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The anticipated shortage of an increasing number of critical elements, especially metals, requires
a shift towards molecularly-defined materials with low metal loadings. More particularly, surface-
anchored molecular catalysts are attractive to prospectively enable cost-effective electrochemical
hydrogen evolution. However, the design of ligands integrating specific anchoring unit(s) for the
immobilization of molecular catalysts can be challenging and has direct consequences on the
intrinsic properties of the grafted complex. In this work, two cobalt tetraazamacrocyclic
complexes, bearing pyrene anchoring groups at different positions on the macrocyclic ligands were
synthesized. The pyrene unit allows for simple immobilization and electrochemical
characterization of the two complexes on multiwalled carbon nanotube-based electrodes.
Thorough electrochemical and electrocatalytic investigation demonstrates important differences
between the two closely-related catalysts in terms of catalyst loading, catalytic response and

stability over time, with a significantly higher stability observed at pH 7 than at pH 2.
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Introduction

The necessary global energy transition towards reliance on sustainable energy sources is driving
a push for the production of clean fuels able to conveniently and efficiently store the harvested
renewable — but intermittent — energy. Currently, Hydrogen (H») represents one of the most
promising potential solar fuels, due to its high energy density per mass, relative simplicity to
produce from an abundant resource, and re-conversion to electricity when combined with oxygen
in fuel cells to only produce water as a by-product.! Sustainable and scalable production of H
from electrolyzers will require further development of efficient and stable catalysts based on
widely available materials,>3 and their effective incorporation into integrated systems.*> Currently
however, most electrolyzer technologies still heavily rely on the use of scarce platinum-group
metals (PGMs) as H> production and H>O oxidation catalysts.®® In that context, the development
of bio-inspired hydrogen-evolving molecular catalysts represents an appealing approach to enable
the replacement of PGMs with earth-abundant first-row transition metals, while limiting the
overall metal content, to improve the metal atom economy.’~!2 This field of research has been very
active over the past two decades, and the development of such catalysts has been extensively

reported in the literature.!>!* The vast modularity of molecular engineering is exploited to increase



the catalytic performances and stability of the metal-centered active site, by tuning the critical
steric and electronic effects from the inner and outer coordination spheres.!>"!'” Recent
achievements made with cobalt-polypyridyl and cobalt-aminopyridyl complexes have resulted in
robust and efficient catalysts under aqueous electrocatalytic and photocatalytic conditions.!820
Indeed, such ligand frameworks efficiently accommodate the different redox states of the catalytic
cycle, thus preventing demetallation that can occur in the lowest oxidation states; they are also less
prone to hydrolysis under acidic conditions, a drawback frequently encountered with the
cobaloxime and cobalt diimine-dioxime catalysts.?!2* Finally, the presence of redox-active
moieties and proton relays within the vicinity of the cobalt center can help in promoting, tuning
and/or improving the catalytic activity according to the operating conditions.?*2¢ All these features
therefore make these catalysts excellent candidates for further integration into water-splitting
devices, typically through heterogenization at electrode surfaces, to develop useful, stable and
scalable electrocatalytic cathode materials.!327-28

A representative example of this family of catalysts is the cobalt tetraazamacrocyclic complex
[Co(NsH)CL]* (1, NsH = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[11.3.1]heptadeca-1
(17),2,11,13,15-pentaene), which has been shown to be an effective catalyst for the hydrogen
evolution reaction (HER) in organic solvents as well as under fully aqueous conditions.?*-3*
Recently, 1 has received a lot of interest because of its potential for structural modification to
optimize its catalytic properties for the HER*3-¢ and the related carbon dioxide reduction reaction
(CO2RR),’7 and also in the context of photoelectrochemical hydrogen production.’®* So far,

however, anchoring of 1 onto electrodes for direct electrocatalytic production of H, from water

has not yet been reported.



Electrode immobilization in most cases implies structural modification at the ligand and/or metal
coordination sphere which can impact the intrinsic redox and electrocatalytic properties of the final
catalyst compared to its parent counterpart. In addition, the selection of an appropriate electrode
material is important for integration of the Hz-evolving catalysts into devices. Multiwalled carbon
nanotubes (MWCNTSs) represent a very convenient choice of electrode material for molecular
electrocatalysis applications, due to their very large specific surface areas and excellent
conductivity, which allow high surface loadings of active centers to be reached without the loss of
electron transfer efficiency between the pi-conjugated surface and the catalyst.*>*! Moreover, their
surface can be chemically modified by numerous covalent or non-covalent strategies, making them
versatile nanoplatforms for molecular catalyst integration.*? In particular, in recent years, non-
covalent modifications of MWCNTs with pyrene-bearing molecular catalysts have been widely
employed as a smooth and efficient approach to carry out numerous electrocatalytic processes,
such as H> evolution'%*45 and oxidation,!2*¢ CO, reduction*”* and even water oxidation.3%52

In this work we describe the development of two original derivatives of the catalyst 1, each
functionalized with a pyrene anchoring group either through a rigid benzamidomethyl bridge in
para-position of the pyridine moiety (2 in Figure 1) or through a methylene bridge linked to the
coordinated amine on the opposite side of the macrocyclic ligand (3 in Figure 1). Full
electrochemical characterization of MWCNT-based electrodes functionalized with 2 and 3 were
performed together with controlled potential electrolysis experiments in order to shed light on the

distinct performances obtained depending on the position of substitution on the catalytic unit.

Results and Discussion



Synthesis and characterization of complexes 2 and 3. Complex 2 was synthesized via 5
consecutive steps, starting from commercially available chelidamic acid. Briefly, introduction of
a protected benzoic acid group in the para position of the diiminopyridine-based ligand was
achieved through a palladium-catalyzed cross-coupling reaction prior to the templated synthesis
of the macrocyclic catalytic core, removal of the protecting group, and an amide coupling with 1-
pyrenemethylamine to yield the pyrene-appended catalyst 2 in Co™ oxidation state, analogous to
1. The synthetic route towards 3 starts with the nucleophilic substitution of 1-bromomethylpyrene
by a protected derivative of bis-(3-aminopropyl)amine. A deprotection step, followed by a
template synthesis with Co(NOs), in MeOH yields the air-stable Co! macrocyclic complex. Full
synthetic details and characterizations are provided in the Supporting Information (Figures S1,
S2). Prior to electrode integration, the electrochemical properties of the new complexes 2 and 3
were determined by cyclic voltammetry (CV) in dry and degassed N, N-dimethylformamide (DMF)
and compared to those of the parent complex 1 in order to evaluate the possible effects from the

introduction of the pyrene anchor (Figure 1).
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Figure 1. a) Chemical structures of complexes 1, 2 and 3 in their air-stable oxidation states; b)
CVs of complexes 1, 2 and 3 recorded at 100 mV s™! at a glassy carbon electrode (Supporting

electrolyte: 0.1 M TBABF; in dry DMF).



The CV of the Co complex 2 displays redox features very similar to the ones recorded for 1
under the same conditions, with three successive events on the cathodic scan assigned to the Co''"!!
(Eip = —0.57 V vs Fc™° for 1 and 2), the Co™ (Ei» = —1.07 and —1.03 V vs Fc"? for 1 and 2,
respectively) and the ligand-centered L/L* (Epe = —1.83 and —1.79 V vs Fc¢' for 1 and 2,
respectively) redox couples.?-3 The slight anodic shift observed for the Co'"! and the ligand-based
processes can be explained by the introduction of the benzamido substituent at the para position
of the pyridine ring having an electron-withdrawing character and extending the conjugation of
the ligand, as observed recently for parent Co complexes.>” On the other hand, the Co! complex 3
shows only one Co centered redox process at E12 = —0.98 V vs Fc™0, assigned to the Co™ redox
couple, while the redox system at Eip, = —1.86 V vs Fc*? is attributed to the ligand-centered

process; these potentials are very close to the ones previously reported for the related N-methyl-

functionalized catalyst.??

Preparation and electrochemical characterization of 2|MWCNT and 3|MWCNT. To investigate
the electrocatalytic activity of complexes 2 and 3 for hydrogen production in aqueous medium,
modified electrodes were prepared by drop-casting a suspension of MWCNTs in ethanol onto
glassy carbon disc electrodes, followed by incubation in a DMF solution of the pyrene-appended

catalysts (Figure S3).
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Figure 2. a) Schematic representation of complexes 2 and 3 immobilized onto MWCNTs; b) CVs
of bare MWCNT (gray trace), 2MWCNT (red trace), and 3IMWCNT (blue trace) modified

electrodes recorded in KPi 0.1M pH 7, under nitrogen (100 mV s™).

CVs experiments were first conducted in pH 7 aqueous 0.1 M potassium phosphate buffer (KP1)
electrolyte, in order to compare the redox properties of 2MWCNT and 3]MWCNT. Both
electrodes exhibit a well-defined Co™! redox couple at E1, = +0.33 V vs SHE (AE = 197 mV)
and E1» =+0.38 V vs SHE (AE = 98 mV) for 2IMWCNT and 3IMWCNT, respectively, with the
peak current varying linearly with the scan rate up to 0.2 V s7!, as expected for a surface-confined
redox process (Figures S4-S5). This process is quasi-reversible for 3, in agreement with a fast
displacement of the axial acetonitrile ligand by a water molecule; by contrast, it becomes slower
for 2 in aqueous medium (Figure 2b) compared to in organic one (Figure 1b), which is most likely
associated with a slow exchange process of the chlorido ligand in the Co coordination sphere.>?
Analysis of the electron transfer rate was performed using the Laviron method,>* relying on the
study of the evolution of peak potential differences with the scan rate. From the corresponding
trumpet plots, kapp 0£0.9 and 4.3 s! could be obtained for 2MWCNT and 3[MWCNT, respectively

(Figure S6, see SI for details). These results lie in the same range as previously measured kap, for



adsorbed species at porous electrodes.’ The difference in the interfacial electron transfer rate for
the two complexes can be rationalized by the difference in the length and nature of the linker
separating the cobalt center from the MWCNT electrode surface.

T couple is clearly observed at E1» = —0.39

When scanning at more negative potential, the Co
V vs SHE and —0.37 V vs SHE for 2IMWCNT and 3]MWCNT, respectively; this indicates that,
for both complexes under these experimental conditions (100 mV s~! at pH 7), the Co' state is not
reactive for protonation to generate a Co"' hydride and initiate hydrogen production. And indeed,
a catalytic wave develops at more negative potentials below —0.6 V vs SHE, most likely close to
the ligand-centered process which is not observed anymore under these aqueous conditions. Of
note, this wave is observed at a slightly less negative potential for 2IMWCNT compared to
3IMWCNT, in agreement with the slight anodic shift observed for the ligand-based process in 2,
due to the electron-withdrawing character of the benzamido substituent introduced at the para
position of the pyridine ring.

In order to further investigate the electrochemical behavior and reactivity of both systems in
aqueous media, CVs were recorded at different pH values ranging from 2 to 9 using the Britton-
Robinson universal buffer (Figure 3a-b, S7 and S8). From these data, Pourbaix diagrams
positioning the Co species in their different protonation states were plotted for each functionalized
electrode (Figure 3c and d). For 3MWCNT, a 68 mV per pH unit dependence is observed for the
Co"/Co"" redox process at pH higher than = 3, which is characteristic for a 16 /1H" process and
consistent with a protonation occurring on one of the ligands (L) surrounding the cobalt(III) center
upon reduction. This behavior is in perfect agreement with the pH dependence previously reported
for 1 in aqueous medium.’® On the other hand, at pH < 3, the Co'"! species is protonated and the

LH-Co"/LH-Co" potential remains constant at 0.70 V vs SHE. For 2IMWCNT, thermodynamic



stability is observed for the protonated LH-Co!"" species on a wider range of pH, up to pH = 4.5.
At higher pH values, a 46 mV per pH unit dependence for the Co™! redox process is measured;
although not canonical and probably stemming from a slow Cl1/OH; axial ligand exchange on 2,
this behavior also indicates a proton-coupled electron transfer (PCET). For both complexes, the
Co"/Co" process remains fairly reversible, pointing to a fast and equilibrated protonation reaction.
Although no straightforward conclusion can be drawn from the data presented here, this
protonation occurs either on the hydroxo ligand (Co™-OH/Co"-OH, equilibrium) or at the

coordinated amine group, the latter having been previously proposed in several studies.3%3!-33
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Figure 3. a) and b) CVs of 2IMWCNT and 3]MWCNT over different potential ranges and at pH
values ranging from 2 to 9 in Britton-Robinson buffer (v=20mV s™!). ¢) and d) Pourbaix diagrams

of 2 and 3, anchored onto MWCNTs electrodes

Looking at more negative potential values, two different situations arise depending on the pH.
At neutral to basic pH, the LH-Co'/LH-Co' couple is observed without any significant pH
dependence (Figures 3, S7b, S8b). As described above for the measurements at pH 7 in KP1i buffer,

the catalytic wave develops beyond the Co'/Co' redox couple, indicating that an additional

11



reduction step forming the LH'-Co' intermediate is necessary to initiate catalysis. A 60 mV per pH
unit dependence is observed for the catalytic wave, consistent with the occurrence of a e /1H"
coupled process at that stage. By contrast, at more acidic pH values, the LH-Co"/LH-Co' redox
couple is no longer detected and the catalytic wave develops instead. This is highlighted on Figure
S9, with CVs plotted at selected pH values, either acidic (pHs 2 and 3), or neutral to slightly basic
(pHs 6, 7 and 8), to underline this difference in behavior, similarly occurring for both complexes.

Taken altogether, these observations lead to two plausible mechanisms for hydrogen production
catalyzed by 2MWCNT and 3MWCNT depending on the pH of the medium (Figure 4). From
basic to slightly acidic conditions, hydrogen production follows an EECC reaction scheme (where
E stands for an electrochemical step, i.e. reduction, and C for a chemical one, i.e. protonation or
hydrogen evolution): Reduction of LH-Co" yields first LH-Co'. This is followed at more negative
potentials by a second reduction process coupled to protonation to form the hydride LH-Co"-H;
the latter reacts with a further proton and hydrogen is evolved, regenerating LH-Co!" (Figure 4a).
When the pH decreases, the two waves come close and finally merge around pH 3. At this point a
second mechanism becomes likely where hydrogen production follows an alternative ECEC
reaction scheme: reduction of the protonated Co" intermediate (LH-Co") yields LH-Co!, which is
protonated to form the hydride LH-Co'!-H. As for other Hz-evolving molecular complexes,’¢>°
the latter is then reduced to generate the Co!! hydride LH-Co'"-H,?>3> which is responsible for the
release of H» and regeneration of LH-Co!" (Figure 4b). A similar mechanism was previously
proposed for hydrogen production from 1 in organic medium in the presence of p-cyanoanilinium
tetrafluoroborate.3! Of note, on the sole basis of electrochemical data, it is not possible to

distinguish between EECC and ECEC mechanisms.®® The rate-determining step of this molecular

system, studied under homogeneous conditions in organic medium, has previously been proposed
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to be the protonation or intramolecular rearrangement of the LH-Co"-H intermediate to form Ho.
31 Whether the proton located on the ligand actually plays a role in the hydrogen evolution
mechanism via an intramolecular protonation step (dashed arrows in Figure 4), as proposed in
acidic non-aqueous conditions,*' or just acts as a spectator can, however, also not be deciphered

from the data collected here.

a) L—Co'" b) LH_COIII
e H* e
H, LH*—COII e Ho> LH—Co" e
)
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|
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Figure 4: Mechanisms proposed for the electrocatalytic production of H> with 2MWCNT and
3IMWCNT under a) neutral conditions and b) acidic conditions (the overall charge of the complex

is omitted for clarity).

The two complexes anchored onto MWCNTs thus display very similar catalytic behavior,
suggesting that the two different structural modifications used to introduce the pyrene anchoring
group do not significantly impact their catalytic ability, apart from a slightly less negative onset

potential for catalysis at pH 7 with 2MWCNT.

Determination of catalyst surface loading. Integration of the oxidation wave of the Co™! redox

couple of the CVs allowed the quantification of the electrochemically active Co centers.
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Respectively 17.0 + 1.0 and 9.4 + 2.0 nmol.cm™ of adsorbed 2 and 3 were quantified
electrochemically. The significantly lower catalyst loading obtained with 3 is tentatively attributed
to the shorter linker between the pyrene group and the cobalt tetraazamacrocyclic unit, placing the
Co center closer to the surface and resulting in steric constraints (Figure 2a), and/or to the different
solubility of the complexes, resulting in different equilibria during the anchoring process. For
comparison, Co loadings were also quantified by ICP-AES (see SI for details) for the MWCNT
electrodes modified with 2 (2IMWCNT) and 3 (3]MWCNT) and surface concentrations of
28.9 +3.2 nmol.cm™ and 15.3 + 1.9 nmol.cm™ were obtained, respectively. While the differences
in loading between 2 and 3 remain similar, a significant discrepancy is observed between the
electrochemical and ICP values. These results suggest that a non-negligible part of the cobalt
(around 40% for both complexes) is apparently not electrochemically detectable; although the
reasons for this behavior are still unclear, a strong electronic coupling between the complex and
the electrode material, as reported recently for a Co-porphyrin HER catalyst, could be invoked.%¢3
Such an interaction is plausible, as illustrated in the crystal structure of 3, presenting a short Co-

Cpyrene distance of 2.80 A (see Figures S2 in the SI).

Electrocatalytic hydrogen production activity assessment. Controlled potential electrolysis
(CPE) experiments were performed to determine the Faradaic Efficiency (FE) for H, production
and to assess the stability of 2IMWCNT and 3IMWCNT under both acidic (pH 2, 0.1M KCI/HC1

electrolyte) and neutral (pH 7, 0.1M KPi electrolyte) conditions (Figure 5).
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Figure 5. Top: CPE measurements recorded on 2MWCNT (red traces), 3MWCNT (blue traces)
and bare MWCNT (grey dotted traces) at an applied potential of a) —0.6 V vs SHE in KCI/HC1
0.1 M at pH 2 and b) —0.9 V vs SHE in 0.1 M KPi at pH 7. Bottom: Amount of H» produced as a
function of time at 2MWCNT (red squares), 3IMWCNT (blue dots) and bare MWCNT (grey
triangles) at ¢) 0.6 V vs SHE in KCI/HC1 0.1M at pH 2 and d) —0.9 V vs SHE in 0.1 M KPi at pH

7. All measurements were performed under N».

At pH 2, different current responses can be observed for 2MWCNT and 3IMWCNT (Figure 5a,
Figure S10). While both electrodes generate similar initial current densities of around —2 mA cm~
2 (Table S2) after initial stabilization, the current sharply decreases during the first 10 minutes of
the experiment for 3IMWCNT, and reaches the background values recorded on a bare MWCNT

electrode at the end of the CPE experiment. By contrast, the current produced at 2MWCNT decays
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much slowly, 50% being maintained after one hour. Sampling the headspace of the working
electrode compartment, H> was quantified by gas chromatography. Under these conditions (pH 2,
Figure 5c), H is steadily produced during the course of the experiment, up to
23.7 + 5.4 umoluz cmi? after 1 h CPE, corresponding to a Faradaic efficiency (FEm2) of 98 +2 %
and a TONu2 of 821 + 186 for 2IMWCNT (Figure S12, Table S2). On the other hand, the
production of Hx with 3MWCNT quickly levelled off to reach 9.6 + 2.7 pmol cm after 1 h with
a slightly lower FEm> of 93 + 7 %, hinting at a faster loss of activity for the 3MWCNT electrode.

Performing the same series of experiments in neutral pH conditions (pH 7) allowed to observe
a much more sustained activity for 2MWCNT (Figure 5b, Figure S11). After 1 h CPE, a steady
current density of —1.7 £ 0.2 mA ¢cm2 at Eqpp=—0.9 V vs SHE is recorded, corresponding to more
than 80% of the initial value. Here, less stable current responses were again obtained with
3I]MWCNT, decreasing from —1.7 to —1.0 + 0.1 mA ¢cm2 within 1 h, thus retaining only about 60%
of catalytic activity. Importantly, the production of H, remained stable during the course of the
electrolysis for both 2MWCNT and 3[MWCNT, reaching 34.5 + 4.9 pmol c¢cm™? and
21.0 £ 0.7 umol cm2 of H, respectively, with FEm2 of 100 % (Table S2). Based on the catalyst
loadings determined above, TONg: calculated for 2IMWCNT and 3IMWCNT reach 1195 + 169
and 1375 + 44, respectively, after 1 h CPE. The higher TONs obtained with 3MWCNT need to be
put in perspective with the much lower surface loading. Importantly, control CPE experiments
performed on bare MWCNT electrodes only generated small amounts of H», 1.8 and 0.3 pmol cm™
2 at pH 2 and 7, respectively, confirming that the H, evolution activity stems from the presence of
the molecular Co complexes (Figure 5).

CV measurements were performed post-electrolysis in order to gain insight into the molecular

integrity of the molecular catalyst at the electrode surface. At pH 2, the CV response of 2MWCNT
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shows a drastic decrease in surface loading of 2, with only 14.3 + 5.7 nmol c¢cm™? of
electrochemically active complex remaining after 1h, i.e. less than 60% of the initial surface
concentration (Figure S13a, 54% from ICP-AES quantification). In parallel, the Co/Co" redox
response also shifted towards more negative potential, implying a change in the coordination
environment of the Co center. The Co''/Co' couple was not visible in the same potential window
and the catalytic wave was notably smaller, in coherence with the CPE results where the
electrocatalytic response dropped by about 60%. Post-operando, the 3IMWCNT modified
electrode did not display noticeable redox activity anymore in CV measurement, except for a sharp
irreversible process at Eox = 0.35 V vs SHE (Figure S13b), believed to be stemming from a
polluting source in the electrolyte, as the same process was observed on the control CPE
experiment performed on a bare MWCNT electrode (Figure S13c¢). This complete loss of activity
is supported by cobalt quantification by ICP-AES, which shows that only 12% (1.8 + 0.5 nmol
cm2) of the initial amount of cobalt present at the surface of the electrode remains at the end of
the 1 h CPE experiment, highlighting sharp differences in the operando stability for the two
systems (Table S2).

On the other hand, the CV performed post-CPE at neutral pH on 2MWCNT shows a retention
of nearly 80% of the initial surface concentration in electroactive species (69% of the initial Co
loading from ICP-AES analysis, see Table S2), in line with the CPE results (Figure S14a). Again,
a slight negative potential shift of the Co'"/Co!" redox couple (E12 = 0.34 V vs SHE) was observed
along with the disappearance of the Co'/Co' process, as observed at pH 2 and tentatively attributed
to a change in the coordination environment of the Co complex, which was still catalytically active
according to the sustained H» production activity observed under these conditions. Here again, a

more significant amount of Co is lost for 3IMWCNT with only 28% of the initial Co loading
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remaining after the experiment per ICP-AES analysis (Table S2). Of note, the CV recorded post-
operando shows negligible redox signature of 3 (Figure S14b), while the electrocatalytic response
of 3IMWCNT for H evolution at pH 7 still shows activity after 1 h of CPE (close to 1 mA cm,

Figure 5b and d).

Discussion. Overall, on the basis of the data obtained from CV and CPE measurements, it
appears that 2IMWCNT and 3IMWCNT catalyze HER over a wide range of pH values with
overpotential values of 400 mV and 410-450 mV measured at 2 mA cm 2 for 2MWCNT and
3IMWCNT, respectively. The slightly lower overpotential requirement observed for 2 is directly
linked to the presence and the electron-withdrawing nature of the amido group at the phenyl ring
attached to the pyridine ligand that shifts the catalytic response of 2 by 10 mV at pH 7 as compared
to 3 (Figure 2).

Taking a closer look at the intrinsic performances delivered by 2 and 3, both complexes generate
very similar initial current densities (jimin in Table S2) despite the fact that the catalyst surface
loading (determined by ICP-AES) is almost twice as much for 2. This observation suggests that 3
can produce H> faster than 2, and, indeed, we estimate TOF values on the basis of the current
density jimin recorded at 1 min of electrolysis (assuming 100% FE as determined above), which
indicates a slightly higher intrinsic activity toward HER for 3 compared to 2: 0.64 vs 0.36 s™! at
pH 2 and 0.57 vs 0.38 s7! at pH 7, for 3IMWCNT and 2]MWCNT, respectively. We note that for
both catalysts slower TOFs are observed compared to the interfacial electron transfer rates
measured above, confirming that electron transfer does not limit catalysis. This trend follows the
classical linear free-energy relationship between TOF and overpotential requirement observed in

most series of molecular catalysts with a decrease in overpotential requirement occurring at the
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expense of the TOF value.** Interestingly, the lower intrinsic turnover frequency of 2MWCNT
compared to 3MWCNT is counterbalanced by the higher loading allowed by a more flexible
linker: the longer linker in 2 places the Co center away from the surface, which favors a more
compact radial assembly around the nanotube surfaces. By contrast, appending the pyrene anchor
on the amine group in 3 induces stronger steric constraints on the cobalt coordination sphere and
may result in a larger footprint of 3 vs 2.

For both materials, however, working under acidic conditions comes at the expense of electrode
stability. Indeed, more stable current densities are recorded at pH 7 for both complexes and a
higher amount of remaining Co is quantified at the end of the CPE experiment. We established
that two different catalytic mechanisms can be at play, depending on the pH value: an ECEC
mechanism based on the formation of the Co(IIl)-H intermediate at pH 2 vs an EECC pathway
involving reduction of the ligand at pH 7. As Co(Ill)-H species are known to be potent hydride
donors to unsaturated Co ligands,®-%¢ their involvement as intermediates in the ECEC mechanism
could be a plausible explanation for the faster deactivation observed at pH 2. In addition, the
amount of Co lost from the electrode surface during the course of the CPE experiments is clearly
higher for 3 (= 90% at pH 2 and 70% at pH 7) than for 2 (= 50% at pH 2 and 30% at pH 7),
highlighting striking differences in terms of stability for 2MWCNT and 3]MWCNT. Here also,
this could be due to structural constraints limiting the ability of 3IMWCNT to accommodate the
different intermediates of the catalytic cycle (amine protonation included), which could in turn
induce faster degradation.

Interestingly, a non-negligible fraction of Co loaded on the electrode is not detected in the CV
for each system both before and after catalysis. This is especially observed for catalyst 3 at pH 7,

where the redox signature of the complex is hardly detected post-operando (Figure S14b), while
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the electrode is still active for Ha production, with a current density of 1 mA cm™ reproducibly
recorded after one hour (Figure S11b). This remaining activity could stem from the presence of
active Co centers electronically coupled to the electrode material that do not exhibit clear redox
signatures in the CV measurements, as previously observed for a Co porphyrin covalently grafted
to a glassy carbon electrode.5? This phenomenon is more likely to occur for 3 than for 2, due to the
restricted geometry and shorter linkage between the pyrene group and the cobalt catalytic center

of the former (Figure S2).

Conclusions

In this work, we have described the synthesis and full characterization of two novel derivatives,
2 and 3, of the hydrogen-evolving complex [Co(NsH)CL2]" (1), functionalized with a pyrene
moiety at two different positions on the macrocycle. Following their integration onto MWCNTs-
based electrodes through non-covalent n-stacking interactions, the electrocatalytic properties of
the two molecular cathodes towards the production of H> were tested in both acidic and neutral
aqueous conditions. The results are informative on how the electronic nature of the linker holding
the pyrene group, its position and its flexibility can impact the redox and catalytic responses, as
well as the stability and overall HER performance of the prepared hybrid electrodes. In particular,
the presence of the amido group at the phenyl group directly connected to the pyridine leads to a
slightly lower overpotential requirement for HER and a lower TOF value. This lower intrinsic TOF
is compensated with a higher loading of active sites, owing to the longer and bulkier linker in 2
compared to the short linker attached to the coordinating amine in 3 and the more constrained
geometry this entails. Overall, the 2MWCNT electrode performs slightly better than 3MWCNT

and also displays greater stability under cycling, especially under neutral conditions, warranting a
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deeper investigation of such conditions, including electrolyte engineering,®’®® for water
electrolysis.

Overall, this study highlights the importance of selecting suitable linkers and integrating them
at appropriate positions on the ligand frameworks of molecular catalysts. It remains however
highly challenging to address all the parameters that are modified upon varying the anchoring
group position and the linker nature. Any subtle change in the length, conjugation, flexibility of
the linker or in the electronic structure of the metal center will in turn influence interfacial electron
transfer processes, as well as the reactivity of the catalytic center. More systematic investigations
on the linker’s nature would allow to clarify how it can influence heterogeneous molecular
catalysis. Finally, deciphering how the local environment and possible electronic coupling with
the electrode material can affect the activity and the stability of heterogenized molecular catalysts
will also be key for the effective integration of Earth-abundant molecular complexes into

sustainable fuel-producing devices.
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