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The development of efficient molecular catalysts for electrochemical CO, reduction (ECO,R) remains a key
challenge for scalable carbon utilization. Herein, we report the synthesis and electropolymerization of an o-
tetraamino-substituted Co''-phthalocyanine monomer (CoPc-1a) to yield robust polymer films (p(CoPc-1a))
on various conductive substrates. The resulting films were characterized by UV-visible spectrophotometry,
Raman and attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy, scanning
electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX), variable frequency
square-wave voltammetry (VF-SWV), and density functional theory (DFT), confirming successful polymer
network formation via phenazine linkages and efficient electron transfer across macrocyclic units. In H-cell
electrolysis at —1.15 V vs. NHE, a p(CoPc-1a)-modified carbon paper electrode exhibited high selectivity for
CO generation with a faradaic efficiency (FEco) of 97%, along with a current density of 3.8 mA cm™2 and a
turnover number (TONco) and a turnover frequency (TOFco) of 6.0 x 10* and 0.37 s, respectively, over
45 h. At an applied potential of —1.54 vs. NHE in a flow-cell system, the p(CoPc-1a) film on a microporous
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layer of a carbon fiber paper exhibited remarkable catalytic performance, achieving an average current
density of 151 mA cm™2 with 98% FEco for 42 h, corresponding to a TON¢p of 1.9 x 10° and a TOFco of
12.6 s7*. This study demonstrates that p(CoPc-1a) offered a balanced profile of high selectivity, long-term
stability and practical current output, establishing it as a promising material for scalable CO,-to-CO

DOI: 10.1039/d5cp04205d

rsc.li/pccp conversion.

the use of an efficient catalyst is very necessary.” Metallophthalo-
cyanines (MPcs) have demonstrated high efficiency as electrocata-

1. Introduction

Achieving the net-zero greenhouse gas emission goal has become
a global agenda driving the development of low-carbon technol-
ogies. Among these, carbon dioxide (CO,) conversion offers a
sustainable approach to mitigate climate change while producing
value-added chemicals and fuels. Electrochemical CO, reduction
(ECO,R) enables conversion of CO, by using electricity from
renewable energy sources into various chemicals, such as carbon
monoxide (CO), methane (CH,), and formic acid (HCOOH),
depending on types of electrocatalysts employed."* ECO,R offers
several advantages, including mild operating conditions, tunable
reaction rates and product selectivity via applied potential, and
broad scalability.”™* To overcome kinetic and thermodynamic
barriers associated with the reduction of the inert CO, molecule,
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lysts for ECO,R.® Among them, Co"-phthalocyanine (CoPc) is
widely recognized as one of the most active MPc-based catalysts
for ECO,R.”™® Several studies reported the use of monomeric
CoPc-modified electrodes, but they suffered from limited stability
under operating conditions, often leading to catalyst degradation."*
To address this, binders, such as polystyrene'”> and Nafion,"* have
been commonly used to immobilize the catalyst onto the electrode
substrate and improve film stability. Nonetheless, these binders
have been reported to adversely impact catalytic performance by
blocking active sites, limiting electron conductivity, causing micro-
structural destruction and impeding mass transport. Moreover,
binder degradation under working conditions could deteriorate
film stability."*™*® To address these limitations, the direct poly-
merization of CoPc monomers on the electrode surfaces has
become a promising option. Among various techniques, elec-
tropolymerization stands out as a highly effective method for
producing reproducible, uniform thin films with tunable thick-
ness, morphology and orientation in a single step."”™'° By this
process, polymeric CoPc films can be prepared from suitably
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Fig. 1 A structure of a target monomer.

functionalized monomers containing electropolymerizable groups,
such as pyrrole,”® thiophene®" or aniline.”” The substitution
patterns on MPc molecules are known to have a significant
influence on their electronic and physical properties. Recently,
our group reported polymeric ECO,R catalysts based on
B-tetrasubstituted CoPc bearing bithiophenyl,”® amino®** and
4-aminophenoxy>® groups that exhibited outstanding catalytic
activity, selectivity and stability. According to previous studies,
a-substitution on Pc macrocycles substantially suppressed cofa-
cial  to 7 association relative to B-substitution, and induced out
of plane distortion, thereby reducing aggregation tendency and
preserving the exposure of the catalytic sites during the
electrolysis.>® Moreover, a-functionalization could induce greater
changes in the physical, optical and electronic properties than
B-substitution.?’*° Building upon these findings, this work aims
to synthesize an a-aminophenoxy-tetrasubstituted CoPc monomer
(CoPc-1a, Fig. 1) and prepare its corresponding electropolymer
(p(CoPc-1)). Electrochemical properties, charge transfer behavior
and electrocatalytic performance of p(CoPec-1a) toward heteroge-
neous ECO,R in both H-type and flow electrochemical cells were
investigated, with a focus on improving catalytic selectivity,
productivity and stability.

2. Results and discussion
2.1 Monomer synthesis and polymer film preparation

Synthesis of CoPc-1a0 was carried out via a three-step process
following previously published procedures,®'** starting from a
nucleophilic aromatic nitro displacement reaction of 3-nitro-
phthalonitrile with 4-nitrophenol in dimethylformamide (DMF)
at 60 °C for 24 h, leading to 3-(4-nitrophenooxy)phthalonitrile (1)
containing a newly formed ether linkage in 92% yield (Scheme 1).
Cyclotetramerization of 1 in the presence of Co(OAc),-4H,0 and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in dimethylethanolamine
(DMAE) under reflux for 4 h resulted in 1,8,15,22-tetra(4-nitro-
phenoxy)phthalocyaninatocobalt(u) (CoPc-2a) in 46%. Then, a
nitro-reduction of CoPc-2a with a mixture of SnCl, in concentrated
HCI and ethanol at room temperature for 20 h gave CoPc-1a in

3916 | Phys. Chem. Chem. Phys., 2026, 28, 3915-3928

View Article Online

PCCP
NO,
. I
NC NO, HO

CN

K,CO4
DMF, 60°C, 24 h

oV
NC O
CN 4

CO(OAC)2'4H20
DMAE, DBU, 185°C, 4 h

@QQ

S

e

CoPc-2a

92% l

46% J

SnCl,, conc. HCI

o )

93% l EtOH, rt, 20 h
CoPc-1a

Scheme 1 Synthesis of CoPc-1a.

93% yield. Formation of CoPc-2a0 and CoPc-1a was confirmed by
their molecular ion peaks at m/z 1119.1291 and 999.2314 in high-
resolution matrix-assisted laser desorption/ionization time-of-
flight (HR-MALDI-TOF) mass spectra.

CoPc-1a was coated on various types of substrates, namely
indium tin oxide-coated glass (ITO-glass), gold-coated glass (Au-
glass), carbon paper (CPs) and a microporous layer of the
commercial carbon fiber paper (MPL-CFP), by means of cyclic
voltammetry (CV). Electropolymerization was performed in a
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF)
solution in DMF containing 0.1 mM CoPc-1a in a three elec-
trode one-compartment cell consisting of the ITO-glass, Au-
glass, CP or MPL-CFP as a working electrode (WE), an AgCl-
coated Ag wire (Ag/AgCl) as a quasi-reference electrode (QRE),
and a Pt wire as a counter electrode (CE). A potential range of
—0.33 V to 1.27 vs. normal hydrogen electrode (NHE) was
applied at a scan rate of 50 mV s~ . Fig. 2 presents the cyclic
voltammograms collected during the electropolymerization of
CoPc-1a on the CP substrate. In the anodic scans, the oxidation
of the primary amine group of CoPc-1a was observed at 0.89 V
vs. NHE and gave the corresponding radical cation, initiating
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Fig. 2 The cyclic voltammograms of the electrochemical polymerization of
CoPc-1a on the CP. Black solid, red dotted and blue dashed lines represent
the first, the intermediate and the last scanning cycles, respectively.

the electropolymerization.***> The characteristic anodic sig-
nals of Co"/Co™, -NH,/-NH,** and Pc* /Pc~ oxidation were
detected at 0.44 V, 0.89 V and 1.19 V vs. NHE, respectively.® On

View Article Online

Paper

the reverse scan, the Co"/Co' reduction peak was observed at
—0.16 V vs. NHE.***” Upon increasing the scanning cycles, the
anodic peaks shifted toward more positive potentials and the
cathodic ones toward more negative potentials, consistent with
the growth of the polymer film on the electrode, which increased
the ohmic (iR) drop and amplified the potential shifts.***® In
addition, the progressive increase in the anodic peak current of
the -NH,/-NH,*" couple corroborated the continuous polymer
deposition on the electrode.*®

2.2 Polymer film characterization and electrochemical
behavior study

Formation of the resulting polymer films of CoPc-1a (p(CoPc-14))
was confirmed by UV-visible (UV-vis) spectrophotometry, attenu-
ated total reflection-Fourier transform infrared (ATR-FTIR) spectro-
scopy, Raman spectroscopy and scanning electron microscopy
(SEM) equipped with energy dispersive X-ray spectroscopy (EDX).
The UV-vis spectrum of the p(CoPc-1a) film on the ITO-glass
(p(CoPc-1a)/ITO-glass) showed a broad B-band at 363 nm, and
Q-bands at 643 and 716 nm, corresponding to those observed from
a CoPc-1a solution in DMF (CoPc-16/DMF) and a dropcast CoPc-1a
film on the ITO-glass (CoPc-1a/ITO-glass) as shown in Fig. 3a. Peak
broadening and slightly red-shifted absorption observed in

(a)

0.6

Absorbance

—— p(CoPc-1a)/ITO-glass
----- CoPc-1a/ITO-glass
s COPe-1a/DMF

Wavelength / nm

/W p(CoPc-1a)/Au-glass
° 3376
o
c
<
k=]
g CoPc-1a
c
[
b 1408 are 538740
@ 1325 /Y457 1084
N 1500 1237
©
£ CoPc-2a
- bV ——
2

976 835 73
1138 1086
1326 1107
1491 1236

T T T T T T T T
3600 3400 3200 1600 1400 1200 1000 800

Wavenumber / cm™

(c) 35

3.0

2.5

2.0 p(CoPc-10)/CP

1.04 CoPc-1a/CP

Normalized intensity
&
1

0.5

004 cp

T T T T T T
600 800 1000 1200 1400 1600 1800
Raman shift / cm™

Fig. 3 (a) UV-vis spectra of p(CoPc-14)/ITO-glass (black solid line), CoPc-1a/ITO-glass (red dashed line) and CoPc-1a/DMF (blue dotted line); (b) ATR-
FTIR spectra of p(CoPc-1a)/Au-glass (black line), CoPc-1a powder (red line) and CoPc-2a powder (blue line); and (c) Raman spectra of p(CoPc-1a)/CP

(black line), CoPc-1a/CP (red line) and CP (black line).
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p(CoPc-1a)/ITO-glass and CoPc-10/ITO-glass, compared to the
absorption of CoPc-1a/DMF, was attributed to H-aggregation
among the Pc macrocycles in the polymer film.**™** As shown in
Fig. 3b and Table S1 (SI), the ATR FT-IR spectrum of the p(CoPc-
1a) film on the Au-glass (p(CoPc-1a)/Au-glass) was collected and
compared with those of CoPc-1a and CoPc-2a. The p(CoPc-14) film
exhibited C-O-C stretching peaks at 854, 1090 and 1251 cm ™",
C-C stretching vibration peaks of pyrrole and isoindole units at
1331 and 1410 cm ™ *,***® and macrocyclic C—=C stretching peaks
at 1507 and 1589 cm ™ '.** These signals were consistent with those
observed in CoPc-1a0 and CoPc-2¢, and with those of their
B-substituted derivatives (CoPc-1P), described in our previous
study.”® Attenuation of the N-H stretching signal in the range of
3000-3600 cm *,*°° together with appearance of a peak of
phenazine (PNZ) ring vibration with the C-H out-of-plane at
752 ecm ' and a skeletal deformation peak at 812 cm™ " indicate
the possible formation of PNZ bridges within the p(CoPc-1a)
network.”® The Raman spectrum of p(CoPc-1a)/CP exhibits a
similar peak pattern to that of CoPc-1a/CP with slightly broader
features (Fig. 3c and Table S2, SI). The signals at 754 and
1340 cm™~ ' were assigned to Co-N stretching coupled with pyrrole
ring expanding,”® and C-H in-plane bending and isoindole
vibration,> respectively. The peaks at 1083 and 1278 cm™ " were
also attributed to C-H in-plane bending.>® The vibration peak at
1349 cm™ " was a characteristic feature of the Pc ring and corre-
sponded to the Cp-Cg, C,~Cp-Cg, C,~C;s and Cg-C, stretching of
the pyrrole group,” with an additional Cg—Cg stretching signal
found at 1462 cm %> A peak at 1426 cm ' was assigned to
C-N,,—C stretching (where N,, is an N atom coordinated with a Co
center) accompanied by pyrrole expanding,® while the one at 1539
em ' corresponded to C-N,,~C stretching together with pyrrole
expanding coupled with C-H in-plane bending.** Unlike the
Raman profiles of the electropolymer of CoPc-1f (p(CoPc-1p))
reported in our previous work,> a distinct feature of the PNZ
linkage could not be clearly observed by this technique. SEM-EDX
showed uniform Co distribution across the substrate surface with
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minor local agglomerates, suggesting that p(CoPc-1a) was depos-
ited over the entire CP substrate (Fig. S8, SI).

Furthermore, the electrochemical behavior of the p(CoPc-
1a) film was characterized by CV in a one-compartment three-
electrode electrochemical cell consisting of p(CoPc-1a)/CP as
the WE, Ag/AgCl (saturated KCl) as the reference electrode (RE)
and a Pt wire as the CE. 0.1 M KOH solution in deionized water
was used as the electrolyte to clearly observe the characteristic
redox responses of electrochemically active components in the
polymer film, while suppressing interference from oxygen
reduction and water splitting reactions.’®*” The potential was
scanned between —0.90 V and 0.40 V vs. NHE at a scan rate of
100 mV s~ " as shown in Fig. 4a. During the cathodic sweep, the
resulting cyclic voltammogram of the p(CoPc-1a)/CP exhibited
reduction peaks corresponding to the Co"/Co' and Pc* /Pc®~
couples at —0.27 V and —0.44 V vs. NHE, respectively. These
peaks were correlated with those observed in its monomer
solution (Fig. S9, SI), thereby indicating the presence of electro-
chemically active centers for the ECO,R in the p(CoPc-1ar) film.
Furthermore, a prominent reduction peak assigned to the two-
electron reduction of the PNZ linkage was observed at —0.08 V vs.
NHE. These three reduction peaks were consistent with those
described for the B-substituted analog in our previous report.”® To
investigate electron transfer behavior of the above-mentioned
electrochemically active components in the p(CoPc-1a)) film, vari-
able frequency square-wave voltammetry (VF-SWV) was subse-
quently conducted in the same electrochemical setup, following
the previous works.”>**” The charge transfer kinetics of the
p(CoPc-1a1)/CP was investigated by recording 76 SWV curves within
a potential window between —1.00 V and 0.20 V vs. NHE across
frequencies (f) from 0.33 Hz to 1250 Hz, corresponding to log(f)
values between —0.5 and 3.0. As shown in Fig. 4b, the p(CoPc-1)
film exhibited the main responses corresponding to the Co"/Co"
and Pc® /Pc®” reductions at the potentials of —0.28, and —0.41 V
vs. NHE, respectively. In addition, the highest intensity response
of the PNZ linkage appeared at a potential of —0.06 V vs. NHE,
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Fig. 4 (a) Cyclic voltammogram and (b) experimentally recorded VF-SWV colormaps of p(CoPc-1a)/CP, based on 76 square wave voltammograms
collected with pulse times from 0.4 ps to 1.5 s, or the frequencies () from 1250 to 0.33 Hz in the region corresponding to Co'/Co' and Pc?~/Pc3~

reduction processes.
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consistent with the PNZ/PNZH, reduction peak observed in
Fig. 4a. In terms of the frequency response that directly depends
on the electron transfer rate in the polymer film, p(CoPc-1a)/CP
displayed a wide range of frequency responses between the
log(f) of 2.2 and —0.40 by exhibiting the major responses of
the Co metal center, Pc ring and PNZ linkage at the log(f) of 0.90
(f= 7.9 Hz) with the tail-like response diffused into the lower
log(f) of —0.4 (f= 0.4 Hz). These features were originated from
charge penetration from the first layer to the bulk catalyst layers as
proposed for the B-substituted analog in our previous works. These
observations confirmed the formation of a PNZ-conjugated CoPc
network from the oxidative electropolymerization of CoPec-1a and
indicated that the intermacrocyclic electron transfer was facilitated
by the newly formed PNZ bridge in the p(CoPc-1a) film.

2.3 Electrocatalytic performance

2.3.1 Study on p(CoPc-1a)-catalyzed ECO,R in a H-type
electrochemical cell. The electrocatalytic activity of p(CoPc-1a)
in a batch ECO,R process was evaluated in a two-compartment
three-electrode H-type electrochemical cell consisting of cathodic
and anodic chambers separated from each other by a Nafion
membrane (Fig. $10, SI).>* p(CoPc-1¢)/CP and Ag/AgCl (3M KCI)
were placed in the cathodic chamber as the WE and RE,
respectively, while a Pt wire served as the CE in the anodic
chamber. An aqueous solution of 0.5 M KHCO; was used as
the electrolyte in both chambers. As shown in Fig. 5, the CV
measurement in the potential range from 0.20 V to —1.20 V vs.
NHE with a scan rate of 50 mV s ' under the N,- and CO,-
saturated conditions revealed that p(CoPc-1at)/CP under the CO,-
saturated conditions showed lower reduction potential onset
(Ered,onset), i-. —0.86 V compared to —0.95 V vs. NHE, and higher
current density than that recorded under the N, saturation. This
observation suggested the possible catalytic activity of p(CoPc-1a1)
for ECO,R in the potential range —0.86 V vs. NHE and above.
Negligible current density observed from the bare CP confirmed
no participation or interference of the CP substrate under the
measurement conditions.

After that, controlled potential electrolysis (CPE) was per-
formed at various potentials, starting from —0.80 V to —1.35 V
vs. NHE with 0.05 V increments, for 2 h at each potential. The
formation of headspace gas products was analyzed via gas
chromatography (GC), while the dissolved species were inves-
tigated via nuclear magnetic resonance (NMR). Fig. 6a-c show
that no significant product formation was detected until the
potential of —0.90 V vs. NHE, consistent with Eyeq onset Observed
in the above-mentioned CV experiment. Upon increasing the
applied potential from —0.90 V to —1.20 V vs. NHE, CO was
detected as a sole product with Faradaic efficiency of the CO
formation (FEco) increasing from 58% to 94% and the average
current density increasing from 1.3 mA cm > to 7.6 mA cm 2.
At —1.25V to —1.30 Vvs. NHE, CO remained the only detectable
product, but the current density was unstable despite compar-
able FE¢o, likely due to the partial detachment of the p(CoPc-
1a) film from the substrate. This effect was more pronounced at
—1.35 Vvs. NHE, where the FEco dropped to 61% and hydrogen
(H,) was generated at 13% FE. According to GC analysis, the CO

This journal is © the Owner Societies 2026
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production reached up to 7.6 mL in the 2-h interval at an
applied potential of —1.25 V vs. NHE and then drastically
inclined when the reduction potential was increased further.
Based on these results, the reduction potentials of —1.15 V and
—1.20 vs. NHE were selected for further stability studies, which
will be described later.

The stability of p(CoPc-1a) was evaluated at the selected
potentials of —1.15 V and —1.20 V vs. NHE under the ECO,R
conditions used for the CPE. The results showed that at —1.20 V
vs. NHE, p(CoPc-1a)/CP gave CO as the sole product at the FEco
above 90% in the first 20 h with the gradually decreasing
current density (Fig. S11, SI). After that, the FEco dropped to
63% after the 40th hour and then to 56 at the 45th hour, when
the experiment was terminated. The average current density
and the accumulated CO amount were 4.4 mA cm > and
79.5 mL, respectively. At —1.15 V vs. NHE, the current density
and the FE¢o were quite stable at approximately 3.8 mA cm™> and
97%, respectively, for at least 45 h with a comparable accumulated
CO amount, ie. 75.1 mL, to that obtained from the ECO,R at
—1.20 V vs. NHE (Fig. 6d-e). According to inductively coupled
plasma-optical emission spectroscopy (ICP-OES), total catalyst
loading of the p(CoPc-1a) film on the CP was determined to be
52 nmol cm~” (Table S3, SI). Therefore, for the 45-h ECO,R at
—1.15 V vs. NHE, the turnover number (TONgo) and a turnover
frequency of the CO formation (TOFe) were calculated to be 6.0
x 10" and 0.37 s 7, respectively

Interestingly, although CoPec-1a and CoPc-1f shared struc-
tural similarities, p(CoPc-1a) exhibited a higher FEco (97% vs.
94%) at slightly less negative potential than p(CoPc-1f)
(—1.15 V vs. —1.19 V, vs. NHE). However, p(CoPc-1f) clearly
outperformed p(CoPc-1a) in terms of the current density
(5.9 vs. 3.8 mA cm ?) and long-term operational stability
(120 h vs. 45 h) (Table S4, SI). The lower TOF¢, observed for
p(CoPc-1a) (0.37 vs. 1.1 s~ ') was likely attributed to higher
catalyst loading on the CP (52 vs. 25 nmol cm ™), as a result of
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greater solubility of CoPc-1a, compared to that of CoPc-1f. This
higher loading led to a thicker catalyst film, which might
hinder CO, diffusion to the active sites close to the electrode
surface where electron transfer was most efficient. The weaker
frequency-dependent Co"/Co' feature in the above-mentioned
VF-SWV response of the p(CoPc-1a)/CP, compared with that of
the previously studied p(CoPc-1B)/CP,>® suggested the slower
charge transfer kinetics at the Co center in p(CoPc-1a). This
observation further supported that the effective turnover was
limited by interfacial and interlayer charge transport, and mass
transport within the thicker p(CoPc-1a) film. Such charge
transfer kinetics could also be governed by the local interfacial
ion environment and electric double layer structure, which
modulated interfacial charge transfer and consequently elec-
trocatalytic rates.”® Furthermore, electrochemical impedance
spectroscopy (EIS) of the p(CoPc-1a) films prepared by CV with
cycle numbers of 10, 20, and 30 showed a clear increase in the
Nyquist plot semicircle size with increasing cycle number
(Fig. S12, SI). This trend indicated higher charge transfer
resistance and greater transport limitation in the thicker films
from higher deposition cycles, thereby reducing the ECO,R
performance. While mechanistic insight was addressed in a
later section, these EIS and VF SWV results suggested that the

3920 | Phys. Chem. Chem. Phys., 2026, 28, 3915-3928

charge transport across the interface and the mass transport
within the catalyst film were key contributors to the lower TOF
in the thicker films.>® Moreover, when compared to other catalyst
architectures, such as the previously reported bithiophenyl-
substituted CoPc polymer®® and CoPc-based covalent organic
frameworks (COFs),°*®" p(CoPc-1¢) exhibited superior product
selectivity and operational durability, despite showing lower
intrinsic activity, i.e. TOF¢o, than the COF-based materials. This
study supported that p(CoPc-1a)/CP was the stable and effective
WE for the batch ECO,R process. However, due to low solubility of
CO, in aqueous solution and diffusion-limited current in the H-
cell, we extended our study to a continuous ECO,R using a gas
diffusion electrode (GDE), allowing direct feed of gaseous CO, to
the catalyst surface and enabling rigorous evaluation of activity,
selectivity, and durability under practical conditions, as described
in the next section.

2.3.2 Study on p(CoPc-1a)-catalyzed ECO,R in a flow-type
electrochemical cell. In this study, the catalytic performance of
p(CoPc-1a) in the continuous ECO,R process was investigated
by using a custom-built two-compartment three electrode flow-
type electrochemical cell, as described in our previous work.>*
The cathodic chamber contained p(CoPc-1a)-coated MPL-CFP
(p(CoPc-1a)/MPL-CFP) and Ag/AgCl (saturated KCl) that served
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as the WE and RE, respectively. The Pt wire was used as the CE
and located in the anodic chamber that was separated from the
cathodic one by an anion exchange membrane (AEM). An N,- or
CO,-saturated aqueous solution of 1.0 M KHCO; was pumped
into both compartments at a flow rate of 15 mL min~". The cyclic
voltammogram of p(CoPc-1a)/MPL-CFP recorded between 0.20 V
and —1.50 V vs. NHE at a scan rate of 50 mV s~ ' showed lower
Eredonset under the CO, saturation, —0.60 V vs. NHE, than that
under the Ny-saturated conditions, —0.70 V vs. NHE, with higher
current density at more negative potential (Fig. S13, SI). Under
both conditions, the bare MPL-CFP also exhibited current
enhancement at the reduction potential higher than —0.90 V
vs. NHE due to the H, formation. These observations indicated
potential catalytic activity of the p(CoPc-1a)/MPL-CFP for the
continuous ECO,R process. A CPE study was hence conducted
to evaluate the catalytic performance of the p(CoPc-1e)/MPL-CFP
at various reduction potentials, starting from —0.97 Vto —1.73 V
vs. NHE for 2 h at each potential as shown in Fig. 7a-c. The
current density was first detected at —0.97 V vs. NHE and CO was
obtained at 65% FE as the sole product. As the potential was
stepped to more negative, the current density, %FEqo and CO
production were all increased. At 1.73 V vs. NHE, H, evolution
was observed and the experiment was not continued further.
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Although, at —1.62 V vs. NHE, the FEco and CO amount reached
100% and 118 mL, respectively, the current signal was relatively
noisy. Therefore, the subsequent stability test was performed at
—1.54 Vvs. NHE, where the %FE and the CO production were still
high, ie. 98% and 98 mL, respectively, and the current density
level was comparatively steady.

Fig. 7d and e show that by using the p(CoPc-1a)/MPL-CFP as
the GDE in the flow cell, the ECO,R at —1.54 V vs. NHE exhibited
stable current density approximately 140 mA cm ™2 in the first
20 h. After that, the current density slightly increased and became
stable again at approximately 160 mA cm > by the 25th hour
before drastically dropping after the 42th hour due to electrolyte
leakage from the cell. Over 42 h, the ECO,R in this flow cell was
highly productive with average FEco of 98% and the accumu-
lated CO amount of 2.84 L with the average current density of
151 mA em 2. Accordingly, TON¢o and TOF¢o were enhanced
to 1.9 x 10° and 13 s, respectively, compared with the ECO,R
in the H-cell. According to the SEM-EDX analyses, the p(CoPc-
10)/MPL-CFP before and after the electrolysis appeared similar,
showing uniform catalyst distribution and the expected exis-
tence of carbon, oxygen and cobalt atoms (Fig. S14, SI). The
increase in the current density and the subsequent electrolyte
leakage arose from hydroxide (OH ) generation during the
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(a) Chronoamperometric responses, (b) % FE of gas product formation and (c) accumulated amounts of CO (red line) and H, (black line) observed

in each 2-h interval at various potentials; and (d) chronoamperometric responses with % FEco and (e) accumulated amount of CO recorded at —1.54 V vs.

NHE over 42 h of the p(CoPc-1a)-catalyzed ECO,R in the flow cell.
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ECO,R at the cathode, which migrated through the AEM to
recombine with protons (H') produced from water oxidation at the
anode consistent with this ion flux, and we observed a decrease in
the catholyte volume, while the anolyte volume increased during
extended operation. At a high CO production rate, OH™ transport
became rate-limited, leading to OH  accumulation and subse-
quent reaction with CO, at the GDE to form HCO; /CO5>~.%*"%
This resulted in an ionic strength increase and thus lowered
electrolyte resistance, as observed during the CPE, causing the
current density to rise over time. Simultaneously, KHCO3;/K,COj3;
precipitated within the porous GDE, promoting the leakage and
impeding CO, transport to the catalytic sites.®”””> Consequently,
mass-transport limitations became intensified and the Feco
declined.

When compared to the published ECO,R flow system cata-
lyzed by a tetraamino-substituted CoPc electropolymer,** p(CoPc-
1a) demonstrated higher FEco (98% vs. 93%) and comparable
stability, although with a notably lower TOF (13 vs. 140 s~ ).
Moreover, p(CoPc-1a) offered significantly higher current density
than the CoPc-based COF reported by Han et al.,*° with similar
CO selectivity at slightly more negative potential. Overall, p(CoPc-
1a) thus presented a well-balanced profile, combining high
selectivity, practical current output and decent stability, making
it a strong candidate for the scalable electrochemical CO,-to-CO
conversion.

3. Theoretical study on charge
redistribution and catalytic behavior

In this section, density functional theory (DFT) calculations
were performed to investigate the interfacial and interlayer
charge redistribution of CoPc-1a and p(CoPc-1a) on the CFP
substrate (Fig. 8). The optimized structures exhibited good
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Fig. 8 Planar average of a charge density difference profile in the direc-
tion perpendicular to the planes for (a) monolayer and (b) bilayer models
for CoPc-1a (black) and p(CoPc-1a) (green) deposition.
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lattice matching between the polymer network (22.3 A x 22.3 A)
and the graphene surface with the most stable configuration
found at the hollow site with a 75° orientation, consistent with
favorable n-7 stacking interaction (Fig. S15-S19, SI). The planar-
averaged charge density difference (Ap,,) profiles revealed distinct
electronic characteristics between the two systems. In the mono-
meric one, electron accumulation occurred mainly at the interface
between the CoPc macrocycle and graphene, indicating charge
transfer from the substrate to the molecules. In contrast, the
polymeric network showed pronounced charge accumulation near
the two CoPc layers and diminished substrate interaction, sug-
gesting that the PNZ linkages promoted electron delocalization in
the polymer layers and enhanced through-plane electronic cou-
pling. This theoretical observation agreed well with the VF-SWV
results, demonstrating efficient charge transport through the Co,
Pc and PNZ redox centers. Redistribution of the electron density
around the Co and PNZ sites accounted for the experimentally
observed Co"/Co" and PNZ/PNZH, reduction peaks at —0.28 V and
—0.06 V vs. NHE, respectively, as well as enhanced conductivity of
the p(CoPc-1a) film. Furthermore, the results were consistent with
those of our previous mechanistic studies presenting the crucial
role of the Co' redox center in a key [Co'-Pc*"]” intermediate
during the ECO,R.>* Overall, electropolymerization converted the
localized interfacial charge of CoPc-1a into a vertically delocalized
PNZ-conjugated CoPc network in p(CoPc-1a), thereby facilitating
electron transfer while preserving weak substrate binding. This
aligned with the high film stability and sustained catalytic current
observed in both H-cell and flow-cell experiments.

To gain mechanistic insights into the catalytic pathway of
the p(CoPc-1a)-catalyzed ECO,R and the effect of the a-
functionalization on the Pc macrocycle, computed free-energy
(AG) profiles for CO,-to-CO conversion catalyzed by CoPc-1a in
comparison with our previously reported CoPc-1f were exam-
ined as shown in Fig. 9. The reaction started with the Co"/Co"
reduction, followed by CO, adsorption on the Co' center with a
small adsorption energy of 0.18 eV, forming a bent *CO,
intermediate stabilized by m-back-donation from metal 3d
orbitals. During the CO, adsorption, the electron transfer upon
CO, activation was not localized only on the Co center. Instead,
a substantial fraction of the transferred charge was delocalized
over the conjugated m-system of the phthalocyanine macro-
cycle, indicating that the phthalocyanine macrocyclic ligand
functioned as an electronic reservoir that buffers charge during
the catalysis (Fig. S20, SI). Subsequent protonation to yield a
*COOH intermediate was a rate-determining step, with a
slightly lower energy barrier for CoPc-1a (3.07 eV) than for
CoPc-1B (3.19 eV), indicating higher catalytic competence of
CoPc-1a. Formation of *CO and the following desorption were
both downhill in energy, indicating thermodynamically favor-
able CO release. These theoretical results were consistent with
experimental observations showing that p(CoPc-1a) exhibited
higher CO selectivity and slightly lower overpotential compared
to p(CoPc-1B). The o-functionalization on the Pc macrocycle
therefore played a crucial role in strengthening metal-ligand
electronic communication, promoting charge transfer and low-
ering the activation energy for the electrochemical CO,-to-CO
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conversion. The calculated stacking configuration (Fig. S15-S19,
SI) indicated that the distance between the CoPc macrocycles in
the first p(CoPc-1a) film layer and the carbon-based substrate
was 3.30 A, while the interplanar distance between adjacent
CoPc units within the polymer bulk was 3.77 A. Both values were
slightly larger than those obtained for the previously reported
p(CoPc-1p) analogue, i.e. 3.27 and 3.59 A, respectively.® These
data agreed with the previously reported data showing that
a-alkoxy substitution on the Pc macrocycles effectively sup-
pressed the aggregation,” thereby promoting the accessibility
to the catalytically active sites during the ECO,R. The same
study further reported that the a-alkoxy groups could induce a
Q-band redshift by narrowing the highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
gap. In line with this study, the Q-bands of the p(CoPc-1a) film
were observed at 643 and 715 nm, redshifted relative to those of
the p(CoPc-1p) one (631 and 700 nm).>*

4. Conclusions

The desirable o-tetrasubstituted monomer CoPc-1a was success-
fully synthesized and electropolymerized to form the polymer
film of p(CoPc-1a) on the ITO-glass, Au-glass, CP and MPL-CFP
substrates. The formation of the p(CoPc-1a) films was confirmed
by UV-vis spectrophotometry, Raman and ATR-FTIR spectro-
scopy, and SEM-EDX analysis. ATR-FTIR spectroscopy showed
the characteristic signals corresponding to the newly formed PNZ
linkage in the polymer network, while VF-SWV indicated the
efficient intermacrocyclic electron transfer facilitated by the PNZ
bridge. At a potential of —1.15 V vs. NHE in the H-cell, p(CoPc-1a)
demonstrated the optimal catalytic performance by giving the
current density, FEgo, TONgo and TOFgo of 38 mA cm™ 2, 97%,
6.0 x 10" and 0.37 s, respectively, for at least 45 h. Compared
with its B-tetrasubstituted analog CoPc-1B, CoPc-1a exhibited
higher solubility in DMF and, according to the ICP-OES, the
catalyst loading of p(CoPc-1a) was approximately twice that of

This journal is © the Owner Societies 2026

p(CoPc-1B) on the CP. As a result, the more hindered CO,
diffusion possibly occurred in p(CoPc-1a) led to lower current
density and TOFco observed in the H-cell, despite achieving
higher FEqo at the lower reduction potential, compared to the
case of p(CoPc-1p). When used in the flow cell, p(CoPc-1a)
exhibited high catalytic activity for the CO,-to-CO conversion by
giving a current density of 151 mA cm™ > with 97% FE¢, for 42 h,
corresponding to TON¢o and TOFgo of 1.9 x 10° and 13 s/,
respectively. The DFT calculations confirmed efficient charge
transport through the Co, Pc and PNZ redox centers and revealed
that the ECO,R under catalysis of CoPc-1a had a lower energy
barrier for the rate determining step than that catalyzed by CoPc-
1B, reflecting the beneficial effect of the o-substitution of the Pc
macrocycles.

5. Experimental
5.1 Materials and methods

All chemicals were purchased from commercial sources and used
without further purification, unless noted otherwise. The CPs
(AvCarb MGL190), CFPs (avcarb-gds3250) and Nafion mem-
branes (117) were supplied by Fuel Cell Store (USA). The ITO-
glass was purchased from Semiconductor wafer, Inc. The Sustai-
nion® X37-50 Grade RT AEM was supplied by dioxide materials,
and polytetrafluoroethylene (PTFE) 60 wt% dispersion in water
and the Pt wire with a purity of 99.99% were obtained from Sigma
Aldrich. 'H- and "*C-NMR spectra were recorded in CDCl; using a
Bruker Avance 400 operated at 400 MHz and 100 MHz, respec-
tively. Chemical shifts (0) are reported in parts per million (ppm)
relative to residual CHCl; peaks (6 = 7.26 ppm and 77.16 ppm for
'H- and "C-NMR spectroscopy, respectively). Mass spectra were
obtained by HR-MALDI-TOF mass spectrometry (HR-MALDI-
TOF-MS). The absorption spectra were measured in DMF at
room temperature using an Agilent Cary 60 UV-vis spectro-
photometer, and molar extinction coefficients (¢) were reported
in L mol~" em ™. The ATR-FTIR spectra were recorded using s a
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Nicolet iS50-ATR spectrometer (Thermo Fisher Scientific, U. S.).
Raman measurements were conducted at room temperature
using a Horiba LabRAM HR800 micro-Raman spectrometer with a
633 nm line of a He-Ne laser. All Raman spectra were calibrated
with a signal of a silicon wafer in the Raman spectrum, which
typically shows a peak at 520.7 nm. The SEM-EDX images were
obtained using a JEOL JSM-IT100. The amount of cobalt on
polymeric catalysts was determined through the ICP-OES analysis
using a Thermo iCAP 6500 Duo (Thermospectrometer Scientific).
The electrochemical experiments were performed using a Metroh-
mAutolab/PGSTAT101 potentiostat with NOVA software and an
AMETEK, Inc, VersaSTAT3 potentiostat with VersaStudio software.
The flow rate of 99.995% pure CO, gas was controlled using a
BRONKHORST select mass flow controller (EL-FLOW Select ser-
ies). The reduction products in the gas phase were determined
using an Agilent 8890 GC system equipped with a thermal
conductivity detector (TCD) and two parallel columns (CP-
Molsieve 5 A and CP-PoraBOND Q). These columns separated
and quantified the gas mixture, including H,, O,, N,, CO, and CO,,
in a single run. Mixtures of each standard gas with N, were used
for calibration. Ultra-high purity helium (99.999%) was used as a
carrier gas for CO and H, analysis, respectively.

5.2 Synthesis of 3-(4-nitrophenooxy)phthalonitrile (1)

Following a reported procedure®! with modification of the types
of staring materials and purification conditions, a mixture of
3-nitrophthalonitrile (514 mg, 2.97 mmol), 4-nitrophenol
(426 mg, 3.06 mmol), potassium carbonate (399 mg, 2.89 mmol)
and dimethylformamide (DMF) (7 mL) was heated at 60 °C for
24 h under a N, atmosphere. After cooling to room tempera-
ture, the reaction mixture was poured into cold water (50 mL).
The resulting precipitate was collected by suction filtration,
then washed with water and dried in a vacuum oven at 60 °C for
24 h, affording 3-(4-nitrophenoxy)phthalonitrile (1) as a white
solid (723 mg, 92%). m.p. 177-178 °C, "H NMR (CDCly) ():
8.36-8.31 (m, 2H), 7.77-7.69 (m, 1H), 7.64 (dd, J = 7.7, 1.0 Hz,
1H), 7.29 (dd, J = 8.7, 1.1 Hz, 1H), 7.23-7.17 (m, 2H); *C NMR
(cDCl,) (9): 159.6, 158.5, 145.0, 135.1, 129.2, 126.6, 123.0, 119.6,
118.0, 112.1, 108.3. Anal. caled for C,,H,N;05: C, 63.40; H, 2.66;
N, 15.84. Found: C, 62.32; H, 2.44; N, 15.08.

5.3 Synthesis of 1,8,15,22-tetra(4-nitrophenoxy)phthalo-
cyaninatocobalt(u) (CoPc-2a)

Following a reported procedure®* with modification of types of
staring materials and the purification process, a solution of
3-(4-nitrophenoxy)phthalonitrile (1, 239 mg, 0.225 mmol) and
Co(OAc),-4H,0 (131 mg, 0.53 mmol) in DMAE (5.0 mL) in the
presence of DBU (0.5 mL) was refluxed under a N, atmosphere
for 4 h. After cooling to room temperature, the precipitate was
collected by centrifugation at 4500 rmp for 5 min and washed
by sonication-centrifugation in water (40 mL) and ethanol
(40 mL) twice. The resulting precipitate was dried in a vacuum
oven at 60 °C for 24 h to afford CoPc-2a as a dark green solid
(115 mg, 46%). UV-vis: s (€) 610 (9.3 x 10%), 672 (8.8 x 10*) nmy;
HR-MALDI-TOF m/z (%): found, 1119.1291 [M']; caled, 1119.1284
(M*, M = C56H,5CON1,045).
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5.4 Synthesis of 1,8,15,22-tetra(4-aminophenoxy)phthalo-
cyaninatocobalt(u) (CoPc-1a)

Following a reported procedure®® with modification of types of
staring materials and purification conditions, a suspension of
CoPc-2q (101 mg, 0.091 mmol) in ethanol (16.0 mL) was slowly
treated with a mixture of SnCl, (5.0 g, 0.03 mmol) in concen-
trated HCI (7.0 mL) at room temperature under a N, atmo-
sphere. After 20 h, the reaction mixture was filtered by a filter
paper and the resulting dark blue crude was dissolved in a
1.75 M acetic acid aqueous solution (150 mL). Then, a 0.008 M
ammonium hydroxide aqueous solution (40 mL) was added.
The resulting dark green precipitate was collected by centrifuga-
tion at 4500 rmp for 5 min and washed by sonication—-centrifu-
gation in water (40 mL) and ethanol (40 mL) twice. After drying
in a vacuum oven at 60 °C for 24 h, CoPc-1 was obtained as a
dark green solid (84 mg, 93%). UV-vis: L (€) 633 (2.2 x 10%), 702
(6.4 x 10*) nm; HR-MALDI-TOF m/z (%): found, 999.2314 [M"];
caled, 999.2314 (M', M = C56H36CON;,0).

5.5 Electropolymerization of CoPc-1a

The ITO-glass substrate was cut into 0.8 cm x 4.0 cm pieces and
cleaned by consecutive sonication in toluene, acetone, isopro-
panol and deionized water. The Au-glass substrate was cut into
1.0 cm x 1.0 cm pieces and cleaned by sonication in acetone.
The CP was cut into 1.0 cm x 2.0 cm pieces and cleaned by
sonication in acetone. The MPL-CFP substrate was prepared
according to a previously reported procedure.>! After the clean-
ing process, all substrates were dried in an oven at 100 °C for
15 min. The electrochemical polymerization of CoPc-1a was
performed in a one-compartment three-electrode system by
means of CV. The electrochemical cell consisted of the ITO-
glass, Au-glass, CP or MPL-CFP substrates as the WE, the Pt
wire as the CE and the Ag/AgCl as QRE. The Ag/AgCl QRE was
calibrated using a ferrocene/ferrocenium (Fc/Fc*) redox couple
in a 0.1 M TBAPF; solution in DMF as an external standard. A
standard potential of 0.72 V vs. NHE in DMF for the Fc/Fc*
couple was used to convert the potentials recorded against the
Ag/AgCl QRE to the NHE scale.”* The electropolymerization of
CoPc-1a was conducted in a 1.0 mM CoPc-1a solution in DMF
containing 0.1 M TBAPF, under a N, atmosphere. The potential
was swept in a range from —0.33 V to 1.27 V vs. NHE at a scan
rate of 50 mV s~ ' for 80, 50, 10 and 40 cycles on the ITO-glass,
the Au-glass, the CP and the MPL-CFP substrates, respectively.
For the catalytic performance studies, the deposited coverage
area on the CP and the MPL-CFP substrates was controlled at
1.0 ecm x 1.0 cm. After the electropolymerization of CoPec-1a,
the resulting polymer films were washed with DMF to remove
the excess monomer and electrolyte salt, and then dried in an
oven at 60 °C for 24 h.

5.6 Determination of the Co content in p(CoPc-1a) on
substrates

The Co content in the polymer films was determined by ICP-OES
following a previously reported procedure.”” The polymer sam-
ples were digested using a 9:1 volume ratio of 65% aqueous
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HNO; : 30% v/v H,0O, in a 45-mL Teflon-lined autoclave and heated
at 185 °C for 5 h. Co standard solutions for the ICP were prepared
at suitable concentrations using Milli-Q water and filtered through
0.22 pm nylon membrane filters before measurement.

5.7 Study on electrocatalytic performance of CoPc-1a for the
ECO,R

The electrocatalytic activity of CoPc-1a was studied using the CV
and CPE in both H-cell and flow cell electrochemical setups. The
H-cell consisted of a 50-mL two-compartment three-electrode
system with the cathodic and anodic chambers separated from
each other by an activated proton exchange membrane (Nafion
117).*® The cathodic chamber contained p(CoPc-1a)/CP as the
WE and commercial Ag/AgCl (saturated KCI) as the RE, while the
anodic chamber contained a Pt wire as the CE. The CV experi-
ments were conducted in N,- and CO,-saturated 0.5 M KHCO;
electrolyte solution in Milli-Q water (45 mL). For the potential
optimization experiment, the CPE was performed at the potential
ranging between —0.80 V and —1.35 V vs. NHE with 0.05 V
increments for 2 h at each potential. CO, was continuously
purged through a catholyte solution at a flow rate of 5 mL min~".
For a long-term stability study, a constant potential of —1.15 V or
—1.20 Vvs. NHE was applied, and the solutions in both chambers
were stirred at 250 rpm during the entire experiment. In the H-
cell experiments, the potentials were converted to the NHE scale
using the following equation.”

Enne = EAg/AgCl(saturated KCl) +0.197

The flow cell consisted of three customized PTFE plates
stacked and tightened together with the silicone rubber sheets,
stainless steel bolts and nuts, followed by configuration as
described in the previous work.>* In the cathodic chamber, the
p(CoPc-1a)/MPL-CFP connected to a titanium (Ti) plate current
collector and the commercial Ag/AgCl (saturated KCI) were used
as the WE and RE, respectively. The Pt wire connected to another
Ti plate current collector served as the CE and put in the anodic
chamber. Both chambers were separated by the Sustainion®
X37-50 Grade RT membrane. The 1.0 M KHCO; electrolyte
solution in Milli-Q water was circulated between each chamber
and its external 250-mL electrolyte reservoir at a flow rate of
15 mL min~' using a peristaltic pump. CO, was continuously
supplied from a backside of the GDE through a serpentine flow
field with a flow rate of 15 mL min™~". For the potential optimiza-
tion experiment, the potentials ranging from —0.97 Vto —1.73 V
vs. NHE were applied with 0.05 V increments for 2 h at each
potential. For the stability test, the constant potential of —1.54 V
vs. NHE was applied with 80% iR compensation and converted to
the NHE scale using the following equation.”

Enue = EAg/AgCI (saturated KCI) +0.197 — (08) X iRu

where i is the average current and R, is the solution resistance.
Resistance of approximately 7-8 ohms was observed during the
experiments.

To conduct online gas product analysis, headspace gas
samples (200 pL) were collected from the cathodic chamber
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of the H-cell or from the cathodic reservoir of the flow cell, and
real-time analyzed by the GC every 20 min throughout the
experiment.

5.8 VF-SWV study

The electrochemical behavior of p(CoPc-1a) was first examined
in the one-compartment three-electrode electrochemical setup
consisting of p(CoPc-1a)/CP, Ag/AgCl (saturated KCI) and a Pt
wire as the WE, RE and CE, respectively. The Ar-saturated 0.1 M
KOH solution in Milli-Q water (20 mL) was used as the electro-
lyte. The cyclic voltammogram of the p(CoPc-1a) film was
recorded by sweeping the potential between —0.90 V and
0.40 V vs. NHE at a scan rate of 100 mV s '. The VF-SWV
experiment of p(CoPc-1a)/CP was carried out using a previously
reported procedure®®®”’® in the same one-compartment three-
electrode electrochemical setup. The potential between —0.90 V
and 0.40 V vs. NHE was applied using a perturbation amplitude
and staircase steps of 25 mV and 10 mV. The perturbation
frequency (f) was varied from 1250 Hz to 0.33 Hz, corresponding
to pulse times from 0.4 ps to 1.5 s. A second-order Savitz-
ky—Golay digital filter of seven points was applied to smoothen
the signal in the low-frequency region.

5.9 Electrochemical impedance spectroscopy (EIS)

Following the previously reported procedure.”” electrochemical

impedance spectroscopy (EIS) was performed in the 0.5 M KHCOj;
aqueous electrolyte solution in the one-compartment electroche-
mical cell containing p(CoPc-1a)/CP, Ag/AgCl (sat. KCl), and a Pt
wire as the WE, RE and CE, respectively. After purging of CO, into
the electrolyte solution for 15 min, the EIS spectra were recorded at
—0.95 V vs. NHE with the frequency ranging from 0.1 Hz to
100 000 Hz and an AC voltage of 5 mV on Versastat3.

5.10 Computational details

The theoretical investigations were conducted within the DFT
using GPAW software.”® The projector augmented wave (PAW)
method”® was used to represent core electrons, while the
Perdew-Burke-Ernzerhof (PBE) functional®® was selected for
the exchange-correlation functional. To consider the dispersion
correction, the Grimme’s DFT-D3®' method was applied. The
real space grid was set to (192, 192, 96) throughout the calcula-
tions, while energy cutoff for wavefunctions was set to 450 eV.
Periodic boundary condition was imposed to reproduce the 2D-
graphene substrate where the z axis of the simulation box was
set to 18 A throughout the calculations. K-point sampling was
done only at the I' point. Dipole correction was considered in
the z-direction to treat asymmetric stacking along the z-
direction. To ensure the localization of the 3d orbital as well
as the magnetic moment of the Co 5atom, the Hubbard U
correction was imposed with U = 6.0 eV to the 3d orbital,
following the previous study.®>*?

In this study, the adsorption energy E,qs was described by
the equation.

Eags = system — Z Er (1)
f

Phys. Chem. Chem. Phys., 2026, 28, 3915-3928 | 3925


https://doi.org/10.1039/d5cp04205d

Published on 06 January 2026. Downloaded on 3/25/2026 8:12:54 PM.

Paper

where Egysem is the total energy of the complex system and Ey is
the energy of each fragment, the substrate and each stacking
layer. Similarly, charge density difference (CDD) Ap,, was
calculated from a difference between the planar (xy-plane)
average of charge density from the total system pgystem,y SUb-
tracted by charge density of each stacking layer ps,,, following
the equation below.

Apxy = Psystem,xy — Z Pt xy (2)
f

To construct the AG profiles of the CO,-to-CO conversion on
CoPc-1a, its molecular model was employed. All quantum
chemical calculations were carried out using the Gaussian 16
software package. Geometry optimizations were performed
with the B3LYP exchange-correlation functional and the 6-
31G(d,p) basis set. No symmetry constraints were imposed on
the structures. Subsequent frequency analyses were carried out
at the 6-311++G(d,p) level to obtain thermochemical corrections
and AG. The AG of the proton-electron pair (H" + e~) was
referenced to one-half of the total energy of an isolated H,
molecule following the computational hydrogen electrode
(CHE) approach proposed by Noskov.**
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