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CONSPECTUS: Molecular catalysts, often deployed in homogeneous conditions, are
favorable systems for structure—reactivity correlation studies of electrochemical reactions
because of their well-defined active site structures and ease of mechanistic investigation. In
pursuit of selective and active electrocatalysts for the CO, reduction reactions which are
promising for converting carbon emissions to useful fuels and chemical products, it is
desirable to support molecular catalysts on substrates because heterogeneous catalysts can
afford the high current density and operational convenience that practical electrolyzers
require. Herein, we share our understanding in the development of heterogenized metal
phthalocyanine catalysts for the electrochemical reduction of CO,. From the optimization
of preparation methods and material structures for the electrocatalytic activity toward CO,
reduction to CO, we find that molecular-level dispersion of the active material and high
electrical conductivity of the support are among the most important factors controlling the
activity. The molecular nature of the active site enables mechanism-based optimization. We
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demonstrate how electron-withdrawing and -donating ligand substituents can be utilized to modify the redox property of the
molecule and improve its catalytic activity and stability. Adjusting these factors further allows us to achieve electrochemical reduction
of CO, to methanol with appreciable activity, which has not been attainable by conventional molecular catalysts. The six-electron
reduction process goes through CO as the key intermediate. Rapid and continuous electron delivery to the active site favors further
reduction of CO to methanol. We also point out that, in homogeneous electrocatalysis where the catalyst molecules are dissolved in
the electrolyte solution, even if the molecular structure remains intact, the actual catalysis may be dominated by molecules
permanently adsorbed on the electrode surface and is thus heterogeneous in nature. This account uses our research on CO,
electroreduction reactions catalyzed by metal phthalocyanine molecules to illustrate our understanding about heterogeneous

molecular electrocatalysis, which is also applicable to other electrochemical systems.
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I. INTRODUCTION

Being a promising approach to the conversion of CO, emissions
into fuels or commodity chemicals using renewable electricity as
an energy input under ambient temperature and pressure,
successful electroreduction of CO, still necessitates the
development of active and selective catalysts to improve the
efficiency of the reaction.’™ Molecular catalysts, compared with
other electrocatalytic materials (e.%, metals, metal alloys, metal
oxides, and metal chalcogenides),”” are particularly interestin§
systems because of their well-defined active site structures.' '

Molecular electrocatalysts are traditionally studied in the
homogeneous electrocatalysis configuration where the catalyst
molecules need to shuttle between the electrode surface to
receive electrons and the bulk solution where it reacts with CO,.
This setting allows for kinetic analysis using derived
physicochemical models and for characterization of reaction
intermediates in the solution, which can provide valuable
mechanistic insights at the molecular level. The understanding
of the reaction pathway, in particular the rate-limiting step, can
further guide the design of improved catalysts or identification of
reaction conditions that favor the catalysis."'~"* On the other
hand, heterogenized molecular catalysts are more suitable for
real-world applications. First, the heterogenization enables
continuous and rapid transport of electrons to the catalytic
center and can therefore afford high current density.”'*~'°
Second, heterogenized molecular catalysts can achieve a much
higher spatial density that is not limited by the solubility and
diffusion of the molecule."* Third, the localization of active
material on the electrode offers much higher operational
convenience that electrolyzers require (e.g, membrane
electrode assembly).'” Because of the intimate contact and
interaction between the catalyst molecules and that between the
catalyst molecule and electrode, the inhomogeneity at the
reaction interface allows many factors to affect the catalytic
reactivity of heterogenized molecules. This intrinsic complexity
opens up opportunities for using interdisciplinary approaches to
bridge the gap between homogeneous and heterogeneous
catalysis, as has been demonstrated in recent studies of
immobilized molecules achieving superior catalytic perform-
ance'lS—Z()

Transition-metal phthalocyanine (MPc) complexes are a
particularly suitable class of molecules to explore for
heterogeneous molecular catalysts because of their generally
low solubility in aqueous media,”" their extended 7-electron
system that facilitates adsorption on the electrode surface (e.g.,
carbon substrates) through noncovalent interactions,”” and the
possibility to study the catalytic reactivity trend across different
metal centers and ligand substituents.”> Many of the early
studies on heterogeneous MPc catalysts were mainly focused on
performance screening with little attention paid to the various
aspects that resulted in or could affect the observed catalytic
performance.”* ™’ In this account, we take snippets of our
research on heterogeneous MPc electrocatalysts as examples to
demonstrate how their molecular structures and nanoscale
interactions can be tailored to achieve enhanced activity for
known products and selectivity for new products in CO,
electroreduction.'™*'***7*! Given the availability of more
general reviews on molecular electrocatalysts for CO, reduction
reactions,' ' ®'*?>* this Account focuses on the important
structural parameters of heterogeneous molecular electro-
catalysts, including molecule dispersion and ligand modification,
that lead to distinct catalytic selectivity and activity. Exper-
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imental operations that are essential for achieving such
structures and catalytic performance are emphasized. The
insights gleaned from our studies should also benefit other
electrochemical reactions catalyzed by heterogenized molecular
complexes.

Il. HETEROGENIZATION OF MOLECULAR CATALYSTS

Molecular complexes in their crystalline form are generally poor
electrical conductors.”” As a result, any aggregation of molecules
on the electrode surface that resulted from a straightforward
drop-casting method would likely hamper the electron transfer
to the surface of the molecular solid where the catalysis takes
place.'®'” Additionally, most of the molecules in the aggregates
would not be catalytically active due to the lack of exposure to
the reactants (e.g, CO,). For these reasons, the intrinsic
catalytic reactivity of molecules can only be exposed when they
are well-dispersed on the electrode surface and electrically wired
to the current collector, ideally at the single-molecule level."*> In
order to increase the spatial density of the molecular catalysts
while maintaining a well-dispersed state of the molecules, they
can be deposited on a high-surface-area nanocarbon material.
These rationales are rooted in our earlier research on growing
(often electrically insulating) inorganic nanoparticles on
graphene sheets or carbon nanotubes (CNTs) for electro-
chemical energy conversion and storage.36’37 In our studies,
multiwalled CNTs are chosen because (i) they are highly
conductive (10*—10°Sm™' vs 4 X 1077 S m™! for CoPc solid, for
example),”®” (ii) they have a high specific surface area (>100
m? g7')* and can form a porous film on the electrode®" to help
achieve a high geometric loading of catalyst molecules while still
maintaining the molecular level of dispersion, and (iii) they are
relatively inert under electrochemical CO, reduction conditions.
It is critical to use CNTs with low levels of defects and
contaminants (e.g., transition metal catalysts used in CNT
growth)** to minimize side reactions (e.g., H, evolution) during
electrocatalysis. Calcining as-received CNTs in air to remove
amorphous carbon followed by acid wash to remove the exposed
metal impurities is therefore necessary (Scheme 1).*** In order

Scheme 1. Procedures for Pre-treating As-Received CNT's
and Assembling MPc/CNT Hybrid Catalyst Materials

Amorphous
: carbon FC

1. Annealing in air
—_—
2. Acid wash

nanoparticles

to achieve good catalyst dispersion on CNTs, it is essential to
disrupt the 7—7 interaction between the MPc molecules and
promote that between MPc and CNT. Choosing a proper
solvent (e.g., N,N-dimethylformamide, DMF) to disperse CNTs
and dissolve MPc in combination with strong mechanical
agitation to maximize the contact and interaction between MPc
and CNT is therefore also necessary. Following these
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Figure 1. (a) Electron-microscopy images of CoPc/CNT (left) and bare CoPc crystals (right). (b) Comparison of CO partial current density by bare
CoPcand CoPc/CNT at various cathode potentials in 0.1 M KHCO;. (c) Comparison of CO partial current density by bare NiPc and NiPc/CNT on
a GDE in a flow cell at various cathode potentials in 1.0 M KHCOj;. Panels a and b adapted with permission from ref 1. Copyright 2017 Springer
Nature. Panel ¢ adapted with permission from ref 4. Copyright 2020 Springer Nature.

considerations, we successfully developed a straightforward
sonication method (Scheme 1) to uniformly deposit MPc
molecules onto prepurified CNTs in DMFE."”** The afforded
hybrid catalyst, once washed and freeze-dried, can be used to
prepare catalyst ink with an ionomer binder, ready to be drop-
cast onto electrode substrates (e.g., carbon fiber paper). Since
this hybridization strategy does not rely on specific interactions,
it is expected to generally work for other planar molecules
bearing large conjugated 7 systems.

Boosting CO,-to-CO Conversion

The dramatic effect of molecule dispersion on catalyst activity
was demonstrated in our study of CO, reduction to CO
catalyzed by cobalt phthalocyanine (CoPc).' Although the
catalytic activity of CoPc for CO, electroreduction was first
reported more than 30 years ago,” little attention was given to
optimizing the preparation of catalyst electrodes. In most of
these studies, dissolved molecules were directly loaded on the
electrode without an effective attempt to enhance dispersion of
the molecues.”*>****® Using the hybridization method we
developed, we prepared a series of CoPc/CNT catalysts with
variable CoPc loadings." Good dispersion of CoPc molecules
can be achieved with loadings < 5 wt %. Electron microscopy
confirms the highly dispersed nature of CoPc on CNTs where
no standalone CoPc chunks can be found, whereas direct
deposition of CoPc on a carbon fiber paper electrode results in
obvious formation of aggregates (Figure la). The CoPc/CNT
hybrid catalysts delivers much larger catalytic current than the
directly deposited CoPc catalyst. At —0.63 V vs the reversible
hydrogen electrode (RHE) in CO,-saturated 0.1 M aqueous
KHCO; measured in an H-cell reactor, the partial current
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density of CO (jco) reaches 9.0 mA/cm? on CoPc/CNT (CoPc
loading, 2.5 wt %), corresponding to a 43-fold increase
compared to directly deposited CoPc despite the latter having
twice as many CoPc molecules (Figure 1b)." Such a drastic
increase in catalytic performance is the direct result of
molecular-level dispersion of the molecular catalyst on a high-
surface-area and highly conductive support. The same strategy
can be applied to assemble other MPc/CNT catalysts (M = Mn,
Fe, and Ni), all of which display superior reaction rates for CO,
reduction to CO over their MPc counterparts without CN'T.**
We note that uniform dispersion and reasonably high geometric
loading of MPc molecules are achieved simultaneously with our
hybrid catalysts. Although a relatively good dispersion may also
be achieved via direct drop-casting if one uses an ultradilute
solution of the molecule and limit the amount of ink deposited
onto the electrode, the geometric loading of the catalyst
molecules would be 2 to 3 orders of magnitude smaller due to
the much lower surface area of the electrode substrate compared
to the CNT network, which leads to much smaller catalytic
current than our hybrid catalysts.”

The high density of active sites on the MPc/CNT electrodes
leads to large kinetic current (i.e., the kinetically limited reaction
rate) which can be measured in a reactor equipped with a gas-
diffusion electrode (GDE) enabling much more enhanced mass
transport of CO, than that in a typical H cell."”*” In other words,
the reaction rate (i.e., current) measured for these catalysts in
the H cell does not fully reflect their intrinsic catalytic activity
because the reaction is controlled by diffusion rather than
kinetics in the high current density region. This situation
demands redesign of the reactor to enhance mass transport so
that the properties of the catalysts can be evaluated. It also

https://doi.org/10.1021/acs.accounts.1c00200
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Figure 2. (a) CO,-to-MeOH conversion catalyzed by CoPc/CNT via CO as an intermediate. (b) Product selectivity of CO, reduction catalyzed by
CoPc/CNT at various cathode potentials in 0.1 M KHCOj;. Reproduced with permission from ref 2. Copyright 2019 Springer Nature.

Table 1. Comparison between Molecularly Dispersed CoPc (Entry 1) and CoPc Solids (Entries 2 and 3) as Electrocatalysts for

CO, Reduction Reactions

entry 1

catalyst (year published) CoPc/CNT hybrid (2019)*

purity of CNT (%)

use)
solvent DMF (can dissolve CoPc)
CoPc/CNT assembly

material state

on CNT
methanol selectivity (FEy.o; %) 44
methanol formation rate 10.2

(current; mA/cm?)

98 (further purified in laboratory before

30 min of sonication and 20 h of stirring

near-molecular-level dispersion of CoPc

95 (used as received)

2 3
CoPc + CNT composite (2019)** CoPc (1984)**

CoPc drop-cast onto glassy carbon
electrodes

ethylene glycol (cannot dissolve CoPc)

physical mixture of CoPc aggregates

2 min of stirring after mixing

CoPc islands of different thicknesses

and CNT
0.3 <S
0.03 <0.05

indicates the potential of these catalysts in delivering high
reaction rates required for practical electrolyzers. For example,
an electrolyzer with a NiPc/CNT-loaded GDE cathode can
achieve joo over 130 mA cm™* with CO Faradaic efficiency
(FE(o) of over 90%. On the contrary, the GDE loaded with bare
NiPc only affords a joq smaller than 10 mA cm™ (Figure 1¢).*

The results discussed above showcase the merits of our
catalyst preparation strategy in both fundamental studies and
application-oriented devices. On one hand, the uniform
distribution of the molecular catalysts and their hybridization
with the nanocarbon support facilitates more rigorous studies of
the intrinsic catalytic reactivity of the molecules because
influences from variables such as morphology, size, and
conductivity of molecular solids are avoided. On the other
hand, the gain in catalytic performance from a higher loading of
electrochemically active catalyst molecules is essential for
potential real-world applications where the catalytic rate is no

longer capped by the diffusion limit of dissolved CO,.
Enabling CO,-to-Methanol Conversion

Electroreduction of CO, beyond two-electron processes is
desirable to access more useful products but has been difficult to
achieve for molecular catalysts. Despite a number of density-
functional-theory (DFT) calculations done on molecular
structures bearing M—N, structural motifs that suggest some
M—-N, may have suitable CO binding energy for further
reduction of bound CO,**™° the few catalysts reported active
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for further reduced products such as CH, only display very small
selectivity and current.”>* We conjectured that dissolved (i.e.,
homogeneous) catalysts or poorly dispersed heterogeneous
molecular catalysts are not suitable configurations for exposing
this activity because the electron transfer from the electrode to
the active site and further to the reactant/intermediate may not
be fast or continuous enough to keep up with the multielectron
transfer necessary for the deep reduction of CO,. This issue
could be solved with our MPc/CNT hybrid catalysts.
Remarkably, our CO-producing CoPc/CNT catalyst can
effectively mediate further reduction of CO to methanol if more
negative electrode potentials are applied, resulting in six-
electron reduction catalysis of CO, (Figure 2a). At —0.94 V vs
RHE in a CO,-saturated 0.1 M KHCOj solution, methanol
could be produced with a jy.oy of more than 10 mA cm™?,
corresponding to a FEy,qyy of over 40% (Figure 2b).” In light of
an early study where very small jy.o and FEy;oy were reported
for CoPc supported on glassy carbon electrodes (Table 1, entry
3),”* the ability to reduce CO to methanol is likely an intrinsic
property of CoPc molecules. Yet, significant selectivity and
activity toward methanol formation is only achieved when CoPc
molecules are well-dispersed on CNTs. Specifically, when the
electrode is loaded with a physical mixture of CoPc and CNTs,
both jy.on and FEy oy are only around 10% of the values for the
CoPc/CNT hybrid catalyst, despite the fact that the physical
mixture has more than 10 times the amount of CoPc in the
hybrid.” Notably, even lower performance (jyeon of 0.03 mA

https://doi.org/10.1021/acs.accounts.1c00200
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Figure 3. (a) Structures of soluble CoPc species. The floating substituent groups represent the stereoisomerism in the synthesis. (b) Control
experiments to verify the nature of the observed catalysis by soluble CoPc molecules. (c) Catalytic performance during the first and second electrolyses
for CO, and CO reduction. Adapted with permission from ref 3. Copyright 2020 Wiley.

cm™? with FEy,op of 0.3%) has been reported by others for a
physical mixture of CoPc and CNT,** which is comparable to
CoPc directly drop-cast on electrodes reported more than three
decades ago.”* In this case, lower purity CNTs were used
without further purification and casually mixed with CoPc solid
dispersed in a poor solvent (ethylene glycol) for a very short
time without sonication or extensive stirring (Table 1, entry
2).>* On one hand, this study confirms the intrinsic catalytic
reactivity for CO, reduction to methanol that was reported
earlier.”* On the other hand, the dramatic differences in
preparation, structure, and catalytic performance between this
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CoPc + CNT composite (physical mixture in nature) and our
CoPc/CNT hybrid (Table 1, entry 1) illustrates the critical
aspects of our heterogenization strategy for molecular
catalysts.>

While we have established that proper heterogenization of
CoPc on CNTs is a critical factor in rendering high activity and
selectivity for CO, reduction to methanol, the exact mechanism
through which CNT boosts not only jyeon but also FEy.on
warrants further investigation. On the basis of our current
understanding, two possible mechanisms can be proposed: (i)
the high surface area and porosity of the CNT network ensures a

https://doi.org/10.1021/acs.accounts.1c00200
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high local CO concentration necessary for the further reduction
of CO to outcompete the CO,-to-CO conversion; and (ii) the
interaction between CNT and CoPc affects the binding of CO to
the CoPc site, which in turn facilitates CO reduction to
methanol. Future experiments are needed to study the form and
magnitude of the interaction and its influences on catalysis,
including, but not limited to, (1) studying the electron transfer
rate from CNT to CoPc molecules, (2) detailed spectroscopic
studies of CoPc molecules in dispersed vs aggregated states, (3)
studying the reaction kinetics under different CO, and CO
partial pressures, and (4) in situ vibrational spectroscopy

probing the CO stretching frequency.

lll. HETEROGENEOUS OR HOMOGENEOUS
ELECTROCATALYSIS?

The observation that heterogenization of CoPc molecular
catalysts unlocks their catalytic reactivity for electrochemical
CO, reduction to methanol inspired us to consider whether
CoPc molecules dissolved in the solution phase could catalyze
the same reaction as homogeneous electrocatalysts. Considering
that unsubstituted CoPc is not soluble in aqueous media, we
synthesized two CoPc derivatives containing carboxylic acid or
quaternary alkyl ammonium groups that can render these
molecules as soluble in aqueous solutions (Figure 3a).” When
evaluated in the homogeneous electrocatalysis setting, they are
able to catalyze both CO, reduction to CO and CO reduction to
methanol.” At the first glance, this appears to be a homogeneous
catalysis mediated by the dissolved CoPc molecules since no
catalyst decomposition is observed. However, a careful rinse test
suggests otherwise. We thoroughly rinsed and soaked the used
electrode from the “homogeneous” electrolysis to remove
loosely bound molecules and then carried out a second
electrolysis with the rinsed electrode in a blank electrolyte
solution without any dissolved CoPc molecules (Figure 3b).>*
Interestingly, for both types of CoPc molecules, the second
electrolysis shows even higher jy.on or jco than the first one
(Figure 3c).

Qualitatively, these results, along with the cyclic voltammo-
grams of the electrodes prior to the second electrolyses, suggest
that the observed catalysis in the homogeneous reduction of
CO, and CO mediated by dissolved CoPc molecules are
predominantly catalyzed by CoPc molecules adsorbed on
electrode surfaces and therefore heterogeneous in nature. In a
broader context, the observation that not only catalytic activity
but also catalytic selectivity of the same molecular catalyst differ
in the homogeneous vs heterogeneous state is intriguing. Future
studies are needed to systematically investigate the contrast
between homogeneous and heterogeneous electrocatalysis in
aspects such as configuration of adsorbed molecules, rate of
electron transfer, mass transport of reactant, and structure of the
electric double layer.

Aside from our initial intent to verify that heterogeneous
electrocatalysis is much more effective for the multiple-electron
reduction of CO, or CO to methanol, it is somewhat surprising
that the CO,-to-CO conversion catalyzed by soluble CoPc
molecules in aqueous media is also a heterogeneous process.”
While this observation for our system containing soluble CoPc
complexes, aqueous electrolyte, and carbon paper electrodes is
perhaps a special case, it raises the possibility that seemingly
homogeneous electrocatalysis could be heterogeneous in nature.
In the field of electrochemical CO, reduction catalyzed by
molecular complexes, rinse test and cyclic voltammetry analysis
are most used to distinguish homogeneous from heterogeneous
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processes,”" although they are not performed in every case. Our
results re-emphasize the importance of verifying the nature of
catalysis in studies of homogeneously dissolved molecular
electrocatalysts, especially for new catalytic systems or in cases
when new reactivities are observed. In scenarios where adsorbed
molecules are the active sites, in situ techniques would be useful
to capture the state of these molecules under reaction-relevant
conditions. Such studies could guide rational design and
construction of molecularly functionalized catalytic electrodes.

IV. SUBSTITUENT EFFECTS

One major merit of molecular catalysts is their well-defined
molecular structures, which makes it possible to improve
catalysis via rational tuning of the molecular structure guided by
reaction mechanisms. Indeed, the field of homogeneous
electrocatalysis has seen formidable progress in optimizing
molecular catalyst structures to achieve higher reaction rates at
lower overpotentials.'” Examples include research on iron
porphyrin complexes for both two-electron reduction of CO, to
CO"? and four-electron reduction of O, to H,0.>” Although the
less well defined electrode/catalyst/reaction layer structure in
heterogeneous electrocatalysis hampers the derivation of a
general analytical model with a level of detail comparable to that
in the homogeneous case, the influences of molecular structure
modification on catalytic reactivity in the heterogeneous case
can still be observed and substantiated, provided that the catalyst
molecules are properly dispersed on the electrode to render their
intrinsic catalytic properties, as discussed in Section II. On the
other hand, in heterogeneous electrocatalysis, the degree of
utilization of catalyst molecules is much higher compared to the
homogeneous catalysis case where a reservoir of molecules
dissolved in the bulk solution can to some degree replenish
degraded catalyst molecules, and therefore catalytic stability is a
more relevant issue. The enhancement of catalytic activity,
selectivity, and durability via ligand modification based on
mechanistic understanding of reaction and deactivation has
been successfully demonstrated in our studies of MPc/CNT
catalysts for CO, electroreduction, where various substituents
can be introduced to the Pc ligand by using substituent-bearing
precursors in the synthesis of MPc.'~*

Electron-Withdrawing Groups

Introduction of electron-withdrawing groups to the Pc macro-
cycle can positively shift the reduction potential of the catalyst
molecule and thus make the corresponding reduced state appear
at lower overpotential. If the reduced state is the active species
that directly catalyzes CO, reduction, the catalytic reaction rate
can be increased by the appended electron-withdrawing groups
at these potentials. In addition, electron-withdrawing sub-
stituents will influence the binding strength of reaction
intermediates to the active site, which alters the energetics
along the reaction pathway and may consequently affect the
catalytic activity. In homogeneous electrocatalysis, the catalysis
proceeds via (i) electrochemical reduction of catalyst molecules,
(ii) diffusion of the catalyst molecules from the electrode surface
to the reaction-diffusion layer, and (iii) the subsequent chemical
reaction step.'' As a result, the reaction rate at moderate or large
overpotentials is often not benefited from a more positive
reduction potential of the catalyst molecule.’”®” With
heterogenized molecular catalysts, however, the improvement
in catalytic reaction rate from substituent effects could still be
relevant at much higher current densities, especially for GDEs
where mass transport of CO, is greatly enhanced.

https://doi.org/10.1021/acs.accounts.1c00200
Acc. Chem. Res. 2021, 54, 3149-3159


pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(@)

CN
CN
MOAc
NC Sulfolane, DBU
N 135°C

10
(b)
0 4
g
< -10]
£ :
20] ‘ —— CoPc/CNT
—— CoPc-CN/CNT
-08 -04 0.0 0.4 0.8 1.2
Potential (V vs RHE)
(d) ---@:- COPC/CNT ----e-- COPc-CN/CNT
16
H cell .
& 127 :
£ o
o 2
E 8] i
Q
S, ) o
4
L Iy o
[
0 — .
-0.4 -0.5 -0.6

Potential (V vs RHE)

-0.7

NC  CN
N
NC / \N cN
N—M—N
NC : CN
; /N =N
MPc-CN
NC  CN
5
(c)
=~ 07
£
o
<
E
= G
——NiPc/CNT
——NiPc-CN/CNT
-10 T r T v r
-1.00 -0.50 0.00 050 1.00 1.50
Potential (V vs RHE)
(e) @« NJPc/CNT  ----®-- NiPc-CN/CNT
240
GDE
200 1§ ..
£ R
g 160 .
: ®evssiiniir,
£ 120 3 ; . *
= : 5
= 80 1
40 4 s
. ..
O [ ] [ 4

-04 -05 -06 -0.7 -08 -09 -1
Potential (V vs RHE)

&

Figure 4. (a) Appending cyano substituents as electron-withdrawing groups to MPc molecules (DBU, 1,8-diazabicyclo[S.4.0]undec-7-ene). (b)
Cyclic voltammograms of CoPc/CNT and CoPc-CN/CNT in CO,-saturated 0.1 M KHCO; (scan rate, 400 mV/s). (c) Cyclic voltammograms of
NiPc/CNT and NiPc-CN/CNT in Ar-saturated 0.1 M phosphate buffer (scan rate, 400 mV/s). (d) Comparison of catalytic performance between
CoPc/CNT and CoPc-CN/CNT in an H-cell reactor in a CO,-saturated 0.1 M KHCO; solution at various cathode potentials. (e) Comparison of CO
partial current density by NiPc/CNT and NiPc-CN/CNT in GDE configuration at various cathode potentials in 1.0 M KHCOj;. Panels b and d
adapted with permission from ref 1. Copyright 2017 Springer Nature. Panels ¢ and e adapted with permission from ref 4. Copyright 2020 Springer

Nature.

We have successfully demonstrated the use of electron-
withdrawing groups to enhance the CO, reduction catalytic
performance of both CoPc and NiPc molecules heterogenized
on CNTs."* Appending cyano (-CN) groups to all eight
positions of the Pc ring (Figure 4a) results in a significant
positive shift of the reduction potential for both CoPc/CNT and
NiPc/CNT (Figure 4b). The resulted CoPc-CN/CNT and
NiPc-CN/CNT display significantly enhanced catalytic activ-
ities compared to their unsubstituted counterparts. The CoPc-
CN/CNT catalyst delivers 50—100% higher activity per site for
CO, reduction to CO in an H-cell reactor near —0.5 V vs RHE
(Figure 4c) ." An even more substantial effect is manifested in the
NiPc case, where the CN substituents not only help reduce the
onset potential by more than 100 mV but also boost the CO
production rate (jco) by as high as a factor of 20 at the cathode
potential of —0.56 V vs RHE in the GDE setting (Figure 4d).*
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Electron-Donating Groups

Electron-donating substituents can also be utilized to improve
CO, electroreduction catalyzed by heterogenized molecular
complexes, despite the tendency to cause a more negative
potential for reducing the catalyst molecule itself. Like electron-
withdrawing groups, electron-donating substituents can also
modify the adsorption energy of reaction intermediates on the
active site and influence catalytic activity and selectivity.
Furthermore, they may help solve the instability issues of
heterogenized molecular catalysts in cases such as catalyst
deactivation caused by irreversible reduction of the ligand>® and
catalyst poisoning by the product (e.g, C0).>7%

In the previous example of CoPc/CNT catalyzing CO,
reduction to MeOH, the activity was found to drop to near
zero after 4 h of continuous electrolysis. Although the
deactivation mechanism was not fully revealed, we” and others™
noted some correlation between the deactivation and hydro-
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genation of the Pc ring of CoPc under reductive conditions as
documented in some earlier reports.’ This detrimental
reduction likely alters the electronic structure around the cobalt
center and thus makes the catalyst inactive. On the basis of this
hypothesis, we sought to make CoPc more resistant to the
detrimental reduction on the ligand by appending electron-
donating groups to the Pc ring. S-substituted tetraaminocobalt
phthalocyanine (CoPc-NH,, Figure Sa) was prepared and
hybridized with CNTs. Expectedly, a negative shift in the redox
potential is visible on the cyclic voltammogram as compared to
the original CoPc/CNT (Figure Sb). Compared to the poor
stability of CoPc/CNT, the CoPc-NH,/CNT catalyst can
sustain stable CO,-to-methanol conversion for at least 12 h
(Figure 5¢).

More recently, we have applied a similar strategy to a different
MPc system catalyzing a different CO, reduction reaction. We
appended four methoxy (-OMe) groups on the § positions of
the NiPc molecule to stabilize the catalytic performance (Figure
6a).* Despite the high initial activity for CO, reduction to CO,
both NiPc¢/CNT and NiPc-CN/CNT suffer from significant
performance decay of around 20% in merely 45 min at their
respective optimal potentials for CO production (Figure 6b).
The NiPc-OMe/CNT catalyst manifests much greater stability
on both regular electrodes and GDEs. When operated on a
GDE, the NiPc-OMe/CNT catalyst can sustain jco of 150 mA
cm™* with almost 100% FE, for more than 40 h (Figure 6d).
DEFT calculations ascribe the enhanced stability to the facilitated
CO desorption as well as the largely unperturbed Ni—N bond
order in the presence of an axially bound CO on NiPc-OMe as
compared to NiPc and NiPc-CN (Figure 6¢), which is in line
with the in situ X-ray absorption spectroscopy (XAS) results that
suggest NiPc-OMe maintains its molecular structure while

NiPc-CN and NiPc-CN lose their Ni—N coordination during
electrolysis.

While our studies have unambiguously demonstrated that
substituent tailoring is an effective strategy to improve the
catalytic performance of heterogenized molecules for electro-
chemical CO, reduction reactions, it is important to note that a
substituent can sometimes have mixed influences on the
catalysis. For example, electron-withdrawing groups can make
the active site more electron-positive, which may, on one side,
promote formation of the active reduced state at lower
overpotentials, but on the other side, lower the reactivity
between the active site and CO, because the latter is a Lewis
acid. Another example is from our methanol-producing catalyst.
While amino substitution greatly improves the catalytic stability
of CoPc, it lowers the selectivity for methanol from ~40% to
~30%.” To understand these influences and further make use of
them for improved catalysis, better understanding of the
catalytic reaction mechanism is desired.

V. SUMMARY

In this Account, we have summarized our efforts in investigating
various MPc molecules as heterogenized molecular catalysts or
precatalysts for electrochemical CO, reduction reactions. We
have discussed and emphasized how catalyst molecule
heterogenization and ligand structure modification contribute
to the various forms of catalytic reactivity observed, some of
which are unprecedented for molecular systems. We have
successfully demonstrated that effective heterogenization of
molecular electrocatalysts, e.g.,, hybridization with CNTs,
provides additional handles that are not available to their
homogeneous counterparts to tune catalytic reactivity. These
conclusions and approaches discussed here can be extended to
other electrocatalytic reactions and materials. With the research
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directions we have proposed in this Account, we believe future Authors

endeavors in this field will undoubtedly lead to even better
heterogeneous molecular electrocatalysts and more energy-
efficient systems based on such catalysts.
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