes were reported as electrocatalysts for the
reduction of CO2 to CO with reasonable efficiency, selectivity and

s0 Stability.?223
Here we report on our investigation of [M(tpy)2]?* systems, with
M = Co, Ni, Zn, Mn, Cu, Fe (noted M-tpy in the following, see
Scheme 1) as, to our surprise, these complexes were incompletely
characterized as electrocatalysts for CO2 reduction in solution. In
es fact these systems were studied at the end of the 80’s by Abruna
and collaborators almost exclusively in a different context, namely
that of electrodes modified with electropolymerized films of vinyl-
tpy-M complexes.?4252627.28 Here, on the basis of the first complete
electrochemical characterization of M-tpy complexes, we show

70 that: (i) Co-tpy and Ni-tpy complexes display electrocatalytic
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properties for reduction of CO: into CO; (ii) within these
complexes, polypyridine ligands such as tpy are highly susceptible
to deleterious reactions which can explain the limited faradic
yields.

Results
General experimental conditions

All  metal-terpyridine complexes were synthesized and
characterized according to reported procedures. Schematic
depictions of M-tpy are shown in Scheme 1. Standard protocols
for cyclic voltammetry and controlled-potential couloumetry
experiments involved the use of DMF as a primary solvent in the
presence of 0.1 M TBAP (tetra-n-butylammonium perchlorate)
and 5% water as a source of protons, under CO2-saturated
conditions. The same bulk electrolyses experiments performed in
CH3CN as the primary solvent yielded comparable results, with the
exception that some precipitate was observed. Following that
which has been reported by Meyer and co-workers on analogous
Ru polypyridyl systems, this precipitate is being tentatively
assigned to be the result of reduced complex-
carbonate/bicarbonate salts.?! No evidence of precipitation was
observed in DMF and thus, in order to limit side phenomena, DMF
was used as the primary solvent for the studies reported herein.
Since DMF can be subject to hydrolysis to yield formate or
formaldehyde that is not derived from CO: reduction,® great
attention was paid to the product analysis in control experiments.

As shown in the supplementary information section, similar
results were obtained when synthetic [M(tpy)2]?* complexes are
replaced by a 1:2 mixture of the corresponding metal salt and the
terpyridine ligand, respectively. All electrochemical potential
values are reported relative to that of the ferrocenium/ferrocene
couple under the conditions used. The IUPAC convention is used
to report current.

Cyclic voltammetry

To assess the reactivity of M-tpy (M = Mn, Fe, Co, Ni, Cu)
compounds towards CO: at reducing potentials, cyclic
voltammetry experiments were carried out in DMF/H20 (95:5,
v:v) solutions of each complex, in Ar and CO3-saturated
conditions, with 0.1 M of TBAP as the supporting electrolyte.
Identical conditions were used for Zn-tpy except a 90:10
volumetric solvent ratio was used.

Co-tpy

The cyclic voltammogram under Ar of a 2 mM solution of Co-tpy
in a DMF/H20 (95:5, v:v) mixture with 0.1 M TBAP displays two
reversible one-electron electrochemical features in the —0.5to —2.3
V vs. Fc*/Fc range (Figure 1a, | and Il). The first feature, at —1.17
V vs. Fc*/Fc, is a reversible metal-based process, assigned to a
Co"/Co' reduction (Figure 1a, Il). This system is diffusion
controlled, with a difference between the potential of the anodic
and cathodic peaks (peak-to-peak separation) of about 60 mV at
slow scan rates (59 to 64 mV in the 10-100 mV/sec range). The
peak-to-peak separation then increases as the scan rate is further
increased to reach a separation of 77 mV at a scan rate of 500
mV/sec. The plots of ipc and ipa vs. v2 are linear and the ipa/ipc ratio

s5 is close to unity in the 10-500 mV/sec scan rate range (Figure S1).
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This feature was used to determine the diffusion coefficient using
the Randles-Sevick equation. A diffusion coefficient of 3.7-10-°
cm?/s was calculated. The second electrochemical feature, at —2.03
V vs. Fc*/Fc, is attributed to a one-electron ligand-based reduction
(Figure 1a, I). This couple is mostly reversible, with a peak-to-peak
separation of about 66 mV for scan rates in the 10-50 mV/sec
range. This value increases to 91 mV at 1 V/s. Plots of ipc and ipa
versus v2 are linear over the range of scan rates studied, and the
ipa/ipc value is close to 1 which denotes chemical reversibility
(Figure S1).

As the potential range interrogated was increased to include
more anodic potentials, 0 V vs. Fc*/Fc, a third feature at -0.17 V
vs. Fc*/Fc is observed and is attributed to the Co"'/Co" couple
(Figure 1a, H). If the potential window scanned is increased to
more cathodic potentials values, an electrochemically irreversible
wave is observed with a peak potential of —2.46 V vs. Fc*/Fc
(Figure S2). This wave is accompanied by the apparition of two
anodic features at —1.54 and —0.76 V vs. Fc*/Fc as well as a
decrease in the intensity of the anodic waves of the Co'"/Co' and
tpy/tpy*~ couples. While investigating the lower potential ranges,
as the number of scans is increased, the intensity of the anodic
features of these two peaks continues to decrease. This additional
irreversible feature at —2.46 V vs. Fc*/Fc is attributed to a second
ligand-based reduction and appears to lead to decomposition
pathways. Therefore, the potential has always been controlled in
the following work so as to avoid this deleterious reduction feature.

When the same solution was saturated with COz2, no difference
was observed in the metal-based processes (Figure 1a, Il and I11).
A strong enhancement of the cathodic current was observed in the
ligand-based reduction process, with an onset at —1.80 V vs. Fc*/Fc
as can be seen in Figure 1la. The current increases over 4 folds,
from —-0.33 to —1.51 mA/cm? (at —2.23 V, for a scan rate of 100
mV/s), and is stable over time. The wave becomes irreversible,
with no anodic return-wave observed in the range of scan rates
studied (10-1000 mV/sec, Figure S1). It is thus assigned to
catalytic COz reduction, which was confirmed by controlled
potential electrolysis experiments.

Ni-tpy

Cyclic voltammograms of a 2 mM solution of Ni-tpy under inert
atmosphere displays two reversible and diffusion-controlled
electrochemical features at —1.62 and —1.88 V vs. Fc*/Fc (Figure
1b, 1 and IlI). Both features are assigned to ligand-based
electrochemical processes. Peak-to-peak separation of both
features are close to 60 mV (62 and 65 mV respectively at 100
mV/s) and the plots of ipc and ipa vs. v”2 (Figure S3) are linear in
the scan range studied (10-1000 mV/s), consistent with
electrochemical and chemical reversibility.

At slow scan rates (10-20 mV/s), an additional small anodic
feature is observed at —1.78 V vs. Fc*/Fc (Figure S4). This
observation might be explained if slow chemical event is invoked,
such as the loss of a tridentate tpy ligand, which is not observed at
faster scan rates.

Under COo-saturated conditions, the two electrochemical

uo features lose reversibility (no anodic return feature is observed)

and the intensity of the corresponding cathodic peaks increase over




2 fold, suggesting possible electrocatalytic behavior. A third
irreversible catalytic cathodic wave is observed at lower
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5 Fig. 1 Typical cyclic voltammograms of 2 mM solutions of Co-tpy (a) and Ni-tpy (b) under argon (blue) and CO; (red) atmospheres at 100 mV/s. c): cyclic
voltammograms at 100 mV/s of a 1 mM solution of Zn-tpy in DMF/H20 (90:10, v:v) under argon (blue, only the third scan is presented), CO: (red, only
the third scan is presented), and under CO; after the addition of over 20 mM excess tpy ligand (green, only the third scan is presented).
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potentials (-2.15 V vs. Fc*/Fc), which is absent under Ar (Figure
1b, I).

Cu-tpy

Evidence for deposition behaviour on glassy carbon electrode
under CO2 was observed during cyclic voltammetry experiments
of 2 mM Cu-tpy solutions in DMF with 5% H20 (Figure S5). This
heterogeneous behaviour is under further investigation and falls
outside the scope of this paper.

Fe-tpy and Mn-tpy

Typical cyclic voltammograms of Fe-tpy and Mn-tpy are shown
in the supplementary information (Figure S6). Under the
conditions used, no strong current enhancement upon addition of
CO2 on the cyclic voltammetry responses was observed. This
suggests a lack of electrocatalytic activity in the conditions tested,
in contrast to previous reports as far as Fe-tpy is concerned, and
these complexes were not investigated further.?

Zn-tpy

The typical voltammogram of a 2 mM solution of Zn-tpy exhibits
two reversible electrochemical features, at —1.68 and —1.81 V vs.
Fc*/Fc (Figure 1c). Since the reduction of Zn" to Zn' is not likely
to occur under these conditions, the two waves are assigned to
ligand-based reduction processes. The two electrochemical
features become irreversible and the intensity of the corresponding
cathodic peaks significantly increase upon addition of CO.. It has
to be noted that a passivation of the glassy carbon electrode was
observed as the number of scans was increased (Figure S7). As
shown in Figure 1c, the intensity of the cathodic peaks is further
increased upon addition of an excess of tpy ligand. When the same
solution, containing excess tpy, is saturated with Ar, the two waves
of Zn-tpy become reversible once more, with no visible
contribution of additional equivalents of tpy to the current
observed.

Controlled-potential electrolyses

In order to assess the catalytic activity of the various M-tpy
complexes under study and to characterize the catalyzed reaction,
controlled-potential electrolysis of CO2-saturated DMF/H20 (95:5,
v:v) with 0.1 M TBAP solution of each complex were carried out.

Quantitative analyses of CO and H2 formation were achieved by
gas chromatography, formaldehyde (HCHO) formation by a

so colorimetric assay and formic acid (HCOOH) formation by ion-

exchange chromatography coupled to a conductimeter, as
described in the experimental section. The presence of methane
was assessed through gas chromatography, of methanol by *H and
13C NMR and of oxalate by ionic exchange chromatography.

ss Formaldehyde, methane, methanol and oxalate could not be

detected in any of the following experiments.

Co-tpy
Electroreduction of COz in the presence of 2 mM of Co-tpy results

e in the exclusive formation of CO and H: (in some cases tiny

amounts of formate are also detected, always < 3% of the charge
passed, but are attributed to deleterious reactions of DMF).
Controlled-potential electrolysis at —2.03 V vyields sustained
current over the course of 3 hours. During the first hour of the

es electrolysis, a decrease in the current is observed while the first

1.93 C are exchanged before reaching the steady value of —0.39
mA. This charge corresponds to about 2-10-° moles of electrons
and is attributed to the first quantitative one-electron reduction of
Co' to Co!' prior to the formation of the catalytic species. Cyclic

70 Voltammograms of the bulk solution after a 3h electrolysis exhibit

the same features as that of Co-tpy, but the open circuit potential
was more negative than —1.17 V, indicating that most of the Co-
tpy species in solution was formally Co'. The production of CO
and Hz was constant over time in the region where the current

75 densities are stable, (Figure S8), corresponding to 17% faradic

yield (12% for CO and 5% for Hy).

In the absence of Co-tpy, a steady low background current of
19 pA was observed, with background levels of CO (1.6-10°8
moles) and H2 (< 6-107 moles) being formed after 3h. Electrolysis

so Of Co-tpy for 3h in N2 saturated solution, in the absence of COz,

resulted in a continuous decrease of the current to levels observed
without catalyst. At the end of the 3h electrolysis, 3.31 C were
passed, corresponding to slightly under 2 equivalents of electrons
per Co-tpy molecule. Background levels of CO and H2 were

ss detected during this experiment. In the absence of water, lower

faradic yields, lower current and fewer moles of CO were observed
(Figure S9). These experiments combined indicate that CO:




reduction in this system requires the
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Fig. 2 Evolution of the proportions of CO (black squares) and Hx(red
circles) among the products observed for CO; reduction by Co-tpy (a)

5 and Ni-tpy (b) with the applied potential during controlled-potential
electrolyses. c): comparison of the number of moles of CO produced by
Ni-tpy (green hexagons) and Co-tpy (blue triangles) during the course of

3h electrolyses at -1.72 V for Ni-tpy and -1.93V for Co-tpy. Carbon
monoxide generation by the Ni-tpy system is better in these conditions
10 than for Co-tpy, even at a 200 mV less overpotential (lines drawn to
guide the eye).

Co-tpy complex, COz, and a proton source such as water.
The influence of the applied potential on product distribution

was investigated by varying the applied potential in controlled-

15 potential electrolysis experiments. Five different potentials were
tested, in the range of —1.93 to —2.23 V vs. Fc*/Fc. At all applied
potentials tested, the current densities decrease during the first 30
minutes to 1h (depending on the potential) corresponding in each
case to about 1.93 C before reaching a steady current density
(Figure S10). The stable current densities values increase upon
decreasing the applied voltage (from -0.29 mA at -1.93 V to -1.28
mA at —2.23 V). The relative amounts of Hz and CO formed vary
with the applied voltage, with the highest CO:Hz ratio value of 20
obtained at —1.93 V (Figure 2a). The CO:H: ratio decreases to 0.3
as the applied potential was lowered to —2.23 V vs. Fc*/Fc, thus
allowing a simple control of the produced CO/H2 mixture by the
potential applied during electrolysis. The combined faradic
efficiency going towards CO and Hz was between 16-21%, with
little variation as the applied potential was varied.

s  Several routes were explored to account for the low faradic
efficiency going towards CO:z reduction products. First the
influence of solvent was investigated. To reduce reactivity of the
methyl groups of DMF, N,N-diethylformamide (DEF) was tested
as a solvent and 1-methyl-2-pyrrolidinone (NMP) was tested to

35 reduce the potential interference from reaction with the carbonyl

group. These solvent variations lead to similar faradic yields for

CO and H2 production (Figure S11). The influence of the

electrolyte on the low faradic yields was also investigated.

Sequential modifications of the cation from TBA* to Li* and of the

anion from ClO4 to PFe also lead to similar faradic efficiency

(data not shown). Since Co-tpy is also known for Oz reduction

catalysis, the influence of potential Oz leaks in the system during

bulk electrolysis was investigated by performing the experiment in

a Nz filled glovebag. No significant influence on faradic yields was

ss observed. Finally, as shown below, faradic yields increase upon

decreasing tpy:Co ratios, during electrolysis of mixtures of tpy and

CoCl2 and greatly decrease upon addition of an excess of

bipyridine (table 1). All these results are consistent with the

speculation that the low faradic efficiencies for CO2 reduction
results from the pyridine rings of the ligands being involved in side
reactions under these conditions.
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Ni-tpy
As shown by the cyclic voltammetry experiments, the onset
potential for electroreduction of CO: catalyzed by the Ni-tpy
system is less negative than in the Co-tpy system. Thus,
electrolyses can be carried out at applied potentials as positive as
—-1.72 V, more than 200 mV less negative than that required for
electroreduction of CO2 catalyzed by Co-tpy. Two major features
differentiate the Ni-tpy system from the Co-tpy system: (i) larger
but significantly less stable current densities at any applied
potential from —1.72 to —2.14 V and (ii) formation of CO as the
unique reaction product, since no Hz could be detected (Figure 2b).
However as in the case of Co-tpy, we could not account for the
es total charge, since a Faradic yield of 20% at best was obtained with
no effect of varying the applied potential (Figure S12). As with the
Co-tpy system, ligand reactivity is proposed to explain at least in
part the low yield. The two systems are compared in Figure 2c, in
terms of CO production, which shows that under similar conditions
70 CO production is more efficient in the case of the Ni-tpy system.
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Zn-tpy

Controlled-potential electrolysis of a 5 mM solution of Zn-tpy at
—2.15 V vs. Fc*/Fc in COz-saturated conditions exhibits a current
of about —1.8 mA, which slowly decreases, as in the Ni-tpy case,
to reach about —0.8 mA after 3h (Figure S13). Notably, no
corresponding COz2 reduction products or Hz could be detected.

The paramagnetic nature of the cobalt and nickel based systems
precluded investigations of degradation pathways through H
NMR, but the diamagnetic nature of Zn" allowed us to probe these
side reactions. Assuming that Zn" catalyses the same side reactions
responsible for the low faradic efficiency observed for Ni-tpy and
Co-tpy under COz-saturated conditions, the system was studied
further.

Bulk electrolyses of 4 mM solutions of terpyridine in the
absence of Zn'' at —2.03 V or at -2.23 V vs. Fc*/Fc under COz lead
to significant steady currents (—0.13 mA at -2.03 V and —0.45 mA
at —2.23 V), contrary to what is observed under inert atmosphere
(Figure S14). No COz2 reduction products or Hz can be detected in
these experiments as was the case for electrolysis of Zn-tpy
solutions in the presence of CO2. This suggests the possibility that
tpy transformation is a significant side reaction during catalysis
that limits faradic efficiencies.

To experimentally probe the hypothesis of tpy being involved
in side reactions we investigated Zn-tpy as a diamagnetic version
of the system during both electroreduction and photoreduction of
COz2, with the aim of using 'H NMR spectroscopy to get some
insight into the production of tpy-derived compounds.
Photochemical reduction is considered as it provides the
opportunity to generate larger concentrations of such compounds
more rapidly. Literature precedents suggest that in DMF, under
COg, at reducing potentials, N-heteroaromatic cycles can undergo
N-carboxylation reactions to yield compounds that can be trapped
by addition of alkylating agents.®° In a first series of experiments a
5 mM Zn-tpy solution was electrolysed at —2.15 V during 4.5 h.
lodomethane was then added to the solution which was stirred at
room temperature for 1.5 h. 'H NMR of the resulting solution is
consistent with a carboxylation reaction (see Figure S13 for
experimental details). In a second series of experiments Zn-tpy
was photolysed in the presence of CO2 and [Ru(bpy)s]?* as the
photosensitizer in MeCN/TEOA (triethanolamine, the sacrificial
electron donor) and the resulting solution was analyzed by 'H
NMR (Figure S15). The *H NMR spectrum shows the presence of
protons in the aliphatic region which are not originating from
TEOA degradation pathways. This suggests a loss of aromaticity
on the pyridine rings of the ligands and direct transformation of
tpy. All these observations further support these pathways as
contributing to the low faradic efficiencies of the reaction of M-
tpy with COa.

Mechanism probing and turnover frequencies

Further analyses of the cyclic voltammetry data were performed in
order to obtain some insight into the mechanistic pathway for CO2
reduction with the Co-tpy system. The reaction order in Co-tpy
was initially established via analysis of the catalytic peak current
densities observed by cyclic voltammetry. The catalytic peak
current varies linearly with the catalyst concentration (Figure S16),
consistent with a mechanism for COz2 reduction that is first order

in cobalt under these conditions on the CV time scale. An apparent

s0 pseudo-first order rate constant of 10.4 s~ was obtained using the
foot-of-the-wave analysis proposed by Savéant and co-workers,3!
applied to the cyclic voltammetry data
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Fig. 3 Foot-of-the-wave analysis on the Co-tpy system at 250 mV/s (left),
65 f=F/(RT), and plot of log(2kap) as a function of scan rate (right).

collected exclusively with a Co-tpy concentration equal to 2.0

mM. The details of the analysis can be found in the SI. As expected

when the assumptions of the foot-of-the-wave analysis are met, this

rate constant is virtually invariant with respect to two orders of
70 magnitude of scan rate analysed (Figure 3, right).

Under the experimental conditions used, one can estimate a
turnover frequency of about 3.2-10-1° s’ at zero overpotential for
the production of CO, which is within an order of magnitude to that
which has been reported for other polypyridyl based CO2 reduction

75 catalysts of various transition metals.®? In this calculation, the
CO/CO: reduction potential in a DMF/water solvent mixture is
estimated to be -1.41 V vs. Fc*/Fc, as the CO/CO: potential is
reported to be —0.690 V vs. NHE®? and the Fc*/Fc potential is
reported to be 0.720 V vs. NHE in DMF.® The catalytic cyclic

g Voltammograms of Co-tpy display substantial current
enhancement with an applied potential of —2.08 V vs. Fc*/Fc,
which represents an applied overpotential of 0.67 V. This
overpotential can be factored into the TOF calculation and a TOF
within the catalytic wave was determined to be 74 s,

ss  Deviations of the experimental data from the idealized s-shaped
catalytic activity curve within the foot-of-the-wave analysis begin
very soon after the onset of catalytic activity (Figure 3, left).
Qualitatively, the strong deviations observed are in agreement with
either fast substrate consumption or product inhibition of catalysis.

o0 Despite our inability to conclusively differentiate between the
types of deviations, the relatively low intrinsic catalytic activity of
Co-tpy suggests that fast substrate consumption (faster than rates
of substrate diffusion) is not likely the cause of the deviation being
observed, thus making fast product inhibition the likely cause of

s the deviation for idealized behaviour.

Controlled-potential electrolyses experiments were also used to
gain an insight into the mechanism. Bulk electrolysis at a fixed
applied potential of —2.03 V were carried out on solutions of Co-
tpy at different concentrations in order to assess the order of Co-

100 tpy under steady state conditions as opposed to fast time scales
previously probed by CV experiments. The faradic yields for CO
and Hz production were constant in the range of concentration
tested. The potential was also varied in a step-wise manner. The
results, as shown in Figure S17, indicate that under steady-state

105 bulk electrolysis conditions the apparent order in cobalt was 0.5 at
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the 5 potentials tested between in the —1.97 to —2.07 V potential
range. The order then increased to 0.74 as the potential was further
decreased to more negative values, probably because of less stable
current densities. Of importance is that the order in Co-tpy was
found to be 1 under the fast time scale conditions of a CV
experiment (Figure S16) but was found to definitely be less than 1
(likely 0.5) under steady state conditions. This difference is
attributed to an inhibition process that occurs under steady state
conditions and will be elaborated upon within the Discussion
Section.

A plot of potential vs. the log of the total current, a Tafel plot, at
various catalyst concentrations was extracted from the
experimental bulk electrolysis data. The data are shown in Figure
S18. At all concentrations, linearity was observed over a short
range of potentials from —1.9 to 2.1 V with a slope of 135 mV/dec.
This slope of approximately 120 mV/dec is indicative of rate
limiting electron transfer from the electrode. As the potential is
stepped to more negative values, the slope increases rapidly to
reach values > 1 V/dec. This supports either a chemical rate
determining step or mass transport limitation to the apparent
kinetics. The lack of a pre-equilibrium electron transfer step
inhibits our ability to utilize electrochemistry to probe further into
mechanistic aspects of electrocatalytic reduction of CO2 by Co-
tpy.

Since there are no available coordination sites for interaction
with COz in [Co(tpy)2]*, it was assumed that a catalytic species
different from the starting complex was generated during bulk
electrolysis resulting from either decoordination of a pyridine ring
of tpy or complete loss of a tpy ligand. In order to assess the ligand-
to-metal stoichiometry of the catalytically relevant species, a
methodology used by Sauvage and Lehn3* in the study of CO2
photo-reduction by the analogous [M(bpy)n]™ complexes was
followed, in which the efficiency of the catalysis, during bulk
electrolyses, was assessed while the tpy:Co ratio was varied by
combining tpy with CoCl: salt. The results, in terms of the faradic
efficiency for CO production, are summarized in table 1
(additional data provided in Figure S19).

Table 1: influence of the relative concentrations (mM) of tpy, CoCl, and

bpy and of time on CO faradic yields (%co) observed during bulk
electrolyses at —2.03 V vs. Fc*/Fc.

tpy bpy COClz %co 1h-2h %co 2h-3h
4 0 2 7 6
2 0 2 38%(76Y) 11
2 2 2 8 3
2 0 0 0 0
1 0 2 46 16
0 0 2 1 4

& Measured between minutes 45 and 90 of electrolysis.” Measured
between minutes 45 and 60 of electrolysis.

At -2.03 V vs. Fc*/Fc, solutions of 2 mM CoCl: appear to exhibit
electrocatalytic activity. This system is highly unstable, as the
current intensity continuously decreased down to baseline levels
during the 3h electrolysis, and produced almost exclusively H:
with only traces of CO (data not shown). This is attributed to the
formation of Co° nanoparticles which can be rendered
electrochemically inert via amalgamation with the mercury, thus
explaining the constant drop in current densities. When solutions
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of terpyridine are electrolyzed at —2.03 V under CO2, a steady
current is observed but no CO or Hz could be detected. As the
tpy:Co ratio is decreased, faradic efficiencies for CO production
are increased, with the highest recorded value of 76% during the
beginning of the electrolysis of a 1:1 Co/tpy mixture. These results
tend to suggest a catalytic species composed of at most 1
equivalent of terpyridine per cobalt centre.

Discussion

Polypyridyl-supported metal compounds have been extensively
utilized in the electrocatalytic reduction of CO2, with [Re(‘Bu-
bpy)(CO)sCl] and [Ru(tpy)(bpy)(solvent)] being the most efficient
and well-studied catalysts, among others.!6:223536 A|l of these
compounds have been shown to catalyze the reduction of CO:z to
carbon monoxide or formate, and in most cases H2 was observed
as well. Despite the success of such polypyridyl-supported noble
metal catalysts, fewer examples of first row transition metal
polypyridyl-based CO2 reduction electro-catalysts are present in
the literature, with the most active ones being based on variations
of the [Mn(bpy)(CO)sBr] catalyst developed by Deronzier and
collaborators.??23

In all of these cases, the polypyridine backbone was
advantageous due to its redox active nature and thus should be
considered as a non-innocent ligand.'82137 Multiple equivalents of
electrons are thus able to be stored on such catalysts, which
facilitates multi-electron reactivity with COz, avoiding the highly
energetic one-electron reduction of CO2 to CO2*~.3 The reduced
polypyridyl rings act as the reservoir of electrons for CO:
reduction, and the metal centre mediates the transfer of these
reducing equivalents to COa.

We sought to gain general insight into the electrocatalytic
behaviour of meridionally coordinated terpyridine 3d transition
metal complexes by revisiting work initiated by H. D. Abruna,
albeit in a different context.?>26:27.28 Although the initial reports
indicate a possible activity of the Cr-tpy derivatives,? we focused
our attention on late transition metals, seeking to understand
underlying differences in the reactivity of the Co and Ni
derivatives specifically, as well as gleaning insight into the general
reaction mechanism.

The central role of ligand reduction in mechanisms postulated
for polypyridyl-based CO2 reduction catalysts highlights the
importance of understanding the reduction potential assignments
within the cyclic voltammetry experiments. The assignments of the
waves in the cyclic voltammograms of the M-tpy complexes are
the subject of multiple differing interpretations. Originally, in the
case of Ni-tpy the two reduction waves (Figure 1b, 1l and 1) were
assigned as metal-based and ligand-based, respectively.?627 We
have found, by comparison with Zn-tpy, that the waves would be
better described as both being ligand-based. This is further
supported by recent studies on the electronic structure of Ni
monoterpyridine and [Ni(tpy)2]?* compounds.®®*° In contrast, in
the case of Co-tpy, reduction of the ligand occurs at potentials
more negative than those required to generate the Co' species.

These assignments have implications on the electronic structure
of the catalytic species and point to a possible significant

w0s difference between the Co and Ni-based catalysts: during
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controlled-potential electrolysis, the bulk solution mostly contains
Co' inthe Co-tpy case, but Ni'' in the Ni-tpy case. This has a strong
impact on the possible mechanistic pathways. Co' centres have
been shown to lead, upon reaction with protons, to the formation
of a Co"-H which would then be implicated in H>
evolution,*14243:44:4546 which has been demonstrated in related

[Co'(tpy),F*«——=n [COtpY), I 2w COltoY)tPY)  Catalyst
—e -
\ Formation
+ipy | —toy
. +CO,
Colftpy) ——— Co'(tpy)(CO,)
, Catalytic +H | —[HCOJ
Inactive + e col_eca *
Resting State | Cycle I
112 ([Co'(tpy),)* [Col(tpy)]" *———— [Co'(tpy)*
+ e

Scheme 2 Proposed mechanism for CO2 reduction to CO by Co-tpy.

polypyridyl-based cobalt complexes as well.47484° This is in sharp
contrast with the Ni-based system, since a Ni'V-H resulting from
the protonation of a Ni" centre is unlikely to form in the conditions
of the experiment.59515253 This would explain the distinct
difference in reactivity of the two catalytic systems in terms of
product distribution, since metal hydrides are required for H2
evolution but are not necessarily needed for CO2 reduction, and are
often not invoked in the specific case of CO2 reduction to CO.
Thus, as confirmed herein, Co-tpy is more susceptible than Ni-tpy
to proton reduction, in parallel to conversion of CO2 into CO.
However, we showed that the selectivity of the reaction in the case
of Co-tpy can be easily tuned upon varying the applied voltage
(Figure 2a). Indeed, at the lowest potentials electrolysis generated
CO almost exclusively, while decreasing the potential resulted in
a drop of the CO:H2 ratio, with a CO:H2 value of 1 at about —2.1
V.

To allow for direct interaction between CO: and the metal
centre, the ability of the system to liberate a coordination site is
crucial. This is achieved in Ru-based catalysts®® by the exchange
of a solvent molecule for CO2, in [M(bpy)s] compounds by the
prior loss of a bpy ligand®* and in the case of [Re(bpy)(CO)zCl] the
opening of a coordination site through loss of the CI ligand is
triggered by bpy reduction.®® Similarly, we propose that ligand
reduction triggers the loss of the second (neutral) terpyridine
ligand, as supported by the Ni-tpy CVs at slow scan rates and as
has been proposed for analogous cobalt-based systems.

The proposed mechanism for Co-tpy is depicted in Scheme 2,
where solvent, electrolytes, or other Lewis bases complete the
coordination sphere around the cobalt. We propose that the
[Co"(tpy)2]** compounds acts as the pre-catalyst. Upon reduction
of first Co' to Co' and then tpy to tpy*~, a neutral terpyridine ligand
is lost, generating a catalytically active species with a
stoichiometry of 1 tpy per Co. In steady state bulk electrolysis
conditions however, we propose that a resting state dimeric species
forms where two [Co'(tpy)] centres are bridged, possibly by
carbonates or carbonyl groups, as has been reported in analogous
structures in the literature.57:5859606162 The carbonates could
possibly originate either from a CO2/water equilibrium or as an
outcome of CO formation. The necessity for this dimer to break
apart, liberating the Co monoterpyridine catalyst, is supported by
the apparent order of 0.5 observed in these conditions, as well as
s0 the observation from the Tafel data that of a chemical limiting step.
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The foot-of-the-wave analysis further supports the claim of product
inhibition. By analogy with reported mechanism for CO formation
on related polypyridine compounds, we propose the substitution of
CO: for a solvent molecule in the [Co'(tpy*-)] entity, which then
reacts with a second CO2 molecule and H* to yield a Co-CO
intermediate, which eventually releases CO and HCOs~. This
mechanism for CO generation likely can be extended to Ni-tpy,
however the two catalytically relevant reduction events for the
catalyst would be primarily ligand based.

An alternate pathway, paralleling CO and H: formation,
explains the low Faradic yield. It is likely that the reduction of the
tpy ligand renders it highly susceptible to further reactions, such as
carboxylations,Erreur ! Signet non défini. or possibly
hydrogenation?8, which compete with CO and H: formation.
Previous reports in the case of noble metal-based systems have also
pointed to such a parallel process that might explain the low faradic
yields.1”1® However it seems that the late first row transition metals
are less efficient in avoiding these reactions as faradic yields for
CO+H: are significantly lower in that case.

Experimental section
General considerations

M-tpy compounds were synthesized according to modified
literature procedures.?66364 Hexadistilled mercury used for bulk
electrolyses was purchased from Ophram. Annealed platinum wire
was purchased from Alfa Aesar. Anhydrous solvents (N,N-
dimethylformamide, N,N-diethylformamide, 1-methyl-2-
pyrrolidinone  and  acetonitrile),  tetra-n-butylammonium
perchlorate, lithium  perchlorate, tetra-n-butylammonium
hexafluorophosphate, cobalt(l1) chloride, zinc chloride, nickel(ll)
chloride, manganese(ll) perchlorate hydrate, iron(ll) chloride,
copper(Il) chloride, iodomethane, tris(2,2'-
bipyridyl)dichlororuthenium(ll) hexahydrate, triethanolamine,
2,2"6',2"-terpyridine, 2,2"-bipyridyl, acetonitrile-ds and deuterium
oxide were purchased from Sigma-Aldrich and used as received.
H NMR was performed on a Briicker 300 MHz instrument.

Cyclic voltammetry experiments

All cyclic voltammetry experiments were carried out in a single-
compartment cell using a 1 mm diameter glassy carbon electrode
(from Bio-Logic) unless otherwise noted. The electrode was
polished before each measurement with a 1 pm diamond
suspension. A Pt wire counter electrode was used, with a Ag/AgCl,
3M KCl reference electrode separated from the solution by a Vycor
tip. IR drop was compensated to 85% using the ZIR built-in
compensation method of the SP 300 Bio-Logic potentiostat used.

All electrochemical data were referenced to the potential of the
Fc*/Fc couple in the solvent system used. The IUPAC convention
was used to report current. The supporting electrolyte used was
tetrabutylammonium perchlorate (TBAP) at a concentration of 0.1
M in DMF/H20 mixtures. All solutions were purged with inert gas
(N2 or Ar) or CO: for at least 15 minutes before CVs were
recorded. Unless otherwise noted, at least 10 superimposable scans
were recorded for each experiment to insure the equilibrium was
reached.

Controlled-potential electrolyses

10s Bulk electrolysis experiments were carried out in a custom made




two-compartment cell (Figure S20). A 1.5 cm diameter pool of
mercury was used as working electrode unless otherwise noted.
The counter electrode used was a platinum wire separated from the
working electrode by a porous 4 frit, and an Ag/AgCl, 3M KCI
reference electrode was separated from the solution by a Vycor tip.
The volume of solution used in the working compartment of the
cell is 10 mL, and the typical headspace volume is 31 mL. No IR
compensation was done for bulk electrolyses. A Bio-Logic SP 300
potentiostat connected to a booster card was used to apply potential
10 and record charge and current. Bulk electrolysis solutions were
purged with inert gas or CO2 for 15 min prior to electrolysis.
Solutions were constantly stirred throughout bulk electrolysis
experiments.

3

Chemical analysis

15 H2 measurements were performed by gas chromatography on a

Shimadzu GC-2014 equipped with a Quadrex column, a Thermal

Conductivity Detector and using N2 as a carrier gas. CO was

measured using a Shimadzu GC-2010 Plus gas chromatography,

fitted with a Restek Shin Carbon column, helium carrier gas, a

methanizer and a Flame lonization Detector. Gas chromatography

calibration curves were made by sampling known volumes of CO

and Hz gas respectively. The typical volume of gas injected was 50

WL. The presence of CH4 was assessed using the same set-up.
Formate and oxalate concentrations were determined using a

s Metrohm 883 Basic IC plus ionic exchange chromatography
instrument, using a Metrosep A Supp 5 column and a conductivity
detector. A typical measurement requires the sampling of 1 mL of
solution, followed by a 100 fold dilution in deionised 18 MQ/cm
water and injection of 20 pL into the instrument. Caution is

30 necessary when determining formate concentrations if DMF is
being employed as a solvent. Great care must be taken to separate
the counter electrode from the working electrode as formate is
generated at the counter electrode through one-electron oxidation
of DMF followed by hydrolysis.

s Formaldehyde concentration was determined using the Nash
colorimetric test® using a Shimadzu UV-1800 instrument. We
observed that post-electrolysese solutions containing DMF and
Co-tpy must be analysed for formaldehyde quickly as reoxidation
in air led to increasing amounts of formaldehyde being produced,

2 which is attributed to the reaction of DMF with a Co''-tpy,
generated through the reaction of Co''-tpy with O2.

Methanol presence was assessed using a Shimadzu GC-2010
Plus gas chromatography fitted with a ZB-WAX Plus column,
Helium as a carrier gas and a flame ionization detector. MeOH

45 presence was also assessed through 'H NMR spectroscopy on a
Briicker 300 MHz Instrument.
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Conclusions

We have shown that homoleptic terpyridine complexes of nickel
and cobalt are competent catalysts for the electrocatalytic
reduction of CO2 to CO as the exclusive carbon containing product.
The catalysis is observed to begin by reduction of a tpy ligand for
both the Ni-tpy and Co-tpy systems. The systems differ in that the
resting state of the Co-tpy catalyst is assigned to be monovalent
cobalt whereas the resting state of the Ni-tpy catalyst is assigned
ss to be divalent nickel. The higher valent nickel catalyst is proposed
to be unable to generate intermediate nickel-hydrides required for
hydrogen generation in the conditions used and thus exhibits
remarkable selectivity for CO2 reduction to CO over proton
reduction. The lower valent cobalt catalyst is found to generate
60 gaseous mixtures of CO and Hz, the ratio of which can be tuned
base on the overpotential which is applied. Decomposition of the
polypyridyl ligand has been shown to be the primary pathway
which limits overall faradic efficiency, even though the intrinsic
catalytic activity for the cobalt based system is comparable to that
es Which has been reported for other metal-polypyridyl catalysts.
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