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ABSTRACT: Developing an electrocatalyst platform that can control the
interplay among activity, selectivity, and stability at atomic precision remains
a grand challenge. Here, we have synthesized highly crystalline polymetallo-
phthalocyanines (pMPcs, M = Fe, Co, Ni, and Cu) through the annulation of
tetracyanobenzene in the presence of transition metals. The conjugated,
conductive, and stable backbones with precisely installed metal sites render
pMPcs a unique platform in electrochemical catalysis, where tunability
emerges from long-range interactions. The construction of pCoNiPc with a
Co and Ni dual-site integrates the advantageous features of pCoPc and pNiPc
in electrocatalytic CO, reduction through electronic communication of the
dual-site with an unprecedented long atomic separation of >14 chemical
bonds. This integration provides excellent activity (current density, j = —16.0
and —100 mA cm ™ in H-type and flow cell, respectively), selectivity (CO
Faraday efficiency, FEco = 94%), and stability (>10 h), making it one of the best-performing reticular materials.
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B INTRODUCTION

A grand challenge in the development of electrocatalysts lies in

the fact that a single catalytic system can seldom control the s .
) L7 .. e 1-3 frequently causes low current density in electrocatalysis.
interplay between activity, selectivity, and stability.

Homogeneous catalysts typically can be easily functionalized Mc?re 1mp ortan.tly, although the modular construction of
. ;L o reticular materials theoretically allows the installation of
to target activity or selectivity but are prone to deactivation

. . various chemical and structural features to modulate the
and show a low electron transfer efficiency. While heteroge- . L . .
. i ) activity and selectivity, such modulations, in most cases, only
neous materials usually offer good stability and catalytic

conditions.*”* On the other hand, the choice of building
blocks and the way they connect in typical reticular materials

usually cannot provide feasible charge transfer, which
21,22
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activity, the regulation of their performance at the atomic level
remains a formidable challenge.*”” As an emerging type of
candidate for electrocatalysts, reticular materials, including
covalent organic frameworks (COFs) and metal—organic
frameworks (MOFs), have exhibited great potential for
regulating catalysis in a modular and precise way to fill the
gap between homogeneous and heterogeneous catalysts.”*~"
With the concept of reticular chemistry, desired structures and
properties can merge through the self-assembly of extremely
simple building elements into solid-state materials with
atomically precise structures.'' "

Despite the significant progress, there remains an absence of
a consummate solution that combines the advantageous
properties of homo- and heterogeneous electrocatalysts in a
single reticular system. On one hand, although a few successful
reticular systems have been developed with good chemical
stabilities,"”™"? classical reticular materials, such as MOFs
based on carboxylates and COFs based on Schiff base and
borate chemistry, often have limited chemical stability, which
hampers their practical and long-term use in electrocatalytic
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target one of the performance parameters, with the others
marginally improved.”””** For example, the optimizations of
the activity are frequently accompanied by low selectivity and/
or stability of the catalysts.”>** There is still an urgent need for
a type of reticular material platform that integrates crystallinity,
stability, conductivity, and tunability for achieving an overall
modulation of performance parameters.

We envision that constructing reticular materials featuring
fully conjugated skeletons embedded with programmable
active sites could be an effective way to integrate the desired
features for electrocatalysis into a single system. The molecular
structural units connected by fully aromatic linkages will
provide rigid scaffolds to ensure high stability and effective
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Figure 1. Structure and characterization of pMPcs. (a) Schematic representation for the synthesis of pMPcs (M = Fe, Co, and Ni) and pCuPc with
solid-state reactions. (b) Experimental PXRD of pMPcs (M = Fe, Co, Ni, and Cu) and simulated PXRD from models in CMMM and P4/MMM
space groups, respectively (from top to bottom). Top and side views of a graphical representation of (c) pMPcs (M = Fe, Co, and Ni) and (d)
pCuPc with eclipsed stacking (C, light gray; N, blue; M, red; Cu, orange). (e) TEM (inset of e: locally enlarged TEM image) and (f) SEM images
of pNiPc.
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charge delocalization, for good bulk electrical conductiv-
ity.””™*° Furthermore, in a fully conjugated structure, the
electronic communications of the highly delocalized electrons
will allow the electronic characteristics of the active sites to be
effectively perturbed, resulting in a unique electronic effect.”!

Herein, we report the synthesis of a family of all aromatically
conjugated COFs, polymetallophthalocyanines (pMPcs, M =
Fe, Co, Ni, and Cu), via the quadruple intermolecular
nucleophilic annulation of 1,2,4,5-tetracyanobenzene (TCB)
(Figure 1a). The optimized solid-state reaction of TCB results
in pMPcs with high crystallinity, enabling a new and
convincing structural interpretation of pMPcs, which was
previously elusive. The pMPcs exhibit unique electronic
properties with good electrical conductivities at the level of
107°—10"" S m™" and excellent chemical and thermal stability
and can serve as a unique and tunable platform in
electrochemical catalysis. Especially, due to the aromatically
conjugated skeleton, unprecedented long-range interactions
between adjacent metal sites can occur to alter the electronic
state of active sites. This feature has allowed the construction
and utilization of heterobimetallic pCoNiPc with a Ni and Co
dual-site that can combine the respective advantageous features
of pNiPc and pCoPc in CO, reduction to afford a high FEcq of
949%, a high current density of —16.0 mA cm™?, and enhanced
long-term stability, making it one of the best-performing CO,
reduction electrocatalysts among all phthalocyanine- and

porghyrin—based materials, as well as in reticular materi-
als 223236

B RESULTS AND DISCUSSION

Design and Synthesis of pMPcs. Metallophthalocyanines
have been widely studied as electrocatalysts for their unique
chemical and electronic properties.”’38 pMPcs, in which the
neighboring metallophthalocyanine units are fused through
aromatic rings, have been an interest since the 1950s because
of their perfectly ordered network topology and fully
aromatically conjugated structures.””*" However, their con-
struction is still limited to on-surface synthesis,"’1 and the bulk
synthesis of high-crystalline pMPcs remains a long-lasting
challenge.”""** Previously, the cyclization reaction of TCB with
transition metals at temperatures of 160—350 °C in open
containers only leads to amorphous polymeric metalloph-
thalocyanines.”” ™' Considering that those temperatures can
be higher than the melting point of TCB (268 °C), which may
lead to the ratio of TCB and transition metals deviating from
desired stoichiometry due to the loss of TCB at high
temperatures, we performed the reaction between TCB and
the transition metals using confined containers of sealed Pyrex
tubes (inner diameter of 8 mm and length of ca. 5.0 cm) under
a vacuum environment at 400 °C for 4 h (Figures S1 and S2).
We also noticed that the actual crystallinity of the product
depends heavily on the metal source; therefore, metal salts or
metallic powders were tested for optimal outcomes (Figure
S3). Under our optimized conditions, the polymeric
tetracyclization of TCB gave pMPcs as a dark green to
purple-black powder after purification.

The successful synthesis of highly crystalline pMPcs (M =
Fe, Co, Ni, and Cu) is first supported by powder X-ray
diffraction (PXRD). The PXRD spectra of pFePc, pCoPc, and
pNiPc show similar patterns with three strong diffraction peaks
at 20 = 5.64°, 7.98°, and 27.12° (Figures 1b and S4), which are
ascribed to planes (100), (010), and (001), respectively. The
sharp (100) and (010) diffractions indicate good long-range

in-plane periodicity in the three pMPcs. Different from these
three pMPcs (M = Fe, Co, and Ni), in the PXRD profile of
pCuPc, the diffraction peak at 20 ~ 5.6° is absent. Instead, two
diffractions at 26 = 8.25° and 27.41° are observed. This
difference indicates that pCuPc may have a different in-plane
periodicity from that of pFePc, pCoPc, and pNiPc. The
simulation using models in the CMMM space group with
eclipsed cofacial AA-stacking, in which MPc and Pc subunits
are alternatively fused in each cofacially stacked layer (Figure
1c), matches the experimental PXRD of pFePc, pCoPc, and
pNiPc, while a model in the P4/MMM space group with CuPc
units consecutively fused (Figure 1d) gives the best fit for the
experimental PXRD of pCuPc. Powder refinement of the
experimental PXRD reaches good consistency with residual
values of less than 5% for all of the pMPcs, further validating
the above structural analysis (Figures SS—S8).

Inductively coupled plasma atomic emission spectrometer
(ICP-AES) results show that the metal content is 6.44%,
6.70%, and 7.31% for pFePc, pCoPc, and pNiPc, respectively,
which matches reasonably to their corresponding theoretical
values of 7.27%, 7.64%, and 7.61% based on the above models.
Differently, the copper content in pCuPc was found to be
13.26%, nearly double that for pMPc (M = Fe, Co, and Ni)
and compliant with the model with a theoretical Cu content of
15.14% (Tables S1—S4). Scanning electron microscopy (SEM)
images show nanometer-sized grains with irregular to
rectangular grains in the samples of pMPc (Figures 1f and
S9—S11). Transmission electron microscopy (TEM) observa-
tions for pMPcs (M = Fe, Co, and Ni) show regular lines with
a spacing of 1.5 nm. Prominently, a square lattice with a side
length of 1.5 nm can be observed in the TEM image of pNiPc.
This feature matches exactly with the square grid structure
(theoretical side length of 1.51 nm) of pMPcs (M = Fe, Co,
and Ni) that consists of the MPc and Pc fragment (Figures le,
S12, and S13). The N, sorption isotherms measured at 77 K
show that the Brunauer—Emmett—Teller (BET) surface areas
of pMPcs are 205, 176, 258, and 295 m” g™* for pFePc, pCoPc,
pNiPc, pNiPc, and pCuPc, respectively. The pore size
distribution indicates that pMPcs have a microporous structure
(Figure S14). Meanwhile, analysis of CO, adsorption
isotherms reveals that the heat of CO, adsorption of pMPcs
is in the range of 30—42 kJ mol ™}, indicating their good CO,
affinity (Figures S15 and S16 and Table SS).

The above results point to a conclusion that pMPcs have
two types of configurations depending on the identity of the
central metal, in which pFePc, pCoPc, and pNiPc are
composed of alternatively fused MPc and Pc subunits, while
pCuPc is fused solely with the CuPc subunit. The structural
insight we provide is in stark comparison with the previous
understanding of the structures for pMPcs where fused
structures of solely MPc units had been proposed.””*" Fourier
transform infrared (FT-IR) spectroscopy further supports the
formation of pMPcs (Figures S17 and S18).°

Stabilities of pMPcs. Thermogravimetric analysis of
pMPcs exhibits a weight loss < 10% in a N, atmosphere at
temperatures of up to 450 °C (Figures $19—S22), indicating
their good thermal stabilities. After being treated with
extremely acidic and basic conditions in 6 M H,SO, and
KOH for 1 week, the crystallinities of pMPcs are well
maintained (Figures S23—526), demonstrating their excellent
resistance to harsh chemical stress attributed to their
aromatically conjugated skeleton.
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Electronic Properties of pMPcs. The K-edge extended X-
ray absorption fine structure (EXAFS) curves of the metal in
pMPcs show a dominant peak at ~1.4 A ascribed to the
metal—N scattering path, which is nearly the same as in
molecular MPcs, consistent with the analysis of X-ray
absorption near-edge structure (XANES) spectra (Figures
2a,c and S$27—S32). X-ray photoelectron spectroscopy (XPS)

a b
~——Co foil
——CoPc
3 ——pCoP -
3 prere 3
= s
5 z
& 2
= 2
o £

0 1 2 3 4 5 6 805 800 795 790 785 780 775
R(A) Binding Energy (eV)
c d .
—Ni foil Ni2p,;
——NiPc

—pNiPc

Ni 2p,,

FT(k?x(k))| (a.u.)
Intensity (a.u.)

0 1 2 4 5 6 890 880 870 860 850

3
R(A) Binding energy (eV)

Figure 2. Electronic properties of pCoPc and pNiPc. The K-edge
EXAFS spectra of (a) pCoPc, CoPc, and Co foil and (c) pNiPc, NiPc,
and Ni foil. High-resolution (b) Co 2p XPS spectrum of pCoPc and
(d) Ni 2p XPS spectrum of pNiPc.

indicates the coexistence of Fe?*/Fe’" in pFePc (Figure S33).
The Co in pCoPc and Cu in pCuPc present a mixed valence of
+1/+2 with Co®" and Cu** as the dominant species (Figures
2b and S34). In pNiPc, the metals exist exclusively as the +2
state (Figure 2d), consistent with their electron paramagnetic
resonance (EPR) spectra where ligand- and metal-centered
signals are expected to be present (Figures S35—S38),
respectively.

The conductivities of bulk pFePc, pCoPc, pNiPc, and pCuPc
measured at 298 K by the four probe method after cold
pressing are 1.49 X 107, 4.88 X 1073, 4.02 X 1073, and 1.82 X
1073 S m™!, respectively (Table S6). Compared with molecular
MPc analogs with typical conductivities in the range of 107°—
1072 S m™!, pMPcs have 7—9 orders of magnitude improved
conductivities.”"*»** These prominent improvements are
likely due to the formation of the extended aromatically
conjugated planes in pMPcs,** as evidenced by the much
wider and red-shifted ultraviolet—visible—near-infrared spectra
(Figures S39—S42). The conductivities of pMPcs are among
the highest in the covalently linked reticular materials*>*” and
are even comparable to some MPc-containing conjugated
MOFs.”* Band structure and density of states calculations
indicated that both the in-plane charge transport from their
large 7-conjugation and out-of-plane charge transport due to
the formation of periodic #-columns contribute to the good
conductivities (Figures S43—S46). We notice that the features
of band structure of pMPcs are consistent with those of other
phthalocyanine- and porphyrin-based 2D reticular materials,
indicating that the high conductivity found in pMPcs likely is
rooted in their z-conjugated and stacked structures, like those
in the reported examples.””*”*

Electrocatalytic CO,RR Performance of pMPcs. We
propose that pMPcs with the metal sites uniformly dispersed in
fully aromatically conjugated and stable scaffolds will serve as
truly appealing electrochemical catalysts. Consequently, we
assessed the activity and selectivity of pMPcs for the
electrocatalytic CO, reduction reaction (CO,RR). For a
parallel comparison, we choose the electrolyte with a pH of
7.2 and a catalyst loading of 1.0 mg cm™ for our study (Figure
S47). The CO, reduction products are dominated by CO and
H, (Figure $48). The four pMPcs exhibit metal identity-
dependent CO,RR performance, in which pCoPc and pNiPc
stand out regarding the activity and selectivity (Figure 3a and
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Figure 3. Electrochemical performances for CO, reduction over
pMPcs. (a) Current density of pMPcs under different potentials in 0.5
M KHCO;. (b) FE¢( values of pMPcs under different potentials.

b). Double-layer capacitance (Cy) values of pCoPc and pNiPc
are calculated to be $7.12 and 62.73 mF/cm? respectively,
indicating their abundant catalytic sites (Figure S49). Among
pMPcs, pNiPc has the highest CO selectivity with a FEcq of
99% and high activity with a current density (j) of —12.2 mA
ecm™? at —0.8 V (vs RHE). pCoPc exhibits a moderately high
CO selectivity with a FE¢q of 67% and the highest activity with
aj of up to —22.8 mA cm™. Electrochemical impedance (—0.8
V vs RHE) and Tafel slope both give consistent trends with the
observed activity in the CO,RR test (Figures S50 and SS1).
The current densities obtained by all four pMPcs are much
higher than those of molecular MPcs at most of the tested
potentials (Figure S52). The superior activity of pMPcs over
molecular MPcs may be ascribed to the good conductivities of
pMPcs that facilitate charge transport involved in the
electrochemical reduction of CO,.”>**
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Figure 4. Electrochemical CO,RR performance comparison plots of heterobimetallic pMPcs and pMPcs. (a) FEcq and (b) jco for pCoPc,
pCoNiPc, pCo,Ni¢Pc, and pNiPc under different potentials in 0.5 M KHCOj;. (c) Stability test of pCoNiPc, pCo;NigPc, and pNiPc at —0.8 V (vs

RHE).

Stability, another crucial electrocatalyst evaluation criterion,
was assessed for electrocatalytic CO,RR over an extended
period under a fixed potential. The pNiPc shows a noticeable
decay in the current density and a slightly decreasing FEcq
(Figure SS3). In contrast, pCoPc displays excellent stability
during continuous electrolysis regarding the current density
and FE¢q (Figure S54). The slow degradation of the activity
and selectivity with time in pNiPc while absent in pCoPc may
be due to reductlon caused metal leaching at high reduction
potential.*® This discriminated electrolytic stability has been
observed in other MPc-based composite materials, in which
the high reduction potential can lead to the deformation of the
NiN, configuration and subsequent demetalation.***” XRD,
SEM, and TEM characterizations of pCoPc and pNiPc show
that their crystallinity and morphology are maintained after
electrolysis (Figures S55—S57). The Co content of pCoPc is
maintained, while the Ni content of pNiPc has been found
with a slight decrease (Table S7), which may be correlated to
their different stabilities in the long-time electrolysis.

Electrocatalytic CO,RR Using Hetero-Bimetallic
PMPcs. Given the encouraging outcome that pNiPc offers
excellent CO selectivity and pCoPc gives excellent activity and
stability, we further aim to integrate those advantageous
catalytic features of pNiPc and pCoPc through the
construction of a dual-site catalyst by taking advantage of the
modular availability of pMPcs.** The simultaneous presence of
two active metal centers can lead to emergent catalytic
performance through the occurrence of specific electronic
interactions between the combined active sites.””~>* Toward
this end, we have synthesized dual-site pMPcs with Co and Ni
in molar ratios close to 1:1 and 1:6, named pCoNiPc and
pCoNigPc, respectively, which are both crystalline and share
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an isoreticular structure with pMPcs (M = Fe, Co, and Ni)
(Figures S14, S1S, and S58—S64 and Tables SS and S8).

Notably, both pCoNiPc and pCoNicPc exhibited high
selectivities with FEco > 90% at the potential range of —0.7 to
—1.0 V (Figure 4a), which are more than 50% improvements
compared to those of pCoPc and are close to those of pNiPc
under the same conditions. With the increase in Ni content
from pCoNiPc to pNiPc, the CO selectivity is slightly
increased. The current densities of pCoNiPc and pCo,NigPc,
especially at the range of —0.6 to —0.9 V, also exhibit
prominent improvements compared with that of pNiPc
(Figure 4b). At —0.8 V, the partial current density jco of
pCoNiPc reaches —15.0 mA cm™2, 25% higher than that of
pNiPc and rather close to that of pCoPc. Moreover, the long-
time electrolysis test shows that utilization of the dual-site can
significantly enhance the stability of the catalysts (Figure 4c).
The enhancement seems to be associated with the ratio of Co/
Ni, as a more remarkable reinforcement of stability has been
observed for pCoNiPc than pCo;NigPc. The current density
and Faradaic efficiency for pCoNiPc both show negligible
changes during the 10 h electrolysis test. Characterizations
using PXRD, FT-IR, SEM, and TEM results show that the
structure and morphology can be preserved after electro-
catalysis (Figures SS7 and S65—S67), as well as the content
and valence state of Ni and Co in pCoNiPc as verified by XPS
and ICP-AES (Figure S68 and Table S7).

Using a flow cell setup that can circumvent the transport
limitation of CO,, the current density of pCoNiPc reaches an
industrially relevant level of —100 mA cm™ at —0.8 V, six
times that in the H-type cell (Figure S69). The pCoNiPc can
maintain nearly 100% of its initial current density and FE o
during 10 h of continuous operation, manifesting its out-
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electrostatic potential diagram for pCoPc, pNiPc, and pCoNiPc (isovalue 0.3 V).

standing long-term stability under industrially relevant
conditions. *CO, isotope experiments of pCoNiPc at these
conditions demonstrate that CO, is the exclusive source of
product CO (Figure S70). The above results unambiguously
demonstrate that the combination of Co and Ni sites in the
aromatically conjugated scaffolds has achieved superior
selectivity, activity, and stability with a single reticular
electrocatalyst.

24235

Mechanistic Study of Hetero-Bimetallic pMPcs for
CO,RR. To explore the underlying mechanism responsible for
the observed CO,RR performance of pMPcs, a series of
experimental and theoretical studies have been performed. The
XPS spectra show that compared to single-site pMPcs, the Co
2p spectrum of pCoNiPc only shows peaks ascribed to Co**
(Figure Sa), and the spectrum of Ni 2p shows negligible
changes (Figure Sb), suggesting that the electronic state of the
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Co site in pCoNiPc becomes more positive from a mixed +1/
+2 state to a pure +2 state, while the state of the Ni site is
barely shifted. The peak ascribed to the Co-centered radical in
the EPR spectrum of pCoNiPc shows a prominent low-field
shift and broadening compared to that of pCoPc (Figure Sc),
which is a sign of enhanced charge transfer between Co and
the Pc ligand.***°

DEFT calculations suggest that the formation of M-COOH is
the rate-determining step (RDS) for single-site and dual-site
pMPcs except for pFePc, for which the desorption of CO is the
RDS (Figure 6a and Tables S9—S14).”**"> The calculated
activation free energy (AG) of CO production is 0.87, 0.5S,
1.68, and 1.67 eV for pFePc, pCoPc, pNiPc, and pCuPc,
respectively (Figure 6b). The lowest AG of pCoPc suggests its
highest activity among all of the single-site pMPcs. After the
incorporation of Co and Ni in pCoNiPc, an activation energy
of 0.46 eV, close to that in pCoPc, is observed when CO,
reduction occurs on the Co site of pCoNiPc. This observation
agrees well with the comparable activity between pCoNiPc and
pCoPc. The comparison of activation energy indicates that Co
is the more favored active site over Ni in pCoNiPc.

The limiting potential difference between the CO,RR and
hydrogen evolution reaction (U (CO,) — U (H,), U= —AG/
¢) has been calculated and used as a descriptor for evaluating
CO selectivity. A more positive value of U, (CO,) — U, (H,)
corresponds to a higher selectivity of CO,RR.*>*** As shown
in Figure 6c, the U (CO,) — UL (H,) values of pFePc, pCoPc,
and pNiPc are —0.713, —0.054, and —0.021, respectively,
indicating a CO selectivity order of pNiPc > pCoPc > pFePc
(Figure S71). Moreover, the U (CO,) — U, (H,) value of
pCoNiPc with Co as the active site is more positive than that
of pCoPc but is more negative than that of pNiPc. Thus, the
comparison of U (CO,) — U.(H,) values suggests a CO
selectivity trend of pNiPc > pCoNiPc > pCoPc, in agreement
with the experimental results. Calculations using a double-layer
model yield consistent results for pCoPc, pNiPc, and pCoNiPc
(Figures S72—74). The discrepancy between the calculated
results and experimental observations for pCuPc may be due to
the lack of consideration of electrolyte and the state of the
catalyst (e.g, the morphology, availability of the active sites,
and the presence of defects) in the calculation.®

The calculated Mulliken charge density of the Co site in
pCoNiPc is 1.43, much higher than 1.20 for the Co site in
pCoPc (Figure 6d). The charge densities of the Ni sites in
pNiPc and pCoNiPc are quite similar, which are 1.04 and 1.05,
respectively. Interestingly, the Mulliken charge densities of the
four N atoms surrounding the Co site in pCoNiPc are more
negative than those in pCoPc (—0.56 vs —0.50), respectively.
These values suggest that the existence of Ni sites induces
charge redistribution between the Co site and the Pc ligand of
pCoNiP¢, in which the presence of Ni sites leads to a net
electron transfer from the Co site to its adjacent N atoms.
These computational insights, along with the observation by
XPS and EPR, evidence the electron transfer from Co to the N
atoms, which supports effective interactions between the
embedded Co and Ni sites in pCoNiPc.”> Compared with
pCoPc, the higher positive charge density and more positive
electrostatic potential of the Co sites in pCoNiPc will make it
more conducive for stabilizing COOH to improve the activity
and selectivity.

In typical diatomic site catalyst systems, a close atomic
distance is required to allow orbital coupling to initiate internal
electronic interactions, so as to profoundly vary the electronic

properties of heteroatoms. It is generally believed that when
the distance between the two atoms is larger than 4—15 A, they
are thought to be unrelated.>* It is worth noting that, in our
case, it is the long-range interactions that play a role,” because
the distance between Co and Ni in diatomic pMPcs, for
instance, pCoNiPc, is 1.5 nm or larger based on the model for
pMPcs (M = Fe, Co, and Ni). Such a long-range interaction
takes effect over a large interatomic separation across 14
chemical bonds (Figure S75), which, to our knowledge, has
never been previously observed.

Bl CONCLUSIONS

We have synthesized a new class of conductive COFs, named
pMPcs, through solid-phase synthesis, which provides a facile
and robust approach to crystalline polymeric metallophthalo-
cyanines with well-defined aromatically conjugated structures
that has been challenging for decades. The access to pMPcs
opens the door for the development of electrocatalysts with
precisely distributed single and multiple sites that are based on
crystalline, conductive, and stable reticular materials. The
highly crystalline nature and modular synthesis of pMPcs
ensure a solid interpretation of the catalytic performance, while
producing tunability of performance building upon the
electrocatalytic results from single-site pMPcs. The construc-
tion of bimetallic pCoNiPc realizes the marriage of remarkable
selectivity, activity, and stability for the CO,RR into a single
system, which can compete with the state-of-the-art reticular
materials and composite materials made of MPc or metal-
loporphyrin with carbon nanotubes for the CO,RR (Table
S15). Harnessing the tunability resulting from the long-range
interactions of the embedded sites in pMPcs, the combination
of other metal sites with distinct catalytic features should
emerge with more demanded catalytic behavior that will find
applications far beyond CO,RR.

B MATERIALS AND METHODS

Materials and Characterizations. All chemicals were purchased
without further treatment. PXRD patterns were collected on a Japan
Rigaku MiniFlex 600 equipped with graphite-monochromatized Cu
Ka radiation (1 = 1.541 A). Nitrogen sorption analysis was carried
out at 77 K using the Micromeritics ASAP 2020 automatic volumetric
adsorption system. The microstructure and morphology of the
material were observed by a Carl Zeiss Supra 40 SEM. TEM images
were obtained on a JEM-2010F. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
energy dispersive spectroscopy (EDS) mapping analyses were
performed on a Talos F200X instrument equipped with Super-X
EDX operating at 200 kV. Thermogravimetric analysis (TGA) was
conducted on a TGA QS000 integrated thermal analyzer at a heating
rate of 5 °C min~' under a N, atmosphere. UV—vis—IR spectra of the
catalysts were collected on a Shimadzu UV-3600 Plus. FT-IR spectra
were obtained using a Bruker Tensor II FT-IR spectrometer with KBr
pellets at 400—4000 cm™". EPR signals were collected on a JEOL JES-
FA200 EPR spectrometer at room temperature. XPS experiments
were conducted on an ESCALAB 250 high-performance electron
spectrometer using the excitation source of monochromatized Al Ka
(hv = 1486.7 €V). Elemental (C, H, and N) analysis was performed
by a VarioELIII German Elemental Analysis Systems Inc. using the
combustion method by automatic analyzers. The contents of metal
(Fe, Co, Ni, and Cu) were estimated by using an Optima 7300 DV
inductively coupled plasma atomic emission spectrometer. The liquid
products were examined by nuclear magnetic resonance (NMR)
(Bruker AVANCE AV III 400) spectroscopy.

Synthesis of pMPcs (M = Fe, Co, Ni, and Cu), pCo,NigPc, and
pCoNiPc. For the synthesis of pMPcs (M = Fe, Co, Ni, and Cu),
TCB (50 mg, 0.28 mmol) was mixed with iron powder (31.5 mg, 0.56
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mmol), cobalt powder (33 mg, 0.56 mmol), anhydrous nickel chloride
(72.5 mg, 0.56 mmol), and anhydrous copper chloride (38 mg, 0.28
mmol), respectively. The mixture was thoroughly ground and
transferred into a Pyrex tube measuring o.d. X i.d. = 10 X 8 mm”
The Pyrex tube was then evacuated and flame-sealed with the total
length kept at ca. 5.0 cm. The glass tube was heated to 400 °C at §
°C/min and kept for 4 h in a tube furnace under vacuum conditions.
After cooling to room temperature, the product was washed several
times with ethanol, iron chloride solution, and H,O and then dried at
60 °C in a vacuum oven to afford a purple-black powder. pCo,NizPc
and pCoNiPc were synthesized using the same procedure except that
TCB was mixed with cobalt powder and anhydrous nickel chloride in
molar ratios of 1:1:1 and 1:0.75:0.25, respectively.

Stability Test. Ten milligrams of each pMPc sample was soaked
and stirred in aqueous H,SO, (6 M) and KOH (6 M) solutions,
respectively, at room temperature for 1 week. Before PXRD
measurements, the treated pMPcs samples were successively washed
with water (8 mL X S) and ethanol (8 mL X 2) and then dried at 60
°C under vacuum overnight.

X-ray Absorption Spectra. The X-ray absorption fine structure
(XAFS) spectra for the K-edge absorption of Fe, Co, Ni, and Cu were
collected at beamline 1W1B of the Beijing Synchrotron Radiation
Facility.

EPR Measurements. EPR spectra were collected on a JEOL JES-
FA200 EPR spectrometer. EPR spectra of solid powder were
measured at room temperature in air by taking 2 mg of the sample
and placing it into an EPR tube.

Conductivity Measurement. To make a pressed pellet, ~40 mg
of the sample was put into an 8 mm inner-diameter split sleeve
pressing die and pressed for 5 min under a pressure of approximately
600 psi. A Singatone tungsten carbide four-point linear probe was
employed to collect bulk conductivity measurements of the pMPcs.

Electrochemical Measurements. Electrochemical measure-
ments were conducted with a CHI 760E electrochemical analyzer
(CH Instruments, Inc., Shanghai). The electrolyzer for CO,
electrochemical reduction was an H-type cell separated by a cation
exchange membrane (Nafion11S, Dupont). All potentials reported in
this work were converted from vs Ag/AgCl to vs RHE by adding a
value of 0.197 + 0.059 X pH. According to the literature, the pH of
0.5 M KHCO; saturated with pure CO, is 7.2.%"

The FE efliciencies of CO and H, are calculated according to the
following formula:

}tatal ]total ( 1 )

in which FE is the faradaic efficiency of CO or H,, j is the partial
current density of CO or H, production, ji,; is the total current
density, n is the production rate of CO or H,, N is electron transfer
number, which is 2 for CO and H,, and F is faradaic constant (96485
C/mol).

The Tafel slope was calculated using the following formula:

co

@)

where 7 is the CO,RR overpotential (mV), b is the Tafel slope (mV
dec™), and jo and jco are respectively the total current density and
partial current density for CO (mA cm™).

Computational Details. Electronic calculations were performed
to optimize the geometry and calculate the Gibbs free energy of all
intermediates involved in the reactions using density functional theory
(DFT) in the Dmol3 module of Materials Studio (Figure S76).
Equations 3 and 4 are used to calculate the free energy for each
adsorbed and gas-phase species.

298.15
G=H—TS=EDFT+EZPE+/ C, dT — TS
0 v 3)

H(HT) + pe”) = 1/2p[H,(g)] (4)

In eq 3, T is the system temperature (298.15 K), Eppr is the electron
energy calculated by DFT above, E;py, is the zero-point energy, which
is a combination of vibrational, translational, and rotational energy at
absolute zero, C, is the heat capacity, and S is entropy. Ezpg, C,, and S
are calculated using the harmonic approximation of the frequency
analysis in the Dmol3 module.””
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