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ABSTRACT

Identification of the real catalytic site in CO, reduction reaction (CO,RR) is critical for the rational design

of catalysts and the understanding of reactive mechanisms. In this study, the catalytic activity of

pyridine-containing materials was for the first time structurally demonstrated in CO,RR by crystalline
supramolecular coordination compounds model system. The system consists of three stable supramolecular
coordination compounds (Ni-TPYP, Ni-TPYP-1 and Ni-TPP) with different numbers (4, 2 and 0) of
active pyridine groups (i.e. uncoordinated pyridine nitrogen atoms). The electrocatalytic test results show

that with the decrease of the number of active pyridine groups, the CO,RR performance is gradually
reduced, mainly showing the reduction of highest FEco (99.8%, 83.7% and 25.6%, respectively). The
crystallographic, experimental and theoretical evidences prove that the CO,RR activity is more likely
derived from uncoordinated pyridine nitrogen than the electrocatalytic inert metal nickel in porphyrin
center. This work serves as an important case study for the identification of electrocatalytic activity of

pyridine-containing materials in CO,RR by simple supramolecular model system.

Keywords: strategic catalytic site distribution, supramolecular structure system, active source, CO,

electroreduction

INTRODUCTION

The increasing anthropogenic CO, emissions as-
sociated with fossil fuel consumption is the main
culprit in global warming [1,2]. CO,RR achieved
by renewable electricity is an elegant means to al-
leviate the above-mentioned issue, because it can
convert CO, into valuable products (such as CO,
HCOOH, CHy, etc.) for efficient carbon cycling
[3-11]. So far, the reported efficient electrocata-
lysts in CO,RR primarily focus on nanostructured
materials [12,13] based on metal [14,15] (such as
Cu [16-21], Co [22-24], Zn [25], Ni [26-30],
etc.) or metal-free active sites (such as C [31], N
[32-35],B[36,37], etc.). Among them, N-doped or
N-heterocyclic nanostructured electrocatalysts have
made great progress in product conversion and Fara-
day efficiency of CO,RR, but it is still very difficult
to determine the active N sites in these electrocata-
lysts due to the lack of accurate and clear structural

information [38]. Moreover, there are many other
factors including defects [39-44], impurities and
complicated components that can further affect the
identification of the accurate active site [4S]. In this
case, crystalline electrocatalysts for CO,RR are be-
lieved to be good candidates for solving these issues,
because their well-defined structures are most favor-
able for the identification of the catalytically active
site and the study of the reactive mechanism [46,47].
Therefore, constructing a rational crystalline model
system to verify the activity of N-containing elec-
trocatalysts is very important to the development of
CORR.

However, to date, there are very limited crys-
talline materials that are reported as electrocatalysts
for CO,RR because of their relatively poor struc-
tural stability. Metal-porphyrin applied in CO,RR
has many advantages [48]. Among them, the metal
in the porphyrin center can serve as a catalytically
active site for CO,RR and the rigid macrocyclic
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Q = Active pyridine N

Figure 1. (a, ¢, e) The molecular structures of Ni-TPYP, Ni-TPP and Ni-TPYP-1. (b, d, f) The supramolecular stacked structures
of Ni-TPYP, Ni-TPP and Ni-TPYP-1. Color code: C, black; N, blue; Ni, green.

metalloporphyrin molecule with conjugated -
electron system is conducive to the migration of
electrons [49,50]. More importantly, they have
clear molecular structure and structurally adjustable
properties, which are favorable for the study of
reaction mechanism and reasonable optimization
of catalytic performance [51,52]. Given these
advantages, we hope to construct a simple and
rational porphyrin-based model system that can be
used for the identification of the electrocatalytic
activity of N-containing nanomaterials in CO,RR.
Herein, we designed and synthesized three
crystalline  supramolecular coordination com-
pounds containing different numbers of active
pyridine groups (i.e. uncoordinated pyridine
nitrogen atoms) to identify the electrocatalytic
activity of pyridine-containing materials in CO,RR
by controlling the catalytic sites. They are Ni-
TPYP (TPYP = $,10,15,20-tetra(3pyridiyl)-21H,
23H-porphine) with four uncoordinated pyridine N
atoms, Ni-TPYP-1 with two uncoordinated pyridine
N atoms as well as Ni-TPP (TPP = §,10,15,20-
tetraphenyl-21H,23H-porphine) with four inactive
benzene groups, respectively. All of them can serve
as crystalline heterogeneous electrocatalysts for
CO,RR. At present, the metalloporphyrins with
excellent CO,RR properties are mainly porphyrins
containing Co, Fe and Cu [51,53,54], but no
porphyrins with Ni [47] show excellent perfor-
mance for CO,RR. Moreover, electrochemical
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inert Ni was chosen to reduce the electroactivity
contribution of metal ion, because it has been
demonstrated that high free energy is required for
Ni to form the *COOH intermediate (an important
intermediate during the process of CO,-to-CO
conversion in CO,RR) in the rate-determining step
(RDS) [47,55]. We thus studied the electrocatalytic
CO,RR performance of Ni-TPYP, Ni-TPYP-1
and Ni-TPP. The experimental results show that
as the number of uncoordinated pyridine N atoms
decreases, the electrochemical activity and selec-
tivity of these compounds exhibit such a tendency:
Ni-TPYP > Ni-TPYP-1 > Ni-TPP. The Faraday
efficiency for the CO,-to-CO conversion (FEco ) of
Ni-TPYP, Ni-TPYP-1 and Ni-TPP is 99.8%, 83.7%
and 25.6%, respectively. The crystallographic and ex-
perimental results clearly evidence that the superior
electrocatalytic CO,RR performance of Ni-TPYP
is mainly attributed to the uncoordinated active
pyridine N atoms. Moreover, theoretical calcula-
tions also prove that CO, reacts more readily with
pyridine N than with metal Ni in porphyrin center.

RESULTS AND DISCUSSION

Single-crystal X-ray diffraction analysis reveals that
Ni-TPYP and Ni-TPP crystallize in the same tetrag-
onal space group I-42d (Table S2 and Figs S1 and
S2) and their structures as well as stacking patterns
are almost identical. As shown in Fig. 1a and ¢, both
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Figure 2. (a) LSVs of Ni-TPYP, Ni-TPYP-1, Ni-TPP and TPYP in CO,-saturated 0.5 M
KHCO3 solution. (b) FEcg of Ni-TPYP. Ni-TPYP-1, Ni-TPP and TPYP in CO,-saturated
0.5 M KHCO5 solution. (c) Maximum FEcg of Ni-TPYP (—0.90 V), Ni-TPYP-1 (—0.90 V),
Ni-TPP (—0.90 V) and TPYP (—1.00 V). (d) jzo of Ni-TPYP, Ni-TPYP-1, Ni-TPP and TPYP.

compound molecule (Ni-TPYP and Ni-TPP) struc-
tures include a metal Niion and a pyridine/benzene-
modified porphyrin ring (TPYP/TPP). The Ni" ion
connected with four N atoms from the porphyrin
ring displays a square-planar coordination environ-
ment (Ni-TPP/Ni-TPYP). The pyridine N atoms of
Ni-TPYP are naked. Both complexes further form
similar 3D supramolecular structures by -7 stack-
ing interaction and hydrogen bonds (Fig. 1b and
d, and Fig. S3). Furthermore, no solvent molecules
crystallize in their lattice. Ni-TPYP-1 crystallizes
in monoclinic space group P2;/c (Table S2 and
Fig. $4). Each Ni" ion trapped in TPYP center co-
ordinates two N atoms of pyridine from another
two TPYP ligands to form a 2D layer and the lay-
ers are further stacked into supramolecular coordi-
nation compounds by -7 interaction (Fig. le and
f, and Fig. SS). It is noted that each TPYP ligand in
Ni-TPYP-1 still has two uncoordinated pyridine N
atoms.

The phase purity of as-synthesized Ni-TPYP, Ni-
TPYP-1 and Ni-TPP was determined by compar-
ing their powder X-ray diffraction (PXRD) with
simulated patterns derived from single crystal X-ray
diffraction (Figs S7-S9). The pH stability was in-
vestigated by immersing the samples of Ni-TPYP,
Ni-TPYP-1 and Ni-TPP into different pH aque-
ous solutions and 0.5 M KHCOj5 aqueous solution
ranging from 3 to 13. After 24 h, PXRD patterns
before and after soaking show that no significant
changes for each tested sample can be observed,
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confirming the structural integrity of Ni-TPYP, Ni-
TPYP-1 and Ni-TPP under these conditions (Figs
$10-S12). The thermal stability was also studied by
thermogravimetric analysis (TGA) under O, atmo-
sphere and shown in Fig. S14.

CO,RR test was carried out in aqueous solu-
tion of 0.5 M KHCO; (pH = 7.2). CO is the main
gaseous product detected by gas chromatography
(Figs S15-S18). The ' H nuclear magnetic resonance
(NMR) spectra show that no liquid product is ob-
served (Fig. S19). The FEco of Ni-TPYP gradually
increases in the potential range (—0.50 to —0.90 V
vs. reversible hydrogen electrode (RHE)), and ex-
hibits the highest FEco (99.8%) at —0.90 V. Inter-
estingly, the FEco can maintain over 90% in a wide
range of potential from —0.70 to —1.20 V (Fig. 2b
and Fig. $20). Excellent performance compels us to
explore its reaction mechanism with CO,RR. It has
beenreported that central metal in porphyrinisa cat-
alytically active site for electrochemical CO, reduc-
tion to CO. Therefore, for comparison, TPYP ligand
was replaced by TPP to synthesize another very sim-
ilar supramolecular structure (Ni-TPP). However,
the corresponding electrochemical test results show
that the CO,RR performance of Ni-TPP is much
poorer than that of Ni-TPYP. As we can see from
the linear scanning voltammetry (LSV) comparison
curves (Fig. 2a), the total current density of Ni-TPP
is lower than Ni-TPYP. Moreover, the highest FEco
of Ni-TPP is only 25.6% at —0.90 V (Fig. 2c and
Fig. S24), while the FEco of Ni-TPYP can reach
up to 99.8% (Fig. 2¢). Besides, the jco of Ni-TPYP
is 10.7 mA cm™* at —0.90 V, which is 18 times
larger than that of Ni-TPP (0.6 mA cm ™) (Fig. 2d).
Tafel slope for Ni-TPYP (218.2 mV dec™!) is also
smaller than that of Ni-TPP (230.3 mV dec™!), im-
plying the favorable kinetic for the CO formation
[56], which is ascribed to the more efficient charge
transfer and larger active surface in the catalytic pro-
cess (Fig. 3a). To support this surmise, the electro-
chemical active surface areas (ECSA) for catalysts
were estimated based on the double layer capaci-
tive (Cq1) by cyclic voltammetry at different scan
rates. The result shows that the C4 of Ni-TPYP
(10.8 mF cm™?) isindeed larger than that of Ni-TPP
(3.1 mF cm™2), which means that Ni-TPYP has a
higher reaction speed in CO,RR process and more
active sites that can have contact with the electrolyte
(Fig. 3b and Fig. $25) [57]. Therefore, the CO,RR
activity of Ni-TPYP is more active than Ni-TPP.
Additionally, the turnover frequency (TOF) of Ni-
TPYP is calculated to be 167.9 h~! at —0.90 V, and
achieves the maximum value (602.7h™!) at —1.30 V
(Fig. S26). By contrast, the TOF of Ni-TPP is only
7.6h~! at —0.90 V. In addition, an electrochemical
impedance spectroscopy (EIS) measurement was
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Figure 3. (a) Tafel plots of Ni-TPYP, Ni-TPYP-1, Ni-TPP and TPYP. (b) Cy of Ni-TPYP,
Ni-TPYP-1 and Ni-TPP. (c) Nyquist plots of electrocatalysts over the frequency ranging
from 1000 kHz to 0.1 Hz at —0.9 V vs. RHE. (d) The mass spectra of *CO recorded under
13C0, atmosphere.

carried out to probe the electrocatalytic kinetics on
the electrode/electrolyte surface. Figure 3¢ demon-
strates that Ni-TPYP has much smaller charge trans-
fer resistance than Ni-TPP during the CO,RR pro-
cess, indicating Ni-TPYP can transfer electrons from
catalysts to reactants more quickly, eventually re-
sulting in largely enhanced activity and selectivity.
All these results indicate that Ni-TPYP has a better
CO,RR performance than that of Ni-TPP, indicat-
ing that the activity of Ni is poor as a catalytic site.
Given the relatively inert electrochemical activity of
metal Ni, we infer that there must be other main fac-
tors (such as ligand effect) besides Ni for the excel-
lent electroreduction activity of Ni-TPYP.

To gain further insight into the origin of activ-
ity of Ni-TPYP, we tested the CO,RR properties of
pure ligands (TPYP and TPP). It clearly shows that
the free TPYP ligand demonstrates poor catalytic
performance with a maximum value of FEco only
up to 10.1%. Hydrogen (H,) is the main product
(Fig. S27). Besides, its total current density and j,
are all much smaller than that of Ni-TPYP (Fig. 2a-
d and Fig. 3a). The CO,RR activities of free TPP lig-
and are also poorer than that of Ni-TPP, as demon-
strated by its current density and FEco (Fig. S28
and Fig. $31). These results highlight the important
role of metal Ni coordination. Once the metal ion Ni
was trapped into the porphyrin center (Ni-TPYP),
the electrocatalytic performance underwent tremen-
dous changes. Thus, the metal coordination effect
should be an indispensable factor responsible for
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the enhanced electroactivity of Ni-TPYP. Moreover,
we found that the total current density of Ni-TPYP
is larger than free TPYP (Fig. 2a). So, we inferred
that in addition to acting as an active site, the Ni
coordination is more likely to enhance the conduc-
tivity of the supramolecular structure, which is the
main reason for the improved electrocatalytic per-
formance of Ni-TPYP. EIS measurement further val-
idates this fact, because Ni-TPYP has much smaller
charge transfer resistance than TPYP (Fig. 3c and
Fig. $32), which also exists between Ni-TPP and
TPP (Fig. S33).

But beyond that, in the case of pure ligand
(TPYP/TPP), the FEco of TPYP (10.1%) is higher
than that of TPP (2.6%), which inspires us to spec-
ulate that the increase in electroreduction activ-
ity for pure ligands is attributed to the modifica-
tion of active pyridine groups on porphyrin. More-
over, the positive role of active pyridine N in the
CO,RR process has recently been demonstrated in
some homogeneous catalysis [58] and nanostruc-
tured electrocatalysts (involving N-doped and N-
heterocyclic nanomaterials) [31-35], in which pyri-
dine N is considered as the superior catalytically ac-
tive site and contributes to stabilization of the key in-
termediate to improve the performance of CO,RR.
These results well coincide with our experimental re-
sults. However, they still lack sufficiently clear struc-
ture information. According to the above crystal-
lographic and experimental results, our crystalline
supramolecular coordination compounds can struc-
turally prove that active pyridine N is indeed an im-
portant catalytic site for CO,RR.

According to the previous studies, in which
pyridine was directly used as homogeneous catalyst
for carbon dioxide reduction, methanol is the main
product [58-60]. The electrolyte after electrolysis
was further detected by headspace injection on gas
chromatography. The test result is consistent with
the "H NMR test result mentioned above, i.e. there
is no liquid product such as methanol (Fig. $34). By
contrast, we also tested the CO,RR performance
of pyridine under our experimental conditions. The
test results are as shown in Fig. S35, there is no peak
corresponding to methanol, which indicates that
under our test conditions, pyridine will not reduce
CO, to methanol when used for CO,RR. The
reason for this phenomenon should be related to the
working electrode material. As previously reported,
the reduction of pyridine does not occur at all
electrode surfaces, because there is a critical surface
interaction between pyridine and the working
electrode related to pyridine reduction [61].

To further support our speculation that active
pyridine N is a more suitable catalytic site,
supramolecular coordination compound Ni-TPYP-
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1 was designed and synthesized, in which the Ni
sites are saturated with six N atoms from TPYP
ligands and two pyridine N atoms are naked. Thus,
the attraction for CO, from the metals in porphyrin
centers is blocked by their saturated coordination
sphere. As aresult, CO, can be only adsorbed by two
naked pyridine N. The highest FEco of Ni-TPYP-1
can reach up to 83.7% at —0.90 V (Fig. 2b and ¢, and
Fig. $36) and the jco of Ni-TPYP-1is 7.4 mA cm 2
at —0.90 V vs. RHE (Fig. 2d). Tafel slope for Ni-
TPYP-1is 228.3 mV dec™ ! (Fig. 3a). The Cy of Ni-
TPYP-1 is 5.4 mF cm™? (Fig. 3b). All data indicate
that Ni-TPYP-1 with two naked pyridine groups has
poorer CO,RR performance than Ni-TPYP with
four naked pyridine groups but much better than
Ni-TPP without pyridine groups, which further con-
firms that active pyridine N is a better catalytic site.
In addition, another two isostructural complexes,
Co-TPYP-1 and Zn-TPYP-1, which have the same
host structure as Ni-TPYP-1, were further synthe-
sized to confirm the accuracy of the above con-
clusions [62,63]. All the metal centers in the por-
phyrin units of Co-TPYP-1 and Zn-TPYP-1 are sat-
urated with six N atoms, resulting in only two of
the four available pyridyl arms of each porphyrin be-
ing naked (Figs $37-S40). The CO,RR test results
show that the electroreduction performance of Co-
TPYP-1 is also favorable. At relatively low potential
(—0.50 V), its FEcg is 63.0%, and then reaches up
to the highest FEco (93.7%) at —0.70 V, which is a
little better than Ni-TPYP-1 (Fig. S41). By contrast,
the CO,RR performance of Zn-TPYP-1 is unsatis-
factory. The highest FEco of Zn-TPYP-1 appears at
~1.0 V with a value of 17.4% (Fig. S42). The differ-
ence in CO,RR performance is related to the type of
metal trapped in porphyrin pocket. Different metal
coordination effects endow metalloporphyrin com-
plexes with different conductivity, and thus the dif-
terences in CO,RR performance. The results of EIS
tests are consistent with our speculation, in which
the metalporphyrin conductivity plays an important
role in our system and there is such a sequence: Co-
TPYP-1 > Ni-TPYP-1 > Zn-TPYP-1 (Fig. $43).
The excellent electrocatalytic performance
of Ni-TPYP for CO formation encourages us to
evaluate its durability. A 2-h electrolysis performed
with a chronoamperometric test was carried out at
—0.90 V in CO,-saturated KHCOj3 aqueous solu-
tion. As time goes on, FEco continues to decline
within 2 h and the activity remains above 80% in the
previous hour (Fig. S44). The reaction liquids were
collected and characterized by inductively coupled
plasma mass spectrometry (ICP-MS) measure-
ments and UV-visible spectrophotometer (Table S1
and Fig. S45). The content of metal element
(Ni) in electrolyte after reaction is lower than the

Page S of 10

detection limit and there is no characteristic ab-
sorption peak of porphyrin in the ultraviolet-visible
spectra, proving that no detectable impurities
exist in the reaction electrolyte. In addition, the
PXRD peaks of the samples before and after the
electrochemical test were almost identical (Figs
S46-S48). All these results further confirm the
structural stability of electrocatalysts.

To verify the carbon source of the produced car-
bon monoxide, the isotopic '*CO, experiment was
performed under identical electrocatalytic reaction,
and the product was identified by the mass spec-
trum of 3C. As shown in Fig. 3d, the mass spec-
trogram clearly gives the '3C signal, which is in line
with previous work [47]. These results unambigu-
ously demonstrate that Ni-TPYP is indeed active for
converting CO, to CO under electrolytic condition.

For most catalytic reactions (including CO,RR),
the catalytic activity of heterogeneous catalysts
mainly originates from surface/interface cataly-
sis, which may affect the drawing of meaningful
structure-property relationships, because in some
cases, the structure of the surface may be different
from the bulk crystal structure. Thus, we prepared
Ni-TPYP microcrystal powder (as shown in Fig. S50
and Fig. S51, the size is ~2 pm that is similar to the
bulk crystal after grounding) through improved syn-
thesis methods. The well-matched PXRD patterns
for bulk crystals and microcrystal powder prove
the purity of the synthesized microcrystal powder.
Then, we used unground microcrystal powder of
Ni-TPYP to prepare the electrode and tested its
electrocatalytic CO,RR performance. We found
that under identical electrocatalytic conditions, the
main product of unground Ni-TPYP microcrystals
is still CO, and FE¢ can still reach up to 98.41%
(Fig. S52), further demonstrating the reliability of
our experimental results and conclusions.

According to the above experimental results, by
controlling the catalytically active sites, the CO,RR
activity of pyridine N can be clearly confirmed, as
shown in Fig. 4a. When a central four-coordination
metal (Ni) and four pyridine groups are naked, the
supramolecular compound Ni-TPYP has the highest
FEco (99.8%), while when four pyridine groups are
replaced by benzenes (Ni-TPP), the catalytic site at
this time is only the metal Ni. The electrochemical
test results show that the activity of Ni-TPP is poor,
and the maximum value of FE is only 25.6%, in-
dicating that Ni is not the best active site. The fact
that the CO,RR performance of TPYP is better than
that of TPP inspired us to speculate that the excel-
lent properties of Ni-TPYP maybe mainly due to
the pyridine groups modified on porphyrin. Further-
more, the compound Ni-TPYP-1 was synthesized
to further demonstrate that pyridine N can act as
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catalytic active site. The metal Ni of Ni-TPYP-1 is
saturated six coordination and two pyridine groups
are naked which can act as catalytically active sites.
The test results show that the CO,RR performance
of Ni-TPYP-1 is poorer than that of Ni-TPYP but
much better than that of Ni-TPP, which further
proves the above speculation that active pyridine N
is the more suitable catalytic site. However, it is note-
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worthy that the role of metal Ni cannot be ignored; it
is more likely to enhance the conductivity of molec-
ular structure by coordination effect in addition to
acting as a catalytic site.

Density functional theory (DFT) calculation
was carried out to further identify the catalytically
active sites in these crystalline electrocatalysts.
elementary reactions were

Generally, four
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considered during the CO,RR process, includ-
ing the formation of *CO,, *COOH, *CO and
finally the CO desorption processes. Two kinds
of active sites (metal center and pyridine N) were
taken into account in our calculations. From the
DFT calculation diagrams shown in Fig. 4a and
b, the RDS for CO, reduction is the formation of
*COOH. In the case of the metal active site, the
active Niin Ni-TPYP (denoted as Nil) requires free
energy of 1.60 eV to form intermediate *COOH,
which is almost the same as that of active Ni in
Ni-TPP (denoted as Ni2, 1.59 eV). This result
indicates that the activity of Nil and Ni2 is similar,
and the high energy barriers of *COOH formation
show that Ni2 possesses poor activity, and so does
Nil. Interestingly, for the active pyridine N site in
Ni-TPYP (denoted as N), it consumes the lowest
energy difference of 0.97 eV to form *COOH. The
reduction processes from CO, to CO on Ni-TPYP
are summarized in Fig. 4c. All in all, the sequence of
the reaction energies on these two active sites reveals
that the high CO, electroreduction performance
for Ni-TPYP is mainly attributed to the active
pyridine N.

CONCLUSION

In summary, by hierarchical controlling of the num-
ber of catalytic sites in supramolecular coordina-
tion compounds crystal model system, the cat-
alytic activity of pyridine-containing materials was
for the first time structurally identified in CO,RR.
The system includes Ni-TPYP, Ni-TPYP-1 and Ni-
TPP, which have four uncoordinated pyridine N,
two uncoordinated pyridine N and no pyridine N
atoms, respectively. As the number of uncoordi-
nated pyridine N atoms decreases, the selectivity of
the compounds exhibits such a tendency: Ni-TPYP
(FEco = 99.8%) > Ni-TPYP-1 (83.7%) > Ni-TPP
(25.6%). These results clearly demonstrated that the
electrocatalytic performance for Ni-TPYP mainly
comes from the active pyridine N atom. Among
them, the Ni coordination effect plays a very im-
portant role in improving the conductivity of the
electrocatalyst. Theoretical calculations also show
that CO, reacts more readily with pyridine N than
metal Ni. Significantly, such crystalline supramolec-
ular coordination compounds crystal model sys-
tem exactly identifies the activity of pyridine N
in CO,RR process. This work provides a sim-
ple and accurate supramolecular coordination com-
pounds model system to understand the electrocat-
alytic activity and reaction mechanism of N-doped
and N-heterocyclic nanostructured electrocatalysts
in CO,RR.
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METHODS
Materials and synthetic procedures

Porphyrin ligands and methanol were obtained from
commercial sources. Nickel acetate tetrahydrate
(Ni(OAc),-4H,0), cobalt acetate tetrahydrate
(Co(0OAc),-4H,0), nitrate hexahydrate
(Zn(NOs),-6H,0), potassium  bicarbonate
(KHCO;3), pyridine (99+%), hydrochloric acid
(HCI) and N,N-dimethylformamide (DMF) were
supplied by the Shanghai Reagent Factory. Nafion
solution (S wt%) was purchased from Sigma-
Aldrich. Carbon paper (CP, TGP-H-060) was
bought from Fuel Cell Store. All of the chemicals
used in this experiment were analytical grade and
used without further purification. All aqueous
solutions were prepared with Millipore water
(18.20 MQ2-cm). The purity of the gases used was
99.999%.

zinc

Synthesis of all samples
Synthesis of Ni-TPYP crystal

The 6 mL mixed solution of deionized water and
DMF containing $,10,15,20-tetra(3pyridiyl)-21H,
23H-porphine (0.06 g, 0.10 mmol, TPYP), and
Ni(OAc),-4H,0 (0.06 g, 0.10 mmol) was placed
into a 10 mL scintillation vial and heated at 150°C
for 3 days. After cooling down to room temperature
with a rate of 10°C h™!, the black octahedral crystal
was collected and washed with DMF several times.

Synthesis of Ni-TPYP-1 crystal

The 6 mL mixed solution of deionized water,
trimethylamine and DMF (2:1:3) containing TPYP
(0.03 g, 0.05 mmol), and Ni(OAc),-4H,0O (0.03 g,
0.125 mmol) was placed into a 10 mL scintillation
vial and heated at 180°C for 3 days. After cooling
down to room temperature with a rate of 10°Ch™*,
the black diamond crystal was collected and washed
with DMF several times.

Synthesis of Ni-TPP crystal

The  5,10,15,20-tetraphenyl-21H,23H-porphine
(0.06 g, 0.10 mmol, TPP) was added to the mixed
solution (6 mL) of DMF and deionized water.
Then triethylamine (28 L, 0.20 mmol) was added
to the above solution. After it was sonicated for
30 min, Ni(OAc),-4H,0 (0.06 g, 0.10 mmol) was
added into the mixed solution and sonicated for
another 30 min. The solution was placed in a 10 mL
scintillation vial and heated at 150°C for 72 h, and
the black octahedral crystal was obtained.
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Synthesis of Co-TPYP-1 crystal

The mixed solution of 4 mL DMF and 41.61 uL
HCI containing TPYP (0.0062 g, 0.01 mmol) and
Co(OAc),+4H,0 (0.005 g, 0.02 mmol) was placed
into a 10 mL scintillation vial and heated at 150°C
for 2 days. After cooling down to room temperature
with a rate of 10°C h™*, the black diamond crystal
was collected and washed with DMF several times.

Synthesis of Zn-TPYP-1 crystal

The 4 mL DMF containing TPYP (6.2 mg,
0.01 mmol), and Zn(NO;),-6H,O (6.0 mg,
0.02 mmol) was placed into a small capped vial. The
vial contents were mixed by sonication and heated
at 100°C for 2S5 h. After cooling down to room
temperature over 35 h, the purple diamond crystal
was collected and washed with DMF several times.

Synthesis of Ni-TPYP microcrystal powder
The 0.06 g (0.10 mmol) 5,10,1520-tetra
(3pyridiyl)-21H, 23H-porphine (TPYP) and
0.06 g (0.10 mmol) Ni(OAc),-4H,0 were placed
into a 50 mL flask. Then 25 mL DMF was added into
the flask. The mixture was refluxed for 10 h. When
the reaction was completed, a lot of water was added
to precipitate the product. Reddish brown powder
(Ni-TPYP microcrystal powder) was collected and
washed with H, O several times.

Electrochemical measurements

All electrochemical tests of the catalysts were per-
formed on an electrochemical workstation (Bio-
Logic) with a standard three-electrode system at
room temperature and under ambient conditions.
An airtight H-type cell separated by a cation ex-
change membrane (Nafion(®)117, dupont) was used
as a reactor. Each compartment contained 25 mL
electrolyte (0.5 M KHCO;) with approximately
25 mL headspace. An Ag/AgCl electrode (with sat-
urated KCl) and a carbon rod were used as the ref-
erence electrode and the counter, respectively. The
working electrode was a catalyst-modified carbon
paper (1 cm x 2 cm, denoted as CPE) in 0.5 M
KHCOj solution (pH = 7.2).

The polarization curves results were obtained by
performing linear sweep voltammetry (LSV) mode
with a scan rate of $ mV s™! during the CO, re-
duction experiments. Initially, LSV for the modi-
fied electrode was recorded in Ar-saturated 0.5 M
KHCO; (pH = 8.8). The LSV result in Ar-saturated
0.5 M KHCOj; was achieved after bubbling with
CO, (99.999%) for at least 30 min to make sure
the aqueous solution was saturated. All the LSV
curves were presented without IR compensation.
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After that, the controlled potential electrolysis was
conducted. All potentials were measured against an
Ag/AgCl reference electrode and the results were
converted to those against an RHE based on the
Nernst equation: E (vs. RHE) = E (vs. Ag/AgCl) +
0.1989 V + 0.059 x pH.

ECSA measurement was estimated by perform-
ing cyclic voltammograms (CV) at different scan
rates from 10 to 100 mV s~ ! under the potential win-
dow of —0.18 V to —0.06 V (vs. RHE) to measure
the double-layer capacitance (Cy).

EIS measurement was carried out on the elec-
trochemical analyzer in a frequency range from
1000 kHz to 100 mHz at an overpotential of —0.90 V
vs. RHE.
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