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Active Sites of Cobalt Phthalocyanine in Electrocatalytic CO,

Reduction to Methanol
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Chungseok Choi, Yuanzuo Gao, Chun-Wai Chang, Gary W. Brudvig, Zhenxing Feng,* and

Hailiang Wang*

Abstract: Many metal coordination compounds catalyze
CO, electroreduction to CO, but cobalt phthalocyanine
hybridized with conductive carbon such as carbon nano-
tubes is currently the only one that can generate
methanol. The underlying structure-reactivity correla-
tion and reaction mechanism desperately demand
elucidation. Here we report the first in situ X-ray
absorption spectroscopy characterization, combined
with ex situ spectroscopic and electrocatalytic measure-
ments, to study CoPc-catalyzed CO, reduction to
methanol. Molecular dispersion of CoPc on CNT
surfaces, as evidenced by the observed electronic
interaction between the two, is crucial to fast electron
transfer to the active sites and multi-electron CO,
reduction. CO, the key intermediate in the CO,-to-
methanol pathway, is found to be labile on the active
site, which necessitates a high local concentration in the
microenvironment to compete with CO, for active sites
and promote methanol production. A comparison of the
electrocatalytic performance of structurally related por-
phyrins indicates that the bridging aza-N atoms of the Pc
macrocycle are critical components of the CoPc active
site that produces methanol. In situ X-ray absorption
spectroscopy identifies the active site as Co(I) and
supports an increasingly non-centrosymmetric Co coor-
dination environment at negative applied potential,
likely due to the formation of a Co—CO adduct during

the catalysis.
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Cobalt phthalocyanine (CoPc) is one of the most attractive
electrocatalysts for CO, reduction.! Nearly 40 years ago,
Lewis etal. discovered that CoPc deposited on carbon
electrodes could reduce CO, to CO in aqueous electrolyte.”!
Since then, various heterogeneous CoPc electrocatalysts
have been reported, including those where the molecule is
supported on carbon nanomaterials,®! encapsulated in
polymers,™ or built into metal-organic frameworks."”! Nearly
all these reported catalysts demonstrate high selectivity for
CO, with some achieving >95 % Faradaic efficiency (FE)
and over 100 mA/cm? partial current density for CO (jco)
with stability for tens of hours.”*d In addition to the reports
of selective CO production, an early work found that CoPc
catalyzed CO, electroreduction to methanol (MeOH),®
although the partial current and FE were very low. We
recently discovered that CoPc noncovalently anchored on
multiwalled carbon nanotubes (CoPc/CNT) is highly active
for electrochemical CO, reduction to MeOH."! This was the
first report of a molecular catalyst with appreciable activity
for MeOH production from CO,, and the catalyst yields an
optimal FEy.on of 44% and jy.on of 10.6 mA/cm? at
—0.94V vs the reversible hydrogen electrode (RHE). The
catalytic onset occurs at potentials more cathodic than the
CO-selective range and MeOH is always produced concom-
itantly with CO."®! Recent studies demonstrate the robust-
ness of this reaction using slightly modified versions of the
catalyst: Ye et al. achieve jy.on Up to 66.8 mA/cm? from CO,
reduction catalyzed by CoPc on single-walled CNTs in a
flow-cell reactor,”’ while we report highly selective CO
electroreduction to MeOH up to 84% FE catalyzed by
cobalt B-tetraamino-phthalocyanine on CNTs (CoPc—NH,/
CNT)."! This novel catalytic activity has opened doors to
new research directions, such as electrocatalytic C—N
coupling that takes advantage of electrophilic intermediates
in CO, reduction to MeOH to synthesize organonitrogen
compounds,®™¢ as well as photoelectrochemical CO,-to-
MeOH conversion utilizing CoPc integrated with semi-
conducting silicon.®

Despite the progress made towards developing the
unique reactivity of CoPc catalyzing CO, electroreduction to
MeOH, there remain several key questions regarding the
active site and catalytic mechanism of the reaction yet to be
answered. Firstly, what is the role of the carbon support in
the catalysis? Thus far, all MeOH-producing CoPc electro-
catalysts are molecularly dispersed on graphitic carbon
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substrates.”* Regarding the molecular structure of the
catalyst, what motifs are critical to MeOH production and
can similar molecules catalyze the reaction? Other Co—N,
catalysts, such as cobalt porphyrins," corroles,'” and
single-atom catalysts!' have been reported to produce CO
but not MeOH. The catalytic mechanism of the reaction is
also uncertain: what are the key intermediates in the CO,-
to-MeOH pathway and do they remain bound to the active
site throughout the reaction? Initial work suggests CO is an
intermediate, but this fails to explain why MeOH is
produced only when there is also a high rate of CO
production.’ ¥ Lastly, what is the oxidation state and
coordination environment of Co in the active catalyst? Prior
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studies have produced contradictory results with some
suggesting Co(IT)[™! with a doubly reduced ligand and others
a Co(I)"% with a singly reduced ligand active site. Answering
these questions is critical to advancing our understanding of
electrocatalytic CO, reduction chemistry and to developing
this CO,-to-MeOH system toward practical application.
Prior spectroscopic and mechanistic studies of CoPc electro-
catalysts have been performed on CO,-to-CO active
systems,'®'"l or very recently a CO-to-MeOH system;!'¥!
however, there are still no prior in situ spectroscopy studies
of CoPc operating at CO,-to-MeOH conditions. Probing the
molecular environment at the MeOH-formation active site
is needed to help us understand the catalytic pathway.
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Figure 1. a. Schematic depiction of CoPc/CNT. b. Ex situ Co K-edge XANES of CoPc and CoPc/CNT. c. Normalized UV/Vis absorption of dissolved
CoPc and dispersed CoPc/CNT in ethylene glycol. d. Raman spectra of CoPc and CoPc/CNT solids. e. CVs of CoPc and CoPc/CNT at 50 mV/s in Ar-
saturated 0.1 M aqueous KHCO;. f. Peak current density as a function of scan rate from CVs of CoPc/CNT.
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In this work, we carried out X-ray absorption spectro-
scopy (XAS) studies, both ex situ and in situ, in combination
with mechanistic electrocatalytic studies to answer these
questions. We show that the CoPc/CNT catalyst contains a
majority of monodispersed CoPc molecules with strong
electronic coupling to the underlying graphitic CNT surface
that causes a distortion from square planar molecular
symmetry. By investigating the relationship between catalyst
loading and FE,. oy as well as that between jco and jyeomn,
we unveil an unusual property of the catalyst: CO is a highly
labile intermediate that desorbs off the active site leading to
competition between CO, and CO reduction. Comparing
the electrocatalytic activity of three different CoPc-related
compounds reveals that the bridging aza-N atoms are
necessary to unlock the MeOH pathway. In situ X-ray
absorption near edge structure (XANES) results verify that
the resting state of the catalyst is Co(I) at all catalytically
active potentials, and the molecule becomes increasingly
non-centrosymmetric with negative applied potential possi-
bly due to binding of the CO intermediate. Extended X-ray
absorption fine structure (EXAFS) fitting indicates the
Co—N, coordination remains intact throughout catalysis
while a Co—C bond appears at catalytically active potentials.

Our previous characterization of CoPc/CNT has re-
vealed molecular dispersion of CoPc on the graphitic CNT
surface (Figure 1a), which is critical to the high catalytic
performance towards CO, reduction to MeOH.[815%11 1p
this work, we further demonstrate that this interaction
modifies the electronic and geometric structures of the CoPc
molecule. Ex situ Co K-edge XAS shows a significant
decrease in the intensity of the 7715 eV pre-edge feature
upon molecular dispersion of CoPc onto CNTs (Figure 1b).
The 7715 eV feature is assigned to the 1s—4p, transition
and is characteristic of square planar complexes.™! It is well
documented that axial coordination to create a square
pyramidal complex will suppress this peak.'"**!) The partial
quenching of the feature indicates electron donation from
the CNT into the Co 3d,”/4p, orbitals of CoPc, thereby
changing the molecular symmetry from Dy, to C,.”? This
electronic donation interaction is also evidenced by a red-
shift in the UV/Vis absorption Q-band (Figures lc, S1),
which is known to occur when the electron density at the Co
center of CoPc is increased, for example, by axial coordina-
tion of pyridine,” appending electron-donating groups to
the Pc ligand,” or one-electron reduction of the molecule.*!
The electron donation from the CNT may make CoPc more
nucleophilic by increasing the energy of the d,*> molecular
orbital, and thus increase its reactivity towards CO, and
even CO. Molecular dispersion of CoPc on the CNT surface
is consistent with the suppression of Raman features under
1000 cm™! (Figure 1d), possibly due to the limited out-of-
plane vibrational modes of noncovalently anchored CoPc.”*!
The highly symmetric cyclic voltammogram (CV) with small
peak-to-peak separation is characteristic of fast electron
transfer kinetics consistent with a surface-adsorbed catalyst
(Figures le, f, and S2).”! Much larger Co(II)/Co(I) redox
waves in CoPc/CNT compared to free CoPc deposited on
carbon paper, despite both catalysts having the same mass
loading of CoPc molecules, clearly demonstrates that
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molecular dispersion on CNTs leads to a much larger
fraction of electroactive molecules (61 % vs 3 %). Although
these results help us understand the active sites of CoPc/
CNT, they cannot fully decouple the role of the support
interaction from the intrinsic activity of the CoPc molecule
for catalytic CO, reduction to MeOH. Distinguishing these
two factors is challenging due to the propensity of CoPc to
form insulating aggregates in the solid state.

To better understand the role of CO in the CO,-to-
MeOH reaction pathway, we prepared electrodes with
varied loadings of electrocatalyst and assessed their MeOH
activity via controlled potential electrolysis (CPE) at two
distinct potentials. In this study, we used CoPc—NH,/CNT,
which we previously demonstrated to display very similar
catalytic activity to CoPc/CNT but with enhanced stability.”!
When plotting catalyst loading against FE,,.oy We observe
an unexpected positive relationship (Figure 2a). At —0.9V,
the lowest-loading electrode (0.02 mg/cm?) showed an
FEyecou of 2%, whereas the highest-loading electrode
(0.8 mg/cm?®) achieved a much higher FEy.oy of 28 %. What
causes this massive discrepancy in selectivity? Plotting jye.on
against joo helps us answer this question (Figure 2b). At
—0.9V, low jyeon is achieved at joo less than ~17 mA/cm?
however, once this threshold is reached, jy.oy increases
rapidly. A similar trend is observed at —1.0 V but the jco
threshold is approximately half as large, possibly due to
stronger CO binding at more negative applied potential.
These data paint a picture of a labile CO-bound intermedi-
ate in the CO,-to-MeOH reaction catalyzed by CoPc—NH,
(Figure 2¢): a high local concentration of CO needs to be
generated in the catalyst microenvironment to push the
reaction pathway to MeOH. The dependence of MeOH
activity on the local CO concentration is further illustrated
by a simple experiment using the CoPc—NH,/CNT electro-
catalyst with and without stirring the electrolyte in the
cathode chamber. Without stirring, the catalyst yields 35 %
FE\on, Whereas with vigorous stirring nearly all the MeOH
activity is suppressed and replaced by selective CO produc-
tion (Figure S3). This dependence helps explain why some
other studies of CoPc electrocatalysts operating at lower
current densities or under different mass transport condi-
tions were not able to generate MeOH in significant yield.
These results indicate that opportunities exist to improve
the electrocatalytic performance of this system by modifying
CoPc-based catalysts to increase the binding strength to CO
or operate under high CO concentration.!"”

We next sought to identify the structural motifs present
in CoPc and its peripherally substituted derivatives which
activate them for CO, reduction to MeOH. To do this, we
prepared and tested CNT-supported cobalt tetrabenzopor-
phyrin (CoTBP/CNT) and cobalt tetra-tert-butyl tetraaza-
porphyrin (CoTAP/CNT), which are structurally very sim-
ilar to CoPc/CNT but missing certain functionalities
(Figure 3a-d). CoTBP has C atoms in the place of the Pc
ring’s bridging aza-N atoms, while COTAP has tBu groups in
the place of the Pc benzene rings. These two electrocatalysts
were evaluated by CPE at several applied potentials and
compared to CoPc/CNT and CoPc—NH,/CNT (Figure S4).
CoPc/CNT generates MeOH at all potentials from —0.8 to
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Figure 3. Molecular structures of a. CoPc, b. CoPc—NH,, c. CoTBP, and d. CoTAP. Potential-dependent jy.on and FEy.on from electrochemical CO,
reduction in 0.1 M aqueous KHCO; catalyzed by e. CoPc, f. CoPc—NH,, g. CoTBP, and h. CoTAP molecules supported on CNTs.

—1.0 V with optimal selectivity above 40 % FE at —0.95V
(Figure 3e). CoPc—NH,/CNT shows similar catalytic activity
but with a slightly more negative optimal potential and
lower max FEy. oy (Figure 3f). In contrast, CoTBP/CNT
does not generate MeOH at any of the tested applied
potentials (Figure 3g). COTAP/CNT shows some activity for
CO, reduction to MeOH, although at even more negative
potentials than CoPc—NH,/CNT (Figure 3h). CoTAP/CNT
achieves a FEy.oq of 8% and jyeon of 1.8 mA/cm® at
—1.15 V. These results demonstrate that the bridging aza-N
atoms in the Pc macrocycle are essential in creating the
active site for MeOH production. This result helps explain
why some other Co—N, electrocatalysts that are active for
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CO, reduction to CO, such as cobalt porphyrins, do not
produce MeOH. The presence of bridging N atoms may
either directly or indirectly influence the catalysis. For
example, they may directly interact with reaction intermedi-
ates, they may operate as a proton relay (a theoretical study
indicates that these N atoms get spontaneously hydro-
genated at MeOH producing potentials),* or they may
alter the binding strength of Co to CO. These results
illustrate the role of second-shell coordination effects in
single atom catalysts, and the underlying opportunity to
tailor active sites via mechanism-guided optimization.

To better understand the active site for MeOH produc-
tion, we studied CoPc—NH,/CNT under electrocatalytic CO,
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reduction conditions by in situ XAS with a custom-designed
cell for fluorescence detection (Figures S5 and S6). It is
important to note that CoPc—-NH,/CNT is stable for 12+
hours under CO,-to-MeOH conditions whereas CoPc/CNT
deactivates in a few hours; therefore, multiple-hours long
measurements such as in situ XAS studies should utilize the
CoPc—NH,/CNT catalyst to ensure they are probing the
reaction of interest. At open circuit voltage (OCV), there
are two distinct pre-edge features at 7710 eV and 7715 eV
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(Figure 4a). Upon application of a mildly cathodic potential
of —0.3 V, which is past the first reduction of CoPc—NH,
(observed at ~0.0 V in the CV in Figure S7) but before the
onset of catalytic current, we see a significant edge shift of
the XANES spectra (Figure 4b). This is strong evidence for
the first reduction of CoPc—NH, being metal-based Co(I11)—
Co(I), which might have been incorrectly assigned in our
earlier work.” Note that this reduction is not adequate for
CoPc—NH, to reduce CO, and further reductions are needed
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Figure 4. a. Co K-edge XANES spectra of CoPc—NH,/CNT at varied applied potential in CO,-saturated 0.1 M aqueous KHCO;. b. Zoom in on edge
shift. c. Zoom in on 7710 eV feature. d. Zoom in on 7715 eV feature. e. Pre-edge peak areas (Figure S9) as a function of applied potential.
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to activate the catalyst.”” As the potential is stepped up
more negatively all the way up to —1.1 V, the edge position
does not move, indicating that the second reduction is
ligand-based and the Co(I) oxidation state persists. The shift
in edge position is mostly reversible upon returning to the
original OCV potential (Figure S8). The pre-edge feature at
7710 eV is assigned to the Co 1s—3d transition. Upon first
reduction of the CoPc—NH, molecule (going from OCV to
—0.3V), the peak is almost completely quenched (Figur-
es 4c, e and S9), which is likely due to the increased density
of states in the Co 3d orbitals from an electron being added
into the 3d,” orbital. As the applied potential is shifted more
negative, the pre-edge feature increases in area before
beginning to level off between —0.9V and —1.1V, the
optimal potential range for MeOH production. Considering
that this feature is known to increase in intensity as a metal
site distorts from centrosymmetric to a non-centrosymmetric
coordination environment, a result of increased 3d-+4p
mixing in the reduced symmetry environment,***! we
correlate its increase to the axial binding of the CO
intermediate to the Co center. As noted previously, the pre-
edge feature at 7715 eV is assigned to the 1 s—4p, transition,
which is known to be sensitive to axial coordination. Upon
the first reduction from OCV to —0.3V, there is no
significant change to the peak area, although the peak has
visibly broadened (Figure 4d, e). Upon applying more
negative potentials, the peak decreases and virtually dis-
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appears. The potential-dependent decrease of the 7715 eV
pre-edge peak matches closely to the catalytic onset of CO,
reduction (Figure S10), reflecting a coordination change
caused by axial binding of CO, or CO to the Co center in
the reduction intermediates.

EXAFS fitting of the in situ XAS results reveals that
Co—N, coordination is maintained at all applied potentials
while Co—C coordination appears at catalytically active
potentials (Figure Sa—c, Table S1). R-space fitting results
show Co—N coordination at a bond length of 1.92 A. Co—C
coordination appears at a bond length of 1.79 A at —0.7 V
and —1.1V, potentials where CoPc—NH,/CNT is catalyti-
cally active for CO, reduction to CO and MeOH, respec-
tively. These results demonstrate that the molecular struc-
ture of CoPc—NH, is maintained throughout electrocatalysis.
Considering that the Co—C coordination appears in the
active potential range of CO, reduction to CO and then to
MeOH, we hypothesize that the resting state of the
CoPc—NH, electrocatalyst may be five-coordinate with
axially bound CO (Figure 5d). The Co—C bond length from
our EXAFS fitting matches well with the bond length of a
Co(I)Pc'"—CO intermediate predicted in a prior computa-
tional study.’*! The presence of bound CO on the active site
under working conditions agrees well with the in situ
XANES results discussed above and is consistent with the
finding that proton-coupled electron transfer to the CO
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and fitting. c. Coordination number for Co—N and Co—C bonds as a function of applied potential. d. Structure models of resting state CoPc—NH,/

CNT within different applied potential windows.
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intermediate is the rate-determining step of the CO,-to-
MeOH reaction.!!"!

In summary, our spectroscopic and electrocatalytic
investigations advances the field’s mechanistic understand-
ing of electrochemical CO, reduction to MeOH on CoPc-
based electrocatalysts. Molecular level dispersion of CoPc
on the CNT support is key to the high catalytic activity. CO
is a labile intermediate that must be produced with high
enough local concentration in order to be further reduced to
MeOH. The bridging aza-N atoms in the Pc structure are
critical for CoPc’s activity to form MeOH from CO,
reduction. Oxidation state and coordination environment
changes of the Co center under reaction conditions, as
revealed by in situ XAS measurements, are necessary to
propel the CO,-to-MeOH conversion. These results open
the door for further work to improve the electrocatalytic
performance of this system, as well as push forward the
development of other molecular electrocatalysts for multi-
electron CO, reduction.
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