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Electrochemical CO, conversion using renewable energy offers a promising pathway for producing value-
added chemicals with zero emissions. In this study, copper porphyrin (Cu-TMCPP) molecules are
immobilized on multi-wall carbon nanotubes (MWCNTs) to form Cu-TMCPP/CNTs, which serve as
a tunable, heterogeneous electrocatalyst for electrocatalytic CO, reduction (ECR). A systematic
comparison of the synthesized catalyst with stacked Cu-TMCPP and a physical mixture of Cu-TMCPP
with MWCNTs (Cu-TMCPP + CNT) showed that the Cu-TMCPP/CNT catalyst suppressed the hydrogen
evolution reaction (HER) to a large extent and improved selectivity towards hydrocarbon (total FE:
75.68%), mainly CH,4 (FE: 37.3%), at a potential of —1.08 V versus the reversible hydrogen electrode (RHE)
with a partial current density of 91.8 mA cm™~2. The in-depth mechanistic analysis of in situ and ex situ X-
ray adsorption spectroscopy (XAS) and electrochemical characterization illustrated the presence of
ultrathin copper porphyrin blocks immobilized on CNTs, presumably located at the Helmholtz layer with
a high oxidation state and the co-existence of Cu?*/Cu® under reaction conditions, which are
responsible for improved selectivity towards hydrocarbons. This research provides insights into the
immobilization impact of molecular catalysts and the advantage of the consequent high capacitance

Received 17th February 2025
Accepted 19th May 2025

Open Access Article. Published on 19 May 2025. Downloaded on 8/12/2025 11:55:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

DOI: 10.1039/d5ta01319d

double layer

rsc.li/materials-a

Introduction

The rising risks associated with global warming necessitate the
urgent development of effective strategies to reduce atmo-
spheric CO, concentrations. Electrocatalytic CO, reduction
(ECR) to value-added products is considered a promising solu-
tion, enabling carbon-neutral goals and sustainable production
of chemicals and fuels using renewable energy sources.'”
Electrocatalysts are essential to overcome the inherent low
reactivity of CO, and facilitate its bond cleavage to produce
valuable reduced products.*” However, the industrial scale
implementation of ECR systems is hindered by the low selec-
tivity and activity of electrocatalysts.**® A major challenge in
achieving high selectivity and efficiency in ECR, especially at
high current density, is the competing hydrogen evolution
reaction (HER)." Single-atom catalysts (SACs) present
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in suppressing the HER, which enhances electron transfer,

thereby improving

heterogeneous electrocatalytic CO, performance.

a promising approach for ECR because they suppress H-H
coupling, thereby mitigating the HER“™ and improving
selectivity."

The synthesis of SACs benefits from the use of molecular
structures, which enable tuning of electron distribution and
enhanced electron transfer through the modification of func-
tional groups.*® For example, metalated porphyrins have shown
considerable promise as efficient electrocatalysts for ECR."” To
date, various transition metal complexes, including Mn,"
Ni,"?® Co,*** Cu,” and Fe,”**® have been investigated as
metal centres of metalated porphyrins. Among them, copper-
porphyrins stand out as promising candidates for ECR owing
to their vast product distribution;> however, they have been
insignificantly investigated compared with other metal-based
systems.

Photo- and electrochemical CO, conversion studies have
demonstrated that the higher oxidation states of metal cata-
lysts, such as copper (Cu*/Cu®"), play a crucial role in enhancing
product selectivity toward hydrocarbons during ECR.***° The
metal centre, as the main active site of porphyrin catalysts, must
be active, stable, and earth-abundant for effective CO, reduc-
tion. The higher oxidation states of copper fulfil this require-
ment, enabling enhanced -catalytic performance.’**** In
copper-porphyrin systems, the active Cu centre maintains
a high oxidation state,*** which improves the selectivity of ECR

This journal is © The Royal Society of Chemistry 2025
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toward hydrocarbon production. Leveraging the high tunability
of porphyrins by incorporating electron-withdrawing groups
has been shown to stabilize the high oxidation state of copper.
This stabilization has been reported to result in higher catalytic
activity for ECR and a positive shift in the onset potential.***’

Traditional metalated porphyrins typically facilitate two-
electron transfer processes during ECR, predominantly
producing CO and formate as the primary products.***** In this
study, to extend beyond the two-electron transfer limit, we
synthesized Cu-SACs with copper as the active site for ECR,
integrated into a 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)
porphyrin (TMCPP) framework, modified with carbonyl
methoxy electron-withdrawing groups. To facilitate multi-
electron transfer, the heterogenization of molecular catalysts
offers enhanced stability and higher activity than their homo-
geneous analogs. Thus, to promote efficient electron transfer
and improve product selectivity, TMCPP was immobilized onto
multi-walled carbon nanotubes (MWCNTSs)*****' vig non-
covalent m-m interactions, forming Cu-TMCPP/CNT. This
immobilization strategy has been shown to enhance the
conductivity, stability, and selectivity, ensuring continuous
electron transfer from the current collector to the active site,
thereby improving the overall catalytic performance and dura-
bility.*** To systematically evaluate the impact of this hetero-
genization, we compared three configurations: Cu-TMCPP
alone (without immobilization), Cu-TMCPP physically mixed
with MWCNTs (Cu-TMCPP + CNT), and Cu-TMCPP immobi-
lized onto MWCNTs (Cu-TMCPP/CNT). Among the tested
configurations, Cu-TMCPP/CNT exhibited better performance
by facilitating an eight-electron transfer pathway that enhanced
methane (CH,) selectivity while effectively suppressing the HER
during ECR. This study highlights the effective role of immo-
bilization in optimizing the metal-electrode interface and
provides insights for the development of Cu-porphyrin-based
electrocatalysts with improved selectivity, stability, and scal-
ability in the future.

Results and discussion
Preparation and characterization of the catalyst

Fig. 1a illustrates the schematic of the synthesis method for the
designed Cu-TMCPP and Cu-TMCPP/CNT electrocatalysts. The
synthesis of Cu-TMCPP involved reacting CuSO,-5H,0O with
TMCPP in a chloroform-ethanol solution (3 :1) using N,N-dii-
sopropylethylamine (DIPEA) as a base (see ESIf for more
information). The mixture was refluxed for 2 hours under
vigorous stirring at 60 °C, followed by extractions with chloro-
form and distilled water three times to remove impurities. The
purified product was then dried under vacuum and heated at
80 °C for 2 hours in the oven to remove any residue. The
successful metalation of TMCPP with copper was confirmed via
mass spectrometry and UV-Vis spectroscopy (Fig. Sla-ef),
which demonstrated a characteristic shift in the Soret band
(from 420 nm to 414 nm) and the appearance of two Q-bands
instead of four, indicating the proper insertion of the copper
center into the porphyrin macrocycle. The results agree with
those of previous studies.” To immobilize the Cu-TMCPP
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molecule onto MWCNTs, a mixture of Cu-TMCPP and
MWCNTs in a 2:1 ratio was dispersed in dimethylformamide
(DMF) and sonicated for 1 hour. The resulting suspension was
stirred overnight and then drop-casted onto a glassy carbon
electrode (for H-cell studies) or carbon paper gas diffusion layer
(for flow-cell experiments) to serve as the working electrode. In
this study, an H-cell was used for fundamental electrocatalytic
analysis, while a flow cell was employed to assess electro-
catalytic performance, enhancing mass transport capabilities
and CO, diffusion.?®*3*

To gain insight into the structural and morphological
properties of the synthesized catalysts, high resolution trans-
mission electron microscopy (HR-TEM), energy-dispersive X-ray
spectroscopy (EDX), atomic force microscopy (AFM), and X-ray
diffraction (XRD) analyses were conducted. Fig. 1b shows HR-
TEM images of Cu-TMCPP, exhibiting a sheet-like morphology
probably attributed to the stacking of monomers into a layered
structure driven by m-m stacking interactions, which is consis-
tent with previous studies on porphyrin-based systems.**¢ As
shown in Fig. 1c, EDX elemental mapping demonstrates the
homogeneous distribution of single Cu atoms within the Cu-
TMCPP sheets, further supporting the successful synthesis of
the material. AFM analysis (Fig. 1d and S2at) confirms that Cu-
TMCPP sheets have a mean diameter of approximately 84.6 nm
and an average thickness of 4.8 nm, corresponding to about five
stacked Cu-TMCPP layers, as predicted from the proposed
molecular structure.***® The XRD study (Fig. 1e) further shows
the ordered nanosheet structure of Cu-TMCPP crystal, with
distinct low-angle peaks.*® Simulated XRD patterns based on
the structural model (Fig. S2b¥) align well with the experimental
XRD results, suggesting that the nanosheets are composed of
interconnected single-crystal Cu-TMCPP units.

In the case of the Cu-TMCPP/CNT, TEM images (Fig. 1f and
g) show ultra-thin porphyrin layers immobilized onto CNTs,
forming wrinkle-like structures that confirm the successful
anchoring of Cu-TMCPP onto CNTs via non-covalent w-7
interactions."* In contrast, TEM analysis of the physical
mixture of Cu-TMCPP and CNTs (Cu-TMCPP + CNT; Fig. S2c-it)
shows aggregated structures lacking the uniformity observed in
Cu-TMCPP/CNT. This comparison highlights the structural
advantages of immobilization, where Cu-TMCPP layers main-
tain close contact with CNTs, enhancing their conductive and
catalytic properties.

To investigate the chemical and electronic states of the
catalysts, X-ray photoelectron spectroscopy (XPS) was per-
formed. Full XPS survey spectrum of the Cu-TMCPP and Cu-
TMCPP/CNT shows the presence of Cu, C, N and O elements,
as depicted in Fig. 2a. The N 1s XPS spectrum for Cu-TMCPP
and porphyrin (TMCPP) presented in Fig. 2b deconvoluted
into three peaks related to pyridinic N, pyrrolic N and
graphitic N. Pyridinic N attributed to =N- has a positive shift of
0.61 eV after the insertion of Cu stemming from homogenous
electron distribution and delocalization in N. It has also been
revealed from the N 1s XPS spectrum that the distinct peak
related to pyrrolic N attributed to -NH- weakens for Cu-TMCPP,
confirming the incorporation of Cu®>* with porphyrin.*

J. Mater. Chem. A, 2025, 13, 19944-19954 | 19945
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(a) Schematic representation of the synthesis method for copper(i)-5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin (Cu-TMCPP)

and its immobilized counterpart on multi-walled carbon nanotubes (MWCNTSs) to form Cu-TMCPP/CNTs. (b) High-resolution transmission
electron microscopy (HR-TEM) image of Cu-TMCPP showing its sheet-like morphology. (c) Energy-dispersive X-ray (EDX) elemental mapping of
Cu-TMCPP, illustrating the homogeneous distribution of copper atoms. (d) Atomic force microscopy (AFM) of Cu-TMCPP. (e) X-ray diffraction
(XRD) patterns of Cu-TMCPP compared with simulated XRD data, confirming its crystalline structure. (f and g) HR-TEM images of Cu-TMCPP/
CNTs, highlighting the immobilization of Cu-TMCPP onto MWCNTSs via non-covalent interactions.

The Cu 2p XPS spectrum was deconvoluted for CNT, Cu-
TMCPP, Cu-TMCPP + CNT and Cu-TMCPP/CNT, as illustrated
in Fig. 2c¢ and S3a.f Cu-TMCPP exhibits 2 main peaks at
935.20 eV and 955.17 eV belonging to 2ps,, and 2p,, peaks,
respectively. The two satellite peaks at 944.45 eV and 963.77 eV
were attributed to the Cu®" oxidation state stemming from
coordination with nitrogen in the TMCPP structure. The
comparison of the Cu 2p XPS spectrum of Cu-TMCPP, Cu-
TMCPP + CNT and Cu-TMCPP/CNT revealed a shift to
a higher binding energy for Cu-TMCPP/CNT, which can be

19946 | J Mater. Chem. A, 2025, 13, 19944-19954

attributed to -7 interactions between CNT and Cu-TMCPP,
causing charge delocalization.”* The deconvolution of C 1s
and O 1s are reported in Fig. S3c—jf for CNT, Cu-TMCPP, Cu-
TMCPP + CNT and Cu-TMCPP/CNT. It can be observed in the
C 1s spectra (Fig. S3et) that the shake-up (w-mt*) transition peak
intensity in Cu-TMCPP/CNT decreased compared to its coun-
terpart in CNT, suggesting disturbance of the aromatic C
structure owing to immobilization.?>%?

Fig. 2d, e and S4at illustrate both extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near-edge

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) X-ray photoelectron spectroscopy (XPS) survey comparison of Cu-TMCPP, Cu-TMCPP + CNTs, Cu-TMCPP/CNTs and CNTs. (b) XPS

spectra of N 1s fitting comparison of TMCPP, Cu-TMCPP, Cu-TMCPP + CNTs and Cu-TMCPP/CNTs. (c) XPS spectra of Cu 2p fitting of Cu-
TMCPP, Cu-TMCPP + CNTs and Cu-TMCPP/CNTs. (d) Fourier transform of extended X-ray absorption fine structure (FT—EXAFS) spectra
comparison of Cu-TMCPP, Cu-TMCPP + CNTs, Cu-TMCPP/CNTs, CuO, Cu,O and Cu. (e) X-ray absorption near edge structure (XANES) spectra
characterization at the Cu-K edge of comparison of Cu-TMCPP, Cu-TMCPP + CNTs, Cu-TMCPP/CNTs, CuO, Cu,O and Cu. (f) First derivative of
XANES spectra comparison of Cu-TMCPP, Cu-TMCPP + CNTs, Cu-TMCPP/CNT, CuO, Cu,O and Cu.

spectroscopy (XANES) of the Cu K-edge for Cu-TMCPP, Cu-
TMCPP/CNT and Cu-TMCPP + CNT. Cu, CuO, and Cu,O were
used as reference samples to investigate the coordination
chemistry. The coordination of copper in Cu-TMCPP with N was
confirmed with a signal at ~1.46 A, as depicted in Fig. 2d. In
these normalized Cu K-edge XANES spectra, there is no peak
related to Cu-Cu coordination in all samples, showing single
atom copper with a high oxidation state inside the porphyrin
structure and confirming the nonexistence of aggregated
copper.*® Additionally, there is a shift toward higher energy in
the XANES spectrum as depicted in Fig. 2e, which shows
a higher oxidation state for the Cu-TMCPP, Cu-TMCPP/CNT and
Cu-TMCPP + CNT samples compared with the Cu,O and Cu
references. The oxidation states of copper in Cu-TMCPP, Cu-
TMCPP/CNT and Cu-TMCPP + CNT samples calculated by
linear combination fitting using the derivative of normalized
adsorption are Cu™***, Cu®>** and Cu'®*", respectively, which
shows a higher oxidation state for Cu-TMCPP/CNT compared to
the other catalysts. A thorough analysis of the first derivative of
XANES, shown in Fig. 2f, for all samples validates the afore-
mentioned oxidation state.'®

Additionally, intense absorption in the near-edge shifted to
a lower value, showing an improvement of the electron density
of the copper in Cu-TMCPP/CNT (Fig. S4at).** The higher

This journal is © The Royal Society of Chemistry 2025

accumulated electrons are considered to enhance charge
transfer for ECR.>* XANES fitting was performed to investigate
the coordination environment in each sample, and the corre-
sponding data are presented in ESI Table 1.7 The coordination
numbers of copper with N are 4.38, 4.35 and 4.54 for Cu-
TMCPP, Cu- TMCPP/CNT and Cu-TMCPP + CNT, respectively,
which shows the breakage of porphyrin stacks during immo-
bilization, reducing the coordination number of copper in each
porphyrin unit. It is expected that the under-coordination
condition improves electrocatalytic performance by promoting
the hydrogenation of *CO and the production of CH,.*
Fig. S4b-ff shows the wavelet-transform EXAFS (WT-EXAFS)
spectrum, which depicts similarity between the local atomic
environment of Cu-TMCPP, Cu-TMCPP/CNT and Cu-TMCPP +
CNT, indicating Cu®" in CuN, in all samples and no trace of
metallic Cu, which is evidence for the successful synthesis of
the catalysts.

Electrocatalytic CO, reduction performance

The electrocatalytic performance of the designed catalysts was
evaluated in an electrochemical flow cell (Fig. S5at), as exam-
ined by chronoamperometry (Fig. S61) using an anion exchange
membrane, Ni foam as the counter electrode, and drop-cast
catalysts on carbon paper with a gas diffusion layer as the

J. Mater. Chem. A, 2025, 13, 19944-19954 | 19947
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working electrode. Solutions of 0.5 M KHCO; and 0.5 M KOH
were used as the catholyte and anolyte, respectively. To quantify
the gaseous and liquid products, gas chromatography (GC) and
'H nuclear magnetic resonance ("H NMR) spectroscopy tech-
niques were applied, respectively (Fig. S71). It is worth
mentioning that catalysts with different Cu-TMCPP and CNT
loading ratios were examined, and the optimal ratio (2: 1) was
chosen for the chronoamperometry test (Fig. S6at). Comparing
the faradaic efficiency (FE) for ECR among Cu-TMCPP, Cu-
TMCPP + CNT, and Cu-TMCPP/CNT in Fig. 3a-c shows that
the major product is CO at lower potentials of ~—0.6-0.8 V vs.
reversible hydrogen electrode (RHE). The electroreduction of
CO, predominantly produced CO, while at a higher potential,

View Article Online
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CH, became the major product in Cu-TMCPP/CNT. In contrast,
in the case of Cu-TMCPP + CNT, CO remained the dominant
product even at a higher potential of —1.11 V vs. RHE. However,
for Cu-TMCPP, the selectivity shifted from CO to CH, at elevated
potentials. CH, production was initiated in the Cu-TMCPP/CNT
ataround —0.8 Vvs. RHE, while in the Cu-TMCPP + CNT system,
it was initiated at a more negative potential of —1.0 V vs. RHE.
These findings underscore the enhanced CO, electroreduction
performance achieved through immobilization. The Cu-
TMCPP/CNT composite exhibited an FE of 37.3% for CH, at
arelatively low potential of —1.08 V vs. RHE, indicating a shift in
selectivity toward CH,. This performance showed selectivity
alteration compared to previously reported copper porphyrin-

a (b) (c)
(a) Cu-TMCPP Cu-TMCPP+CNT Cu-TMCPP/CNT e
1+
1004 1-PrOH 100 4 1-PrOH 100
EtOH £10H EOH
AA AA ::
1 FA 80 FA 80
% cH, CH, cH,
CH, CH, CH,
= co 3 60 co 360 co
£” no € h E "
w w L
w w
Y 40 40 404
20 204 20
T T T T T r T - 04— T T T T T T T 04— T T T T T T T T
072 -086 -088 -091 -0.93 -0.97 -129 -132 066 -079 085 -1 111 -137 -1.38 -1.58 063 -0.76 -0.78 -0.8 -0.85 -1.01 -1.03-1.08 -1.2
E vs RHE (V) E vs RHE (V) E vs RHE (V)
(d) (e) (f)
Cu-TMCPP/CNT] Cu-TMCPP/CNT| WA/\‘\ \_—CU-TMCERICNT,
Ex-situ M xidation State
5 m v i /,/"‘x\
£ ] - LN \ In-situ -1.01 \
= z In-situ -0.63 o~ N ot
o =4 i~ _
3 x o<l In-situ -1.08 V|
< 5 =
3 2 @
8 = (3
5 [ 2 =
E ®
S a
Z2| A S — 1 T
T - T T T T T T T T T T T T T =
8980 8990 9000 9010 9020 9030 9040 8970 8975 8980 8985 8990 8995 9000 9005 9010 0 1 2 o 3 4
Energy (eV) Energy (eV) Radial Distance (A)
(g) (h) (i)

Mag

Cu-TMCPP/CNT In-situ Cu-TMCPP/CNT Ex-situ

Cu-TMCPP/CNT
4.0 4.0
35
3.0

25

)
N

10

k (A7)

Fig. 3 Faradaic efficiency (FE) of hydrocarbons for (a) Cu-TMCPP, (b) Cu-TMCPP + CNTs, and (c) Cu-TMCPP/CNTs examined via chro-
noamperometry in a flow-cell. (d) In situ X-ray absorption near edge structure (in situ XANES) spectra of Cu-TMCPP/CNTs at potential of OCP,
—0.63, —0.83, —-0.90, —1.01, —1.03, —1.08 V vs. RHE, and Cu-TMCPP/CNTs before and after experiment (ex situ) at —1.03. (e) First derivative of in
situ XANES of Cu-TMCPP/CNTs at potential of OCP, —0.63, —0.83, —0.90, —1.01, —1.03, —1.08 V vs. RHE, and Cu-TMCPP/CNT before and after
experiment at —1.03. (f) In situ Fourier transform EXAFS spectra of Cu-TMCPP/CNTs at —1.01 and —1.08 V vs. RHE. Wavelet-transform EXAFS
(WT-EXAFS) of (g) Cu-TMCPP/CNTs before experiment, (h) in situ Cu-TMCPP/CNTs under electrocatalytic reaction conditions of —1.03 V vs.
RHE. Working electrode: carbon paper gas diffusion layer (GDL); reference electrode: Ag/AgCl; counter electrode: Ni foam in 0.5 M KHCOs3
catholyte and 0.5 M KOH anolyte. (i) Ex situ Cu-TMCPP/CNTs after applying —1.03 V vs. RHE in a flow cell.
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based catalysts, where CO and formate are typically the domi-
nant products.****” Furthermore, immobilization enhances the
FE for multi-carbon products, such as ethanol, ethylene, and
minor amounts of propanol, while suppressing the HER to less
than 21% at —1.03 V vs. RHE. This behaviour was observed
neither in non-immobilized Cu-TMCPP nor in the Cu-TMCPP +
CNT catalysts, confirming the critical role of the immobilization
strategy in leveraging the synergistic properties of molecular
catalysts and CNTs to enhance catalytic performance.

To investigate the oxidation state and coordination envi-
ronment of Cu atoms under ECR conditions, in situ X-ray
absorption spectroscopy (XAS) was carried out on the most
promising catalyst, Cu-TMCPP/CNT, as shown in Fig. 3d-f, S8
and S9a-c.t The XANES spectra at the Cu K-edge for Cu-TMCPP/
CNT, shown in Fig. 3d, clearly demonstrate changes in the local
oxidation state of copper before, during, and after operating
under ECR conditions. Applying the potential results in
a negative shift toward a lower energy due to the reduction of
Cu”* (Fig. S9bt). As observed in the first derivative of the in situ
XANES spectra (Fig. 3e), the Cu’ peak gradually becomes
apparent at higher potentials, indicating the progressive
reduction of Cu species. As depicted in Fig. 3d, e and S9a-c,7 it
can be concluded that some Cu** species with a high oxidation
state in the Cu-N, structure are reduced to Cu® as soon as
a negative potential is applied, directly affecting the ECR.
Interestingly, the ex situ measurement of the catalyst exhibits
nearly identical XANES spectra, suggesting the reversible nature
of this phenomenon, which is consistent with previous research
findings.***® Linear combination fitting using the Cu foil and
CuO powder references the estimated oxidation state of Cu
under experimental conditions of approximately +1.46, corre-
sponding to 73% Cu** and 27% Cu’, respectively, which
confirms limited formation of copper cluster under applied
potential of 1.03 V vs. RHE. (Fig. S10at)

The wavelet-transform EXAFS (WT-EXAFS) analyses of Cu-
TMCPP/CNT before, during and after reduction under applied
potential are depicted in Fig. 3g-i. The WT maximum was
observed at approximately 1.45 A in the ex situ experiment,
corresponding to the Cu®* oxidation state, while the in situ
experiment showed the WT maximum at 2.2 A assigned to Cu®.
Similar WT-EXAFS counters of Cu-TMCPP/CNT before and after
the ECR experiment (Fig. 3g and i) illustrate the reversibility and
stability of the catalyst structure even after the applied poten-
tial. The coordination numbers (CNs) of Cu relative to N for
different catalysts, illustrated in Table S1 and Fig. S10b,t indi-
cate an under-coordination value of 2.56 under electrocatalytic
experimental conditions for Cu®>* within the porphyrin struc-
ture. This under-coordination site increases the likelihood of
intermediate bonding with copper, thereby enhancing the
activity toward the ECR. As shown in Table S1,f the Debye-
Waller factor (¢°), which estimates the structural disorder,*
indicates a lower disorder during and after applying the
potential for ECR experiments.

As discussed, under the applied reduction potential, metallic
copper tends to cluster, as evidenced by the emergence of a peak
at 2.1 A, while the Cu®" oxidation state peak at 1.6 A weakens
(Fig. S9at). One of the important factors affecting catalytic

This journal is © The Royal Society of Chemistry 2025
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selectivity and activity is the coexistence of copper cluster active
sites under reduced applied potential. Based on previous
reports,®* since the CH, is the main product in Cu-TMCPP/CNT,
clusters are presumably smaller than 10 nm to produce CH,. It
has been reported that the cluster size can be estimated based
on the cuboctahedral model and its size-dependent Cu-Cu
CNs.* In Cu-TMCPP/CNT, Cu-Cu CNs under an applied
potential of —1.03 V are calculated to be 4.18. Based on the
aforementioned model,* it has been anticipated that the
copper cluster should be less than 1 nm under reaction condi-
tions, which can justify the dynamic and reversibility of the
copper—copper aggregated active sites. However, the precise in
situ measurement of the size and morphology of metallic Cu
clusters is demanding.>®

In Cu-TMCPP/CNT, it can be concluded that C, products and
CH, are produced as the potential increases (Fig. 3c). According
to the in situ XAS and the first derivative of its spectrum
demonstrated in Fig. 3d and e, this potential escalation leads to
metallic Cu-Cu atom coordination and a higher Cu oxidation
state. Therefore, there are two kinds of copper active sites under
reaction conditions: one is copper with a high oxidation state,
and the other is metallic Cu-Cu atom coordination; each tends
to have different product distributions. To investigate the
impact of in situ copper oxidation state change on product
distribution, the Cu®'/Cu® ratio is calculated. For example,
a closer comparison of FE at —1.01 V and —1.08 V shows that the
selectivity toward CH, is doubled, while ethanol and ethylene
FE decrease slightly by increasing the potential to —1.08 V.
Based on linear combination fitting, Cu®>*/Cu® ratio at —1.08 V is
8.61, while at —1.03 V, it decreases to 6.81. Additionally, EXAFS
and XANES spectra in Fig. 3f and S9ct depict a higher amplitude
of Cu”" in the R = 1-2 A range and a shift toward higher energy
at —1.08 V compared to —1.01 V. We posit that the higher
production of CH, stems from the Cu®>" higher fraction at
—1.08 V, while less Cu® leads to lower C, products at this
potential compared to —1.01 V. This conclusion is in good
agreement with the literature reporting that neighbouring Cu-
Cu atom coordination favoured ethanol production,®® and the
Cu® cluster may be responsible for increasing the coverage of
*CO intermediate; thus, dimerization and C,H, production
occur.®** The stable Cu** species enhance the adsorption and
hydrogenation of the *CO intermediate, facilitating CH,
production while inhibiting the formation of multi-carbon
products.®® Additionally, copper clusters may serve as active
sites for the HER, offering disadvantages over single atoms
located at the centre of porphyrins. Based on the HER FE data
presented in Fig. 3a-c, both Cu-TMCPP and Cu-TMCPP + CNT
are expected to form Cu® clusters under negative applied
potentials as well. However, in Cu-TMCPP + CNT, the high FE
for HER can be attributed to the bare CNT exposed to the
electrolyte. Apart from the synergic effect of Cu® and Cu®" dis-
cussed in this section by analysing in situ XAS, double layer
capacitance, considered another contributing factor directly
affecting selectivity and activity, is discussed in the subsequent
section.

Comprehensive fundamental electrochemical characteriza-
tion is of great importance for investigating the electrocatalytic
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characteristics and possible mechanisms of ECR. The intrinsic
ECR activity of Cu-TMCPP, Cu-TMCPP/CNT, and Cu-TMCPP +
CNT was performed using linear sweep voltammetry (LSV) in an
H-cell with 0.5 M KHCO; under both Ar and CO, (Fig. S5bt). As
shown in Fig. 4a, the onset potentials under CO, were observed
to be —0.5 V, —0.7 V, and —1.2 V vs. RHE for Cu-TMCPP/CNT,
Cu-TMCPP + CNT, and Cu-TMCPP, respectively. These results
indicate a reduction in the energy barrier upon immobilization
of TMCPP onto CNT, highlighting the importance of the
immobilization strategy in improving the ECR performance.
Turn over frequency (TOF) for hydrocarbon products of Cu-
TMCPP/CNT at —1.08 V vs. RHE is 2.47 s !, which is
improved compared to its counterpart of Cu-TMCPP (1.15 s~ 1),
Cu-TMCPP + CNT (0.34 s ') catalysts and reported TOF in
copper-porphyrin-based catalysts so far.'®***® Tafel slopes
calculated in Fig. 4b suggest boosted kinetics of ECR for Cu-
TMCPP/CNT (211 mV dec™ ') compared with Cu-TMCPP
(274 mV dec™") and Cu-TMCPP + CNT (218 mV dec™ ') cata-
lysts. Consequently, the copper porphyrin inclined toward the
production of CH, can be triggered by immobilization. An ultra-
thin layer of Cu-TMCPP on carbon nanotubes showed better
ECR activity and kinetics compared to stacked nanosheets with
a higher thickness of Cu-TMCPP molecules, which can be
attributed to the fact that only the first layer of the molecule
stays active for the electrocatalytic CO, reduction reaction.

View Article Online
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Electrochemical impedance spectroscopy (EIS) was con-
ducted in an H cell. Cu-TMCPP Nyquist plots fitted with Ran-
dles’ equivalent circuit (Fig. S11at) show a solution resistance
(Rs) of 19.8 Q and a high charge-transfer resistance (R.) of 3.74
kQ, with an insignificant double-layer capacitance (Cq;) of 165
nF. The solution and charge-transfer resistances are also esti-
mated from the plots in Fig. S11b-dt{ for Cu-TMCPP/CNT and
Cu-TMCPP + CNT. A low charge-transfer resistance of about 0.6
Q and 3.1 Q attributed to Cu-TMCPP/CNT and Cu-TMCPP +
CNT, respectively, demonstrates the impact of CNT introduc-
tion to Cu-TMCPP for improving charge transfer. Charge
transfer is enhanced even further with immobilization, which
reduces activation energy for the ECR, thereby facilitating multi-
electron ECR product formation.*® Nyquist plots of Cu-TMCPP/
CNT in Fig. 4c show almost vertical slopes at low frequency
attributed to capacitive behaviour,*” implying a larger active
site.®®* To further evaluate the electrode/electrolyte interface
and validate the capacitive behaviour of the Cu-TMCPP/CNT,
the Cq4 has been calculated (Fig. 4d) by the cyclic voltam-
metric (CV) plots in the non-faradaic potential region at various
scan rates (ranging from 20 to 120 mV s ') (Fig. S121). Cu-
TMCPP/CNT's Cg; of 660 iF cm ™2 is about 300 times higher than
Ca1 of Cu-TMCPP (2 pF cm™?) and 30 times higher than Cq, of
Cu-TMCPP + CNT (29 pF cm™?). Additionally, the electro-
chemical active surface area (ECSA) has a positive correlation
with Cgq;. Therefore, Cu-TMCPP/CNT has the highest value of
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Fig. 4

(a) Linear sweep voltammetry (LSV) comparison of Cu-TMCPP, Cu-TMCPP + CNTs and Cu-TMCPP/CNTs under Ar and CO, in an H-cell.

(b) Tafel slope comparison of Cu-TMCPP, Cu-TMCPP + CNTs and Cu-TMCPP/CNTs. (c) Nyquist plots of Cu-TMCPP, Cu-TMCPP + CNTs and
Cu-TMCPP/CNTs in H-cell with glassy carbon as the working electrode. (d) Electrochemical double-layer capacitance of Cu-TMCPP, Cu-
TMCPP + CNTs and Cu-TMCPP/CNTs. (e) Partial current density of hydrocarbon (CH4 + C,H4 + CO) production for Cu-TMCPP, Cu-TMCPP +
CNTs and Cu-TMCPP/CNTs in the flow cell. (f) Stability of Cu-TMCPP/CNTs at 1.08 V vs. RHE examined by chronoamperometry under the
following electrocatalytic reaction conditions: working electrode: carbon paper gas diffusion layer (GDL); reference electrode: Ag/AgCl; counter
electrode: Ni foam in catholyte of 0.5 M KHCO3z and 0.5 KOH anolyte.
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ECSA, which can be attributed to the Cu-TMCPP nano-sheet
stacked breakage during immobilization, resulting in the
exposure of more Cu-TMCPP blocks to the electrolyte and
providing more active sites.

The capacitance double layer directly influences selectivity
and catalytic performance.””* The high value of C4; may imply
that the major contributing factor for the boosted ECR and
higher selectivity of CH, could be the impact of the electrode/
electrolyte interface on the Cu-TMCPP/CNT catalyst. To
further investigate the high Cy4; of the Cu-TMCPP/CNT catalyst
illustrated in Fig. 4d, the electrode/electrolyte interface and
Helmholtz layer were analysed for both Cu-TMCPP/CNT and
Cu-TMCPP catalysts. At the catalyst surface, the Helmholtz layer
consists of two sub-layers: the inner Helmholtz plane (IHP),
where the electrochemical reaction occurs, and the outer
Helmbholtz plane (OHP), where the electrolyte cations accumu-
late.””® The electric field heavily depends on the distance from
the current collector and affects ECR performance, particularly
in molecular electrocatalysts. It has been reported that the
electric field weakens in the diffusion layer compared to the
Helmholtz layer.”*” The Cu-TMCPP active sites located in the
diffusion layer do not experience a strong electric field, pre-
venting the formation of an ordered cation accumulation, ie.,
outside the OHP. The decay in the electric field and potential
disrupts the structured arrangement of cations, making them
completely disordered near the active surface of Cu-TMCPP. In
contrast, for Cu-TMCPP/CNT, the ultra-thin layer of immobi-
lized Cu-TMCPP facilitates the formation of a well-structured,
compact alkali cation layer, which leads to the exceptionally
high capacitance observed in this sample, with a large Cq4, of 660
UF em 2. This electric field also increases polarizability, causing
strong intermediate adsorption in ECR.”® As previously
mentioned, the active surface of Cu-TMCPP does not experience
the same potential as the ultra-thin Cu-TMCPP layer immobi-
lized on CNT, which can change both selectivity and activity.
This is consistent with the LSV results, which show that a higher
potential is required for Cu-TMCPP to be activated for ECR. The
same reasoning applies to the Cu-TMCPP + CNT catalyst.

Additionally, the local concentration of H' and intermediate
formation can be affected by OHP. The OHP is partially dehy-
drated, influencing the selectivity distribution.”” At high
potential, the compact OHP can limit the access of active sites to
H', resulting in HER suppression,’® which may explain the low
HER activity in Cu-TMCPP/CNT compared to that on Cu-
TMCPP. Based on reported computation and experimental
results,'®788 K" cations in catholyte assist in the adsorption and
stabilization of intermediates, such as *CO, and *COOH, which
serve as the main precursors to CH, and more complicated
products. It has also been suggested that in OHP, H' couples
with *CO to form a different intermediate, thereby inhibiting
the release of CO. The cations in the OHP coordinate with dis-
solved CO,, leading to a high local concentration of CO, and
stabilizing the reaction intermediates.”®®! Therefore, the higher
CO, coverage and shielding of intermediates from desorption in
Cu-TMCPP/CNT facilitate dimerization and C-C coupling,
leading to the formation of complex products, such as ethylene,
ethanol, and propanol. In contrast, for Cu-TMCPP and Cu-
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TMCPP + CNT, the reduced presence of OHP due to the lower
electric field may hinder the formation of multi-carbon inter-
mediates. Consequently, CO and H, are the primary products
because they are released before undergoing further hydroge-
nation to form CH, and other complex hydrocarbons at
potentials lower than —0.85 V vs. RHE.

Our in situ XAS analysis on Cu-TMCPP/CNT demonstrates
the coexistence of Cu’ and Cu®" under ECR conditions, showing
that electron transfer to the catalyst exceeds the amount
required for CO, reduction. This leads to the partial reduction
of Cu®" to Cu’ particularly at more negative potentials. This
suggests a strong adsorption of the catalyst's species within
OHP, which can improve electron transfer, allowing the catalyst
to behave like a metal,* inhibiting further local oxidation and
facilitating the formation of high-electron products that would
not otherwise be possible outside of the OHP layer.*® In
contrast, for Cu-TMCPP, which remains in direct contact with
the electrolyte located outside the OHP, it has been proposed
that electron transfer occurs via the metal-porphyrin molecule
framework, resulting in a localized positive charge on the
molecule due to the electron transfer during CO, reduction.
This behaviour aligns with that of a homogeneous catalyst.®>*

Fig. 4e compares the partial current density of hydrocarbon
products over a wide potential range, revealing a value of —90
mA cm > for Cu-TMCPP/CNT. This partial current density for
hydrocarbon products is higher than the reported values for
most copper porphyrin catalysts.>***>** The enhanced partial
current density for hydrocarbon products in Cu-TMCPP/CNT
highlights the critical role of CNT immobilization in
improving mass transfer efficiency and boosting the partial
current density for ECR toward hydrocarbons. Previous
studies® have also recognized that cations in the OHP generate
strong electric fields, which influence the dipole moment of
intermediates, thereby improving ECR partial current densities
and faradaic efficiencies. This effect may contribute to the
enhanced partial current density observed for hydrocarbon
production in the Cu-TMCPP/CNT catalyst. A detailed reaction
mechanism for Cu-porphyrin-based catalysts is beyond the
scope of this study; it can be concluded that the strong inter-
action between the CO, molecule and the metal centre, along
with effective C-O bond cleavage to form intermediates leading
to CH, production,’ is facilitated by catalyst immobilization.
This is likely due to the influence of double-layer capacitance
and an enhanced electric field. Furthermore, the stability of Cu-
TMCPP/CNT was assessed at a constant potential of —1.08 V vs.
RHE in a flow cell, as shown in Fig. 4f. The catalyst demon-
strated stability for over 7.5 hours, reinforcing the critical role of
immobilization in maintaining stable performance. To evaluate
the stability of Cu-TMCPP/CNT, the chronoamperometry at
—1.08 Vvs. RHE was conducted for 9 h. A comparison of the Cu
2p XPS spectra before and after the reaction was performed, as
shown in Fig. S13.f Initially, the Cu 2p XPS spectra of Cu-
TMCPP/CNT displayed two prominent peaks at 935.20 eV and
955.17 eV, corresponding to the Cu 2p;, and 2p,, peaks,
respectively. After the prolonged reaction, these two peaks
shifted to lower binding energies, and additional peaks
appeared at 932.60 eV and 951.52 eV owing to the reduction of
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Cu*", resulting in electron delocalization, which is commonly
observed in electrochemical CO, reduction reactions.®*®

Conclusions

In this study, we developed and evaluated Cu-TMCPP/CNT as
a tunable, heterogeneous electrocatalyst for ECR. A systematic
comparison of Cu-TMCPP, Cu-TMCPP + CNT, and Cu-TMCPP/
CNT revealed that immobilizing Cu-TMCPP onto MWCNTSs
significantly enhances ECR performance. The Cu-TMCPP/CNT
catalyst exhibited promising selectivity toward multi-electron
products, particularly CHy, with an FE of 37.3% at —1.08 V vs.
RHE and a partial current density of 91.8 mA cm ™2, surpassing
many Cu-porphyrin-based catalysts. This enhancement in
catalytic performance can be attributed to the strong interaction
between the Cu center and CNT, promoting efficient electron
transfer while minimizing side reactions, such as HER. Elec-
trochemical analysis, supported by in situ XAS, revealed
a dynamic oxidation state of Cu, with the coexistence of Cu**
and Cu® species under ECR conditions. The immobilization of
Cu-TMCPP on CNTs facilitates the formation of a well-
structured alkali cation layer within the OHP, improving elec-
tron transfer and shifting product selectivity toward multi-
electron products. This highlights the importance of double-
layer capacitance and an enhanced local electric field in
modulating the reaction pathway. Moreover, the high stability
of Cu-TMCPP/CNT, demonstrated by its performance over 7.5
hours at a constant potential, emphasizes the significance of
immobilization in maintaining long-term catalytic activity. The
results suggest that the immobilization strategy optimizes the
catalyst-electrode interface and provides a robust framework
for sustainable CO, electroreduction. This work provides valu-
able insights into the design of Cu-porphyrin-based electro-
catalysts with enhanced selectivity, stability, and scalability,
paving the way for future advancements in CO, conversion
technologies.
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All the experimental raw data produced in this research project
are available upon request submitted to the first author or the
corresponding author.

To analyze the data and prepare the figures presented in the
manuscript and the ESLt the following software was used:

e Mercury software for porphyrin visualization.

e VESTA software for molecular structure visualization and
bond/plane distance calculations.

e MestReNova software for NMR spectroscopy result pro-
cessing and analysis.

e ATHENA software package for XAS result analysis.

e Advantage software for XPS result analysis.

e Crystallographic information file (.cif) from Cambridge
Structural Database (CSD).

e Microsoft Office package (Word, PowerPoint, and Excel) for
document and figure preparation.

All details for using these packages are provided in the ESL{
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