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ABSTRACT
Electrocatalytic CO2 reduction reaction (e-CO2RR), powered by renewable electricity, is a compelling strategy to valorize
CO2 into valuable chemicals and fuels. Herein, we report on MWCNT|CuPc-CoPc-modified gas-diffusion electrodes (GDEs)
featuring molecular-level dispersion of cobalt phthalocyanine (CoPc) and copper phthalocyanine (CuPc) on the multi-walled
carbon nanotube (MWCNT) support. The introduction of CuPc effectively mitigates CoPc aggregation, enabling tunable loading
and fractional accessibility of electrochemically active CoPc sites, alongside improved CO2 adsorption capacity. Besides, the
synergistic electronic interactions among CoPc, MWCNT, CuPc, and H2Pc, formed in situ via CuPc demetallization during
electrolysis, optimized CO2 affinity, as evidenced by density functional theory calculations. With these promising attributes,
the MWCNT|CuPc-CoPc-modified GDE with optimized CuPc content exhibits promising e-CO2RR performance across a wide
CO2 concentration range (20%–98%). Notably, an efficient single-pass conversion of CO2 to CO is achieved, yielding a high CO
yield of 65.7 ± 2.3% and an energy efficiency of 54.8 ± 1.9% using 20% CO2 at an ampere-level current (0.625 A). Furthermore, the
developed electrode demonstrated robust stability, maintaining FECO above 80.4% over 72-h electrolysis under a simulated biogas
atmosphere (40% CO2/60% CH4). These findings underscore the strong promise of molecularly engineered catalyst systems for
efficient and selective CO production from low-concentration CO2 emission sources.
1 Introduction

Electrochemical CO2 reduction (e-CO2RR) under ambient condi-
tions, driven by green electricity, offers a sustainable pathway for
resourcing CO2 into commodity chemicals and high-energy fuels,
contributing to carbon mitigation, green chemical synthesis, and
renewable energy storage [1, 2]. However, the inherent chemical
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inertness of CO2 molecules and the complexity of the multi-step
proton-coupled electron transfer processes involved in e-CO2RR
often lead to sluggish reaction kinetics and diverse compet-
ing side reactions, posing significant challenges for achieving
high product selectivity. Moreover, given that the CO2 content
in most emission sources is less than 45%, and the enrich-
ment of CO2 streams via carbon capture is both energy- and
its use, distribution and reproduction in any medium, provided the original work is properly
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cost-intensive, the direct utilization of low-concentration CO2
holds a transformative impact on decarbonization efforts. Despite
this, most studies on e-CO2RR have focused on the performance
characterization of developed electrocatalysts under highly pure
CO2 atmospheres, while investigations under dilute CO2 con-
ditions remained limited [3–11]. Electrochemical reduction of
low-concentration CO2 directly at emission sites often suffers
from low Faradaic efficiency and poor product selectivity due to
the mass-transfer limitation and the presence of impurity gases
[3–7]. To render e-CO2RR economically viable, the development
of robust and efficient electrocatalysts capable of selectively
converting low-concentrationCO2 directly from emission sources
into targeted products with minimal energy input is therefore
imperative.

Among the products generated via e-CO2RR, carbon monoxide
(CO) has received particular interest due to its broad utility in
the medical, chemical, and metallurgical industries [12]. To date,
several electrocatalysts have been developed for the selective
CO production via e-CO2RR at low overpotentials (η < −0.5 V)
[13–18]. Among them, molecular complexes, such as cobalt
phthalocyanine (CoPc) and cobalt tetraphenylporphyrin, have
received great attention due to their ability to convert CO2 into
CO with high selectivity at a low overpotential, their molecular
size providing extremely high active sites per geometric surface
area, and a clear and controllable structure-property relationship,
which is beneficial for subsequent performance optimization
[19–23]. However, their strong π–π stacking interactions among
the MPc molecules often lead to aggregation in solution or
upon deposition on the electrode surface, especially at high MPc
concentrations. This aggregation severely compromises overall
catalytic performance by reducing the accessible active sites and
diminishing electronic conductivity [24–26]. For example, the
turnover frequency for CO production (TOFCO) decreased from
∼100 to ∼7 s−1 at −0.73 V vs. RHE when the loading amount of
CoPc was increased from 2 × 10−11 mol cm−2 to 1 × 10−9 mol cm−2

[27]. In addition, the CoPc decomposed under highly cathodic
potentials due to the undesirable reduction of the phthalocyanine
ligands, further deteriorating the activity of CoPc at industrially
relevant operation current densities [27, 28]. To address these
issues, several strategies have been developed, including the
utilisation of porous carbon supports [19, 26, 29, 30] and ligand
functionalization of MPcs [25, 27, 31–33]. For instance, Wang
and his coworkers reported that the detrimental reduction of the
phthalocyanine ligand can be suppressed by appending electron-
donating amino substituents to the phthalocyanine ring to
enhance the metal–ligand bond strength [27]. Zhu et al. reported
host–guest interaction between tetra-crown ether substituted
CoPc andK+ ions, which not only eliminated catalyst aggregation
but also strengthened catalyst-support interactions, achieving a
high TOFCO of 111 s−1 and high current density of 38 mA cm−2

at the expense of a moderate η of −0.57 V [31]. Recently,
Wang et al. synthesized an ultrathin conjugated microporous
polymer sheath around carbon nanotubes by an ionothermal
copolymerization of CoPc and H2Pc using the Scholl reaction.
With the synergistic effect of H2Pc moieties as proton/electron
donors, the resultant composites selectively generated CO with
a high TOFCO of 27.1 s−1 at −0.65 V vs. RHE [34]. Very recently,
He et al. reported that the inclusion of sulfylphenoxy group and
cross-linking with polypyrrole significantly enhanced the CO2
affinity of CoPc, thereby resulting in a high Faradaic efficiency
2 of 15
(FECO: ∼95.6%) and an acceptable TOFCO (0.34 s−1) towards CO
production from the conversion of 48% CO2 at the expense of a
moderate η of −0.79 V [35]. Beyond the challenge of molecular
aggregation, the e-CO2RR into CO over CoPc is typically limited
by the initial activation step (* + e− + CO2 →*CO2

−) [36], a
process that remains relatively understudied. The incorporation
of Cu into Co-containing catalysts has been demonstrated to be
crucial in modulating the charge distribution surrounding the
Co center, thereby tuning the affinity of the Co metal center
toward the reaction intermediates [37]. Despite these advances,
the applications of CoPc for the conversion of low-concentration
CO2 at industrially relevant current densities (>100 mA cm−2)
remain largely unexplored.

In the present contribution, we report a facile H2SO4-assisted
impregnation method for the preparation of MWCNT|CuPc-
CoPc-modified gas-diffusion electrodes (GDEs) featuring
molecular-level dispersion of CoPc and copper phthalocyanine
(CuPc) on the multi-walled carbon nanotube (MWCNT) support.
Incorporating CuPc during the electrode preparation effectively
mitigated CoPc aggregation, enabling tunable loading and
fractional accessibility (θ) of electrochemically active CoPc
sites. In particular, the MWCNT|CuPc-CoPc-modified GDE,
prepared with optimized CuPc content, exhibited a significantly-
enhanced θ of 0.32, attributed to the in situ CuPc demetallization
during electrolysis, which facilitated the exposure of previously
buried CoPc active sites. Furthermore, the synergistic electronic
interactions among CoPc, MWCNT, CuPc, and H2Pc, formed in
situ via CuPc demetallization during electrolysis, optimized CO2
affinity, as evidenced by density functional theory calculations.
With significantly enhanced accessibility, optimized CO2
affinity, and CO2 adsorption capacity of CoPc active sites, the
MWCNT|CuPc-CoPc-modified GDE, prepared with optimized
CuPc content, exhibited promising e-CO2RR performance
across a wide range of CO2 concentrations (20%–98%). Notably,
this work marks the first demonstration of a high CO yield
of 65.7 ± 2.3% and a high energy efficiency of 54.8 ± 1.9%
from single-pass conversion of 20% CO2 at an ampere-level
current (0.625 A) using a molecular catalyst-based modified
electrode. Moreover, the electrode also exhibited promising
stability, maintaining a FECO above 80.4% over 72-h electrolysis
under simulated biogas atmosphere (40% CO2 and 60% CH4).
These results highlight the strong potential of the developed
molecularly-engineered catalyst system for efficient and selective
CO production from the conversion of low-concentration CO2
directly from emission sources, with relevance to scalable carbon
utilization technologies.

2 Results and Discussion

2.1 Materials Synthesis and Characterizations

As revealed in Figure S1 and the discussion in Dispersity of CoPc
in Supporting Information, CoPc exhibited pronounced aggre-
gation and precipitation in N, N-dimethylformamide (DMF),
but it remained molecularly dispersed in concentrated H2SO4
at high CoPc concentration (∼0.9 mm) with no visible precip-
itation of CoPc after static incubation for several hours. The
highly dispersed CoPc in concentrated H2SO4 is attributed to
the protonation of CoPc in H2SO4 into [CoPcH]+ [38, 39], which
Small, 2026
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FIGURE 1 (a) UV–vis spectrum of CoPc-containing concentrated H2SO4 after 4-h static standing. (b) Raman spectra, and (c,d) XPS spectra of (i)
the pristine CoPc powder and (ii) CoPc powder recovered from the H2SO4 dispersion. (c) Co 2p region and (d) N 1s region.
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induces electrostatic repulsion and enhances dispersibility. The
UV–vis spectrum of the CoPc-containing H2SO4 solution, shown
in Figure 1a, exhibited two typical absorption peaks of the Pc
molecule, which are the Soret or B-band at the wavelength of
430 nm and the Q-band at the wavelength of 790 nm [40, 41].
These bands originate from π→π∗ transition between bonding
and antibonding molecular orbitals [42]. The Q-band serves
as an indicator of molecular aggregation; its strong and well-
defined absorption indicates that CoPcwasmolecularly dispersed
without aggregation [24, 43, 44]. In addition, the presence
of both B-band and Q-band confirms that the CoPc struc-
ture remained intact in concentrated H2SO4. Raman analyses
(Figure 1b) showed that CoPc powder recovered from the H2SO4
dispersion retained spectra features consistent with pristine
CoPc powder, indicating structural preservation. Similarly, XPS
analyses (Figure 1c,d) revealed that the recovered CoPc powder
exhibited the same XPS features to that of pristine CoPc powder,
including (i) two distinct peaks at 780.7 and 796.4 eV in the
Co 2p region, corresponding to Co(II) 2p3/2 and Co(II) 2p1/2,
respectively [45], and (ii) two peaks at 398.4 and 400.1 eV in
the N 1s region, attributed to pyridinic nitrogen and ─C═N─Co
group, respectively [26, 45]. Collectively, the UV–vis, Raman, and
XPS results confirm that CoPc maintained its chemical integrity
during dispersion, demonstrating its high chemical stability in
concentrated H2SO4.

To investigate the correlation between CoPc dispersibility and
its e-CO2RR activity, CoPc-SA and CoPc-DMF electrodes were
prepared by incubating carbon paper in CoPc (0.2 mg mL−1)-
containing H2SO4 solution and CoPc (0.2 mg mL−1)-containing
Small, 2026
DMF solution under stirring at 200 rpm for 2 h, respectively,
and subjected to electrochemical characterizations. The ICP-
OES analyses reveal that the CoPc-SA and CoPc-DMF electrodes
contained about 14 and 97 nmol cm−2 CoPc, respectively. The
analysis of linear sweep voltammetry (LSV) (Figure S2) reveals
that both CoPc-SA and CoPc-DMF electrodes exhibited enhanced
current response upon exposure to CO2. For example, the current
responses of CoPc-SA and CoPc-DMF electrodes at the applied
potential of −0.7 V vs. RHE were 2.05 and 1.19 mA cm−2 under
CO2 atmosphere (98%), respectively, which were about 2.6 and
1.4 times higher than those obtained under Ar atmosphere. To
further confirm that the enhanced current responses resulted
from e-CO2RR, additional 2-h controlled-potential electrolysis
experiments at −0.7 V vs. RHE were performed in the two-
compartment H-cell, and the results are shown in Figure S3. As
revealed, the CoPc-SA electrode exhibited a similar Faradaic effi-
ciency (FECO: 93.9± 2.2% vs. 91.6± 3.9%) for CO production to the
CoPc-DMF electrode. However, the CoPc-SA electrode exhibited
significantly higher activity, in terms of CO production rate (RCO:
35.4± 1.6 µmol cm−2 h−1 vs. 18.1± 1.2 µmol cm−2 h−1) and turnover
frequency (TOFCO: 0.70 ± 0.03 s−1 vs. 0.05 ± 0.00 s−1), than the
CoPc-DMF electrode. These findings align with previous reports
indicating that the molecularly dispersed CoPc exhibits superior
e-CO2RR activity than its aggregated form [25], underscoring the
critical role of solvent-dependent dispersibility in determining
surface distribution and intrinsic catalytic performance of the
deposited CoPc.

Encouraged by the promising e-CO2RR activity of the CoPc-SA
electrode, further performance enhancement was explored
3 of 15
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FIGURE 2 (a) HAADF-STEM image, (b) line profile along the blue arrow in (a), and (c) STEM-EDS elemental mapping of MWCNT|CoPc.
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by immobilizing CoPc onto multi-walled carbon nanotubes
(MWCNT) and subsequent preparation of the MWCNT-
supported CoPc electrode (i.e., MWCNT|CoPc; see Experimental
Section for details). The SEM analyses, shown in Figure S4, reveal
that the pristine CoPc powder consists of aggregates of CoPc
microrods. Nevertheless, after the dispersion in concentrated
H2SO4 and subsequent immobilization onto the MWCNTs, the
obtained MWCNT|CoPc sample exhibited a surface morphology
resembling that of MWCNTs, with no observable aggregation
of CoPc molecules. Figure S5 shows the XPS spectra of the
pristine CoPc powder and MWCNT|CoPc. As revealed, the Co
2p1/2 and Co 2p3/2 peaks of MWCNT|CoPc shifted to a higher
binding energy compared to the pristine CoPc powder, which
implies the oxidation state of Co sites in the MWCNT|CoPc
is lower than that in the pristine CoPc powder. This finding
indicates a strong interaction between CoPc and MWCNT
with the electron transfer from the MWCNT to the Co center
[46, 47]. The molecular dispersion of CoPc on MWCNT support
was further investigated using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
As shown in Figure 2a, the HAADF-STEM image revealed
a high density of isolated bright dots (highlighted by yellow
circles) attributed to Co atoms due to their higher Z-contrast
relative to carbon atoms, confirming molecular-level dispersion
of CoPc on the surface of MWCNT support. The dispersion of
isolated Co atoms was further verified by the profiles along
the blue arrow in the HAADF-STEM image (Figure 2a). The
different atomic intensities can be clearly distinguished, and
4 of 15
the highest peak intensity has an atomic radius of the Co atom
(0.19 nm), confirming the existence of atomically dispersed Co
sites (Figure 2b). The scanning transmission electron microscopy
energy-dispersive X-ray spectroscopy (STEM-EDS) analysis
reveals the uniform distribution of C, N, and Co elements
(Figure 2c). These findings confirm the successful preparation
of MWCNT-supported CoPc (i.e., MWCNT|CoPc) featuring
molecularly dispersed CoPc species.

Figure 3 shows the temperature-programmeddesorption-coupled
mass spectrometry (TPD-MS) of the MWCNTs, pristine CoPc
powder, and MWCNT|CoPc. While MWCNTs and CoPc pow-
der exhibited negligible CO2 desorption signal, MWCNT|CoPc
showed two distinct desorption peaks at 105◦C and 224◦C,
originating from physically adsorbed CO2, [48] and had a total
CO2 adsorption capacity of 73.0 µmol CO2 g−1. The enhanced
CO2 affinity of the MWCNT|CoPc compared to the pristine CoPc
powder could be attributed to the significantly higher exposed
surface area for CO2 adsorption sites provided by the molecularly
dispersed CoPcmolecules and/or the enriched electron density of
the cobalt center of CoPc via the strong interaction between CoPc
and MWCNT, with the electron transfer from the MWCNT to the
Co center (Figure S5) [46, 48].

Figure 4 shows the electrochemical characterization of the
e-CO2RR performance of the MWCNT|CoPc electrode under
different applied potentials in the two-compartment H-cell. As
revealed, the MWCNT|CoPc electrode generated CO with a
Small, 2026
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FIGURE 3 CO2-TPD profiles of the (i) MWCNTs, (ii) pristine CoPc
powder, and (iii) MWCNT|CoPc.
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FECO ≥90% at potentials ranging from −0.55 V vs. RHE to
−0.7 V vs. RHE. In addition, both the RCO and TOFCO increased
with increasing cathodic potential, reaching maximal values of
216.9 ± 4.2 µmol cm−2 h−1 and 3.6 ± 0.1 s−1, respectively, at −0.7 V
vs. RHE. The generation of methanol (MeOH) onset at −0.8 V vs.
RHEwith a FEMeOH of 10.1± 1.7% at the expense of FECO, RCO, and
TOFCO, which is in agreement with previous reports indicating
that MeOH generation via e-CO2RR to MeOH proceeds through
a domino pathway, wherein CO2 is first reduced to CO via a two-
electron transfer process, followed by further reduction of CO to
MeOH through a four-electron–four-proton transfer process [27].
It is important to note that theMWCNT|CoPc electrode exhibited
remarkably higher activity, in terms of RCO (216.9 ± 4.2 vs.
35.4 ± 1.6 µmol cm−2 h−1) and TOFCO (3.57 ± 0.07 s−1 vs.
0.70 ± 0.03 s−1), than the CoPc-SA electrode at −0.7 V vs.
RHE. The enhanced e-CO2RR performance of the MWCNT|CoPc
electrode could be attributed to the interaction between CoPc
and MWCNT support with the electron transfer from the
MWCNT to the Co center, which enriches the electron density
of the Co active site, thereby facilitating CO2 adsorption and
activation [34, 46, 48, 54].

2.2 e-CO2RR PerformanceWith a Gas-Fed Flow
Electrolyzer

Tomitigate themass transport limitations inherent to batch-mode
operation with H cells, a flow-type electrolyzer was established
(Scheme S1, see Experimental Section for details). Furthermore,
to achieve high e-CO2RR performance at the industrially relevant
applied current densities, MWCNTs-supported CoPc and CuPc
with various nominal CuPc/CoPc weight ratios (r), designated
as MWCNT|CuPc-CoPc (r) for simplicity, were prepared, and
their e-CO2RR performance was systematically investigated. The
chemical composition and chemical properties of the prepared
electrodes are summarised in Table S1.

Figure 5 and Figures S6 andS7 show the electrochemical char-
acterization of the e-CO2RR performance of the MWCNT|CuPc-
CoPc (r)-modified GDE obtained from 2-h electrolysis at
−100 mA cm−2. As revealed from Figure S6, the MWCNT|CuPc-
Small, 2026
modified GDE exhibited negligible e-CO2RR activity, with no
detectable CO generation at−100mA cm−2. The ex situ XPS anal-
ysis (Figure S8) confirms that the as-prepared MWCNT|CuPc-
modified GDE showed spectral features characteristic of CuPc,
including (i) Cu(II) 2p3/2 and Cu(II) 2p1/2 peaks at binding
energies of 935.2 and 954.9 eV [49], (ii) a pyridinic-N peak at
binding energy of 398.6 eV [49], and (iii) a ─C═N─Cu peak
at binding energy of 400.2 eV [50]. After 2-h electrolysis, these
features disappeared, and a new peak corresponding to the
−NH− group of H2Pc emerged at a binding energy of 399.8 eV
[49]. These findings indicate that CuPc decomposed during the
electrolysis to formH2Pc,which is also inactive towards e-CO2RR,
as evidenced by no detectable CO generation in Figure S6. Note
that the redeposition of Cu species onto the electrode was not
observed in this study, likely due to the significantly lower Cu
content (0.0046 µmol cm−2) in the as-prepared MWCNT|CuPc-
modified GDE compared to those (≥0.1 µmol cm−2) reported
previously [49, 51, 52]. However, incorporating a small amount
of CuPc significantly enhanced e-CO2RR activity. Specifically, the
overpotential (η) required for the MWCNT|CuPc-CoPc (r = 0.5)-
modified GDE required to sustain the applied current density of
−100mA cm−2 was about−0.77 V, which is about 70mV less than
that for the MWCNT|CoPc-modified GDE. The XPS analyses,
shown in Figure 6 and Figure S9, reveal a decrease in the Co(II)
and ─C═N─Co peak intensities for the MWCNT|CoPc-modified
GDE decreased after 2-h electrolysis, indicating the loss of Co(II)
species or demetallization [53]. On the other hand, theCu(II) 2p3/2
and Cu(II) 2p1/2 peaks at binding energies of 935.2 and 954.9 eV
of the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE disappeared
after 2-h electrolysis, consistent with the decomposition of CuPc
into H2Pc as observed in Figure S8. However, the intensity of
the Co(II) peak of the MWCNT|CuPc-CoPc (r = 0.5)-modified
GDE after 2-h electrolysis remained unchanged after electrolysis,
suggesting that the reduction in overpotential by incorporating
a small amount of CuPc is beneficial to mitigate CoPc deacti-
vation caused by the undesirable reduction of the Pc ligands at
highly cathodic potential [27]. Notably, the MWCNT|CuPc-CoPc
(r = 0.5)-modified GDE exhibited significantly improved FECO
(71.0 ± 9.1% vs. 47.2 ± 1.9%) and TOFCO (26.66 ± 3.41 s−1 vs.
16.02 ± 0.65 s−1) compared to the MWCNT|CoPc-modified GDE
(Figure 5). Note that, as CuPc itself is inactive towards e-CO2RR,
the TOFCO values were calculated based solely on the ICP-OES-
determined CoPc content. In contrast, the MWCNT|CuPc-CoPc
(r)-modified GDE with r value ≥1 required significantly high
overpotential (η >0.84 V) to sustain the applied current density
of −100 mA cm−2, presumably due to a lower amount of active
CoPc, leading to pronounced deactivation (Figure S7). Moreover,
as revealed in Figure 6, the Co 2p1/2 and Co 2p3/2 peaks of the
MWCNT|CuPc-CoPc (r= 0.5)- andMWCNT|H2Pc-CoPc (r= 0.5)-
modified GDEs shifted to a higher binding energy compared to
the MWCNT|CoPc-modified GDE, indicating a lower oxidation
state of Co sites in the MWCNT|CuPc-CoPc (r = 0.5)- and
MWCNT|H2Pc-CoPc (r= 0.5)-modified GDEs. This shift suggests
the presence of electronic interactions between CoPc and either
CuPc or H2Pc, which enrich the electron density of the Co
active site and thereby facilitate CO2 adsorption and activation
[34, 46, 48, 54].

The electrochemically available CoPc (τCoPc) and θ on the pre-
pared electrodes were quantified using cyclic voltammetry (CV)
and ICP-OES (see Experimental Section for the details), and
5 of 15
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FIGURE 4 The e-CO2RR performance of the MWCNT|CoPc electrode (catalyst loading was 0.1 mg cm−2) obtained from 2-h electrolysis
experiments at various applied potentials (i: −0.5 V; ii: −0.55 V; iii: −0.6 V; iv: −0.7 V; v: −0.8 V vs. RHE) in NaHCO3 (0.5 m) solution under 98%
CO2 atmosphere: (a) Current transients, (b) FE of products, (c) generation rate (R) of products, and (d) TOFCO. The reported standard deviation was
calculated from a minimum of three repeated experiments.

FIGURE 5 The e-CO2RR performance of the MWCNT|CoPc-modified GDE (i and iii) and MWCNT|CuPc-CoPc (r = 0.5)-modified GDE (ii and iv)
obtained from 2-h electrolysis experiments at −100 mA cm−2 in KHCO3 (1.0 m) solution under 98% CO2 atmosphere: (a) Potential transients, (b) FE of
products, (c) RCO, and (d) TOFCO. Catalyst loadings were 0.1 mg cm−2 for samples (i) and (ii), and 0.2 mg cm−2 for samples (iii) and (iv). The reported
standard deviation was calculated from a minimum of three repeated experiments.

6 of 15 Small, 2026
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FIGURE 6 (a) Cu 2p and (b) N 1s XPS spectra of (i) the as-prepared MWCNT|CoPc-modified GDE, (ii) the as-prepared MWCNT|H2Pc-CoPc (r =
0.5)-modified GDE, and (iii) the as-prepared MWCNT|CuPc-CoPc (r = 0.5)-modified GDE.
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the results are shown in Figures S10 and S11 and Table S1.
As revealed, incorporating either CuPc or H2Pc significantly
influenced τCoPc. Particularly, the MWCNT|CuPc-CoPc (r = 0.5)-
modified GDE and MWCNT|H2Pc-CoPc (r = 0.5)-modified GDE
exhibited τCoPc values of 3.0 and 2.8 nmol cm−2, respectively, both
exceeding that obtained for the MWCNT|CoPc-modified GDE
(1.9 nmol cm−2). Similarly, the incorporation of CuPc or H2Pc
was significantly enhanced θ, with the MWCNT|CuPc-CoPc (r =
0.5)- and MWCNT|H2Pc-CoPc (r = 0.5)-modified GDEs reaching
values of 0.22 and 0.21, respectively, both exceeding that (0.12)
observed for the MWCNT|CoPc control. These findings suggest
that incorporating a small amount of CuPc or H2Pc effectively
mitigated CoPc aggregation, thereby increasing the accessibil-
ity of the active CoPc sites for e-CO2RR. This molecular-level
dispersion of CoPc is achieved by mitigating CoPc aggregation
through both steric hindrance and electronic modulation, arising
from delocalized π coordination [34, 54–57] induced by the
incorporation of CuPc or H2Pc molecules. The presence of steric
hindrance prevents aggregation among CoPc, while the electron
transfer between the central metal Co in CoPc and the central
metal Cu in CuPc disrupts the π–π stacking interactions among
the CoPc molecules. The underlying mechanism is schemati-
cally illustrated in Scheme 1. The uniform distribution of the
isolated CoPc (atomic radius: 0.19 nm) and CuPc (atomic radius:
0.14 nm) on the as-prepared MWCNT|CuPc-CoPc (r = 0.5)-
modified GDE was further confirmed by the HAADF-STEM
and STEM-EDS analyses (Figure 7a–c). Furthermore, CO2-TPD
analysis (Figure 7d) reveals that MWCNT|CuPc-CoPc(r = 0.5)
exhibited desorption peaks of CO2 at 115◦C, 204◦C, and 260◦C,
having a higher total CO2 adsorption capacity (91.5 vs. 73 µmol
CO2 g−1) compared to MWCNT|CoPc control. The enhancement
corroborates that the incorporation of CuPc effectively increased
the accessibility of the active CoPc site, thereby facilitating
superior CO2 adsorption.

It is interesting to note that θ of theMWCNT|CuPc-CoPc (r= 0.5)-
modified GDE increased from 0.22 to 0.32 after potential cycling
between 0.66 and −0.84 V vs. RHE for 10 cycles in KHCO3 solu-
tion (1.0 m) (Figure S12). XPS analysis (Figure S8) revealed CuPc
decomposed to formH2Pc at potentials≥−0.84 V, suggesting such
Small, 2026
decomposition would facilitate the exposure of previously buried
CoPc active sites during electrolysis. To elucidate the underlying
mechanism, density functional theory (DFT) calculations were
performed using coaxially stacked bilayer models, as shown in
the inset in Figure 8a. These models consist of two CoPc units
(CoPc-CoPc) or a CoPc unit paired with a CuPc unit (CoPc-
CuPc) or H2Pc unit (CoPc-H2Pc). The d-band center (εd), a
key descriptor for the binding strength between intermediate
species and the active sites, was calculated from the partial
density of state (pDOS), as shown in Figure 8a. As revealed,
the pristine CoPc exhibited a εd of −1.08 eV, which downshifted
significantly upon incorporation of CuPc (−1.61 eV) or H2Pc
(−1.67 eV).According to the Sabatier principle, catalytic efficiency
is maximized at an optimal adsorption strength; adsorption that
is either too strong or too weak hinders reaction kinetics [58, 59].
These results indicate that CoPc binds intermediates too strongly,
whereas the addition of CuPc or H2Pc moderates this interaction
to a more favorable level. The CuPc-CoPc catalyst, with its
optimized d-band position, achieves the ideal balance, leading
to the superior FECO observed experimentally. Furthermore, the
calculated adsorption energy of CO2 (Eads,CO2) for CoPc-CuPc
(−0.19 eV) and CoPc-H2Pc (−0.20 eV) was less negative than
that for CoPc-CoPc (−0.24 eV) (Figure 8b), indicating a weak-
ening of CO2 binding after the incorporation of CuPc or H2Pc.
This theoretical finding perfectly corroborates our TPD analyses
(Figure 3 and 7d), where the CO2 desorption peak maximum
for MWCNT|CuPc-CoPc (r = 0.5) appeared at a lower temper-
ature relative to the MWCNT|CoPc control (204◦C vs. 224◦C).
Interestingly, whileMWCNT|CuPc-CoPc (r= 0.5) exhibited lower
CO2 binding strength compared to the MWCNT|CoPc control, it
possessed a higher total CO2 adsorption capacity (91.5 vs. 73 µmol
CO2 g−1) than the MWCNT|CoPc control. This enhancement is
attributed to the increased accessibility of the active CoPc sites,
as the incorporation of CuPc helps mitigate CoPc aggregation,
thereby exposing more active surface area. Taken together, the
enhanced e-CO2RR performance of theMWCNT|CuPc-CoPc (r=
0.5)-modified GDE can be attributed to favourable electronic
interactions between CoPc and CuPc and/or H2Pc formed via
CuPc decomposition, aswell as the improved accessibility of CoPc
active sites. Notably, the molecular-level dispersion enabled a
7 of 15
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SCHEME 1 The proposed mechanism of the enhanced e-CO2RR performance of the MWCNT|CuPc-CoPc (r = 0.5). The dashed line indicates the
π–π stacking. The blue and red arrows indicate the electron transfer and the steric effect, respectively.
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high intrinsic e-CO2RR activity with a τCoPc-based e-TOFCO of
121.18 ± 15.50 s−1.

To mitigate deactivation associated with the high overpo-
tential required to maintain the applied current density of
−100 mA cm−2, additional MWCNT|CoPc-, MWCNT|CuPc-CoPc
(r= 0.5)-, andMWCNT|H2Pc-CoPc (r= 0.5)-modified GDEs were
prepared with an increased catalyst loading (0.2 mg cm−2) and
subjected to the 2-h electrolysis. The results, shown in Figure 5,
indicate that increasing the catalyst loading effectively reduced
the overpotential, presumably by increasing the number of active
sites, and thus enhanced FECO of both MWCNT|CoPc- and
MWCNT|CuPc-CoPc (r = 0.5)-modified GDEs. Specifically, FECO
improved from 47.2 ± 1.9% to 73.8 ± 2.3% for the MWCNT|CoPc-
modified GDE, and from 71.0 ± 9.1% to 90.1 ± 3.4% for the
MWCNT|CuPc-CoPc (r = 0.5)-modified GDE. Furthermore, as
revealed in Figure S13, the MWCNT|CuPc-CoPc (r = 0.5)-
modified GDE exhibited excellent stability during prolonged
electrolysis at −100 mA cm−2, maintaining a high FECO (∼91.2%),
a TOFCO (15.74 s−1), and cathodic energy efficiency for CO
production (EECO: 68.9%), defined as the ratio of chemical energy
stored in CO to applied electrical energy (see Experimental
Section for the details), over 12 h electrolysis. Moreover, as
revealed in Figure 5 and Figure S14, the MWCNT|H2Pc-CoPc
(r = 0.5)-modified GDE exhibited better e-CO2RR performance,
in terms of FECO (77.7 ± 4.9% vs. 73.8 ± 2.3%) and TOFCO
(14.91 ± 0.64 s−1 vs. 10.05 ± 0.32 s−1), than the MWCNT|CoPc-
8 of 15
modified GDE. This finding is in agreement with the previous
discussion that the enhanced e-CO2RR performance of the
MWCNT|CuPc-CoPc (r = 0.5)-modified GDE can be attributed
to favourable electronic interactions between CoPc and CuPc
and/or H2Pc formed via CuPc decomposition during electrolysis,
as well as the improved accessibility of CoPc active sites. The
enhanced τCoPc and θ also promoted further reduction of CO into
methanol, presumably by providing a high local CO concentra-
tion that facilitates subsequent CO reduction through a domino
pathway [27]. Specifically, the MWCNT|CuPc-CoPc (r = 0.5)- and
MWCNT|H2Pc-CoPc (r = 0.5)-modified GDEs exhibited FEMeOH
of 2.5 ± 1.2%, and 4.2 ± 1.7%, respectively, both outperforming
the MWCNT|CoPc control. We also prepared the MWCNT|NiPc-
CoPc (r = 0.5)-modified GDE for performance comparison. As
revealed in Figure S15 and Figure 5, the MWCNT|NiPc-CoPc
(r = 0.5)-modified GDE exhibited inferior performance than the
MWCNT|CoPc-modified GDE, requiring a significantly higher
overpotential (∼−0.80 vs. −0.70 V) to sustain the applied current
density and yielding a lower FECO (71.8 ± 8.4% vs. 73.8 ± 2.3%).
This finding stands in sharp contrast to the MWCNT|CuPc-CoPc
(r = 0.5)-modified GDE and can be attributed to the lower e-
CO2RR activity of NiPc than CoPc and its inability to decompose
into H2Pc during e-CO2RR [60], thereby lacking the synergistic
electronic interactions required for performance enhancement.
Note that further increase in catalyst loading for the electrode
preparationwas not attempted as themarginal gains in FECO were
offset by a substantial decline in TOF .
CO

Small, 2026
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FIGURE 7 (a) HAADF-STEM image, (b) line profiles along the blue and red arrows in (a), and (c) STEM-EDS elemental mapping of the
MWCNT|CuPc-CoPc (r = 0.5)-modified GDE. (d) CO2-TPD profiles of MWCNT|CuPc-CoPc (r = 0.5).

FIGURE 8 (a) pDOS of Co 3d orbital of (i) CoPc-CoPc, (ii) CuPc-CoPc, and (iii) H2Pc-CoPc. The Fermi level is set to zero, indicated by a black
dashed vertical line. The pink dashed vertical lines represent the εd energy level. (b) Eads, CO2 for (i) CoPc-CoPc, (ii) CuPc-CoPc, and (iii) H2Pc-CoPc.
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Figure 9 and Figure S16 show the e-CO2RR performance of
the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE at an applied
current of 6.25 A (or −100 mA cm−2) under CO2 atmospheres
of various CO2 concentrations (10%∼98%). As revealed, the
FECO and cathodic energy efficiency (EECO) for CO generation
of the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE remained
above 80% and 50%, respectively, even when the CO2 concentra-
tion was reduced to 20%. Specifically, the MWCNT|CuPc-CoPc
(r = 0.5)-modified GDE exhibited a FECO of 92.6 ± 1.3% and an
EE of 62.2 ± 0.8% under 40% CO atmosphere at −0.76 V vs.
CO 2

Small, 2026
RHE, and a FECO of 80.4 ± 2.8% and an EECO of 54.8 ± 1.9%
under 20% CO2 atmosphere at −0.82 V vs. RHE. This high CO
selectivity of the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE
from the conversion of low-concentration CO2 is likely attributed
to the enhanced CO2 adsorption capability (e.g., Figure 7d) and
moderate binding strength of CO2 resulting from favourable
electronic interactions among MWCNT, CoPc, CuPc, and H2Pc
formed in situ via CuPc decomposition during electrolysis, along
with the improved accessibility of CoPc active sites. Additionally,
the high FE at low CO concentrations enabled efficient
CO 2

9 of 15
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FIGURE 9 The e-CO2RR performance of the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE at −100 mA cm−2 in KHCO3 (1.0 m) solution under
CO2 atmospheres of various concentrations: (a) FE of products and RCO, and (b) EECO and yCO. Catalyst loading was 0.2mg cm−2. The reported standard
deviation was calculated from a minimum of three repeated experiments.
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single-pass CO2 conversion and high CO yield. Notably, it is the
first time that a high CO yield of 65.7 ± 2.3% from the conversion
of low-concentration CO2 has been realized using a molecular
catalyst-basedmodified electrode. Furthermore, as revealed from
Figure S17, the MWCNT|CuPc-CoPc (r = 0.5)-modified electrode
remains its high e-CO2RR performance in the presence of H2S.
Specifically, theMWCNT|CuPc-CoPc (r= 0.5)-modified electrode
maintained a FECO >93.5% throughout the electrolysis with the
gas feed containing 98% CO2 and 2% H2S, outperforming the
MWCNT|CoPc control (FECO <86%). The enhanced FECO is
corroborated by the increased CO2 adsorption capacity (91.5 vs.
73 µmol CO2 g−1) of the MWCNT|CuPc-CoPc (r = 0.5)-modified
electrode compared to the MWCNT|CoPc control. Moreover, the
MWCNT|CuPc-CoPc (r = 0.5)-modified GDE also exhibited high
stability under simulated biogas atmosphere, maintaining a FECO
> 80% over 72-h electrolysis (Figure S18). The excellent e-CO2RR
performance MWCNT|CuPc-CoPc (r = 0.5)-modified GDE was
attributed to its sustaining molecular-dispersion of the active
CoPcmolecules onMWCNT, as evidenced byHAADF-STEMand
STEM-EDS analyses shown in Figure S19. Furthermore, the FECO
of MWCNT|CuPc-CoPc (r = 0.5)-modified GDE remained above
80% and an EECO of 53.4 ± 1.4% under 40% CO2 atmosphere at a
higher applied current density of−200mA cm−2 at the expense of
applied potential of −0.81 V vs. RHE (Figure S20). The excellent
e-CO2RR performance of the developed MWCNT|CuPc-CoPc
(r = 0.5)-modified GDE under a broad range of CO2 concentra-
tions and high current density places itself among themost active
CoPc- and cobalt-porphyrin-based systems reported to date (Table
S2). This finding highlights the effectiveness of CuPc incorpora-
tion in enhancing CO2 affinity and electrochemically available
CoPc active sites, thereby boosting the e-CO2RR performance
of the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE, particularly
for the conversion of low-concentration CO2. Collectively, these
findings highlight the promise of this molecularly engineered
system for future industrial deployment, particularly in scalable
CO2 electroreduction platforms targeting efficient and selective
CO production to support carbon mitigation and the circular
economy initiatives.

3 Conclusion

The MWCNT|CuPc-CoPc (r)-modified GDEs, featuring the
molecular-level dispersion of CoPc and CuPc on the MWCNT
support, were successfully prepared using a simple H2SO4-
10 of 15
assisted impregnation method. The incorporation of CuPc or
H2Pc effectively suppressed CoPc aggregation, enabling tun-
able loading and fractional accessibility of electrochemically
active CoPc sites. In particular, the MWCNT|CuPc-CoPc (r =
0.5)-modified GDE exhibited significantly-enhanced θ of 0.32,
attributed to the in situ decomposition of CuPc during elec-
trolysis, which facilitated the exposure of previously buried
CoPc active sites. The enhanced accessibility of CoPc active
sites, along with the optimized binding strength, attributed to
the favourable electronic interactions among CoPc, MWCNT,
CuPc, and H2Pc formed in situ via CuPc decomposition during
electrolysis, remarkably boosted the e-CO2RR performance of
the MWCNT|CuPc-CoPc (r = 0.5)-modified GDE, especially
for the conversion of low-concentration CO2. Notably, it is
the first time that a high yCO of 65.7 ± 2.3% from single-
pass conversion of 20% CO2 at Ampere-level current has been
realized using a molecular catalyst-based modified electrode.
Furthermore, the high stability of the MWCNT|CuPc-CoPc (r =
0.5)-modified GDE, maintaining a FECO>80.4% over 72-h elec-
trolysis under simulated biogas atmosphere, was also demon-
strated. The DFT calculation revealed that CuP modulates εd
position of the catalyst, resulting in optimal binding energy
for reaction intermediates. This electronic tuning facilitates
the interaction with the Co active sites, thereby promoting
CO2 conversion to CO. These findings demonstrate the strong
promise of the developed molecularly engineered catalyst sys-
tem in promoting carbon neutrality through efficient and
selective CO production from low-concentration CO2 emission
sources.

4 Experimental Section/Methods

4.1 Chemical andMaterials

All the chemicals used for the preparation of catalytic materials,
modified electrodes, and electrolyte solutions, including cobalt
(II) phthalocyanine (CoPc; 97%, Sigma–Aldrich), copper (II)
phthalocyanine (CuPc; Cu content >80%, Honeywell Fluka),
29H, 31H-phthalocyanine (H2Pc; 98%, Sigma–Aldrich), nickel
(II) phthalocyanine (NiPc; 95%, Acros Organic), sodium sul-
fide hydrate (60%–64%, extra pure flakes, Thermo Scientific),
dimethylformamide (DMF; 99.8%, TEDIA), multi-walled carbon
nanotubes (MWCNT; >95% carbon, Sigma–Aldrich), sulfuric
acid (≥97%, Honeywell Fluka), potassium hydroxide (≥85%,
Small, 2026
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Honeywell Fluka), hydrogen chloride (≥37%, Honeywell Fluka),
NaHCO3 (≥98%, Sigma–Aldrich), KHCO3 (99%, Alfa Aesar),
CsHCO3 (99.99%, Macklin), Nafion 117 solution (5wt.%, Sigma–
Aldrich), and ethanol (≥99.5%, Echo Chemical) were purchased
from commercial suppliers and used without additional purifi-
cation. Deionized water (DIW; 18.2 MΩ∙cm) was used for the
electrode rinsing and electrolyte preparation throughout the
work. Nickel foam (>99%, thickness: 1 mm) was obtained from
Central Research Company, Taiwan. Before use, Ni foam was
cleaned by immersion in HCl (1 m) for 5 min, followed by
thorough rinsing with DIW. GDL-340 carbon paper (thickness
of 340 µm) with a microporous layer, used as the gas diffusion
electrode (GDE) substrate, was purchased from CeTech Co., Ltd.,
Taiwan. The GDE substrate was cleaned by immersion in HCl
(∼10 m) for 5 min, followed by thorough rinsing with DIW.

4.2 Synthesis of MWCNT-Supported Metal
Phthalocyanines

MWCNT-supported CoPc and CuPc with various nominal
CuPc/CoPc weight ratios (r), designated as MWCNT|CuPc-CoPc
(r) for simplicity, were synthesized by firstly preparing a disper-
sion solution containing CoPc, CuPc, andMWCNTs by dispersing
9/(1+r) mg CoPc, 9r/(1+r) CuPc, and 45 mg MWCNT in 45 mL
H2SO4 under ultrasonication for 1 h and subsequent continuous
stirring for an additional 2 h. The resulting dispersion solution
was then slowly poured into ice-cooled DIW and subjected to
repeated centrifugations and washing with deionized water and
ethanol until the pH of the supernatant reached 7. Finally,
the precipitate was then dried in an oven at 60◦C overnight.
MWCNT|H2Pc-CoPc (r = 0.5) and MWCNT|NiPc-CoPc (r = 0.5)
were also prepared with the same procedure described above by
replacing CuPc with H2Pc or NiPc.

MWCNT-supported CoPc (i.e., MWCNT|CoPc), MWCNT-
supported CuPc (i.e., MWCNT|CuPc), and MWCNT-supported
phthalocyanine (i.e., MWCNT|H2Pc), were prepared with the
same procedure described above. Nevertheless, the dispersion
solutions for the preparation of MWCNT|CoPc, MWCNT|CuPc,
and MWCNT|H2Pc were prepared by dispersing 9 mg CoPc,
9 mg CuPc, and 9 mg H2Pc, in 45 mL H2SO4 containing 45 mg
MWCNT, respectively.

4.3 Electrode Preparation

To prepare MWCNT-supported metal phthalocyanine-modified
electrodes, catalyst inks were first prepared by dispersing 10 mg
MWCNT-supported metal phthalocyanine (i.e., MWCNT|CuPc-
CoPc (r), MWCNT|CoPc, MWCNT|CuPc, and MWCNT|H2Pc) in
10 mL ethanol under ultrasonication for 2 h. Unless otherwise
noted, an aliquot of 100 µL cm−2 of the catalyst ink and 1 µL cm−2

of Nafion 117 solution were subsequently drop-casted onto the
GDE substrate (working area: 2.0 cm× 2.0 cm or 2.5 cm× 2.5 cm).

4.4 Physical Characterization

The loading amounts of CoPc and CuPc in the prepared elec-
trodes were quantified by inductively-coupled plasma optical
Small, 2026
emission spectrometry (ICP-OES; Horiba Jobin Yvon JY2000-
2). The chemical composition of the prepared electrodes was
characterized by X-ray photoelectron spectroscopy (XPS) using
a PHI 5000 VersaProbe system (ULVAC-PHI, Chigasaki, Japan).
The binding energy (BE) scale of the acquired XPS spectra
was calibrated against the Au0 4f7/2 peak of the deposited gold
nanoparticles at 84.0 eV. The particle size of the dispersed
CoPc was determined by dynamic light scattering (DLS) using a
MalvernZetasizerNanoZSparticle size analyser (Malvern Instru-
ments Ltd., Worcestershire, UK). The CO2-TPD measurement
was carried out using AutoChem II (Micromeritics), equipped
with a thermal conductivity detector. Following CO2 purging,
the TPD profile was recorded with a He stream (25 mL min−1)
as the sweeping gas at a heating rate of 10◦C min−1. Detailed
structural and elemental analyses of MWCNT|CuPc-CoPc (r =
0.5) andMWCNT|CoPc were performed by transmission electron
microscopy and HAADF-STEM using a JEM-2100F microscope
(JEOL Ltd., Japan). SEM images were obtained using Hitachi
SU-8010. Raman analyses were performed using a DXR Raman
spectrometer (Thermo Fisher Scientific, USA) equipped with a
532 nm laser.

4.5 Electrochemical Characterization

The electrochemical characterizations on the e-CO2RR per-
formance of the MWCNT-supported metal phthalocyanine-
modified electrodes were performed in the homemade two-
compartment H-cell or flow-type electrolyzer (Scheme S1) con-
necting to an Ivium-n-Stat multichannel potentiostat (Ivium
Technologies B.V., Netherlands) under a gas atmosphere contain-
ing CO2 of various concentrations (10%–98%). The anodic and
cathodic compartments of the H-cell and flow-type electrolyzer
were separated with a Neosepta ASE anion exchange membrane
(ASTOM Corporation, Tokyo, Japan). In the case of the electro-
chemical characterization with the two-compartment H-cell, the
MWCNT-supported metal phthalocyanine-modified electrodes
(geometry area of 0.5 cm2) were used as the working electrode
and placed with an Ag/AgCl (sat’d KCl) reference electrode in the
cathodic compartment, whereas a Pt foil (2 cm × 1 cm) counter
electrode was placed in the anodic compartment. In the case
of the electrochemical characterization with the flow-type elec-
trolyzer, the MWCNT-supported metal phthalocyanine-modified
electrodes (geometry area of 4.0∼6.25 cm2) were used as the
working electrode and placed with Ag/AgCl (sat’d KCl) reference
electrode in the cathodic compartment, whereas a nickel foam
(3.5 cm × 3.5 cm) counter electrode was placed in the anodic
compartment. The catalyst loading was 0.1∼0.2 mg cm−2 for
both the H-cell and the flow-type electrolyzer, unless otherwise
stated. CO2 concentration (CCO2) was regulated by adjusting the
relative flow rates of the CO2/Ar gas stream (98% CO2 and 2%
Ar; Yun Shan Gas Co., Taiwan) and high-purity Ar gas stream
(99.995%; Yun ShanGasCo., Taiwan) using amass flow controller.
The simulated biogas environment was created by purging the
cathodic compartment with the CO2/CH4 gas mixture (40% CO2
and 60% CH4; Yun Shan Gas Co., Taiwan). To investigate the
effects of H2S, the electrolysis experiments were performed with
the feed of 98% CO2 and 2% H2S. In this setup, H2S gas was
generated in situ by the acidification of a sodium sulfide solution
(∼10 wt.%) with a HCl solution (1.67 m). Unless otherwise noted,
the total flow rate (ϕ) was maintained at 35 mL min−1. The
11 of 15
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KHCO3 solution (1.0 m) was used as the catholyte, whereas KOH
(1 m) solution was used as the anolyte. Both the catholyte and
anolyte were circulated respectively to the cathodic and anodic
compartments of the flow-type electrolyzer at a flow rate of
35 mL min−1 using peristaltic pumps. 95% IR compensation was
used for all electrochemical measurements. Unless otherwise
noted, the potentials reported in this work are referenced to the
reversible hydrogen electrode (RHE) according to Equation 1:

E (V vs. RHE) = E (V vs. Ag∕AgCl) + 0.197 + 0.059 × pH (1)

The overpotential (η) for the generation of CO from e-CO2RRwas
defined as the difference between the applied potential and the
equilibrium potential for CO2 reduction to CO (i.e., −0.11 V vs.
RHE). The electrochemically accessible amount of CoPc (τCoPc) in
the prepared electrodes was quantified using cyclic voltammetry
(CV) inNaHCO3 solution (1M). Briefly, the values of peak current
density (Ip) responsible for the redox reaction of Co2+/Co+ (i.e.,
O1/R1 redox peaks in Figures S10a–e) in CoPc at various scan
rates (v) were first determined. Thereafter, τ was deduced from
the slope of the Ip vs. v plot using Equation 2:

𝐼𝑝 =
𝑛2𝐹2𝜏CoPc
4RT

𝑣 (2)

where n is the number of electron transfer number for the redox
reaction of Co2+/Co+, F is the Faraday constant (96485 C mol−1),
R is the ideal gas constant (8.314 J K−1 mol−1), and T is the
operating temperature (300 K). The ratio of the electrochemically
accessible amount of CoPc to the loading amount of CoPc
(NCoPc), quantified by ICP-OES, was used to evaluate the fraction
of electrochemically available CoPc on the prepared electrodes
(θ) using Equation 3:

𝜃 = 𝜏CoPc∕𝑁𝐶𝑜𝑃𝑐 (3)

4.6 Product Analysis and Quantification

The main liquid products (i.e., methanol) produced from the
electrolysis experiments were analyzed and quantified using
a Shimadzu GC-2010 Plus gas chromatography system (GC)
equipped with a Rtx-Volatiles column and a flame ionization
detector (FID). The GC oven temperature was initially held
at 40◦C for 1 min, then ramped at 40◦C min−1 to 80◦C and
maintained at 80◦C for 6 min, and finally ramped at 20◦C
min−1 to 250◦C and held for an additional 8.5 min. Gaseous
products generated from the electrolysis experiments, on the
other hand, were analyzed and quantified using an Agilent 7890B
Series gas chromatography system. CO was detected using a
Carboxen-1006 PLOT column with helium as the carrier gas at
a flow rate of ∼5 mL min−1, coupled to a thermal conductivity
detector (TCD) and a flame ionization detector (FID) connected
in series. Hydrogen gas was analyzed using an HP-PLOT Mole-
sieve 19095P-MS6 column with nitrogen as the carrier gas at
a flow rate of ∼4 mL min−1, coupled to a TCD detector. The
GC oven temperature for both the Carboxen-1006 PLOT and
HP-PLOT Molesieve columns was initially maintained at 40◦C
for 8 min, ramped at 40◦C min−1 to 200◦C, and then held at
200◦C for an additional 8 min. The concentrations of obtained
products (Cproduct) were determined by converting the measured
12 of 15
TCD and FID signals with routinely updated calibration curves.
For the quantification of CO generated from e-CO2RR under
a feed of 98% CO2 and 2% H2S, the cathodic headspace was
monitored using a portable MET-GD4AP gas detector (S.E.A.T.
Industry Technology Co., Ltd) to the headspace of the cathodic
compartment with a sampling pump. The Faradaic efficiency
of product (FEproduct) obtained from the electrolysis experiments
using the two-compartment H-cell and the flow-type electrolyzer
was determined by Equations 4 and 5, respectively.

FEproduct =
𝐶product × 𝑉 × 𝑛product × 𝐹

𝑄total
× 100% (4)

FEproduct =
𝑅product × 𝑛product × 𝐹

𝐽
=

𝜙 × 𝐶product ×
𝑃

𝑅𝑇
× 𝑛product × 𝐹

𝐽
× 100% (5)

where V is volume of headspace (for gaseous product) or volume
of catholyte (for liquid product), nproduct is the number of electrons
transferred for the formation of the specific product, Qtotal is the
total charge passed in the electrolysis, Rproduct is the generation
rate of specific product, P is the ambient pressure, R is the ideal
gas constant (8.314 J K−1 mol−1), T is the operating temperature
(300 K), F is the Faradaic constant (96 485 C mol−1), and J is the
applied current density.

The CO yield (yCO) at specific CO2 feeding rate (FCO2) was
calculated using Equation 6:

𝑦CO =
𝑅CO
𝐹CO2

=
𝑗 × 𝐶CO ×

𝑃

RT

𝑗 × 𝐶CO2 ×
𝑃

RT

=
𝐶CO
𝐶CO2

(6)

The EECO, defined as the ratio of chemical energy stored in CO to
applied electrical energy, was determined using Equation 7: [61]

EECO =
(
1.23 − 𝐸0CO

)
× FE𝐶CO

1.23 − 𝐸𝑎𝑝𝑝
× 100% (7)

where 𝐸0
𝐶𝑂

is the standard reduction potential for the generation
of CO (−0.1 V vs. RHE) from e-CO2RR, and Eapp is the operation
potential under a specific applied current density.

Two kinds of turnover frequencies were used to evaluate the e-
CO2RR activity of the prepared electrodes, including one based
on NCoPc (TOFCO) and the other based on τCoPc (e-TOFCO). TOFCO,
determined byusingEquation (8),was used to evaluate the overall
activity, whereas e-TOFCO, determined by using Equation (9) [62],
was used to assess the intrinsic activity.

TOFCO =
RCO
NCoPc

(8)

𝑒 − TOFCO =
𝑅CO
𝜏CoPc

(9)
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4.7 DFT Calculation

First-principles calculations based on Density Functional Theory
(DFT) were performed using the CASTEP module [63] imple-
mented in BIOVIAMaterials Studio 2020. Spin-polarized calcula-
tions were employed, and dispersion interactions were accounted
for using the Tkatchenko–Scheffler DFT-D correction [64, 65].
The exchange–correlation interactions were described within
the generalized gradient approximation [66] using the Perdew–
Burke–Ernzerhof functional [67]. Core–valence interactions were
treated using on-the-fly generated ultrasoft pseudopotentials [68].
Geometry optimizations were carried out without symmetry con-
straints until themaximum force, total energy change, and atomic
displacement converged below 2.0 × 10−3 Ha Å−1, 1.0 × 10−5
Ha, and 5.0 × 10−3 Å, respectively. The self-consistent field
(SCF) convergence criterion was set to 1.0 × 10−6 Ha. A cutoff
energy of 500 eV was used for geometry optimizations. Single-
point energy calculations were subsequently performed on the
optimized structures using a higher cutoff energy of 550 eV
with the same SCF convergence threshold. Solvent effects were
considered using the Conductor-like Screening Model (COSMO)
implicit solvation model with water as the solvent (dielectric
constant ε = 78.54).

The d-band center (εd)was determined by Equation 10.

𝜀𝑑 =
∫
0

−∞ 𝐸 𝑁 (𝐸) 𝑑𝐸

∫
0

−∞𝑁 (𝐸) 𝑑𝐸
(10)

where E is the energy and N(E) is the projected density of states.
E represents the energy relative to the Fermi level, andN(E) is the
projected density of states (PDOS) for the d-orbitals of the active
metal center.

The adsorption energy of CO2 (Eads, CO2) was calculated using
Equation 11:

𝐸𝑎𝑑𝑠,𝐶𝑂2 = 𝐸𝑀1𝑃𝑐+𝑀2𝑃𝑐+𝐶𝑂2 −
(
𝐸𝑀1𝑃𝑐+𝑀2𝑃𝑐 + 𝐸𝐶𝑂2

)
(11)

where 𝐸𝑀1𝑃𝑐+𝑀2𝑃𝑐+𝐶𝑂2 , EM1Pc +M2Pc, and 𝐸𝐶𝑂2 represent the total
energies of MPc molecules with adsorbed CO2, the stacked M2Pc
on M1Pc system, and an isolated CO2 molecule, respectively.

4.8 Statistical Analysis

The data were reported as mean value ± standard deviation. The
reported standard deviation was calculated from a minimum of
three independent repeated experiments.
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