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sition metal complexes from Group 6 to Group 10 with a select subset of ligand frameworks have been
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1. Introduction

The rising concentration of carbon dioxide (CO,) in the atmo-
sphere from anthropogenic sources is widely acknowledged to
be a major contributor to global climate change.'™ Annually,
~30 billion tons of carbon dioxide are produced by burning
fossil fuels to fulfill energy needs for power generation, trans-
portation, heating, and industry.? Using electrochemical
routes to convert CO, to valuable commodity chemicals like
CO, formic acid (HCOOH), methanol (CH3;O0H), etc., is an
attractive strategy to manage the related environmental effects
as a substitute for non-renewable hydrocarbon feedstocks.

One of the biggest obstacles for the large-scale electro-
chemical reduction of CO, is finding low-cost and efficient
electrocatalysts. Since the 1980s, a significant number of mole-
cular complexes, based on transition metals ranging from
Group 6 to Group 10, have been reported with high activity for
electrochemical CO, reduction.”® Early reports focused on
precious metal complexes such as [Ru(bpy),(CO),]*", fac{Re
(bpy)(CO);Cl1] and [Pd(triphos)(MeCN)]**.>"* A few 3d metal
complexes with macrocyclic ligands such as [Fe(TPP)Cl] and
[Ni(cyclam)]** were also discovered around the same time.">™"*

To date, many transition metal complexes from Group 6 to
Group 10 have been observed with electrochemical CO,
reduction activity. Among them, Tc is the only one without any
detailed study, owing to its radioactive instability. Complexes
based on Mn’16—18 Fe,19'21 C0,22_24 Ni’25—29 Ru,30_32 Pd,33’34
Re** and 1r**"° have received most of the attention and
often show electrochemical CO, reduction activity with mul-
tiple ligand systems. In comparison, Cr,*" Mo,*>** Rh,*
W,*** 0s*® and Pt*®*” have fewer or limited positive reports.
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demonstrated to be efficient electrochemical CO, reduction catalysts. Here, we review the known
mononuclear complexes from Group 6 to Group 10, examining trends in activity, electronic structure of
catalytic intermediates, and product selectivity. The correlation between differences in electronic struc-
ture and CO, reduction activity between these metal centers are discussed.

Interestingly, most recent research focuses on 3d metal-based
electrocatalysts (Mn, Fe, Co and Ni), which have shown equi-
valent or higher activity with respect to their 4d/5d
analogues.>**%4

The general developments in electrochemical CO, reduction
with homogenous catalysts have been covered in several recent
reviews.®>**>! Here, we look at transition metal complexes
from Group 6 to Group 10 capable of electrocatalytic CO,
reduction, focusing exclusively on mononuclear complexes.
Despite the extensive involvement of redox non-innocent
ligands and strong secondary-sphere effects, the underlying
influence of periodic electronic structure changes across these
metal centers is apparent.

2. Electrochemical CO, reduction
with transition metal complexes
2.1 Homogeneous electrocatalysts

Homogenous molecular electrocatalysts work differently from
heterogeneous electrocatalysts because the electrode does not
participate in the catalytic reaction directly.*® In electro-
catalytic CO, reduction with homogenous catalysts, the cata-
Iytic reactions are conducted by active species generated by
heterogeneous electron transfer from the electrode, as shown
in Fig. 1A. The active catalyst species can then react with sub-
strate molecules in solution in a diffusion-limited process.
Due to inherent mass transfer restrictions, electrocatalytic CO,
reduction takes place only within a thin layer adjacent to the
electrode as shown in Fig. 1B.

An electrochemical reaction on an electrode generally oper-
ates at an overpotential (), which is the difference between the
standard potential of a reaction of interest and the potential
applied to the electrode to drive the reaction. Since CO, is a
relatively inert molecule, direct electrochemical CO, reduction
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Fig. 1 Schematic representation of (A) CO, reduction with homo-
genous electrocatalysts and (B) layered solution structure on electrode
at steady state.®°2

comes with a large energy penalty and the single-electron
reduction of CO, to form CO,~ occurs at —1.9 V vs. NHE.”
Proton-coupled CO, reduction can significantly reduce the
standard reduction potential for multielectron CO, reduction
as shown in Table 1. However, there are significant kinetic

Table 1 Standard Potentials for CO, Reduction in Aqueous Solutions at
pH 7.656

ET/PT Reaction Potential (V vs. NHE)
le” CO, +e~ - CO,™~ —1.90
2¢7/2H"  CO,+2e” +2H" — CO + H,0 —0.53
CO, +2e~ + 2H" — HCOOH —-0.61
2C0, +2e~ +2H" — H,C,0,4 —0.54
4e7/4H"  CO,+4H'+4e” — CH,O + H,O —0.48
6e /6H"  CO,+6H" +6e~ — CH3;0H + H,0  —0.38
8¢ /8H'  CO,+8H'+8e” — CH, +2H,0 —0.24
Group 6 Group 7
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challenges to mediating several electron transfer (ET) and
proton transfer (PT) reactions concurrently or consecutively.”*>

Transition metal complexes can function as catalysts to
promote the reduction of CO, and reduce the overpotential
with mediated electron transfer and proton transfer. We have
selected representative molecular electrocatalysts of CO,
reduction for each of the known metal centers from Group 6 to
Group 10, shown in Fig. 2. The chosen catalysts have
received relatively intensive study and are helpful to analyze
and compare the role of the metal centers in the observed
activity.

Most frequently, electrocatalytic CO, reduction with tran-
sition metal catalysts generates the 2e~ reduction products like
CO and formic acid/formate (HCOOH/HCOO™) (H, is often a
side product for CO, reduction either from hydrogen evolution
reaction (HER) activity of the electrocatalyst or the electrode).

Turnover frequency (TOF, more often TOF,,,,) and Faradaic
efficiency (FE) are used to quantify the activity and selectivity
of molecular electrocatalysts. Well-established electrochemical
methods like cyclic voltammetry (CV) and controlled potential
electrolysis (CPE) are commonly used to obtain these
parameters.”>>”*® The performances of the selected electro-
catalysts in Fig. 2 are summarized in Table 2. The catalytic rates
of these molecular electrocatalysts, as quantified by TOF ,y,
range from a few turnovers per second to tens of thousands of
turnovers per second. There are very selective electrocatalysts
that produce a single product like fac-Mn(‘Bu-bpy)(CO);Br (CO)
and [Ir(POCOP)(MeCN),H]" (HCOOH/HCOO™), but others are
considerably less selective and produce a mixture of products,
like [Co(N4H)(Br),]" (CO and H,).

Group 9 Group 10
A L ¢
l 2+
~
N NH HN

2+
PRy

R—P—P]d—NCCHg
PR,
R=Ph

[Rh(Cp*)(bpy)(MeCN)]2* [Pd(triphos)(MeCN)J>*
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CO — “
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Fig. 2 Selected mononuclear d-block catalysts for electrocatalytic CO, reduction.
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It is important to note that the listed complexes in Fig. 2
are not necessarily able to react with CO, directly, instead
requiring electrochemically reducing conditions: they are best
described as “pre-catalysts”.*® Besides catalytic activity and
product selectivity, Table 2 also summarizes proposed active
species and proposed redox assignments for the metal center
and ligand during the catalytic cycle. The formal charges of
the metal centers and ligands in these active intermediates
were adopted generally based on conventions and the most
recent studies.®>°

We acknowledge that there are continued debates for oxi-
dation number assignments and the nature of the
intermediates.”>”* Although the use of oxidation states is a
simplification (molecular orbitals involve metal and ligand
contributions with electron density distributed on a conti-
nuum), the simplification is nonetheless useful to rationalize

their reactivity toward substrate molecules like CO, and H*.””

2.2 CO, Reduction mechanism and products

The most common proton-assisted catalytic CO, reduction
involving transition metal electrocatalysts result in 2e”
reduction products like CO and HCOOH/HCOO™. The selecti-
vity originates from the CO, activation pathways as shown in
Scheme 1. In general, CO, can be activated directly by a
reduced metal center to form a CO, adduct, M(CO,) as shown
in Scheme 1-1. Alternatively, CO, could be activated by a metal
hydride if the reduced metal complex prefers to react with a H"
donor first, as shown in Scheme 1-2.

Although the exact binding mode of the CO, adduct
M(CO,) is often not reported in electrocatalysts studies,”’ the
reductive activation of CO, by low-valent transition metal com-
plexes has been studied for decades.”® ®° The hydroxycarbonyl-
type intermediate M(n'-COOH), generated by protonation of
M(CO,), has been identified as the key intermediate to electro-
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Scheme 1 CO, activation pathways by reduced transition metal com-
plexes and metal hydrides.”®
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catalytic CO, reduction to CO and H,0.”*®" Nota bene, under
aprotic conditions, CO, itself can become a suitable oxygen
acceptor to form carbonate as a co-product. The reaction
between CO, and a M-H bond generally forms metal formato
type intermediates, M(n'-OCOH) and leads to the generation of
formic acid/formate.®

The formation of metal-bound carbonyl species from M(n'-
COOH) intermediates via C-O bond cleavage has been
observed experimentally with ruthenium polypyridyl com-
plexes, [Ru(bpy),(CO),]**, which was studied extensively by
Tanaka and coworkers.”®>%* As shown in Fig. 3, spectroscopic
studies on [Ru(bpy),(CO),]** revealed fast, pH-dependent equi-
libria between three species: the n'-CO, adduct [Ru(bpy),(CO)
(n"-CO,)], the hydroxycarbonyl [Ru(bpy),(CO)(n'-COOH)]*, and
the CO adduct [Ru(bpy),(CO),J**. The conversion of M(n'-
COOH) to the carbonyl species by hydroxide elimination or
protonation is representative of the possible reaction pathways
during the electrocatalytic CO, reduction to CO.

The production of HCOOH/HCOO™ from the formato type
intermediate with further protonation is much easier to visual-
ize.** HCOOH/HCOO™ are the most common CO, reduction
products when activation proceeds through the metal hydride.
Nevertheless, isomerization from M(n'-OCOH) to M(n'-COOH)
is proposed to occur in a few cases.*""®>®® There are no clear-
cut demonstrations of CO, insertion into a M-H bond to gene-
rate the hydroxycarbonyl species M(n'-COOH), although the
reverse reaction is known to occur.”®

2.3 Role of sacrificial proton source

Commonly, CO, reduction tests are carried out in polar aprotic
solvents, especially acetonitrile (MeCN) and N,N-dimethyl-
formamide (N,N-DMF), with proton sources added for
enhanced product formation. Water is a convenient solvent
and proton source for CO, reduction, but often is only used in
mixed solvent systems. There are select cases where molecular
electrocatalysts for CO, reduction are functional in pure
19:20,39.87 1 jke all coordinating solvents, water has poten-
tial inhibitory effects for CO, binding due to competitive

water.

co |a oo [ oo |
(py). Rl OH" (bpy),Ru__ H' | (bpy)Ru, O
*co | H,H0 g=0 OH &
H o

|

Distribution
o
o
T

Fig. 3 CO formation from hydroxycarbonyl intermediate exemplified
by equilibria of the ruthenium species in H,O at various pH. Adapted
with permission from Inorg. Chem., 2015, 54, 5085-5095. Copyright
2015, American Chemical Society.®?
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coordination at the catalyst center.®® The solubility of tran-
sition metal complexes in water is also a prominent issue,
requiring synthetic solutions.

Weak Bronsted acids such as methanol (MeOH), 2,2,2-tri-
fluoroethanol (TFE), and phenol (PhOH) have been utilized as
alternative proton donors and have shown increased catalytic
activity and lifetime.">®? Proton donor activity is important to
modulate the CO, reduction activity and can be used to tune
the overpotential for the pK,-dependent CO, reduction reac-
tion.”® The formation of a hydrogen bond with bound CO, can
also facilitate binding to the metal center.”> Generally, the
inclusion of an appropriate proton source reduces overpoten-
tial by favoring concerted electron and proton transfer steps
(such as PCET, proton coupled electron transfer) during CO,
reduction.”””" However, proton sources of sufficient activity
can also shift the reaction pathway towards the thermo-
dynamically favored HER reaction.

2.4 Periodic trends and redox potential of the transition
metal complexes

The desired ‘ballpark’ potential for electrocatalyzed CO,
reduction ranges from —0.5 V to —1.9 V vs. NHE at pH 7, which
is a generalization based on the thermodynamic limits of CO,
reduction via PCET mechanisms and the single-election CO,
reduction potential without a catalyst present. Although nearly
all metals from Group 6 to Group 10 have been reported with
active catalysts for CO, reduction, the catalytic reactions were
mediated with very different ligand sets and at different redox
cycles as shown in Table 2.

The redox potential of the 3d metal complexes changes sig-
nificantly across the periodic table as shown in Table 3. The
redox potential can be strongly related to their chemical
reactivity. Fujita and coworkers have shown a close-to-linear
relationship between Co(u/i) redox potential and Co(i)-CO,
affinity in series of cobalt aza-marocyclic complexes.’” The CO,
binding affinity generally increases as the metal reduction
potential becomes more negative. Similar relationships between
hydricity of the (M — H)" species and the M"™™ redox
potentials will also be discussed (see section 6.2). With the
tetraphenylporphyrin (TPP) ligand as an example, the metal-
based M(m/u) redox potential of 3d metals steadily becomes
more positive, spanning ~1.8 V from Cr(ui/u) to Ni(ut/u).

Table 3 Metal-based redox potentials of 3d metal complexes with
5,10,15,20-Tetraphenylporphin (TPP) ligand vs. NHE

E(MHI/H)/V E(MII/I)/V E(MI/O)/V Ref
[Cr(TPP)]" -0.61 — — 93
[Mn(TPP)CI] -0.21 — — 94
[Fe(TPP)CI] 0.05 -0.80 —1.46 95
[Co(TPP)] 0.84 —0.62 -1.78 22
[Ni(TPP)] 1.25 -1.07 — 96

Potentials are measured for [Cr(TPP)](ClO,), [Mn(TPP)Cl], [Fe(TPP)CI],
[Co(TPP)] and [Ni(TPP)] in DMF with 0.1 M electrolyte concentrations.
The ligand-centered reductions of Cr, Mn and Ni are left out. The con-
version from SCE to NHE by +0.24 V is used here.

This journal is © The Royal Society of Chemistry 2019
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As for CO, reduction, the Fe(i/0) and Co(1/0) redox wave of
[Fe(TPP)Cl] and [Co(TPP)] fit well to the expected trend for
CO, reduction potentials. The reduction potential required to
form low-valent species, which is expected to be related to
the nucleophilicity of the metal center, is essential to CO, acti-
vation and reduction. Of course, to accomplish a catalytic cycle
involving CO, reduction, the binding strength with CO, must
be balanced with dissociation of product molecules to avoid
thermodynamic traps.®”%®

There are some general trends that are apparent when com-
paring the electronic structure of transition metal centers.”®
The 4d and 5d transition metals behave similarly with one
another in comparison to the 3d transition metals. Moving
from left to right, the electronegativity and ionization energy
of transition metals increases with group number, while the
d-orbital energy and the metal atom size decreases. Similarly,
when moving from top to bottom, the 4d and 5d transition
metals have greater electronegativity than the 3d metals. The
4d and 5d orbitals are more diffusive (larger atomic radii) and
thus can form stronger bonds with ligands as well.

3. Horizontal trends in transition
metal complexes for CO, reduction

The activity and product selectivity for CO, reduction by tran-
sition metal electrocatalysts differs significantly from metal to
metal with respect to their horizontal positions in the periodic
table. For example, [Fe(TPP)Cl] is among the most active elec-
trocatalysts and can achieve TOF up to 10* s™" with added
Bronsted acids as proton donor."> However, [Co(TPP)CI] shows
much lower activity and the analogous Mn porphyrin is not
active for electrocatalytic CO, reduction.”>°® Similar trends can
be found with aza-macrocyclic complexes like [Ni(cyclam)]**,
which show greater selectivity and activity for electrocatalytic
CO, reduction than the Co-based analogues.'*>>%°

3.1 Metal-ligand cooperativity

We have summarized frequently reported ligand frameworks
of 3d metal complexes for CO, reduction in recent years in
Table 4. The backbones of catalysts are generally comprised of

Table 4 Electrocatalytic CO, reduction activity of mononuclear 3d
metal complexes with typical ligand frameworks

Cr Mn Fe Co Ni Ref.

Cyclam X v 14,25and 87
aza-macrocycles v v v 14,86and 101
(HMD, N,H or Nj)

Porphyrin X v v X 12,102 and 103
qtpy v v v 104 and 105
Pincer (CNC or PCP) v v 46 and 106

Cp + bidentate ligands v 24,107 and 108

CO + bidentate NHC/py v v 16, 41 and 109

Notes: “v” indicate positive reports and “X” indicate negative reports,
when available.

Dalton Trans.
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multidentate ligands with neutral donors like N, P or C or
strong monodentate ligands like CO. The ligand sets produce
coordination topologies where there are labile coordination
sites (1 or 2) available for CO, binding. Polypyridine, macro-
cyclic amine/phosphine, porphyrin and pincer types ligands
are recurring.

There appear to be some general trends in the ligand types
for transition metals from Group 6 to Group 10. Mid transition
metals like Group 6 and Group 7 metals have only been
demonstrated to be active catalysts with combinations of
strong m-accepting ligands like carbon monoxide to this point,
while the late transition metals like Group 10 metals tend to
be most active when combined with strong c-donating ligands
like macrocyclic amines and polydentate phosphines.

The ligand trends can be rationalized by considering the
electronic effects of ligand interactions with the respective
metal centers. For early transition metals, the d electron ener-
gies are high, especially at low oxidation states. The
n-accepting ligands stabilize d orbital energies through
n-backbonding. For late transition metal groups, the d orbital
energies are much lower. Utilization of o-donating ligands can
help to increase the d orbital energies and thus increase
nucleophilicity of the metal centers.’”

Since CO, reduction activity is codependent on the metal
and the ligand, the 3d metals are better subjects for discussion
since they have been explored more thoroughly at this point.
We leave the specific topic of ligand design and related devel-
opments for later discussion.

3.2 Oxidation states of CO, activation intermediates

For the reported CO, reduction catalysts from Group 6 to
Group 10, earlier transition metals tend to access lower oxi-
dation states during the CO, reduction cycles, as can be seen
in Table 2. The trend is evident when comparing the known
Group 6, Group 8 and Group 10 catalysts. The oxidation states
accessed by Group 6 (Cr, Mo, W) catalysts during CO, acti-
vation are thought to only involve M(0) (with a non-innocent
ligand facilitating 2e~ reduction of the complex),****''® while
M(0)/M(1)/M(u) states are accessed by the Group 8 metal cata-
lysts (Fe, Ru, Os),"*** and M(1)/M(un)/M(m) are observed for
Group 10 (Ni, Pd) catalysts.'*2%*

The trend of the decreasing oxidation states from right to
left in the periodic table appears to be related to the electron
counts in the d orbitals. As shown in the proposed square pyr-
amidal intermediates of Cr, Mn, and Fe catalysts in Fig. 4,
population of the d,* orbital is generally found to be essential
for activating CO, and forming a M-C bond. The high d elec-
tron counts in the late transition metals make them better
nucleophiles at higher oxidation states when supported by
strong o-donating ligands as discussed above.

This trend can also be interpreted from a isoelectronic per-
spective: for similar classes of catalysts like M(0)(bpy)(CO),
(Group 6) and M(1)(bpy)(CO);X (Group 7), there is an apparent
need to generate dianion [M(0)(bpy")(CO);]*~ for Group 6 cata-
lysts while a monoanion [M(0)(bpy’)(CO);]” suffices for Group
7 catalysts.

Dalton Trans.
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Ph 2-
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square
pyramidal o d o

Fig. 4 Electronic structure of metal centers of catalyst from Group 6 to
Group 8 for CO, reduction to CO. Gray indicates ligand-based electrons
of appropriate symmetry to interact with the relevant d orbital.

3.3 A Note on the early transition metals: group 3 to group 5

Grice has recently reviewed the possibility of electrocatalytic
CO, reduction activity by the early transition metals.""" CO,
has been shown to react with Group 3 to Group 5 alkyl or
hydrido complexes to generate carboxylates and carbonyl com-
plexes. There are also reports where CO, is stoichiometrically
or catalytically reduced to methanol, methane etc. using Na/Hg
amalgam or silanes as reducing agents in the presence of early
transition metal complexes.""" However, molecular complexes
from Group 3 to Group 5 have not been reported with signifi-
cant electrochemical CO, reduction activity."*> Due to their
relatively low electronegativities and large atomic radii, early
transition metal complexes generally resemble alkali or alka-
line earth species, which means they cannot be easily electro-
chemically reduced and are less likely to form the covalent
bonds generally observed in CO, reduction intermediates.
These qualities must be minimized through ligand design if
effective electrocatalysts are to be developed.

4. \Vertical trends in transition metal
complexes for CO, reduction

Moving down the periodic table, the radii of 4d and 5d tran-
sition metals are larger than 3d metals and the more diffusive
4d and 5d orbitals form stronger metal-ligand bonds.”?
Consequently, the 4d and 5d transition metal complexes have
larger d orbital splitting when coordinated to the same ligand
sets as 3d metals. The more polarizable of 4d and 5d transition
metals also favor softer ligands like phosphines/NHCs over
amines."">"*

In general, however, the 4d and 5d transition metal com-
plexes are similar to their 3d counterparts with respect to CO,
reduction activity. While this could be explained as an isoelec-
tronic effect, the subtle changes in the electronic structures of
the analogue complexes can have profound effects on kinetics
of CO, reduction reactions, indicative of greater mechanistic
nuance.
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4.1 Isoelectronic metal centers

For Group 6 metals, electrocatalytic CO, reduction activity has
been demonstrated for all three metals in related ligand frame-
works:  Cr(bpy)(CO);, Mo(‘Bu-bpy)(CO), and W(‘Bu-bpy)
(CO)4.*"** Clark et al. showed that the bpy ligands in these
complexes act as electron reservoirs (as shown in Fig. 4).*?
Recently, Grice and coworkers have shown that the hexacarbo-
nyl complexes Cr(CO)s, Mo(CO)s and W(CO), are capable of
performing electrocatalytic CO, reduction (which is special for
Group 6 metals since Group 7 carbonyls do not have the same
activity), albeit at more negative potentials than the bpy-con-
taining compounds.*® The reported activity of the Cr com-
plexes is lower than for comparable Mo and W complexes by
an order of magnitude.*"*?

For Group 7 metals, both Mn and Re complexes of the for-
mulation fac-M(bpy)(CO);X (where X is a halide ligand) have
shown electrocatalytic CO, reduction activity with an extensive
modification of the bpy ligands and their bidentate derivatives
(Fig. 5).>”*''> When Mn is used as a replacement for Re in
fac-[M(bpy)(CO)sX] catalysts, there is a decrease in overpoten-
tial for Mn complexes over Re, approximately ~300 mV for fac-
[Mn(‘Bu-bpy)(CO);Br] with respect to the Re congener.'” The
TOF ay Of the two complexes are similar (340 s~ for Mn with
1.4 M TFE as proton donor and 570 s~ for Re with 1.6 M TFE
as proton donor)."”” The difference in operating potential
appears to originate from a more metal-centered reduction
reaction in the Mn complex and corresponding faster rate of
halide ligand loss."'® A large variety of functionalized ligands
with bulky and other functional groups, py-NHC, and bidentate
NHC ligands have been shown to form active catalysts, often
with improved catalytic activity for both Mn and Re.'*>'"”

Similar ligand versatility is also observed amongst conge-
ners of Group 8, Group 9 and Group 10. However, systematic

1%t Generation 2" Generation

Me tBu
[ ® |
Br Br Br
/N",.Ml WCO /N/"'NI mCO 2N 1 co
n n n
7| Yco 7| >co 7 | >co
7N co ) 7N co
NS NS NS

Me’ tBu

fac-Mn(bpy)(CO)3Br  fac-Mn(Me-bpy)(CO)3Br  fac-Mn("Bu-bpy)(CO)3Br

4t Generation

3" Generation

fac-Mn(mesbpy)(CO)Br fac-Mn([(MeO),Ph],bpy)(CO)3Br

Fig. 5 Summary of the developments of fac-Mn(bpy)(CO)zX catalysts,
later designs with bulky groups show increased activity and stability.
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studies covering these groups are rare, possibly due to vast
activity differences. Among Group 8 metals, there are more
similarities between Ru and Os, where both show electro-
chemical CO, reduction with polypyridine ligand
sets.>?0?14%118  The Ru complexes of the form [Ru
(bpy)(CO),J** and [Ru(tpy)(bpy)(S)]** (S is a solvent molecule,
such as MeCN), and the Os complex of [Os(bpy),(CO)H)]**
have all shown CO, reduction activity. Ru and Os derivatives of
the type M(bpy)(CO),(Cl), form metallopolymers on the elec-
trode at reducing potentials that are active for CO, reduction,
although the Os derivative is less efficient.'**™*** In compari-
son, there is a lack of reported activity for CO, reduction by
Fe complexes with similar ligand sets, where research on Fe
largely focused on porphyrin and other macrocyclic ligands.®®
Fe complexes with qtpy and bpy-based Schiff base-type ligands
have only been reported to have CO, reduction activity
recently.105’123’124

For Group 9 metals, complexes of the general form
M(Cp)(L)(X) (where L is a bidentate ligand) with Co, Rh and Ir
have been all been investigated in the context of electro-
catalytic CO, reduction.”*®* This type of complexes have
higher reported selectivities for formic acid/formate as a
product over CO; [Co(Cp)(P,N,)(MeCN)]**, where P,N, is a
macrocyclic ligand, demonstrates quantitative yields for formic
acid/formate.>* Cobalt complexes with aza-macrocycle and por-
phyrin ligands general show selectivity for CO.'%?>'2
Currently, most research on Group 9 catalysts focuses on Co
complexes and Ir complexes with pincer ligands; studies on
Rh complexes are generally lacking.

For Group 10 metals, Wolf and co-workers have systemati-
cally studied the electrochemical CO, reduction activity of Ni,
Pd and Pt complexes with a series of pincer ligands (PNP or
CNC type). The Ni and Pd complexes have shown moderate
CO,, reduction activity, while the Pt complexes have shown
more activity towards HER than CO, reduction.'*®"*”

4.2 Reaction kinetics influenced by d-orbital energy

As mentioned previously, 4d/5d metals often have stronger metal-
ligand interactions than analogous 3d complexes, resulting
larger d-orbital splitting. The metal centers in the 4d/5d cata-
lysts are thus more likely to have higher energy unfilled d-orbi-
tals and therefore more difficult to reduce. These types of
subtle differences in electronic structure have profound effects
on the electrocatalytic reduction of CO,.

Carter, Kubiak and co-workers have done a series of
experimental and theoretical investigations into CO,
reduction by fac-[Mn(bpy)(CO);Br] and fac-[Re(bpy)(CO);Cl]
complexes.”>’*'?® As shown in Fig. 6, both the Mn and Re
complexes catalyze CO, reduction by first activating CO, with a
doubly reduced radical anion [M(0)(bpy’)(CO);]” intermediate
(species 3) to form the hydroxycarbonyl [M(1)(bpy)(CO);(CO,H)]
(species 6), followed by reductive C-O bond cleavage to form
carbonyl compound [M(0)(bpy)(CO),] (species 2CO) before CO
release occurs. This is similar to the previously described CO,
reduction mechanism involving [Ru(bpy),(CO),]** (see Fig. 3).
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Fig. 6 Potential energy surface of catalytic CO, reduction cycle by fac-
Mn(bpy)(CO)sBr featuring protonation-first path and fac-Re(bpy)(CO)sCl
featuring the reduction-first path (at —1.21 and —1.52 V vs. NHE for Mn
and Re, respectively). Reprinted with permission from J. Am. Chem.
Soc., 2014, 136, 16285-16298. Copyright 2014 American Chemical
Society.”®

However, the Re catalyst is active at more negative potentials
than the corresponding Mn catalyst.

For the Re complex, the energy of the unoccupied d,”
orbital (reference to Fig. 4) is predicted to be generally higher
than the z* orbital of the bpy ligand, such that the one-elec-
tron reduced [Re(1)(bpy’)(CO);Cl]" is relatively stable on the CV
timescale requires an additional electron transfer to drive dis-
sociation of the halide ligand and generate the five-coordinate
active species [Re(0)(bpy’)(CO)s;]”. However, the d,> orbital
of the Mn complex is similar in energy to the z* orbital of
the bpy ligand and the halide ligand dissociates readily
from [Mn(1)(bpy’)(CO)3(X)]". With a bulky ligand to prevent
dimerization, the [Mn(0)(bpy’)(CO)s;]” active species can be
generated at more positive potentials in comparison to
[Re(0)(bpy)(CO)s]~,""*®%° consistent with the lower overpoten-
tial observed for the Mn catalysts. It is noteworthy that the
inhibition of dimerization from the use of bulky bpy ligands
results in a two-electron reduction wave for Mn, which is repre-
sentative of the energy parity for this system relative to Re."®

Previous experiments have observed that the Re catalyst can
perform CO, reduction without an added proton source while
the Mn catalysts catalyze CO, reduction only with added
proton source.'®®® This observation can also be related to
differences in the d orbital electronic structure. Since [Mn(0)
(bpy")(CO)s]™ species can be generated at more positive poten-
tials than Re, the binding affinity between CO, and [Mn(0)
(bpy’)(CO)5]” is much weaker than that for [Re(0)(bpy’)
(CO)3]~."7?>'?% Since Mn(n'-CO,) adduct do not accumulate,
CO, activation can only be triggered in a concerted way in the
presence of a proton donor, which drives reduction and bond
cleavage.

Another divergence in the CO, reduction mechanism
between Mn and Re catalysts that has attracted significant
attention is the existence of protonation-first or reduction-first
pathways as shown in Fig. 7. For fac-M(bpy)(CO);X catalysts,
the formation of the metal carbonyl intermediate from the
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Fig. 7 Protonation-first path and reduction-first path for CO, reduction
with fac-M(bpy)(CO)sX catalyst, where M = Mn and Re. Reprinted with
permission from J. Am. Chem. Soc., 2014, 136, 16285-16298. Copyright
2014 American Chemical Society.”®

hydroxycarbonyl intermediate, [M(1)(bpy)(n'-COOH)(CO);], can
proceed via a protonation-first pathway or a reduction-first
pathway for the cleavage of the C-OH bond. The difference
between the two pathways is the involvement a M(1) species
in the protonation-first pathway and M(0) species in the
reduction-first pathway. The protonation-first pathway can
proceed at more positive potentials since the following elec-
tron transfer would be easier to a cationic species for purely
electrostatic reasons.

For the Mn complexes, both the protonation-first path and
the reduction-first path have been shown to be viable pathways
experimentally and computationally.®>®" However, the Re ana-
logue generally accesses the reduction-first pathway because of
the reduction potential required to generate the [Re(bpy’)(CO);]™
active species. Modification of the bpy ligand framework on
the Re complex with charged imidazolium or thiourea groups
has resulted in a decreased barrier for halide loss, but there is
no experimental evidence of the Re catalyst participating in
the protonation-first pathway at this point.*®'>

Aside from the similar activity observed for Group 6 and
Group 7 metal complexes, there are few cases where 3d/4d/5d
metal complexes in single group are reported to have similar
activity toward CO, reduction. This could be related to much
larger electronic structure differences in late transition metals
going down the group.

5. Ligand design and evolution for
CO> reduction

It is important to reiterate that for each catalyst, the
metal-ligand interactions are vital to mechanisms for CO,
reduction and that modification of the ligand framework
can lead to orders of magnitude changes in activity.'”'?*%°
Electrocatalytic CO, reduction reactions are very demanding
on the ligand framework: the catalyst needs to have high
affinity to the substrate (CO,) while having low affinity to the
products (usually CO or HCOOH/HCOO™). The ligand frame-
works also need to form stable interactions with the metal
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centers across different oxidation states, in order to prevent
deleterious demetallation and catalyst polymerization.®8313°

Early studies of electrocatalysts for CO, reduction have been
focused on finding the right metal complexes with CO,
reduction activity. In the past decade, with a better under-
standing of the possible CO, reduction mechanisms,
more  sophisticated ligand design  principles  have
developed.*>**7*13! Using redox non-innocent ligands to
reduce the catalytic overpotential, synthetic ligand modifi-
cation strategies to favor specific catalytic routes, and the use
of secondary-sphere effects to break scaling relationships have
all proven to be effective.?***>°

5.1 Redox non-innocent ligands

Initial molecular electrocatalyst development for CO,
reduction was largely focused on noble metal complexes
because of their propensity to undergo 2e” redox reactions
(M(0/r), M(1/m) or M(1/wv)), as is commonly observed in oxi-
dative addition (OA) and reductive elimination (RE)
reactions.>**> In electrochemistry, the consecutive injection of
electrons into a transition metal center inevitably leads to
increasingly negative reduction potentials at each step, as the
reduction reaction will become less energetically favorable as
valency decreases at the metal center.

In transition metal complexes with aromatic type ligands,
however, both the vacant d orbitals on the metal center and
the n* orbital on the ligands are available to accept electrons
because of their respective contributions to the frontier mole-
cular orbitals of the overall complex. A common example is the
fac-[Re(bpy)(CO);Cl] catalyst, where the bpy ligand is redox
“non-innocent”, as shown in Scheme 2.'°

Rather than accessing the Re(0/-1) reduction wave, two
sequential le” reductions of the Re catalyst (which are only
~0.25 V apart) generate the catalytically active [Re(0)(bpy’)(CO);]~
species, which contains a bpy radical anion.’®**® Similar non-
innocent ligand behavior has been discussed for the porphyrin
ligand in the [Fe(0)(TPP)]>~ active state and also the pyridyldii-
mine moiety in [Co(N,H)] and other related -catalyst
platforms."®*'** The use of redox non-innocent ligands

N0y O 1

ZN__[1CO co,
Re__ -2
N7 | Sco
I| co
NS

Scheme 2 Involvement of bpy radical anions in CO, reduction by fac-
Mn(bpy)(CO)sX catalysts.
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greatly influences the applied reduction potential needed for
transition metal complexes to initiate CO, reduction.

5.2 Strategic ligand design for mechanistic tuning

Strategic ligand designs are often adopted to avoid thermo-
dynamic and kinetic traps in catalytic steps, or to access new
reaction pathways requiring lower overpotential. For example,
for the fac-Mn(bpy)(CO);Br precatalyst, the initially generated
[Mn(0)(bpy)(CO);]° intermediate dimerizes to form a Mn-Mn
bond that requires reduction at more negative potentials
to cleave before CO, reduction can occur.’” Kubiak and co-
workers have explored the use of alkyl functional groups in fac-
Mn(bpy)(CO);Br catalysts to facilitate CO, reduction. In the fac-
Mn(‘Bu-bpy)(CO);Br catalysts discussed above, although ‘Bu
groups did not prevent the dimerization, the fac-Mn(‘Bu-bpy)
(CO);Br electrocatalyst displays increased catalytic activity
at 340 s' with 1.4 M TFE as proton source, approximately
~300 times faster than the unfunctionalized bpy ligand.”"”
The incorporation of mesityl groups at the 6,6 positions of the
bpy ligand did prevent metal-metal dimerization.'® The ligand
and metal reduction waves of fac-[Mn(mesbpy)(CO);X] merge
into a single 2e” wave and the activity was further improved to
5 x10% s7" with 1.4 M TFE."®®° More recently, the introduction
of methoxy groups on the mesityl rings by Rochford and co-
workers in the catalyst fac-([Mn(MeO),Ph],bpy)(CO);Br,
resulted in even higher activity and a dramatic reduction of the
CO, reduction potential by 550 mV by accessing the protona-
tion-first mechanism in the presence of a sufficiently strong
Bronsted acid.®'

Similar mechanistic changes tuned by strategic ligand
design have also been reported by Ott and coworkers in [Ru
(tpy)(bpy)(S)]** type of catalysts.*>'** By selectively introducing
steric clash between the tpy and bpy ligands utilizing methyl
groups; this change was enough to shift from an EEC CO,
reduction mechanism to an ECE mechanism as shown in
Scheme 3.

The methyl group position changes on the bpy ligand
improved the operating potential for CO, reduction by

By NCCH, /Bu | 2+ By Os__O By 1°
7N/ N -NCCH y
=N, |® +e re co 3 /_,\}w
SRS 2 + 2 e
QAR @
e P T
” E E C

Me
2
B NOCH, Bu | %* - NCCHj
=N, ‘ N= +e +COp +e
Ru.

(’N(l\N/\ E (o} E
Bu Me. /N\\

Scheme 3 Activation of CO, through a lower overpotential reduction
mechanism by accessing ECE instead of an EEC mechanism in a [Ru(tpy)
(bpy)(MeCN)]?*-type catalyst. Adapted with permission from ref. 32.
Copyright 2015, John Wiley and Sons.*?
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~400 mV. Similar effects have been achieved by replacing the
bpy ligand with a phosphine-pyridine ligand, where the phos-
phine occupies the position trans to the solvent ligand.®?

5.3 Breaking scaling relationship with secondary-sphere effects

Effective strategies for enhancing activity in mononuclear elec-
trocatalysts were also explored using secondary-sphere effects,
including installation of pendent proton groups and positively
charged groups in the secondary-coordination sphere of the
ligand framework.”>"*! This strategy can access new regimes
of activity compared to traditional catalyst modification of
electronic structure tuning through induction effects. Catalytic
enhancement from induction effects is restricted by scaling
relationships at the metal center, as electronic changes alter
the favorability of substrate binding and product release
simultaneously.”®"%*

Savéant and co-workers have shown the limits of electronic
structure tuning and the benefits of secondary-sphere effects
with systematic modification to [Fe(TPP)Cl] catalysts to
enhance catalytic activity.'>>"7>'*® Fig. 8 highlights a few
specific examples of relevant derivatives with active-site oriented
hydroxy and positively charged ammonium groups. The fluori-
nation of phenyl groups in [Fe(F20TPP)Cl] installs electron-
withdrawing substituents on the porphyrin that reduce the
required potential for CO, reduction. However, the positive
shift of the CO, reduction potential by 340 mV is accompanied
by a drastic decrease of TOF,,,x compared to [Fe(TPP)CI] due
to the relative loss of electron density at the metal center."*®

The inclusion of hydrogen bond donors at the ortho-posi-
tions on the meso-phenyl groups in [Fe(CAP)CI] facilitates the
binding of CO, and also promotes C-O bond cleavage."® The
stabilization of the one-electron reduced CO, as shown in
Fig. 9 by hydrogen bonding from the pendent proton groups
has been studied extensively.>"”>83129137:138 The installation
of these pendent protons is as effective as the theoretical
inclusion of 150 M of phenol as the proton donor in solution,
with a positive shift of 100 mV in the CO, reduction potential
and an order of magnitude increase in TOF,q (1.6 x 10° s77)
compared to [Fe(TPP)Cl] are observed.

The introduction of four positively charged trimethyl-
anilinium groups in the para-position or ortho-position ([Fe(o-
TMAP)CI]*" and [Fe(p-TMAP)CI]*") of the meso-phenyl rings
both led to an increase in the observed CO, reduction activity.
The [Fe(o-TMAP)CI]*" catalyst is especially active, with TOF .y
on the order 10° s™* and a positive shift of 480 mV in CO,
reduction potentials compared to [Fe(TPP)Cl],*" which points
to specific positional effects and the possibility of a different
operative mechanism.

6. Formic acid-producing catalysts

In comparison to CO producing catalysts, there are fewer
HCOOH/HCOO™ producing catalysts. Most of electrocatalysts
reducing CO, to HCOOH/HCOO™ contain late transition
metals like Fe,®%12%12% Go 24 Ni,® Ru,''® 1r*®39139 and pt,"”
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Fig. 8 Development of the porphyrin ligands in [Fe(TPP)Cl] catalysts for
improved electrocatalytic activity and overpotential by inductive and
secondary-sphere effects.

Fig. 9 CO, adducts stabilized with pendent protons on the ligand frame-
work of [Fe(CAP)]. Adapted with permission from J. Am. Chem. Soc.,
2014, 136, 11821-11829. Copyright 2014, American Chemical Society.”?
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Fig. 10 Representative HCOOH/HCOO™

production.

electrocatalysts for

with a few prominent examples shown in Fig. 10. In formate
producing catalysts, the influence of the electronic structure of
the metal center still exists in the context of intermediate
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metal hydride species. Importantly, reactivity and redox poten-
tial relationships are commonly reported for the M-H"?*
species involved in catalytic formate generation.

Formic acid is a liquid product and could potentially be
more desireable than CO. Thus, there is strong interest for
designing efficient and active formic acid/formate-producing
catalysts.® Since electrochemical HCOOH/HCOO™ production
is a “two-step” reaction as shown in Scheme 4, the catalyst
needs to have the right selectivity on two reaction steps, ie.
metal hydride formation over CO, binding at the first step and
hydride transfer to CO, (or CO, insertion into the M-H bond)
over H, evolution in the second step.

Among these HCOOH/HCOO™ producing catalysts, there are
complexes which are very selective for formate generation (>90%)
and complexes that produce mixed products of HCOOH/HCOO™
with CO and H,."™° Cobalt-based complexes with pendent
amines of the general type [Co(Cp)(P,N,)(MeCN)]*" and
iridium complexes with pincer ligands, [Ir(PN"P)H,] and
[Ir(PCP)(MeCN),H]" (Fig. 1) have shown notable selectivity for
the electrocatalytic reduction of CO, to HCOOH/HCOO™.

6.1 CO, binding vs. H" binding

The selectivity of the first step reaction in formate generation,
i.e. the preference of the reduced metal complex for either CO,
or to H', is significantly less discussed compared to the
second step, where selectivity between hydride protonation
and the activation of CO, is important. There have been
several computational studies, notably for the CO selective
catalysts fac-[Re(bpy)(CO);Cl] and [Ni(cyclam)]**.°>"*® In both
cases, CO, binding at the metal center is more thermo-
dynamically favoured than the H' binding under experimental
conditions, though the latter is dependent on the pK, of the
proton source. For [Re(0)(bpy’)(CO);]”, it is believed that
having extra electron density on the redox non-innocent ligand
favours CO, binding because of the n symmetry of the CO,
frontier orbitals."*® Radiolysis experiments with [Ni(cyclam)]**
show that [Ni(1)(cyclam)]" has similar reaction rates towards
CO, and H', yet the concentration of CO, is much higher than
H" in neutral water solution, driving selectivity."*'

Secondary-sphere effects are also believed to have a strong
influence on the kinetic parameters of metal hydride formation.
In the example of [Co(Cp)(P,N,)(MeCN)]**, the pendent amine
is proposed to act as H' shuttle that facilitates the formation
of a Co(u)-H species.”® Ligand-assisted CO, hydrogenation
through hydrogen bonding has specifically been demonstrated
in the Ir catalyst [Ir(PN"P)H;]."*°

CO, binding Protonation
H
In,, 0\/\l\ H* ol co,
NS M HCOOHHCOO"

- H" transfer

Scheme 4 Generic diagram illustrating the two-step selectivity
required for formate production.
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6.2 Influence of hydricity on formate generation

Wiedner et al., Waldie et al. and Ceballos et al. have all recently
reviewed the relationship between redox potentials of tran-
sition metal complexes and the hydricity of corresponding metal
hydrides (or H™ donating ability, defined as AGy-).*”*"'** These
studies have also examined the influence of hydricity on
hydride transfer to CO,, which primarily concerns the second
step of the formate generation reaction.*”%"'*>

The hydricity of transition metal hydrides spans a large
range (>50 kcal mol™") from more acid-like H" donors to more
base-like H™ donors.®" However, a general linear relationship
exists between AGy- and the redox potential of the metal com-
plexes, such that the hydricity of (M-H)" is related to the M""
redox potential. As exemplified by the Group 10 metal com-
plexes with diphosphine ligands in Table 5, the metal centers
of 4d/5d complexes are harder to reduce than the 3d com-
plexes with the same ligand set. The 4d/5d metal hydrides are
also usually stronger hydride donors. This has been success-
fully exploited by Ceballos et al. to perform electrochemical

Table 5 Redox potentials for the M"!, M"° reductions of select Group
10 metal complexes with diposphine ligands and their corresponding
hydricities and pK,s of (M — H)*. Values are taken in acetonitrile. Ref
(Waldie et al. 2018)%*

EM")V EM")V Hydricity

Complex vs. Fe'° vs. Fe'”° (keal mol™) pKa
Ni(depp),]** -0.61 -1.34 66.7 23.3
Pd((((l:lepp))z]];: -1.22 -1.22 54.6 22.9
Pt(depp), -1.4 -1.4 53.7

Ni(dmpp),]** -0.89 -1.33 60.9 23.9
Pt(dmpp),J** -1.53 -1.53 50.6 30.4
Ni(dppe),]** -0.70 -0.88 62.8 14.4
Pt(dppe),]*" -1.24 -1.24 52.8 22.3
Ni(dmpe),]** -1.39 -1.39 49.3 24.3
Pt(dmpe),]** -1.73 -1.73 41.8 31.1

depp, 1,3-bis(diphenylphosphino)propane, dmpp, 1,3-bis(dimethyl-
phosphino)propane, dppe, 1,2-bis(diphenylphosphino)ethane, dmpe,
1,2-bis(dimethylphosphino)ethane.

75 7
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Fig. 11 Free energy diagram for H, and HCO,™ generation comparing
the hydricity of the metal hydride (AGy,, in kcal mol™) and the pK, of
the Brensted acid. Adapted with permission from Proc. Natl. Acad. Sci.,
2018, 115, 12686-12691. Copyright 2018 National Academy of
Sciences.”’

Dalton Trans.


https://doi.org/10.1039/c9dt00491b

Published on 09 April 2019. Downloaded by University of Virginiaon 4/25/2019 11:25:27 AM.

Perspective

formate generation with the [Pt(depp),]>* complexes, while the
analogous [Ni(depp),]** does not show similar activity.*”

A more general relationship between the hydricity of metal
hydrides and the pK, of the proton source is shown in a
Pourbaix-type diagram in Fig. 11. Only metal hydrides that
have similar or lower hydricity (more negative AGy-) than
formate (44 keal mol™" in acetonitrile) would be able to
perform H™ transfer to CO,. Considering that the free energy
of HER is dependent on pK, but hydride transfer to CO, is not,
selective formate generation is often successfully conducted
with weak Brensted acids to inhibit hydride protonation.

7. Conclusions and prospects

In contrast to the behavior of heterogenous CO, electrocata-
lysts of transition metals and alloys,”®'** periodic trends in
molecular electrocatalysts for CO, reduction are not as well-
defined. In transition metal complexes, catalytic properties
have been regularly studied and described on a metal-by-metal
or ligand-by-ligand basis. The CO, reduction activity of tran-
sition metal complexes is strongly influenced by both the
metal center and the ligand design. In particular, secondary-
sphere effects have been more widely adopted for efficient
CO, binding and activation, which ultimately resembles the
“bifunctional” or multisite activation pathways favored by
metalloenzymes.

There are periodic trend observations worth mentioning
when analyzing the transition metal molecular electrocatalysts
for CO, reduction in groups. The activity trends, which are
largely derived from the d electron counts, redox properties,
and electronic structure shifts, can be described horizontally
and vertically.

Horizontal trends:

1. The mid transition metals (like Cr and Mn) favor strong
n-accepting ligands and late transition metals (like Ni) favor
strong c-donating ligand for CO, activation.

2. The oxidation state achieved by a transition metal catalyst
during CO, reduction cycles generally increases across the per-
iodic table.

3. Late transition metals appear to afford both CO and
formate production catalysts while mid transition metal only
show activity toward CO production.

Vertical trends:

1. 3d, 4d and 5d metal complexes in the same group show
similar CO, reduction activity where the metal centers display
“isoelectronic” effects. However, this is more applicable with
mid-transition metals than late transition metals.

2. Stronger metal-ligand interactions lead to increasing d
orbital splitting and more negative working potentials for the
4d and 5d metal complexes.

There are continuing challenges for electrocatalytic CO,
reduction with homogenous catalysts. As of now, the best
reported molecular electrocatalysts for CO, reduction have not
shown stability for more than a few days."** Also, there has not
yet been a breakthrough in our understanding of how to con-
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sistently achieve multielectron reduced products beyond the
paradigmatic CO or HCOOH. The development of the next
generation of CO, reduction catalysts will require combined,
multidisciplinary efforts focused on understanding these
effects and their consequences to challenge the generality of
the trends summarized here.
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