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ABSTRACT

We report a sustainable and cost-effective synthesis of cobalt phthalocyanine (CoPc) using low-impact solvents and a streamlined

purification procedure, achieving an 85% yield with limited waste generation, as indicated by an environmental factor (E-factor) of

18.6. This route provides an eco-friendly approach to producing a molecular electrocatalyst for CO, reduction. The catalytic activity

of the synthesized CoPc is validated by its integration into a gas diffusion electrode with carbon nanotube supports, exhibiting

methanol production with a Faradaic efficiency up to 12%, matching the values reached with the conventionally synthesized

counterparts. Notably, under high loading (micrometric crystallites of CoPc), CO,-to-CO conversion reached 65%, in fair alignment

with literature benchmarks. Our work shows that green synthesis can yield high-performance catalysts for CO, electrochemical

reduction (CO,RR), enabling sustainable methanol production.

1 | Introduction

Carbon dioxide (CO,) as the most abundant greenhouse gas is a
major contributor to global warming [1]. In this context, CO, cap-
ture and utilization technologies [2] are an attractive approach
to mitigate CO, emissions and valorize it into useful molecular
energy carriers such as methane [3], urea [4-8], formic acid [9],
and alcohols [10-14]. In particular, among alcohols, methanol
(MeOH) stands out as a beneficial liquid and environmentally-
safe fuel option, as well as strategic intermediate of low-carbon
chemical value-chains [15], that can reduce the dependence on
fossil fuels and promote the use of renewable energy.

There are several catalytic methods to synthesize methanol from
CO,, such as plasma-assisted conversion [16], hydrogenation [17,

18], photoelectrochemical reduction [19], and electrochemical
reduction (CO,RR) [20-29]. CO,RR is a promising process that
converts carbon dioxide into value-added chemicals at the surface
of an electrocatalyst. The process involves the use of water as the
hydrogen source instead of H, and it is performed under ambient
pressure and temperature. These features make it a sustainable
and attractive approach for CO,valorization and conversion, for
instance, into methanol. However, achieving high efficiency in
this conversion remains a significant challenge as it requires
the transfer of six electrons and six protons per molecule of
CO,. More specifically, the conversion typically proceeds via a
carbon monoxide intermediate (CO*) formed through the reduc-
tion of adsorbed CO, on the catalyst surface [30]. Thus, when
methanol is the desired product, a key challenge lies in promoting
the further reduction of the CO* intermediate rather than its
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desorption or coupling with another CO* to form multi-carbon
products such as ethylene [31]. Achieving this level of control is
particularly difficult, as it demands not only effective stabilization
of the CO* intermediate but also precise tuning of the catalyst
to suppress competing pathways. As a result, the electrochemical
reduction of CO, to methanol is often characterized by sluggish
kinetics and limited selectivity toward the desired product. These
challenges make the identification and development of catalysts
capable of favoring the full CO,-to-methanol pathway especially
demanding, and underscore the need for molecular-level control
over catalyst structure and environment.

Several first-row transition metal complexes, such as those based
on cobalt (Co), iron (Fe), and nickel (Ni), have been shown
to facilitate the production of methanol in organic solvents
when used as heterogeneous or homogeneous electrocatalysts
[32]. In particular, the M-N, square-planar active site found
in metal phthalocyanines or single-atom catalysts dispersed on
nitrogen-doped carbon has yielded some of the most significant
results in CO, electroconversion to methanol in recent years.
The use of cobalt and copper, both abundant and econom-
ically favorable transition metals [33], in Co-N, and Cu-N,
active sites successfully stirred the selectivity of CO, RR toward
methanol.

A series of recent studies on CoPc have shown the importance
of using multi-walled carbon nanotubes (MWCNTSs) as support
to disperse the molecular catalyst and achieve high methanol
selectivity. [34-36]. The key role of this support is however still
a subject of debate as selectivity toward methanol is highly
sensitive to the electrode preparation process and electrochemical
operating conditions. Factors such as electrolyte composition
[37], electrolyte flow rate [38], phthalocyanine stacking [39], and
functionalization [35] can influence electrocatalytic selectivity
toward the production of methanol. In particular, aggregate
formation and strain are two factors that affect the performance
of CoPc on CNTs. CoPc dissolves and conforms more readily over
SWCNT or MWCNTs (single or multiwall carbon nanotubes) with
different diameters. In fact, biaxial strain can improve methanol
selectivity [40]. Recently, it has been reported that ball milling
of CoPc and carbon nanotubes can enhance methanol formation
[41].

While the systems described above have achieved promising
selectivity toward methanol production, most research to date
has concentrated on improving catalytic efficiency and activity.
In contrast, considerably less attention has been given to the
sustainability of catalyst synthesis itself, including the environ-
mental impact of reagents, solvents, and processing steps used
in fabrication. Yet, ensuring that the materials employed in
CO, reduction technologies are sustainable, both environmen-
tally and economically, is essential for their long-term viability.
The full lifecycle of catalyst materials, encompassing synthe-
sis, processing, and end-of-life management, can significantly
influence the net environmental benefit of CO, conversion.
Without accounting for these aspects, the net sustainability
of CO, conversion technologies may be reduced, particularly
when considering the full material and energy footprint of
catalyst deployment. Here, we aim to address this gap by placing
sustainable catalyst synthesis at the core of CO,RR research by
developing a greener synthetic route for cobalt phthalocyanine,

designed to minimize environmental impact while maintaining
compatibility with electrocatalytic applications. The synthesis
employed environmentally benign solvents such as glycerol and
anisole, coupled with low-impact purification techniques. This
methodology significantly reduced reaction waste and produc-
tion costs, thereby demonstrating the feasibility of sustainable
material synthesis in advancing CO, reduction technologies, an
aspect that remains largely under explored in the field of CO,RR.
To validate the electrocatalytic activity of the green-synthesized
CoPc, we dispersed it onto MWCNTS, incorporated the resulting
CoPc/MWCNT hybrid into a gas diffusion electrode, and evalu-
ated its performance for CO, reduction to methanol. In addition,
a CoPc electrode without nanotubes was prepared to assess the
behavior of the green-synthesized catalyst in a minimal-support
configuration, providing meaningful insights into partial CO,
reduction processes. In particular, the selective formation of
CO under these conditions highlights the potential utility of
CoPc in two-step CO, valorization strategies [42], where CO
is first produced electrochemically and subsequently converted
to methanol or other multi-electron products in a downstream
reactor.

A comprehensive analysis of the structural, chemical, and
electrochemical changes induced by the interaction between
CoPc and carbon-based substrates confirms that the cata-
lyst retains its essential properties, supporting its integration
into CO, conversion technologies with reduced environmental
impact.

2 | Experiment and Methods
2.1 | General Procedure for CoPc Synthesis

All reagents and solvents were purchased from Merck Life
Science S.r.l. and Carlo Erba Reagents, and were used without
further purification. Glycerol was stored over 3 A molecular
sieves. 'H NMR spectra were recorded on a Bruker AVANCE
600 NMR spectrometer operating at a proton frequency of 600.13
MHz; chemical shifts are given in ppm relative to tetram-
ethylsilane (TMS), employed as internal standard. FTIR spectra
were recorded using a Shimadzu FT-IR Prestige-21 spectrometer
equipped with an attenuated total reflectance (ATR) unit. UV-Vis
spectra were acquired in transmission mode using a double-beam
Perkin-Elmer Lambda 950 UV-Vis/NIR spectrophotometer. Mea-
surements were conducted in THF with 1 cm pathlength quartz
cuvettes, using a blank solvent cuvette in parallel as reference.
High-resolution mass spectroscopy (HRMS) measurements were
performed using an Orbitrap Exploris 120 mass spectrometer
(ThermoFisher Scientific) coupled to an atmospheric pressure
matrix-assisted laser desorption/ionization (AP-MALDI (ng))
ultra-high resolution (UHR) ion source (MassTech Inc.). Instru-
mental setup and sample preparation are described elsewhere
[43]. Briefly, approximately 1 mg of the synthesized compound
was added to 200 uL of acetonitrile and sonicated for a few
minutes in an ultrasonic bath, yielding a colored suspension. A 1
uL aliquot of the resulting suspension was then spotted onto the
wells of the MALDI target plate. The sample was then covered
with an equal volume of a 5 mg/mL solution of alpha-cyano-4-
hydroxycinnamic acid (CHCA) prepared in acetonitrile/ultrapure
water/trifluoroacetic acid 50/50/0.1% and used as a MALDI
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matrix for positive-ion mode acquisition. After solvent evap-
oration, sample was irradiated with a UV laser (v= 355 nm)
operating in spiral motion mode at a repetition rate of 1000 Hz
and 1% laser energy. Other instrumental parameters, such as
Ionization Voltage (V) and Ion Transfer Tube Temperature (°C),
were optimized to maximize the ionic intensity of the compound
of interest. The mass spectrum was acquired over the m/z range
of 230-1000 Da with a mass resolution of 1,20,000 at m/z 200
and an injection time of 100 ms. The instrument was calibrated
daily using the Flexmix Calibration solution (ThermoFisher
Scientific), while fluorantrene served as an internal lock mass
via activation of the EASY-IC source option allowing for scan-to-
scan mass scale recalibration during each analysis. Raw data were
processed using FreeStyle software v. 1.8 (ThermoFisher Scien-
tific) included in the Xcalibur package. Cyclic voltammetry (CV)
was performed in anhydrous DMF using a single-compartment,
15 mL electrochemical cell. Prior to the measurements, the
electrolyte solution was purged with nitrogen for at least 15 min
to ensure an oxygen-free environment. Continuous N, flow was
maintained during the measurements to prevent reoxygenation.
A glassy carbon disk electrode was used as the working electrode.
The reference electrode was a non-aqueous Ag/AgCl/DMF elec-
trode, and a platinum coil served as the counter electrode. The
reported potential is referenced to the Ag/AgCl/DMF electrode.
Cyclic voltammograms were recorded at a scan rate of 20
mV/s.

In a two-necked 25 mL round-bottom flask equipped with a reflux
condenser and magnetic stir bar, 1.0 g (1.0 eq) of phthalonitrile
and the chosen amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) were dissolved in a 10:1 (w/w) mixture of glycerol and
anisole and stirred vigorously. Separately, 0.26 eq of cobalt(II)
acetate tetrahydrate was pre-treated on a hot plate for 5 min
until the color changed from pink to violet. It was then added
to the reaction mixture in one portion. The mixture was then
heated at 165°C for 6 h, resulting in a dark blue suspension. After
cooling to room temperature, the mixture was quenched by the
addition of 1.0 mL of 1 M HCI followed by 10.0 mL of distilled
water. The suspension was sonicated in an ultrasound bath for a
few minutes and then filtered under vacuum. The resulting solid
was thoroughly washed with distilled water (10.0 mL) and dried
under vacuum. To assist in the removal of polar and water-soluble
impurities remaining after acid treatment, the dried powder was
suspended in 10.0 mL (7.9 g) of methanol and stirred at 50°C
for 15 min. This step acts as a pre-purification prior to Soxhlet
extraction. The methanol used in this step was collected, stored,
and later combined with the Soxhlet extraction solvent for recov-
ery via distillation. After the prewash, the solid was again dried
under vacuum. Final purification was carried out using Soxhlet
extraction with 150.0 mL (118.8 g) of methanol, continued for 8
h until the extract became nearly colorless . The methanol from
both the Soxhlet extraction and the prewash was recovered by
distillation, with an average recovery yield of 90% (corresponding
to 114.0 g), and reused in subsequent preparations. Under the
best-performing conditions, summarized in Table 1, 941 mg (85%
yield) of CoPc were obtained. IR (neat, cm™): 1609-1589 (W,
C = C stretching), 1523 (m, C = N stretching), 1332 (m, C-
N stretching), 729 (vs, C-H out of plane)). UV/Vis (THF, nm):
Amax = 655 (Q band), 594 (shoulder), 323 (Soret band). HRMS
(AP-MALDI) m/z caled for [[Cs,H,sNgCo]]™*: 571.08354 [M]";
found: 571.0837.

TABLE 1 | Reaction parameter variations for the synthesis of CoPc.
All reactions were carried out using 0.26 equivalents of cobalt acetate
tetrahydrate, which was thermally pre-treated on a hot plate prior to
its addition to the reaction mixture, and a reaction time of 6 h. The
best-performing conditions are highlighted in bold.

Solvent amount (g) DBU (eq) Yield
6.9 0.013 78
5.5 0.013 74
4.4 0.013 75
3.3 0.013 85
3.3 0.013 59%
3.3 0.051 71
33 0.13 67
33 0.00 70

*Reaction performed in air atmosphere.

2.2 | Ink Preparation

MWCNTs (>98% purity, supplied by Merck, reference 698849-
1G) were first heated at 500°C for 1h in air, stirred in 5 M
HCI overnight, centrifuged and rinsed with deionized water,
and finally dried under vacuum. CoPc was supported on them
according to the following procedure. First, 30 mg of MWCNT
were suspended and stirred inside 30 mL CoPc solution in HPLC-
grade (>99.9% purity, Merck) DMF at 0.05 mg/mL for two days.
The suspension was then centrifuged, the CoPc+MWCNT pow-
der collected, rinsed with DMF, and suspended again. This was
repeated until the supernatant was colorless for two consecutive
rinses. Then a final rinse with ethanol was performed before
drying the powder under vacuum at 60°C. Inductively coupled
plasma (ICP) spectroscopy revealed a cobalt loading of 0.5 + 0.1
% in cobalt was achieved through this procedure (based on four
repeat experiments). The loading was not further optimized for
this study.

2.3 | Electrode Preparation

First, an ink was prepared by mixing 5 mg of CoPc electrocatalyst
powder (either pure CoPc or CoPc+MWCNT composite) and 5
uL of Nafion®) solution (5 v% in water/isopropanol, supplied by
Merck) in 1 mL of ethanol. The ink was sonicated for 30 min in
an ice bath and then sprayed onto a square porous carbon paper
(CP, AvCarb GDS5130) of 5 cm?. The spray was performed with
a commercial airbrush system and the substrate was heated at
60°C during the process. The electrode was then dried overnight
at 80°C. The final electrocatalyst loading was in the 0.9 - 1.2
mg/cm? range, as determined by weighing the final electrode on a
precision scale. For electrochemical experiments, each electrode
was cut into smaller pieces of roughly 1x2.2 cm?.

2.4 | Electrochemical Testing

Electrochemical measurements were performed inside a com-
mercial airtight jacketed H-type electrochemical cell (from
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DekResearch). Both compartments of the cell were separated by
a proton exchange membrane (Nafion® N-117). Both compart-
ments were filled with 0.5 M KHCO; (pH 8.4) and all electro-
chemical experiments were performed with a conventional three-
electrode setup connected to a potentiostat (OrigaLys OGF01A).
The working electrode containing CoPc electrocatalysts and the
Ag/AgCl reference electrode (3.5 M KCI) were located in the cath-
ode chamber, whereas the Pt coil counter electrode was placed
into the anode chamber. The surface area of electrocatalytic layer
of the working electrode exposed to the electrolyte was adjusted
to 1 cm?. The catholyte was continuously sparged with a 50
mL/min CO, flow. The ohmic drop (typically between 4 and 5
Q) was measured before each experiment and used to correct
the electrochemical potential of the working electrode in cyclic
voltammetry and chronoamperometry experiments.

2.5 | Product Analysis

Gas products were analyzed in real time by using an on-line
microgas chromatograph (INFICON Micro GC Fusion) equipped
with a molecular sieve column, a polymer PLOT-Q column and
thermal conductivity detectors (TCD). NMR experiments were
performed to analyze liquid products by collecting 0.1 mL of
electrolyte, which was mixed with 0.4 mL of D,0 in an NMR
tube. Samples were then analyzed on a Bruker 400 MHz NMR
spectrometer, and data were processed in TopSpin 3.6.5. A water
peak suppression procedure was applied to each sample. For
the quantification of methanol, an internal standard of DMSO
of known concentration was added to the NMR tube. A typical
spectrum is presented in Figure S14.

2.6 | Samples Characterization by SEM/EDX,
XRD, and XPS

Scanning Electron Microscopy (SEM) experiments were con-
ducted using a TESCAN Analytics VEGA instrument. Elemental
maps from energy-dispersive X-ray spectroscopy (EDX) were
obtained using an Xplore detector from Oxford Instruments. X-
ray diffraction (XRD) measurements were carried out using a
RIGAKU SmartLab SE in Bragg-Brentano mode and low-angle
configuration (20 = 2°-20°) with a fixed knife edge. A high-
resolution, ultrafast 1D X-ray detector (D/teX Ultra250, 0/1D)
was used for data acquisition. Peak fitting was performed using
SmartLab Studio II software. X-ray photoelectron spectroscopy
(XPS) studies were performed using an ultra-high vacuum
(UHV) instrument equipped with aluminum Ka X-ray source
(hv = 1486.6 e€V) and a five—channeltron (VG 150 mm mean
radius) hemispherical electron analyzer. Experimental spectra
were deconvoluted by using Voigt functions with a Shirley
background, as fitting functions.

3 | Results

3.1 | Cobalt Phthalocyanine Synthesis and Ink
Preparation

To align more closely with sustainable research practices, we
pursued an in-house synthesis of cobalt phthalocyanine by devel-

Co(OAc),, DBU

@[CN Glycerol/anisole
- 165°C, Ar

FIGURE 1 | Synthesis of CoPc using cobalt acetate as templating salt
and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as the base, with a reaction
medium composed of glycerol and anisole at a 10:1 w/w ratio.

oping and implementing a low-impact protocol. This approach
is part of a broader research effort by our group to develop
sustainable synthetic protocols based on benign solvents such as
glycerol and anisole, as recently demonstrated in various context
of synthetic chemistry [44-46]. Although cobalt phthalocyanine
is readily available from commercial sources, we opted to estab-
lish our own synthetic route to ensure greater control over the
process and its environmental footprint. This decision was driven
by multiple considerations. The adopted procedure employs
renewable solvents and streamlined purification steps, substan-
tially reducing chemical waste and avoiding toxic reagents. This
approach aligns with several key green chemistry principles,
including the use of safer solvents, waste prevention, and design
for energy and material efficiency. Additionally, conducting the
synthesis at the laboratory scale provides tighter control over
product purity, helping to eliminate variability and contamina-
tion, critical factors when preparing catalysts for electrocatalytic
applications. Among the available precursors, phthalonitrile was
selected due to its ability to afford phthalocyanines with high
atom economy, a key green chemistry metric that reflects the
proportion of reactant atoms incorporated into the final product.
In the case of phthalonitrile, all atoms from the organic precursor
are retained within the macrocyclic phthalocyanine structure,
as highlighted in Figure 1. The cyclotetramerization of four
phthalonitrile units therefore proceeds without the elimination of
small organic byproducts, generating minimal molecular waste.
As such, the overall atom economy of the process is dictated by
the nature of the metal salt only, and the phthalocyanine for-
mation occurs with high efficiency and minimal stoichiometric
byproducts, making this synthetic route particularly appealing
from a green chemistry standpoint. Cobalt phthalocyanine was
synthesized using a glycerol-anisole solvent mixture, offering a
more environmentally sustainable alternative to solvents such as
N,N-dimethylaminoethanol (DMAE), nitrobenzene, and quino-
line, typically employed for this purpose. Indeed, both glycerol
and anisole are derivable from renewable sources, non-toxic and
favorably ranked in solvent selection guides. Briefly, phthaloni-
trile was dissolved in the solvent mixture in the presence of cobalt
acetate and DBU and subsequently allowed to react at 165°C for 6
h. The reaction scheme is illustrated in Figure 1. Taking advantage
of the limited solubility of unsubstituted phthalocyanine in
common organic solvents, purification was efficiently achieved
through sequential washing with water followed by filtration.
A preliminary hot methanol wash was introduced prior to
Soxhlet extraction to selectively remove highly soluble impurities
and reduce the impurity load entering the extractor. This step
improves the efficiency and sustainability of the Soxhlet purifi-
cation by minimizing the number of required cycles and solvent
usage. The experimental protocol was initially optimized based
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on the conditions reported in [44] focusing on solvent volume and
maintaining a reaction temperature of 165°C. While increasing
the solvent amount led to only a modest improvement in yield, a
more significant enhancement was observed when reducing the
amount to 3.3 g of solvent mixture per 1.0 g of phthalonitrile;
further reduction led to poor stirring and an inhomogeneous
reaction environment, potentially compromising reproducibility
under the selected conditions. An inert atmosphere was found
to be essential for achieving high yields, as only 59% yield was
obtained under air in the solvent-optimized conditions. This
is consistent with the known reactivity of oxygen, which can
induce side reactions by oxidizing the nitrile groups of phthaloni-
trile, thereby decreasing the amount of precursor available for
cyclotetramerization. The influence of base concentration was
subsequently evaluated. Increasing the DBU content from 1 mol%
to 10 mol% did not lead to any improvement in yield; on the
contrary, it resulted in a decrease from 85% to 67%. When no
DBU was employed, a 70% yield was achieved confirming that
a small amount of base is beneficial for the reaction outcome.
The decreased yield at higher DBU concentrations is likely due to
the promotion of side reactions such as partial hydrolysis of the
nitrile groups, oligomerization, or degradation of glycerol under
strong basic conditions at the chosen temperature. These effects
can interfere with the cyclotetramerization process, highlighting
the importance of maintaining low base levels to ensure high
selectivity and efficiency. Notably, the ability of the reaction to
proceed efficiently with only catalytic amounts of DBU is a clear
advantage in terms of waste reduction and alignment with green
chemistry principles. All the tested conditions are summarized in
Table 1.

The formation of cobalt phthalocyanine was confirmed by a
combination of '"H NMR, MALDI mass spectrometry, Infra-red
(IR) and UV-Vis spectroscopy, providing evidence of successful
metal coordination and structural integrity of the macrocycle.
The purity of the synthesized CoPc was verified by recording
its 'H NMR spectrum in DMSO-d, and comparing it with
those of phthalonitrile and phthalimide, the two main possible
contaminants. Although the scarce solubility of CoPc in organic
solvents and the paramagnetic nature of Co*" prevent the use
of 'H NMR for accurate peak integration or detailed structural
elucidation, the spectrum remains useful for assessing sample
purity. As expected, the CoPc spectrum showed broad solvent-
related signals and a weak broad singlet at 10.29 ppm that
may be tentatively assigned to macrocyclic aromatic protons,
although it is noticeably deshielded compared to those reported
for other unsubstituted metallophthalocyanines [44]. Conversely,
no resonances corresponding to phthalonitrile, phthalimide, or
oligomeric aromatic byproducts were detected. In contrast, when
a mixture of CoPc intentionally contaminated with micromolar
amounts of phthalonitrile and phthalimide was analyzed, the
characteristic signals of the contaminants were clearly visible.
The corresponding spectra and experimental details are pro-
vided in the Supplementary Information (SI). The IR spectrum,
reported in Figure S10 shows no signals above 1610 cm™, con-
sistent with the formation of an unsubstituted phthalocyanine.
Notably, the absence of bands in the 3400-3100 cm™' region
indicates the lack of N-H stretching vibrations, confirming that
no free-base phthalocyanine is present in the sample. Addition-
ally, the strong absorption band observed at 729 cm™, attributed
to C-H out-of-plane bending and Pc ring deformations, further

supports the successful phthalonitrile cyclotetramerization. The
absence of signals in the 2200-2100 cm™ and 1700 cm™ regions
confirms that nitrile and carbonyl functional groups are no
longer present. Together, these findings indicate an efficient
conversion of the phthalonitrile precursors into the metalated
phthalocyanine and effective removal of potential byproducts,
such as phthalimides, during purification. Complementary infor-
mation is provided by the UV-Vis transmission spectrum of CoPc
in tetrahydrofuran (THF), reported in Figure S9, which shows
the characteristic Q-band centered at 655 nm, accompanied by
a shoulder at 594 nm, and a less intense Soret band at 323
nm. This spectral profile is typical of cobalt phthalocyanine and
confirms the expected electronic structure of the macrocycle in
solution. The AP-MALDI mass spectrum further supports this
assignment, showing the characteristic peak corresponding to the
CoPc radical cation at m/z 571.0825.

The environmental sustainability of chemical syntheses can
be assessed using the Environmental-factor (E-factor), a green
chemistry metric defined as the ratio of waste mass to product
mass [47] (see Supporting Information). Low E-factor values
indicate minimal waste generation and are considered desirable.
While it is just one of many factors to consider when evaluating
the overall environmental sustainability of a synthetic process,
the E-factor provides valuable insights into waste management
through a simple ex-post analysis of readily available data. For the
synthesis of CoPc, we obtained an E-factor of 18.6, which is among
the lowest reported for lab-scale syntheses of phthalocyanines
and highlights the efficiency of the procedure in terms of waste
minimization. [48, 49]. Additionally, the estimated synthesis cost
of CoPc, determined following the methodology described by
Osedach et al. [50], was as low as 0.48 €/g (Table S1 and S2).
While we acknowledge that such estimations do not consider
personnel, facility, energy, and maintenance costs, our synthetic
approach enables a substantial reduction in CoPc cost compared
to commercial suppliers, whose average prices range from €7.24
to €20.91 per gram (Table S2).

To evaluate the electrocatalytic potential of the green-synthesized
cobalt phthalocyanine, we prepared two electrode formulations:
one in which CoPc was dispersed over MWCNTs, and another
in which CoPc was directly deposited onto a carbon paper
(CP) substrate. Both systems were fabricated via spray-coating
using catalyst inks of tailored composition. Specifically, one ink
consisted of CoPc, Nafion(®), and isopropyl alcohol (referred to as
CoPc), while the other included additional MWCNTSs (referred to
as CoPc+MWCNT). For comparison, control electrodes based on
CP and MWCNT/CP—processed under identical conditions but
without CoPc—were also characterized. The physical and struc-
tural features of the resulting catalytic systems were investigated
using SEM, XRD, and XPS analyses, as discussed in the following
sections.

3.2 | CoPc+MWCNT/CP Sample

In Figure 2 the SEM image taken on the sample treated with
CoPc+MWCNTs ink is displayed, along with the corresponding
EDX maps of C, N, Co, and F elements. Although the spatial
resolution of the EDX maps does not allow the nanotubes to be
singled out, the carbon signal aligns with the cloud-like features
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FIGURE 2 | Panel (a): SEM image (20kX magnification) of the
CoPc+MWCNTs/CP (left) along with the EDX maps for C, N, Co, and F
elements (right). Panel (b), XRD pattern for a powder of CoPc molecules,
MWCNT/CP and CoPc+MWCNT/CP samples.

observed in the SEM image. Nitrogen and cobalt maps directly
relate to the presence of CoPc molecules, and display the same
features as the SEM images and the carbon map. Fluorine was
also detected, and attributed to the Nafion®) binder and the PTFE
treatment of the commercial CP surface.

Figure 2b shows the XRD patterns of the bare and functionalized
substrates, along with reference data collected from CoPc powder.
The MWCNT/CP sample shows no additional crystalline features
beyond those observed for the CP substrate (see Figure 4),
indicating that the nanotubes do not significantly alter the bulk
crystalline signature of the underlying support. Similarly, the
XRD pattern of the CoPc+ MWCNT/CP sample does not show any
additional peaks attributable to crystalline CoPc, suggesting that
under these conditions, CoPc is well dispersed over the nanotube
network.

The XPS wide-scan spectra of the two CoPc-coated samples, along
with the reference spectra from bare CP and MWCNTs/CP, are
displayed in Figure S1. Fluorine was detected, confirming the
incorporation of PTFE in agreement with the results obtained via
EDX analysis. The measured XPS spectra indicate that the CoPc
molecules retain their chemical integrity upon spray-coating of
the ink, with no signs of degradation.

A peak fitting to the most relevant core level data was performed
(Figure 3). In the Cls region, the main peak is attributed
to aromatic C-C bonds within the benzene rings. Additional
components were observed at higher binding energies (BE), such
as those corresponding to the C-N bond and vibrational coupling
(ve_e) [51], see Table 2. Two additional components are needed
and assigned to the C-C and C-N shake-up peaks named ‘ Sat’ in
the Cls panel, in agreement with the literature [51-53]. It is also
worth considering that components associated with the presence
of PTFE may be present [54], as supported by the detection of

fluorine and oxygen in the wide-scan XPS spectra (Figures S1 b)
and c)) this is reason why new components appear in the C1s core
levels above 290 eV BE, likely corresponding to C-O [55] and C-
F bonds [54]. The appearance of components at higher BE may
alternatively be attributed to surface oxidation phenomena, such
as the formation of C-O or C = O bonds due to interactions with
ambient air [56].

The Nils spectrum in Figure 3 was deconvoluted by using two
main components, corresponding to the pyrrole and aza-bridge
groups, along with an additional component at higher BE. We
employed two components with an equal full width at half maxi-
mum (FWHM) of 1.3 eV, consistent with the typical resolution of
the instrument. The energy shift between the main components is
approximately 0.5 eV, in agreement with the literature [52, 57-59].
The component labeled ‘ Sat’ is attributed to shake-up satellites
[52, 58, 60].

Regarding the Co2ps/, spectrum, the most intense component
is detected at about 781 eV BE, which could, in principle, be
attributed to Co®* oxidation state [56]. As a consequence, such a
component would be then associated to the formation of an out-
of-plane Co-O bond (with respect to the macrocycle), potentially
influenced by oxygen-containing functional groups present on
the carbon nanotube surface. Indeed, the Ols signal around
530 eV suggests the presence of minor oxidation species, such
as hydroxyl and carbonyl groups. However, their concentration
appears insufficient to induce a significant conversion of Co**
to Co*". Moreover, while interactions with the nanotubes may
slightly modify the chemical environment of the cobalt center,
they do not appear to significantly alter its oxidation state. As a
matter of fact, the Co®" oxidation state in methanol formation
has been shown to be catalytically relevant, as demonstrated in
Ref. 61, where molecular distortion of CoPc facilitates charge
accumulation at the metal center and suppresses CO desorption.
Based on these considerations, we are inclined to attribute the
additional spectral feature to a satellite state associated with the
Co** component, rather than to a distinct Co®* species [62].

All XPS spectra exhibit a slight shift toward lower BE; how-
ever, no relative shift is observed among the individual core
levels. Interestingly, similar phenomena have been reported in
the literature regarding the dispersion of CoPc molecules on
carbon nanostructures. For instance, Huai et al. [53] observed a
slight shift toward lower BE in the N1s and Co2p spectra upon
dispersion on MWCNTs, whereas Su et al. [36] reported shifts
in the opposite direction. These contrasting results highlight
the sensitivity of core-level BE to subtle variations in the local
chemical environment and the dispersion state of the catalyst.
The BE positions of the various components are listed in Table 2.

3.3 | CoPc/CP Sample

In Figure 4 SEM image shows the effect of the CoPc-based
ink without carbon nanotubes deposited on the bare carbon-
based gas diffusion layer. The deposition of CoPc on the CP
substrate leads to the formation of a distinct needle-shaped
texture (CoPc/CP panel) made of micro-metric crystallized struc-
tures that are indicative of strong CoPc-CoPc interactions and
limited dispersion on the CP surface. Besides the SEM image,
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FIGURE 3 | Cls, Nis, and Co2p core level spectra recorded on the CoPc+MWCNTSs/CP sample.
TABLE 2 | Bindingenergies (eV) of the different components of the Cls, N1s, and Co2p core level spectra taken on CoPc/CP and CoPc+MWCNT/CP
samples.
Cls Cc-C C-N Vo_c Shake-up
C-C C-N
CoPc/CP 284.6 285.9 284.9 287.5 292.3
CoPc+MWCNT/CP 284.3 285.6 284.7 286.9 290.9
Nis Pyrrole Aza-bridge Sat
CoPc/CP 398.6 399.1 400.5
CoPc+MWCNT/CP 398.3 398.8 400.2
Co2p Co™* Co’* (Sat) Sat, Sat,
CoPc/CP 780.5 782.2 787.5
CoPc+MWCNT/CP 780.4 781.9 787.3 790.4
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FIGURE 4 | Panel (a): SEM image (20kX magnification) of the

CoPc/CP (left) along with the EDX maps for C, N, Co, and O elements
(right). Panel (b), XRD pattern for a powder of CoPc molecules, CP and
CoPc/CP samples.

the corresponding EDX maps for C, N, Co and O elements are
displayed. While the carbon signal can be ascribed to both the CP
substrate and CoPc molecules, Co and N maps clearly follow the
needle-like morphology, confirming their relation with the CoPc
crystallites. Areas with a higher oxygen content can be ascribed to
surface contamination rather than inherent features of the CoPc
structure.

The CP substrate exhibits three characteristic peaks at 18.2°,
26.6° and 44.5°, corresponding to the (100) plane of PTFE
and the (002) and (101) planes of graphite, respectively. The
CoPc powder displays distinct reflections indexed to the (210),
(002), (020), (110), (100), (010), and (001) planes, in agreement
with crystallographic data reported in the literature [63, 64],
confirming its high degree of crystallinity. The CoPc/CP sample
presents a diffraction pattern that combines features of both the
CoPc powder and the CP substrate. This overlap confirms the
crystalline nature of the CoPc coating and correlates well with
the formation of the micrometric, needle-like CoPc aggregates
observed in SEM imaging (Figure 4).

The core levels reported in Figure 5 complement the wide scans
reported in Supporting Information, Figure S1. It is noticed that
due to the aggregate nature of the CoPc, the intensity of the
peaks is larger than the MWCNTs-dispersed case, as expected.
The spectra were deconvoluted by using the same peak fitting
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FIGURE 5 | Cls, Nis, and Co2p core level spectra recorded on the CoPc/CP sample.

procedure performed on the data recorded on the samples
containing MWCNTSs, relying on the ability of the CoPc molecule
to maintain its chemical integrity. The devonvolution reported by
Papageorgiou et al. [51] for the Cl1s peak was used and the results
listed in see Table 2. With respect to the CoPc+MWCNTs/CP
sample, the component assigned to the C-N bond appears with
relatively higher intensity. Even for the Nls, the deconvolution
shows no exception: the data are well described by the three
components already listed above, that is, pyrrole aza-bridge and
shake up satellite.

The most intense peak of the Co2ps, core level is attributed to
the Co** owing to the same reasons discussed in the case of
the MWCNTs. Indeed, the hypothesis of an out-of-plane oxygen
atom bonded to the Co center of the CoPc molecules located on
the surface of the crystallites, becomes even less likely: due to
a more favorable surface-to-bulk ratio in the case of dispersed
CoPc (as there is no bulk CoPc in the presence of MWCNTSs),
the hypothetical Co*"/Co*branching ratio would be expected to
be much higher. This is why we ascribe the two most intense
components to the Co?" oxidation state and its satellite. It is also
worth noting that in the Co2p core level of Figure 5 no satellite
“Sat,” is present, suggesting an attribution related to the carbon
nanotubes only.

The core levels exhibit a consistent rigid shift toward lower BE,
larger than the case of the carbon nanotubes. We tentatively
attribute this shift to a reduced electron refilling efficiency
following photoelectron ejection, possibly due to the less metallic
nature of the CoPc crystallites, which may lead to a localized
charging effect.

3.4 | Electrochemical Testing

CoPc/CP and CoPc+MWCNT/CP samples were subjected to
electrochemical testing in a two-compartment H-cell containing
a 0.5 M KHCO; electrolyte. Each material was first evaluated
via CV under both CO, -free and CO, -saturated conditions (see
Figure 6a and b).

In the case of CoPc deposited directly onto carbon paper, the
CV in the absence of CO, was featureless at potentials anodic
to -0.4 V vs. the reversible hydrogen electrode (RHE), with a
cathodic current observed at more negative potentials, attributed
to the hydrogen evolution reaction (HER). We note that, based

on a CV performed inside a dry organic electrolyte (Figure
S11) and previous reports [65], we expect the active species for
HER, and CO2RR, to be CoPc’” (where one charge lies on the
Co (I) center and the other is delocalised on the macrocyclic
ligand). Upon CO, sparging, a modest increase in cathodic
current suggested electrocatalytic activity toward CO, reduction.
Chronoamperometry (CA) measurements carried out for 2 h
at potentials between -0.6 and -1.6 V vs. RHE (Figure S12)
confirmed the formation of CO as the sole carbon-containing
product, with a maximum Faradaic efficiency of 65%. Molecular
hydrogen dominated the product distribution at more cathodic
potentials, and the overall current densities remained low (-0.5
to -3.0 mA cm~ in the -0.6 to -0.8 vs RHE range), consistent
with limited CO,RR activity under these conditions. The FE for
CO production, while obtained under non-optimized conditions,
represents a solid performance for a molecular catalyst operating
without nanostructured supports.

The CoPc+MWCNT/CP electrode exhibited a different electro-
chemical signature. In the absence of CO,, the CV revealed
a distinct redox couple located at ca. -0.6 V vs RHE ascribed
to the CoPc”/CoPc®” transition, superimposed on the HER
region. This redox signal indicates enhanced electrochemical
accessibility of the molecular catalyst, likely due to improved
dispersion and interfacial contact with the nanotube support,
thereby increasing current densities. Upon CO, introduction, the
CV profile remained largely unchanged, though the possibility
of CO, reduction occurring concurrently with HER cannot be
excluded based on voltammetry alone. Subsequent CA experi-
ments under identical conditions revealed CO as a major product
at moderate potentials, with methanol detected at more negative
potentials. 'H NMR analysis confirmed this species as the sole
liquid product, as displayed in Figure S14. A maximum Faradaic
efficiency of 12% for methanol was observed at -0.9 V vs.
RHE, in agreement with previously reported values for CoPc-
based systems [66]. Still, it is important to note that the CA
measurements presented in Figure S12 reveal a stable current
density over the course of 2 h, suggesting no drastic degradation
(e.g. poisoning, mechanical detachment, demetallation...) of the
electrocatalyst. This is further supported by SEM analysis of
the electrode after testing at -1.0 V vs. RHE for 2 h, where no
significant change in morphology was observed compared to the
fresh sample (Figure S13).

Still, after 2 h it is likely that the selectivity toward methanol
has started to drop due to the progressive hydrogenation of the
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FIGURE 6 | Cyclic voltammograms acquired at 20 mV/s in 0.5 M KHCOj in the absence (blue trace) and presence (red trace) of CO, sparging at 50
mL/min for CoPc a) and CoPc+MWCNT b) electrocatalysts coated on a CP substrate. Faradaic efficiencies measured for H,, CO and methanol after 2
h of polarization at different potentials for CoPc c¢) and CoPc+MWCNT d) electrocatalysts coated on a CP substrate. The corresponding average current

densities are indicated by yellow markers and referenced to the right Y-axis. Electrochemical potentials have been corrected for the ohmic drop in all

cases.

macrocyclic ligand, as reported previously [35, 39, 67]. According
to previous theoretical and experimental work performed on the
system, the conversion of CO, to methanol proceeds through the
generation of a CO* intermediate after a 2-electron reduction
step. The interaction of the CoPc with the MWCNT is thought
to modulate the energy of the CoPc-CO* intermediate so that
the carbonyl can be more easily reduced to methanol rather
than desorbing readily to generate CO(g), as is observed on
unsupported CoPc. The hydrogenation of the CoPc will however
affect the energies of the transition states associated with CO and
methanol production and revert the selectivity back to the former
over time. [34, 68, 69]

4 | Conclusion

We have developed an efficient and environmentally conscious
synthetic procedure for cobalt phthalocyanine (CoPc), employing
low-impact solvents and simplified purification to minimize
waste and resource consumption. Through systematic optimiza-
tion of reaction conditions, the protocol achieved an 85% yield
and an E-factor of 18.6, positioning it as a relevant contribution
to ongoing efforts in sustainable lab-scale phthalocyanine syn-
thesis. These results demonstrate that high-yield synthesis can
be achieved without compromising environmental responsibility,
reinforcing the potential of this method as a sustainable alterna-
tive to conventional routes. CoPc was subsequently validated as
an active molecular electrocatalyst for the electrochemical reduc-

tion of CO,. Comprehensive morphological and spectroscopic
analysis confirmed that the catalyst maintains its integrity, while
the support architecture modulates the dispersion and accessi-
bility of its active sites. When supported on carbon nanotubes,
the green CoPc exhibits structural and chemical characteristics
comparable to those of conventionally synthesized analogues,
achieving methanol production with a Faradaic efficiency of up
to 12%, consistent with literature values. These findings validate
the compatibility of green-synthesized molecular catalysts with
existing CO,RR technologies, offering a more environmentally
conscious route to methanol production without sacrificing
catalytic performance. This work highlights the importance of
integrating green chemistry principles early in catalyst devel-
opment. As electrochemical CO, reduction technologies move
toward commercialization, such sustainable approaches will be
essential to reduce environmental impact across the entire value
chain. Future efforts will focus on optimizing catalyst integration
and scaling performance in device-relevant configurations.

Acknowledgments

The authors gratefully acknowledge the NEXTCCUS project (ID:
327327), which is funded through the ACT program (Accelerating
CCS Technologies, Horizon2020; Project No. 691712). F.P. gratefully
acknowledges financial contribution from Regione Lazio’s innovation
ecosystem “Rome Technopole” (B83C22002890005). The authors are

Chemistry — A European Journal, 2025

9 of 12

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedl[dde au Aq peusenob afe s VO ‘85N JO Sa|nJ 1oy Akeid18UIJUO AS]IA UO (SUOTIPUOD-PU-SWLBIL0D" A 1M ARe.q 1[BU [UO//:STIL) SUONIPUOD pUe SWIS | 8L 88S " [6202/TT/6Z] Uo ARIqiauluo A [IM ‘|BI0S UONOIYOUAS Aq 192206202 Weyd/Z00T OT/I0p/wod A3 1M Arelqijeuljuo'adoune-Alis iweyo//sdny wouy pspeojumod ‘0 ‘S9/ETZST



grateful to Prof. Anna Troiani and Dr. Chiara Salvitti for carrying out the
AP-MALDI analysis of CoPc.

(NEXTCCUS project (ID: 327327), which is funded through the ACT pro-
gram (Accelerating CCS Technologies, Horizon2020; Project No. 691712).)

Open access publishing facilitated by Consiglio Nazionale delle Ricerche,
as part of the Wiley - CRUI-CARE agreement.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. K. O. Yoro and M. O. Daramola, “Chapter 1 - CO, Emission Sources,
Greenhouse Gases, and the Global Warming Effect,” in Advances in
Carbon Capture (Eds.: M. R. Rahimpour, M. Farsi, M. A. Makarem)
(Woodhead Publishing, 2020), 3-28, https://www.sciencedirect.com/
science/article/pii/B9780128196571000013.

2. S. Nagireddi, J. R. Agarwal, and D. Vedapuri, “Carbon Dioxide Capture,
Utilization, and Sequestration: Current Status, Challenges, and Future
Prospects for Global Decarbonization,” ACS Engineering Au 4, no. 1
(2024): 22-48, https://doi.org/10.1021/acsengineeringau.3c00049.

3. M. Umeda, Y. Niitsuma, T. Horikawa, S. Matsuda, and M. Osawa,
“Electrochemical Reduction of CO, to Methane on Platinum Catalysts
Without Overpotentials: Strategies for Improving Conversion Efficiency,”
ACS Applied Energy Materials 3, no. 1 (2019): 1119-1127.

4. J. Leverett, Tran’Phu T, J. A. Yuwono, Kumar P, C. Kim, Q. Zhai, et al.,
“Tuning the Coordination Structure of Cu N C Single Atom Catalysts
for Simultaneous Electrochemical Reduction of CO, and NO;-to Urea,”
Advanced Energy Materials 12, no. 32 (2022): 2201500.

5. G.Bharath, G. Karthikeyan, A. Kumar, J. Prakash, D. Venkatasubbu, A.
K. Nadda, et al., “Surface Engineering of Au Nanostructures for Plasmon-
enhanced Electrochemical Reduction of N, and CO, into Urea in the
Visible-NIR Region,” Applied Energy 318 (2022): 119244.

6. D. S. Huang, X. F. Qiu, J. R. Huang, et al., “Electrosynthesis of Urea by
using Fe,O03; Nanoparticles Encapsulated in a Conductive Metal-organic
Framework,” Nature Synthesis 3, no. 11 (Nov 2024): 1404-1413, https://doi.
0rg/10.1038/544160-024-00603-8.

7.Y. C. Liu, J. R. Huang, H. L. Zhu, et al., “Electrosynthesis of Pure Urea
from Pretreated Flue Gas in a Proton-limited Environment Established in
a Porous Solid-state Electrolyte Electrolyser,” Nature Nanotechnology 20,
no. 7 (Jul 2025): 907-913, https://doi.org/10.1038/s41565-025-01914-3.

8. H. Xue, J. R. Huang, Z. S. Wang, et al., “Tailoring Ligand Fields
of Metal-azolate Frameworks for Highly Selective Electroreduction of
CO, to Hydrocarbons at Industrial Current Density,” Chinese Journal
of Catalysis 53 (2023): 102-108, https://www.sciencedirect.com/science/
article/pii/S187220672364519X.

9.X. Liu, Y. Wang, Z. Dai, D. Gao, and X. Zhao, “Electrochemical
Reduction of Carbon Dioxide to Produce Formic Acid Coupled with
Oxidative Conversion of Biomass,” Journal of Energy Chemistry 92, no.
5(2024): 705-729.

10. M. Rahaman, A. Dutta, A. Zanetti, and P. Broekmann, “Electrochem-
ical Reduction of CO, into Multicarbon Alcohols on Activated Cu Mesh
Catalysts: An Identical Location (IL) Study,” ACS Catalysis 7, no. 11 (2017):
7946-7956.

11. L. Ji, L. Li, X. Ji, et al., “Highly Selective Electrochemical Reduction
of CO, to Alcohols on an FeP Nanoarray,” Angewandte Chemie 132, no. 2
(2020): 768-772.

12. M. Irfan Malik, Z. O. Malaibari, M. Atieh, and B. Abussaud, “Electro-
chemical Reduction of CO, to Methanol over MWCNTSs Impregnated with
Cu20,” Chemical Engineering Science 152 (2016): 468-477.

13. J. Hazarika, and M. S. Manna, “Electrochemical Reduction of CO, to
Methanol with Synthesized Cu20 Nanocatalyst: Study of the Selectivity,”
Electrochimica Acta 328 (December 2019): 135053.

14. N. Theaker, J. M. Strain, B. Kumar, J. P. Brian, S. Kumari, J. M.
Spurgeon, “CO, to Ethanol,” Electrochimica Acta 274 (june 2018): 1-8.

15. C. Filosa, X. Gong, A. Bavykina, A. D. Chowdhury, J. M. R. Gallo,
and J. Gascon, “Enabling the Methanol Economy: Opportunities and
Challenges for Heterogeneous Catalysis in the Production of Liquid Fuels
via Methanol,” Accounts of Chemical Research 56, no. 23 (2023): 3492-3503,
https://doi.org/10.1021/acs.accounts.3c00551, pMID: 37991494,

16. D. Li, V. Rohani, F. Fabry, A. P. Ramaswamy, M. Sennour, and L.
Fulcheri, “Direct Conversion of CO, and CH, into Liquid Chemicals by
Plasma-catalysis,” Applied Catalysis B: Environmental 261 (2020): 118228.

17. J. A. Rodriguez, P. Liu, D. J. Stacchiola, S. D. Senanayake, M. G. White,
and J. G. Chen, “Hydrogenation of CO, to Methanol: Importance of
Metal-oxide and Metal-carbide Interfaces in the Activation of CO,,” ACS
Catalysis 5, no. 11 (2015): 6696-6706.

18. K. Sun, Z. Fan, J. Ye, et al., “Hydrogenation of CO, to Methanol over
In, 05 Catalyst,” Journal of CO2 Utilization 12 (2015): 1-6.

19. S. K. Kuk, R. K. Singh, D. H. Nam, R. Singh, J. Lee, and Park CB.,, “Pho-
toelectrochemical Reduction of Carbon Dioxide to Methanol through a
Highly Efficient Enzyme Cascade,” Angewandte Chemie International
Edition 56, no. 14 (2017): 3827-3832.

20. 1. Y. Hori, “Electrochemical CO, Reduction on Metal Electrodes,”
Modern Aspects of Electrochemistry (2008): 89-189.

21.Y. Fang and J. C. Flake, “Electrochemical Reduction of CO, at
Functionalized Au Electrodes,” Journal of the American chemical society
139, no. 9 (2017): 3399-3405.

22. W. Ye, X. Guo, and T. Ma, “A Review on Electrochemical Synthesized
Copper-based Catalysts for Electrochemical Reduction of CO, to C2+
Products,” Chemical Engineering Journal 414 (2021): 128825.

23. A. S. Varela, W. Ju, A. Bagger, P. Franco, J. Rossmeisl, and P. Strasser,
“Electrochemical Reduction of CO, on Metal-nitrogen-doped Carbon
Catalysts,” ACS Catalysis 9, no. 8 (2019): 7270-7284.

24. C. Kim, L. C. Weng, and Bell AT.,, “Impact of Pulsed Electrochemical
Reduction of CO, on the Formation of C2+ Products over Cu,” ACS
Catalysis 10, no. 21 (2020): 12403-12413.

25. S. S. Bhargava, F. Proietto, D. Azmoodeh, et al., “System Design Rules
for Intensifying the Electrochemical Reduction of CO, to CO on Ag
Nanoparticles,” ChemElectroChem 7, no. 9 (2020): 2001-2011.

26. E. L. Clark, S. Ringe, M. Tang, et al., “Influence of Atomic Surface
Structure on the Activity of Ag for the Electrochemical Reduction of CO,
to CO,” ACS Catalysis 9, no. 5 (2019): 4006-4014.

27. Y. Huang, A. D. Handoko, P. Hirunsit, and Yeo BS.,, “Electrochemical
Reduction of CO, using Copper Single-crystal Surfaces: Effects of CO*
Coverage on the Selective Formation of Ethylene,” ACS Catalysis 7, no.
3(2017): 1749-1756.

28. G. B. Stevens, T. Reda, and B. Raguse, “Energy Storage by the
Electrochemical Reduction of CO, to CO at a Porous Au Film,” Journal of
Electroanalytical Chemistry 526, no. 1-2 (2002): 125-133.

29. T. Kai, M. Zhou, Z. Duan, G. A. Henkelman, and Bard AlJ.,
“Detection of CO, «-in the Electrochemical Reduction of Carbon
Dioxide in N, N-dimethylformamide by Scanning Electrochemical
Microscopy,” Journal of the American chemical society 139, no. 51
(2017): 18552-18557.

30. T. K. Todorova, M. W. Schreiber, and M. Fontecave, “Mechanistic
Understanding of CO, Reduction Reaction (CO,RR) Toward Multicarbon
Products by Heterogeneous Copper-based Catalysts,” ACS Catalysis 10,
no. 3 (2020): 1754-1768, https://doi.org/10.1021/acscatal.9b04746.

31. S. Navarro-Jaén, M. Virginie, J. Bonin, M. Robert, R. Wojcieszak, and
A.Y. Khodakov, “Highlights and Challenges in the Selective Reduction
of Carbon Dioxide to Methanol,” Nature Reviews Chemistry 5, no. 8 (Aug
2021): 564-579, https://doi.org/10.1038/s41570-021-00289-y.

32. K. Ogura, and K. Takamagari, “Electrocatalytic Reduction of Carbon
Dioxide to Methanol. Part 2. Effects of Metal Complex and Primary

10 of 12

Chemistry — A European Journal, 2025

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedl[dde au Aq peusenob afe s VO ‘85N JO Sa|nJ 1oy Akeid18UIJUO AS]IA UO (SUOTIPUOD-PU-SWLBIL0D" A 1M ARe.q 1[BU [UO//:STIL) SUONIPUOD pUe SWIS | 8L 88S " [6202/TT/6Z] Uo ARIqiauluo A [IM ‘|BI0S UONOIYOUAS Aq 192206202 Weyd/Z00T OT/I0p/wod A3 1M Arelqijeuljuo'adoune-Alis iweyo//sdny wouy pspeojumod ‘0 ‘S9/ETZST


https://www.sciencedirect.com/science/article/pii/B9780128196571000013
https://doi.org/10.1021/acsengineeringau.3c00049
https://doi.org/10.1038/s44160-024-00603-8
https://doi.org/10.1038/s41565-025-01914-3
https://www.sciencedirect.com/science/article/pii/S187220672364519X
https://doi.org/10.1021/acs.accounts.3c00551
https://doi.org/10.1021/acscatal.9b04746
https://doi.org/10.1038/s41570-021-00289-y

Alcohol,” J Chem Soc, Dalton Trans (1986): 1519-1523. https://doi.org/10.
1039/DT9860001519.

33. P. Sutra, and A. Igau, “Emerging Earth-abundant (Fe, Co, Ni, Cu)
Molecular Complexes for Solar Fuel Catalysis,” Current Opinion in Green
and Sustainable Chemistry 10 (2018): 60-67.

34. X. Ren, J. Zhao, X. Li, et al., “In-situ Spectroscopic Probe of the
Intrinsic Structure Feature of Single-atom Center in Electrochemical
CO/CO, Reduction to Methanol,” Nature Communications 14, no. 1
(2023): 3401

35.Y. Wu, Z. Jiang, X. Lu, Y. Liang, and H. Wang, “Domino Electroreduc-
tion of CO, to Methanol on a Molecular Catalyst,” Nature 575, no. 7784
(Nov 2019): 639-642, https://doi.org/10.1038/s41586-019-1760-8.

36.J. Su, C. B. Musgrave, Y. Song, et al., “Strain Enhances the Activity
of Molecular Electrocatalysts via Carbon Nanotube Supports,” Nature
Catalysis 6, no. 9 (Sep 2023): 818-828. https://doi.org/10.1038/s41929-023-
01005-3.

37. S. Yu, H. Yamauchi, S. Wang, et al., “CO,-to-methanol Electroconver-
sion on a Molecular Cobalt Catalyst Facilitated by Acidic cations,” Nature
Catalysis (Jul 2024), https://doi.org/10.1038/541929-024-01197-2.

38. T. Chan, C. J. Kong, A. J. King, et al., “Role of Mass Transport in
Electrochemical CO, Reduction to Methanol Using Immobilized Cobalt
Phthalocyanine,” ACS Applied Energy Materials 7, no. 8 (2024): 3091-3098.
https://doi.org/10.1021/acsaem.3c02979.

39. Q. Zhu, C. L. Rooney, H. Shema, et al., “The Solvation Environment
of Molecularly Dispersed Cobalt Phthalocyanine Determines Methanol
Selectivity During Electrocatalytic CO, Reduction,” Nature Catalysis (Jul
2024), https://doi.org/10.1038/s41929-024-01190-9.

40. M. Zhu, R. Ye, K. Jin, N. Lazouski, and K. Manthiram, “Elucidat-
ing the Reactivity and Mechanism of CO, Electroreduction at Highly
Dispersed Cobalt Phthalocyanine,” ACS Energy Letters 3, no. 6 (2018):
1381-1386.

41.T. Guo, X. Wang, C. Ma, Z. Fu, X. Xing, and A. H.
Bedane, “Electrochemical CO, Reduction by Cobalt(II)2,9,16,23-
tetra(amino)phthalocyanine: Enhancement Effect of Active Sites toward
Methanol Formation,” Energy & Fuels 38, no. 17 (2024): 16638-16656,
https://doi.org/10.1021/acs.energyfuels.4c02354.

42. Q. Feng, Y. Sun, X. Gu, and Z. Dong, “Advances of Cobalt Phthalo-
cyanine in Electrocatalytic CO, Reduction to CO: A Mini Review,”
Electrocatalysis 13, no. 6 (Nov 2022): 675-690, https://doi.org/10.1007/
$12678-022-00766-y.

43. A. D. Noi, A. Massaro, C. Salvitti, et al., “AP-MALDI-MS Reveals
Adulteration of Dried Oregano Leaves,” Journal of Food Composition
and Analysis 139 (2025): 107121, https://www.sciencedirect.com/science/
article/pii/S0889157524011554.

44. G. Zanotti, P. Imperatori, A. M. Paoletti, and G. Pennesi, “Sustainable
Approaches to the Synthesis of Metallophthalocyanines in Solution,”
Molecules 26, no. 6 (2021), https://www.mdpi.com/1420-3049/26/6/1760.

45. G. Zanotti, L. Mancini, A. M. Paoletti, G. Pennesi, and V. Raglione,
“Greener Shades of Blue: Green Chemistry as an Opportunity to Improve
the Approach to the Synthesis of Phthalocyanines,” Journal of Porphyrins
and Phthalocyanines 27, no. 01n04 (2023): 398-401, https://doi.org/10.
1142/S1088424623500062.

46. V. Raglione, F. Palmeri, G. Mattioli, F. Porcelli, D. Caschera, and G.
Zanotti, “Glycerol as Reaction Medium for Sonogashira Couplings: A
Green Approach for the Synthesis of New Triarylamine-based Materials
with Potential Application in Optoelectronics,” Chemistry - A Euro-
pean Journal 30, no. 68 (2024): €202402901, https://chemistry-europe.
onlinelibrary.wiley.com/doi/abs/10.1002/chem.202402901.

47.R. A. Sheldon, “The E Factor at 30: A Passion for Pollution
Prevention,” Green Chem 25 (2023): 1704-1728, https://doi.org/10.1039/
D2GC04747K.

48. G. Zanotti, F. Palmeri, and V. Raglione, “Phthalocyanines Syn-
thesis: A State-of-the-art Review of Sustainable Approaches Through

Green Chemistry Metrics,” Chemistry — A European Journal 30, no. 44
(2024): €202400908, https://chemistry-europe.onlinelibrary.wiley.com/
doi/abs/10.1002/chem.202400908.

49. S. Hutsch, M. Niewind, S. Gritz, and L. Borchardt, “One-step
Thermo-Mechanochemical Syntheses of Metal Phthalocyanines and
Polyphthalocyanines,” Chemistry - A European Journal n/a, no. n/a
(2025): €202501260, https://chemistry-europe.onlinelibrary.wiley.com/
doi/abs/10.1002/chem.202501260.

50. T. P. Osedach, T. L. Andrew, and V. Bulovi¢, “Effect of Synthetic
Accessibility on the Commercial Viability of Organic Photovoltaics,”
Energy Environ Sci 6 (2013): 711-718, https://doi.org/10.1039/C3EE24138F.

51. N. Papageorgiou, Y. Ferro, E. Salomon, et al., “Geometry and Elec-
tronic Structure of Lead Phthalocyanine: Quantum Calculations via
Density-functional Theory and Photoemission Measurements,” Phys-
ical Review B 68 (Dec 2003): 235105, https://link.aps.org/doi/10.1103/
PhysRevB.68.235105.

52. V. V. Maslyuk, V. Y. Aristov, O. V. Molodtsova, et al., “The Electronic
Structure of Cobalt Phthalocyanine,” Applied Physics A 94, no. 3 (Mar
2009): 485-489, https://doi.org/10.1007/500339-008-4922-3.

53. M. Huai, Z. Yin, F. Wei, et al., “Electrochemical CO, Reduction on
Heterogeneous Cobalt Phthalocyanine Catalysts with Different Carbon
Supports,” Chemical Physics Letters 754 (2020): 137655, https://www.
sciencedirect.com/science/article/pii/S0009261420305704.

54. V. Parry, G. Berthomé¢, and J. C. Joud, “Wetting Properties of Gas
Diffusion Layers: Application of the Cassied-Baxter and Wenzel Equa-
tions,” Applied Surface Science 258, no. 15 (2012): 5619-5627, https://www.
sciencedirect.com/science/article/pii/S0169433212002723.

55. T. I. T. Okpalugo, P. Papakonstantinou, H. Murphy, J. McLaughlin,
and N. M. D. Brown, “High Resolution XPS Characterization of Chemical
Functionalised MWCNTSs and SWCNTSs,” Carbon 43, no. 1(2005): 153-161,
https://www.sciencedirect.com/science/article/pii/S0008622304005317.

56. T. Guo, X. Wang, X. Xing, et al., “Enhancing Effect of Cobalt
Phthalocyanine Dispersion on Electrocatalytic Reduction of CO, Towards
Methanol,” Environmental Science and Pollution Research 30, no. 58 (Dec
2023): 122755122773, https://doi.org/10.1007/s11356-023-30883-0.

57. M. Schmid, A. Kaftan, H. P. Steinriick, and J. M. Gottfried, “The
Electronic Structure of Cobalt(II) Phthalocyanine Adsorbed on Ag(111),”
Surface Science 606, no. 11 (2012): 945-949, https://www.sciencedirect.
com/science/article/pii/S0039602812000635.

58. T. Zhang, I. E. Brumboiu, V. Lanzilotto, et al., “Conclusively Address-
ing the CoPc Electronic Structure: A Joint Gas-phase and Solid-state
Photoemission and Absorption Spectroscopy Study,” The Journal of
Physical Chemistry C 121, no. 47 (2017): 26372-26378, https://doi.org/10.
1021/acs.jpcc.7b08524.

59. A. Belser, K. Greulich, P. Griininger, et al., “Perfluorinated Phthalo-
cyanines on Cu(110) and Cu(110)-(2 A- 1)O: The Special Role of the
Central Cobalt Atom,” The Journal of Physical Chemistry C 125, no. 16
(2021): 8803-8814. https://doi.org/10.1021/acs.jpcc.1c01215.

60. G. Pellegrino, A. Alberti, G. G. Condorelli, et al., “Study of the
Anchoring Process of Tethered Unsymmetrical Zn-phthalocyanines on
TiO2 Nanostructured Thin Films,” The Journal of Physical Chemistry C
117, no. 21 (2013): 1117611185, https://doi.org/10.1021/jp4018458.

61.J. Ding, Z. Wei, F. Li, et al., “Atomic High-spin Cobalt(II) Center
for Highly Selective Electrochemical CO Reduction to CH;OH,” Nature
Communications 14, no. 1(Oct 2023): 6550, https://doi.org/10.1038/s41467-
023-42307-1.

62. F. Z. Bouanis, M. Bensifia, I. Florea, et al., “Non-covalent Func-
tionalization of Single Walled Carbon Nanotubes with Fe-/Co-porphyrin
and Co-phthalocyanine for Field-effect Transistor Applications,” Organic
Electronics 96 (2021): 106212, https://www.sciencedirect.com/science/
article/pii/S1566119921001518.

63. T. Honda, T. Kojima, and S. Fukuzumi, “Proton-Coupled Electron-
Transfer Reduction of Dioxygen Catalyzed by a Saddle-distorted Cobalt

Chemistry — A European Journal, 2025

11 of 12

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedl[dde au Aq peusenob afe s VO ‘85N JO Sa|nJ 1oy Akeid18UIJUO AS]IA UO (SUOTIPUOD-PU-SWLBIL0D" A 1M ARe.q 1[BU [UO//:STIL) SUONIPUOD pUe SWIS | 8L 88S " [6202/TT/6Z] Uo ARIqiauluo A [IM ‘|BI0S UONOIYOUAS Aq 192206202 Weyd/Z00T OT/I0p/wod A3 1M Arelqijeuljuo'adoune-Alis iweyo//sdny wouy pspeojumod ‘0 ‘S9/ETZST


https://doi.org/10.1039/DT9860001519
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1038/s41929-023-01005-3
https://doi.org/10.1038/s41929-024-01197-2
https://doi.org/10.1021/acsaem.3c02979
https://doi.org/10.1038/s41929-024-01190-9
https://doi.org/10.1021/acs.energyfuels.4c02354
https://doi.org/10.1007/s12678-022-00766-y
https://www.sciencedirect.com/science/article/pii/S0889157524011554
https://www.mdpi.com/1420-3049/26/6/1760
https://doi.org/10.1142/S1088424623500062
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202402901
https://doi.org/10.1039/D2GC04747K
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202400908
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.202501260
https://doi.org/10.1039/C3EE24138F
https://link.aps.org/doi/10.1103/PhysRevB.68.235105
https://doi.org/10.1007/s00339-008-4922-3
https://www.sciencedirect.com/science/article/pii/S0009261420305704
https://www.sciencedirect.com/science/article/pii/S0169433212002723
https://www.sciencedirect.com/science/article/pii/S0008622304005317
https://doi.org/10.1007/s11356-023-30883-0
https://www.sciencedirect.com/science/article/pii/S0039602812000635
https://doi.org/10.1021/acs.jpcc.7b08524
https://doi.org/10.1021/acs.jpcc.1c01215
https://doi.org/10.1021/jp4018458
https://doi.org/10.1038/s41467-023-42307-1
https://www.sciencedirect.com/science/article/pii/S1566119921001518

Phthalocyanine,” Journal of the American chemical society 134, no. 9
(2012): 4196-4206, https://doi.org/10.1021/ja209978q, pMID: 22299646.

64. P. A. Reynolds, B. N. Figgis, E. S. Kucharski, and S. A. Mason,
“Neutron Diffraction at 115 K to 1.09 Al from Cobalt Phthalocyanine,”
Acta Crystallographica Section B 47, no. 6 (Dec 1991): 899-904, https://doi.
0rg/10.1107/S0108768191009230.

65. C. L. Rooney, M. Lyons, Y. Wu, et al., “Active Sites of Cobalt
Phthalocyanine in Electrocatalytic CO, Reduction to Methanol,” Ange-
wandte Chemie International Edition 63, no. 2 (2024): €202310623, https://
onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310623.

66.J. Choi, P. Wagner, S. Gambhir, et al., “Steric Modification of a
Cobalt Phthalocyanine/Graphene Catalyst to Give Enhanced and Stable
Electrochemical CO, Reduction to CO,” ACS Energy Letters 4, no. 3 (2019):
666-672. https://doi.org/10.1021/acsenergylett.8b02355.

67. Q. Zhang, P. Hu, C. Ma, Z. Xu, and B. Tang, “New Insights into the
Enhanced CO,RR Durability caused by Electron-donating Substitution
of Heterogeneous CoPc,” Catalysis Science & Technology 14 (2024): 3137-
3149, https://doi.org/10.1039/D4CY00214H.

68. L. Yao, J. Ding, X. Cai, et al., “Unlocking the Potential for Methanol
Synthesis via Electrochemical CO, Reduction using CoPc-based Molecu-
lar Catalysts,” ACS Nano 18, no. 33 (2024): 21623-21632, https://doi.org/10.
1021/acsnano.4c07613, pMID: 39114914.

69. P. Hutchison, L. E. Smith, C. L. Rooney, H. Wang, S. Hammes-Schiffer,
“Proton-coupled Electron Transfer Mechanisms for CO, Reduction to
Methanol Catalyzed by Surface-immobilized Cobalt Phthalocyanine,”
Journal of the American chemical society 146, no. 29 (2024): 20230-20240,
https://doi.org/10.1021/jacs.4c05444, pMID: 38984971.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: chem70461-sup-0001-SuppMat.pdf.

12 of 12

Chemistry — A European Journal, 2025

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedl[dde au Aq peusenob afe s VO ‘85N JO Sa|nJ 1oy Akeid18UIJUO AS]IA UO (SUOTIPUOD-PU-SWLBIL0D" A 1M ARe.q 1[BU [UO//:STIL) SUONIPUOD pUe SWIS | 8L 88S " [6202/TT/6Z] Uo ARIqiauluo A [IM ‘|BI0S UONOIYOUAS Aq 192206202 Weyd/Z00T OT/I0p/wod A3 1M Arelqijeuljuo'adoune-Alis iweyo//sdny wouy pspeojumod ‘0 ‘S9/ETZST


https://doi.org/10.1021/ja209978q
https://doi.org/10.1107/S0108768191009230
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.202310623
https://doi.org/10.1021/acsenergylett.8b02355
https://doi.org/10.1039/D4CY00214H
https://doi.org/10.1021/acsnano.4c07613
https://doi.org/10.1021/jacs.4c05444

	Eco-Friendly Synthesis of Cobalt Phthalocyanine for High-Efficiency Electroreduction
	1 | Introduction
	2 | Experiment and Methods
	2.1 | General Procedure for CoPc Synthesis
	2.2 | Ink Preparation
	2.3 | Electrode Preparation
	2.4 | Electrochemical Testing
	2.5 | Product Analysis
	2.6 | Samples Characterization by SEM/EDX, XRD, and XPS

	3 | Results
	3.1 | Cobalt Phthalocyanine Synthesis and Ink Preparation
	3.2 | CoPc+MWCNT/CP Sample
	3.3 | CoPc/CP Sample
	3.4 | Electrochemical Testing

	4 | Conclusion
	Acknowledgments
	Conflicts of Interest
	References
	Supporting Information


