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ABSTRACT: Electrochemical reduction of CO, to methanol is a
sustainable method for synthesizing a liquid fuel and feedstock
chemical from a cheap and abundant starting material. This
reaction can be catalyzed by the hybrid molecular catalyst of
cobalt phthalocyanine (CoPc) on carbon nanotubes (CNTSs).
However, the negative potential needed to produce methanol
also gives rise to the hydrogen evolution reaction (HER),
compromising Faradaic efficiency and limiting the methanol
productivity. Further improvement is constrained by the lack of
understanding whether the CoPc molecules or the CNT support
is the major active sites for HER. In this work, we distinguish the
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activity of CoPc for HER by systematically varying the mass loading of CoPc on CNTs. This series of materlals along with
materials of nickel phthalocyanine (NiPc) and iron phthalocyanine (FePc) molecules loaded on CNTs, were measured for
their HER activity at potentials relevant to CO, reduction. At -0.94 V vs. reversible hydrogen electrode (RHE), CoPc

molecules are one order of magnitude more active for

HER than the CNT support or NiPc/FePc molecules. This

demonstrates that the undesirable HER activity of CoPc/CNT is mainly from the CoPc molecules.

KEYWORDS: electrocatalysis, heterogenized molecular catalyst, CO, reduction, H, evolution

Electrochemical carbon dioxide (CO,) conversion to value-added
chemicals is an important field of research for renewable energy
and sustainable chemical feedstocks. Metal phthalocyanines (MPcs)
supported on multiwalled carbon nanotubes (CNTs) are a
promising category of CO, reduction electrocatalysts, as the MPc
molecular structure allows for tunability [1] while the CNT support
lends advantages of heterogeneous catalysts such as high current
density and separability [2, 3]. In particular, CoPc/CNT has been
reported to catalyze CO, electroreduction to CO [4, 5] as well as
further reduction to methanol [6-9], an important liquid product.
Other MPcs such as NiPc and FePc have been found to be active
for catalyzing CO, conversion, mostly to CO [10-13].

Because CO, electroreduction reactions always occur at reductive
electrode potentials and in most cases in the presence of protons,
the hydrogen evolution reaction (HER) is almost always a
competing reaction. This becomes more dominant at more
negative potentials. For example, CO, reduction to methanol
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catalyzed by CoPc/CNT happens at —1 V vs. the reversible
hydrogen electrode (RHE, all potentials in this work are referenced
to RHE unless otherwise stated) in neutral electrolyte, where HER is
a considerable side reaction limiting the methanol Faradaic
efficiency (FE) below 50% [7]. Understanding HER on CoPc/CNT
catalyst materials is therefore crucial for further improvement of
CO, conversion to methanol. Generally speaking, HER can occur
on the CoPc molecules and/or on the CNT support (Fig. 1).
Reactions on these two types of sites may go through different
mechanisms and require different strategies to suppress. However,
up to now, there has been no report of a good way to tell these two
paths apart, and the differentiation of HER occurring at CoPc vs.
CNT sites is still yet to be done.

Herein we studied the differing activities of MPc and CNT for
HER. We systematically varied the amount of molecular catalyst
loaded onto CNTs, as the nearly molecular-level dispersion of MPc
on the CNT surface allows MPc coverage to increase linearly with
mass loading. These varied-loading materials were tested
electrochemically to generate activity measurements, which can
then be used to deconvolute the contributions of MPc vs. CNT
toward HER. We find that all three of the MPcs (CoPc, NiPc, and
FePc), when the reaction rate is not limited by mass transport,
exhibit a linear relationship between mass loading and current
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Figure1 Scheme of different sites of HER. Electrons are fed to the system by
applying potential bias. Protons from solution may react on the CNT support or
deposited MPc to form hydrogen gas.

density until molecular aggregation starts to occur at high mass
loadings. At the optimal methanol-producing potential of —-0.94 V,
MPcs play an outsized role for HER compared to CNTs. CoPc
catalyzes HER with a turnover frequency (TOF) of 3.2 s while
NiPc and FePc have lower TOFs of 0.26 and 0.63 s™, respectively.

In this work, we chose 0.1 M phosphate buffer aqueous solutions
(pH 7.2) as the electrolyte for HER studies of MPc/CNT catalysts
because it has approximately the same pH value as CO,-saturated
0.1 M aqueous KHCO;, our normally used electrolyte for CO,
reduction to methanol [7], at pH 6.8. This allows us to avoid
possible interference from CO, reduction caused by bicarbonate.
We first tested the CO, reduction performance of the MPc/CNT
catalysts with input mass ratio of 5 wt.% (mass loadings: 2.1%
CoPc, 3.1% NiPc, and 3.1% FePc). CoPc/CNT catalyzed CO,
reduction to CO at —0.55 V. High CO FE (> 90%) was achieved at
-0.75 and —0.82 V. At a more negative potential of —0.93 V,
methanol was observed as a product with a moderate FE of ~ 25%
(Fig. 2(a)). This potential-dependent electrocatalytic behavior of
CoPc/CNT is similar to what we have observed for the same
catalyst in KHCO; electrolyte [7]. NiPc/CNT exhibited high CO
selectivity at —0.75, —0.82, and —0.94 V, with no methanol detected
(Fig. 2(b)). FePc/CNT was also able to produce CO from CO,
reduction, but with low selectivity (Fig. 2(c)). Although some of the
total FEs did not reach 100%, all products were accounted for and
the FEs were within a reasonable range for these types of
measurements.

To differentiate the roles of MPc vs. CNT in catalyzing HER, we

20

first produced a series of CoPc/CNT materials by systematically
varying the amount of CoPc included in the preparation. This
varying CoPc-to-CNT input ratio led to varied mass loadings of
CoPc on CNT in the resulting hybrid materials with a good
linearity (Figs. S1 and S2 in the Elecronic Supplementary Material
(ESM)), as measured by inductively coupled plasma mass
spectrometry (ICP-MS, Table S1 in the ESM). About half of CoPc
was successfully loaded on to the CNT support.

The electroactive loading of CoPc on CNT was measured using
cyclic voltammetry (CV). The materials all showed a characteristic
pair of redox peaks near 0 V, demonstrating consistent chemical
properties. The oxidative peak was integrated for the charge
(Fig. 3(a) and Fig. S3 in the ESM) and used to calculate the number
of electroactive CoPc molecules. The electroactive loading increased
with the mass loading up to 8.5% (input ratio 15 wt.%), with about
36% of loaded CoPc molecules being electrochemically active
(Fig. 3(b)). This linearity demonstrates that CoPc can be uniformly
well dispersed on the CNT surface and the loaded CoPc molecules
are electrically wired to the CNT support [14]. Likely, CoPc
dispersion is on the molecular level and the surface coverage
increases with the mass loading. The molecules are coupled to the
CNT surface by n—m stacking [15]. This result suggests that we can
controllably cover the CNT surface with CoPc molecules by
adjusting the mass loading, therefore successfully affording a
material system for distinguishing CoPc and CNT sites in
catalyzing HER. The material with 11.3% of CoPc, however,
showed a much smaller electroactive percentage than the trend line
predicts. This is likely because of aggregation of the CoPc molecules
at this high loading [16], reducing the fraction of exposed sites that
are electrochemically active [3, 17]. Our CNTs have a surface area
of 180-250 m?/g, as tested by the manufacturer and in agreement
with the calculation of 200 m?g reported by Peigney et al. for the
average multiwalled CNT [18]. The surface area of a CoPc molecule
being about 1.45 nm’ (Fig. S4 in the ESM) [19, 20], we estimate that
CoPc at mass loadings of 8.5% and 11.3% would cover about
52%-72% and 69%-96% of the CNT surface, respectively.
Considering that there may be repulsion between CoPc molecules
and that they may not distribute perfectly, a saturated loading of
about 10% is not unreasonable in this case. Attempted
characterization of the CoPc aggregates using scanning electron
microscopy (SEM) and transmission electron microscopy with
electron dispersive X-ray spectroscopy mapping could not resolve
visible aggregation on the scale of 10 nm or larger (Figs. S5(a)-S5(f)
in the ESM). We hypothesize that this type of aggregation is on the
scale of just several molecules, which is difficult to directly observe
with common imaging techniques. Further investigation of this
interesting phenomenon is still needed.
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Figure2 CO, reduction of MPc/CNTs: (a) CoPc, (b) NiPc, and (c) FePc. MPc/CNTs were tested in H-cells in CO,-saturated 0.1 M phosphate buffer electrolyte. Activity
was measured via controlled potential electrolysis over several potential steps. The gaseous products quantified via gas chromatography are shown, as well as liquid

methanol product from NMR quantification.

Nano Research, 2026, 19, 94908427

94908427 (2 of 5)

8) 442w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427
https://www.sciopen.com/article/10.26599/NR.2026.94908427

Nano Research | Vol. 19, No. 4

(a)

< 27

€

3

g

20

k7]

C

Q

o

o -2

=

=]

O

Mass loading
6.5%
-4 T T T T T
-0.6 -0.4 -0.2 0.0 0.2 04 0.6

Potential (V vs. RHE)

Wang et al.
(b) copcienT
34 [ ]
:\Q\ e =/
8’ % O J P Aggre-gated
é 24 =
i) R? =0.9985
(]
=
® 11
o
-(—j -
ﬁ « y=0.36151x-0.12412
04 L]

T T T T T

0 2 4 6 8
Mass loading (%)

10 12
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The CoPc/CNT materials with varied CoPc loadings were tested
for HER using linear sweep voltammetry (LSV) under Ar flow
(Fig. 4(a)). The voltammograms revealed a plateau region where the
activity stalled vs. the applied potential (the inset in Fig. 4(a)). It was
hypothesized that this range is diffusion-limited for HER, as the
proton source near the electrode is depleted faster than new protons
can approach. This also indicates that the hydrogen source is first
the protons as opposed to abundant water, until more negative
potentials where the catalyst is able to perform HER on water
[21-23]. To validate this mass transport limitation hypothesis, LSV
was scanned with varied stirring speeds (Fig. S6 in the ESM). The
increase of the plateau current density with faster stirring supports
this interpretation, as more protons are able to reach the electrode
surface with the stirring-induced mass transport. In this electrolyte,
phosphate acts as a buffer to the proton concentration that is being
depleted by reduction [22]. Testing the reaction in different
electrolytes, including 0.1 M aqueous KHCO;, K,SO,, and KCl, also
supported these hypotheses of proton-first reduction and mass
transport limitation (Fig. S7 in the ESM). In the aprotic electrolytes
K,SO, and KCl, the voltammograms did not manifest a plateau
region, instead having a sharp onset of water reduction due to their
inability to create protic species in solution [24]. KHCO, exhibited
diffusion limitation but with a less pronounced effect of a gradual

_{CoPc/CNT

Mass loading

slope than the phosphate buffer electrolyte. This is likely because
bicarbonate is a weaker proton donor than biphosphate [9].

The HER rates (i.e, current densities) at certain electrode
potentials were extracted from the LSV scans and plotted vs. the
CoPc mass loadings (Fig. 4(b)). The HER current was relatively
independent of mass loading at —0.55 and -0.6 V because the
reaction rate was controlled by the diffusion of proton species. At
more negative potentials of —0.75, —-0.82 and —-0.94 V, which are
relevant to CO, reduction to CO or methanol, the current density
increased with higher mass loading (Fig. 4(b)), demonstrating the
role of the CoPc molecule in catalyzing HER more favorably than
CNTs. The near-linear relationship between current density and
CoPc loading again supports good dispersion and electrical wiring
of CoPc on CNT. From the slopes of the current density vs. mass
loading lines, we were able to derive the HER activity of CoPc
molecules with respect to the CNT surface.

Similar to CoPc/CNT, NiPc¢/CNT and FePc/CNT materials with
varied MPc mass loadings were prepared (Table S1 in the ESM)
and studied for HER catalysis (Figs. S8(a) and S8(c) in the ESM).
Both showed less pronounced diffusion-controlled behavior in the
medium overpotential range, possibly because NiPc and FePc are
less active than CoPc. As a result, their current density vs. mass
loading curves were mostly linear at all the examined potentials
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Figure4 CoPc representative LSVs and activity by potential. (a) Samples were tested individually via LSV in Ar-saturated 0.1 M phosphate buffer. (b) The current

densities at selected potentials were extracted and plotted versus mass loading.
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(Figs. S8(b) and S8(d) in the ESM). Tafel analysis (Fig. S9 in the
ESM) resulted in slopes around 120 mV/dec or larger for all the
MPc/CNT materials as well as the CNT control, indicating that
their mechanisms are similarly limited by the initial Volmer step of
HER [9, 25, 26]. It is interesting to note that NiPc/CNT exhibited
linear activity at lower loadings but the activity plateaued after 3.1%
(Fig. S8(b) in the ESM), indicating a saturation of its HER catalytic
activity. This may be due to earlier aggregation of NiPc molecules;
although, like the CoPc/CNT materials, SEM could not visually
resolve aggregates (Figs. S5(g) and S5(h) in the ESM). NiPc’s
tendency to aggregate at lower loading may be related to stronger
intermolecular interactions, as indicated by its poorer solubility in
N,N-dimethylformamide (DMF) than CoPc and FePc [27], causing
molecules to self-assemble in solution or on the CNT surface.

The slopes of current density versus mass loading were used to
calculate TOF of the MPcs for HER on CNT (Fig. 5 and Table S2 in
the ESM). The TOF for CNT alone was calculated per MPc-
equivalent footprint of 1.45 nm’, the approximate surface area
occupied by an MPc molecule (Fig. S4 in the ESM). CoPc had the
highest activity for HER out of the MPcs. Although NiPc and FePc
were less active, the MPcs were generally more active for HER than
the nanotube supports. This difference was more pronounced at
more negative potentials. In the context of their CO, reduction
abilities, the more HER-active CoPc is also the only one of the
molecules to produce methanol [7]. These activities might be
related, as both demonstrate CoPc’s capacity to pull protons from
solution and combine them with a bound intermediate. In contrast,
NiPc’s reduction of CO, to CO proceeds with very high selectivity,
with little HER side-reactivity [12, 28].
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Figure5 H, TOFs of the MPcs on CNT. Activities were calculated using the
slope of the current density vs. loading plots. Plain CNT activity was calculated
per MPc molecule-equivalent footprint. The values are tabulated in Table S2 in
the ESM.

In summary, we demonstrated that the HER activity of
MPc/CNT hybrid materials is mainly catalyzed by the MPc rather
than the nanotube support. CoPc is the most active for HER,
followed by FePc then NiPc. Proton species in the electrolyte are
preferentially reduced before water at more positive potentials,
leading to a diffusion-limited window of activity. The mass loading
of MPc catalyst can be systematically adjusted up to 15 wt.% input
with consistent molecular electroactivity. Higher input results in
MPc aggregation that is detrimental to catalytic activity.

Nano Research, 2026, 19, 94908427

94908427 (4 of 5)

Electronic Supplementary Material: Supplementary material
(additional structural and electrochemical characterization results,
ICP-MS results, and TOF analysis) is available in the online version
of this article at https://doi.org/10.26599/NR.2026.94908427.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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