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ABSTRACT: A CoPc/CNT system was recently reported to transform CO» to methanol via electrochemical reductions, despite the
catalyst has been studied since the 1980s, such observations were not reported earlier. A clue to the high methanol selectivity is that
CoPc exist as mainly as monomers in the new report while in earlier works CoPc aggregates dominate. Here we have studied the
reactivity of monomeric and dimeric CoPc by DFT. The mechanism involves rate limiting CO2 association, with the C-O cleavage
step being having very similar activation free energy. Once the Co-CO" intermediate is formed the reaction bifurcates with two
possible paths, CO dissociation or further reduction and protonation to give the Co-CHO" intermediate, which then leads to methanol
by further reactions. For the monomeric species at low reduction potentials CO dissociation is favored, but the formation of Co-CHO
becomes competitive at more negative applied potentials. For the dimer the CO dissociation is always favored, and the reduction
needed to form the C-H bond is negative enough for it not to be observed. The more difficult reduction stems from repulsive interac-
tions between the Co-Pc units and lower solvent stabilization of the charge in the aggregate.

Introduction

The conversion of CO; into value-added product such as CO!
or methanol® is gaining more attention from the society as a re-
sult of the worsened environmental situation associated with
high atmospheric CO, concentration® as well as the increasing
demand for energy globally*. Electrochemical CO, reduction is
of particular interest as it allows mild operating conditions,
which potentially enable on-demand industrial operation® if sta-
ble and highly efficient catalysts are found. A wide selection of
materials have been tested, ranging from transition metals such
as copper® , silver’ or gold®; organometallic catalysts with mac-
rocyclic ligands®' or ter/bipyridine ligands'' etc. Some molec-
ular catalysts”'? exhibit dramatically improved reactivity under
heterogenous conditions when they are immobilised on a non-
reacting carbon-based electrode and using water as the reaction
medium. For example, in terms of turnover frequency (TOF),
a dramatic increase of 3 orders of magnitude'® was observed for
cobalt phythalocyanine (CoPc). As a heterogenous catalyst, it
exhibits superior reactivity, good stability as well as low over-
potential when comparing to other hybrid catalysts. Moreover,
it is the first transition metal complex reported that enables CO,
to methanol reduction with good yields'.

Hybrid molecular catalyst/carbon support materials rely on
the m-m interactions between the catalyst and a carbon support-
ing material. However, such binding is by definition weak and
low stability can limit larger scale production”'’. Our previous
work on a Co(TPP)/carbon nantotube (CNT) system'* illus-
trated that flat catalysts tend to aggregate on CNTs as a result
of stronger n-m interactions among the catalysts as compared to
between the catalysts and the CNTs. Therefore, the curvature of

the CNT plays an essential role in aggregation tendency: wider
CNTs have better contact with the catalysts resulting in a re-
duced degree of aggregation. Apart from switching to flatter
supporting materials, other proved methods that can minimise
aggregation and hence improve TOF including (1) add bulky
side groups to reduce the level or inter-catalyst n-m interactions
; (2) grow a polymerised form of the catalyst'® on the CNT elec-
trode, which can give as good TOF for CO, to CO conversion
as the highly dispersed CoPc/CNT system ; (3) incorporate the
molecular catalyst in rigid structures such as metal organic
frameworks (MOFs)!® or covalent organic frameworks
(COFs)". Furthermore, aggregation'® could in some cases block
certain reaction pathways as demonstrated by Wang et a/ in a
recent study'?. The sophisticated catalyst preparation method
therein suggests that only when CoPc molecules are well dis-
persed, can methanol be obtained as the major product from
CO; reduction at a relatively low reductive potential of -1.35V
(vs. SHE). A few earlier reports!®? together with some recent
works?'?? of the same catalyst have only obtained trace amount
of methanol (Faradaic Efficiency < 5%), if any. These observa-
tions highlight the importance of a highly dispersed system in
CO; to methanol reduction.

Herein we present a computational study on the difference in
reactivity between monomeric CoPc and dimeric CoPc, which
is the simplest form of aggregates. In agreement with previous
computational® and experimental studies®?*, our results sug-
gest that the catalyst-CO adduct is a key intermediate. We ex-
amined possible (further) reaction pathways of both monomer-
CO and dimer-CO adducts, comparing reduction and



consecutive protonation, and the competing CO dissociation
pathway which can limit further reduction to methanol.

Results and Discussions
Monomer Reactivity

We calculated the reductive potentials for the CoPc/CoPc” (-
0.30V vs. SHE) and CoPc/CoPc¢* (-0.96V vs. SHE) couple,
which fit well with experimental measured reductive potentials
obtained for a CoPc/graphite system ( -0.34V, -0.71V) in water
13, In agreement with previous DFT? and electron-spin reso-
nance (ESR) spectroscopic studies?’, we confirmed that the
unpaired electron resides in the metal d,* orbital for CoPc (Fig-
ure la) and that the first reduction fills the metal d,> orbital
forming (Co'Pc).

(a) (b)
Figure 1. The spin density of (a) CoPc and (b) CoPc*

Molecular orbital (MO) analysation of (Co'Pc) suggests that
upon the full-filling of d,? orbital, its energy is lowered and the
degenerate dy,, dy, orbitals are now HOMOs. Since these three
orbitals are very close in energy (Figure S1), shift in their align-
ment should be possible upon further reduction. The two de-
generate LUMOs are ligand based but have some dx,/dy, char-
acter.
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Figure 2. (a) Orbital-alignment in (Co'Pc) and (b) the proposed
orbital occupation for (CoPc)*

The nature of the second reduction is less clear’’?**, ESR
spectrum yields a narrow resonance close to 2.0023 (i.e. g factor
for the free electron), suggests the doublet nature of (CoPc)*.
However, no determine evidence exist in where exactly the

unpaired electron locates. The twice reduces CoPc exhibits new
absorptions in the 900-1100 nm region®® in the UV-vis spec-
trum, which was believed to be ligand based n-n* transitions,
suggesting the reduction being ligand-based. One should also
note that the disproportionation energies for (CoPc)* is signifi-
cantly lower than other MPcs where reductions are all ligand
based, indicating the reversion back to Co" after the second
reduction’’. We used both electronic structures as the initial
guess and got (CoPc)* with the unpaired electron in the previ-
ously fully occupied the d../dy, orbital as the optimised config-
uration irrespectively (Figure 2b). This indicates a certain level
of metal-to-ligand electron transfer (dy./dy, > =) and the twice
reduced species exists as (Co"Pc)*, which is further evidenced
by partial charge analysis — Co becomes more positively

charged wupon the second reduction (Table 1).
Spicies Co'"Pc (Co'Pey (Co"Pc)*
Charge 041 0.25 0.36
Spin 1.03 N/A 0.78
Species (CoPc-CO.)* (CoPc-COOH) CoPc-CO
Charge 025 0.40 0.45
Spin 0.092 0.025 1.02

Table 1. Mulliken partial charge and spin density analysis on
the Co centre for relevant CoPc species

The calculated reaction profile at an applied potential of -
1.04V (vs. SHE), which is the optimal reduction potential re-
ported in experiment for CO production'?, is shown in Scheme
1. In line with an experimental study'®, our results indicate that
CO; binding is the rate determining step. The calculated acti-
vation free energy of 16.7 kcal/mol is in very good agreement
with experimental'? estimated value of 17.0 kcal/mol, which is
converted from a TOF of 2.7s! by transition state theory. CO,
binding at the once reduced state as an alternative pathway is
also possible as suggested by some studies'®*>3!, although it has
to go through a slightly higher energy barrier (18.4 kcal/mol vs.
16.7 kcal/mol). Nonetheless, such difference is within the error
range of DFT.

Upon CO; binding, d,? electrons interact with an empty C sp?
orbital, lowering the electron density on cobalt, which in turn
leads to a charge transfer from the phthalocyanine ring back to
the d,, orbital. This re-generates Co' (Table 1) and leaving the
unpaired electron on the phthalocyanine ring (Figure 3a). Upon
protonation, CO; is further polarised strengthening the Co-C
bond, shifting more electron density away from cobalt centre
(Table 1). The unpaired electron remains on the phthalocyanine
ring (Figure 3b) until the second proton attack, which triggers
C-O bond cleavage and releases water. In the CoPc-CO com-
plex the unpaired electron resides in the d,? orbital to avoid ex-
cessive repulsion with the CO lone pair (Figure 3c). Moreover,
the doubly occupied d,, and dy, cab interact with CO via t back-
bonding. Thereafter, as in-line with previous theoretical stud-
ies®2, spontaneous CO dissociation regenerates Co"Pc and
closes the catalytic cycle.
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Scheme 1. Reaction Profile for CoPc monomer at -1.04V
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Figure 3. The spin densities of (a) CoPc-CO-*, (b) CoPc-COOH
and (c) CoPc-CO

Competing reactions for CO release are: (1) ligand-based re-
ductions; and (2) protonation. The first reduction (-0.37V vs.
SHE) is exergonic at both -1.04V (vs. SHE) and -1.34V (vs.
SHE), while the preferred reaction afterwards is applied po-
tential-dependent (Scheme 2). At -1.04V, spontaneous CO
dissociation being the preferred pathway yielding (Co'Pc),
which is -6.5 kcal/mol lower in free energy; while at -1.34V,
we see a competition between CO dissociation (Scheme 2b,
blue) and protonation (Scheme 2b, purple), explaining why a
mixture of methanol and CO were obtained in the experi-
ments'2,
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Figure 4. Relaxed coordinate scans showing a spin cross over
during the CO dissociation process for CoPc¢*-CO at b3lyp-
d3/lacvp** level of theory

A spin cross-over was observed for (CoPc)*-CO as CO disso-
ciates (Figure 4), which resulted in a kinetic barrier of 5.0
kcal/mol. The same analysation was also performed for
(CoPc)-CO, but no cross-over effect was observed (Figure
S2).

Once the (CoPc)-CHO complex is obtained, an additional
protonation leads to Co-C bond cleavage and releases HCHO,
which spontaneously bond with Co centre on the O site with
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Scheme 2. Possible Reaction Pathways beyond Co" Pc-CO at
(2) -1.04V and (b) -1.34V

a reaction free energy of -13.5 kcal/mol. HCHO as a key in-
termediate is also suggested by another experimental study®'.
Under a formaldehyde atmosphere as oppose to CO, atmos-
phere, the TOF to methanol was dramatically increased by
more than 1000 times. This observation confirms that: 1) the
rate determining step for CoPc catalysed CO, to methanol re-
duction (e.g. CO; binding, Figure 3) takes place before for-
maldehyde binding, which is in line with our calculations,
with the caveat that no activation energies were calculated af-
ter (CoPc)-CHO formation; 2) formaldehyde binding as well
as steps afterwards are very fast, meaning very low activation
energies and/or negative reaction free energies are associated
with these steps.

According to our calculations, the next proton assisted re-
duction has an equilibrium reductive potential of -1.47V
which means that intermediate formed is merely 2.5 kcal/mol
higher in energy at -1.34V. The final proton assisted reduction
(-0.34V) is very facile. It affords methanol and closes the cat-
alytic cycle (Figure 5). Overall, the proposed mechanism for
CO; to CO then to methanol reduction agrees well with the
experimental data available as discussed in the current sec-
tion.
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Figure 5. Proposed reaction mechanism for CoPc monomer

Dimer Reactivity

A dimer is the simplest form of aggregates. By exploring
its reactivity, we can gain some insights in how aggregates
differ from monomers in reactivity apart from the fact that not
all active sites are accessible for CO, binding. In the case of
CoPc, experimental results suggest that the monomer can fur-
ther reduce CO to methanol while it is much less facile, if not
impossible, for aggregates'?. It was previously proposed that
the CoPc dimer exists in an eclipsed geometry as opposed to
a metal-over-metal staggered fashion (Table S3)***, to opti-
mise the favourable electrostatic interactions while reducing
the Pauli repulsion®®. Our DFT calculations suggest that the
open shell singlet (Figure 6a) and the triplet state (Figure 6b)
are very close in energy, as expected since the metals are well
separated. Non-the-less, all spin alternatives were optimised,
and the lowest energy spin-arrangement was selected for fur-
ther investigation.
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Figure 6. The geometry and spin density for (a) open shell singlet
(CoPc); and (b) triplet (CoPc),

We applied the same analogy to dimers, and found out that
after the first reduction, CO dissociation remains the preferred
reaction pathway even at -1.34 V. Compared to monomers,
the reductions are harder here due to a lower degree of

solvation stabilisation (Table S10). Since the added charge is
distributed on a larger system, it results in a lower charge den-
sity and hence weaker electrostatic interactions with water.
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Scheme 3. The Reaction Profile for Dimer-CO complex at -1.34V

The negligible amount of methanol observed in previous
studies at similar reductive potentials is likely produced by
trace amount of monomeric CoPc presented in the system. In
theory, a more negative applied potential can increase the
driving force for proton assisted reduction and hence favours
the formation of (CoPc)»-CHO, which is a key intermediate
for methanol production. Nonetheless, one should also bear in
mind that proton reduction always acts as a competing reac-
tion. Therefore, simply lowering the applied potential will not
necessarily lead to a higher FE for methanol. In one study,
where CO to methanol conversion (i.e. where CO dissociation
route is suppressed) was studied?', when applied potential was
further lowered to -1.76 V (vs. SHE), hydrogen production
dominates, and no methanol was detected.

The high electric field close to the electrode surface attracts
protons as well as other cations in the solution resulting in
higher local concentrations* in a non-linear fashion. One can



imagine sites on larger aggregates are located slightly further
away from the electrode surface where possibly experiences a
lower proton activity than at the surface. This could be yet
another reason making proton assisted reductions more diffi-
cult for aggregates, leaving spontaneous CO dissociation be-
ing the preferred reaction pathway. Furthermore, It is known
that the presence of cation in an electric field stabilises the
partial charges on the CO, oxygen atoms once it is activated,
lowering the energy barrier for CO, binding**. Hence CO,
binding may also be slightly harder for larger aggregates,
highlighting the superior activity of monomeric CoPc.

The present study explored the reaction mechanism for
monomeric and dimeric CoPc, and demonstrated that dimers
are harder to reduce due to a less-degree of solvation stabili-
sation, leaving CO dissociation being the preferred reaction
pathway. Our findings should in theory apply to larger aggre-
gates as well. Built on our previous work Co(TPP) aggregates
in a Co(TPP)/CNT system, the current work deepens our un-
derstanding on aggregate reactivity in heterogeneous catalysts
and explained that the formation of aggregates can, in certain
cases, block reaction pathways that may be desirable. We be-
lieve this finding is helpful for further catalyst design.
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