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ABSTRACT: The development of efficient hydrogen production technologies is fundamental for replacing fossil fuel-based ener-
gies. As such, electrocatalysts derived from earth abundant metal complexes are appealing, and interesting performances have typi-
cally been disclosed under acidic conditions in organic solvents. However, their applicability under relevant pH neutral conditions is
underexplored. Herein, we demonstrate that non-ionic, dimeric cobalt-dithiolene complexes supported on multi-wall carbon nano-
tubes (MWCNTs)/carbon paper (CP) electrode are powerful electrocatalysts for hydrogen production in aqueous media at pH 7. The
high turnover numbers encountered (TON up to 50980) after long reaction times (up to 16 hours) are reasoned by the increased
electro-active cobalt concentration on the modified electrode, which is ca. 4 times higher than that of a state-of-the-art cobalt porphy-
rin electrocatalyst. These findings point out that immobilizing well-defined, multinuclear low cost metal complexes on carbon mate-
rial is a promising strategy to design highly electroactive electrodes enabling production of green energies. KEY WORDS: hydrogen,

electrocatalysis, cobalt-dithiolene, multi-wall carbon nanotubes, modified-electrode

The use of hydrogen (H>) as a clean energy carrier to replace
fossil fuels is a promising approach in the context of sustaina-
bility.! It is expected to reduce the carbon footprint in view to
help mitigating climate change and minimizing geopolitical is-
sues derived from petrol access. As such the green production
of H, and O, from water, better known as water splitting, is a
major research area of interest that have already led to relevant
breakthroughs by means of different catalytic technologies.
However, there is room for improvement to develop catalysts
under mild conditions with high efficiencies.’

The overall water splitting transformation is derived from two
half reactions namely the ORR (oxygen reduction reaction) and
the HER (hydrogen evolution reaction).* In the case of the HER,
considerable efforts have been devoted to design catalytic sys-
tems inspired from the Nature’s hydrogenases family, which
operate under ambient conditions leading to high levels of hy-
drogen production.’ Their active site is constituted by Fe, Ni or
Co sites, thereby demonstrating that first-row transition metal
species can compete and even outperform catalysts derived
from late transition metals.® Importantly, the development of
catalysts derived from first-row transition metal complexes is
highly attractive due to their natural abundance and low tox-
icity.”

In this context, many well-defined coordination complexes
based on first row transition metals have been designed and suc-
cessfully evaluated in the HER.® Most of them operate under
acidic conditions using organic solvents in order to study their
performance as a proof-of-concept.® On the other hand, such
conditions are rather corrosive and significantly differ from

those expected for a practical implementation. Although, elec-
trocatalysts able to reduce protons into H, under neutral condi-
tions in water exist, they are mostly based on ionic molecular
catalysts’ or purely heterogeneous systems including nanopar-
ticles and polymers.'” Herein, we present an approach based on
the immobilization of a well-defined, non-ionic dinuclear cobalt
complex that turns out to be electrocatalytically active for the
production for HER in water at pH 7. The immobilization tech-
nique, which relies on sonochemical adsorption of the metal
complexes on multi-wall carbon nanotubes (CNTs)/carbon pa-
per (CP) modified-electrode, has already been successfully ap-
plied for CO; reduction to CO for discrete, monomeric iron-
based porphyrins.!' To the best of our knowledge, this is the
first example of a discrete, dinuclear and non-ionic system op-

erating in neutral water for H, production.
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Scheme 1 Molecular structure of the cobalt complex 1.

Based on previous contributions by Holland and Eisenber deal-
ing with ionic cobalt dithiolene complexes,'* we anticipated that
the dithiolene framework might be an ideal platform for chelat-
ing cobalt ions to form a potentially active electrocatalyst for
HER. In addition, we reasoned that aliphatic chains located in



the periphery of the cobalt complex may favor its adsorption on
carbon nanostructures as well as to prevent its dissolution in po-
lar aqueous electrolytic media.'* Aliphatic chains were also re-
ported to limit catalyst aggregation on the electrode surface that
can obstruct mass transport and inhibit the catalytic activity.'
Consequently, cobalt complex 1 with hexyl chains was synthe-
sized and isolated as a deep-green solid in a three-step reaction
sequence starting from readily available starting materials
(Scheme 1, SI)."S Single crystals of 1 suitable for X-ray analysis
were obtained by slow evaporation of a dichloromethane solu-
tion (Figure 1).'S The cobalt complex 1 crystallized into well-
defined, dimeric species inside the unit cell, with the inversion
center exactly in the middle between the two cobalt atoms. The
two cobalt centers form a dimer through two short sulfur-cobalt
bonds formed between two monomeric units. In fact, one sulfur
atom from one dithiolene ligand forms a bond with the cobalt
atom from the other complex, leading to the formation of a clus-
ter-like Co-S-Co-S rectangular motif (Figure 1). Such observa-
tion is reminiscent of that observed in the family of the hydro-
genase enzymes, in which dithiols (S,*) groups are bridging the
two active metals, typically [FeFe] and [FeNi].* More precisely,
the apical S3-Co bond length is 2.3638(8) A and the Co-Co
bond length is 2.7739(5) A (Figure 1). The sulfur-cobalt dis-
tance is shorter than the sum of the van der Walls radius (S: 1.80
A, Co: 1.25 A), meaning that an effective Co-S bond is formed
within the dimer. The Co-S3 linkages holding the monomeric
units together (2.3638(8) A) are longer than the Co-S bond dis-
tances in the CoS2C2 chelate rings (2.15-2.19 A). Such neutral
dimeric motifs with dithiobenzil cobalt-bis(dithiolene) com-
plexes are known but have never been reported with dithiolene
ligands carrying long aliphatic carbon chains.'® In the crystal
structure, the dimeric species are stacked along the a axis to
form columns separated one from another by the carbon chains
(Figure S2) and there is no interaction between the central di-
thiolene complexes in the be plane.' The distance between the
dimeric cores along the a axis is 7.82 A. The central C-C bond
and the C-S bonds on the dithiolene ligands are close (C1-C2 =
1.4057(44) and C3-C4 = 1.3775(43) A; C1-S1 = 1.7018(31),
C2-S2  =1.7061(26), C3-S3 =1.7373(32) and C4-S4
=1.7093(28) A), indicating that both ligands are in the same ox-
idation state. These distances, which are intermediate to those
observed in the ene-1,2-dithiolate (C-S = 1.75 and C-C = 1.36
A) and o-dithione forms (C-S = 1.66 and C-C = 1.44 A), con-
firm the presence of monoanionic n-radical ligands on the co-
balt complex.'” Thus, the formation of this diamagnetic dimeric
complex can be viewed as two antiferromagnetically coupled
paramagnetic Co(II) complexes each having two monoanionic
n-radical ligands.

Differential scanning calorimetry and polarized optical micros-
copy analyses have revealed that the dimeric cobalt complex
carrying hexyl carbon chains is deprived of mesomorphic prop-
erties and only a single melting point was measured at 139.5 °C
(Figure S3).15

The UV-Vis spectrum of complex 1 in DMF featured a strong
absorption at 745 nm (¢ = 6590 L-mol'-cm™) (Figure S4).'5
This absorption band in the near-IR region above 600 nm and
can be assigned to a ligand-to-ligand charge transfers from a
monoanionic n-radical dithiolene.'® The presence of S-,S’-co-
ordinated radical monoanions are also readily confirmed in the
solid-state IR spectra with the v(C=S.) stretching frequency at
1112 ecm™ (Figure S5).'5'8 Interestingly, the solid-state UV-Vis

spectrum recorded on the crystalline compound strongly resem-
ble the one recorded in DMF solution with a broad absorption
band centered at 774 nm (Figure S6), suggesting that the apolar
dimeric cobalt species remains intact in polar solvent such as
DMF. The preservation of the dimeric species in DMF was fur-
ther confirmed by EPR spectroscopy (Figure S7). The lack of
EPR signal is consistent with the presence of a diamagnetic di-
meric complex in DMF because the dissociated monomeric spe-
cies with an odd number of unpaired electrons should have an
EPR signal.

Figure 1 ORTEP view of the cobalt dimer 1 with thermal ellipsoids at 50
% probability and the main atomic numbering scheme (H atoms have been
removed for clarity).

The electrochemical behavior of 1 was investigated by cyclic
voltammetry (CV) in DMF with 0.1 M [BusN]PFs as supporting
electrolyte (Figure S8).!* As shown before for other dimeric co-
balt dithiolene complexes,' complex 1 features three expected
one-electron reduction events: one reversible at 0.15 V vs NHE
corresponding to the reduction of the dimer 1, to 1>~ followed
by a second irreversible wave at -0.28 V vs NHE leading to 1,>
(in equilibrium with the monomeric species 1°) and a last re-
versible wave at -0.78 V vs NHE corresponding to a one-elec-
tron reduction of the monomeric units affording the monomeric
1. These electrochemical investigations also support the pres-
ence of neutral dimeric species in DMF at an open-circuit volt-
age.

Complex 1 being insoluble in water (due to the presence of long
carbon chains) allowed us to study the electrocatalytic HER of
the cobalt dimer in an aqueous medium under heterogeneous
conditions. The immobilization of the catalyst on the surface of
a working electrode as part of a heterogeneous electrochemical
cell will thus make it possible to perform such experiments in
water as both solvent and proton source. A catalytic ink was
first prepared following the typical method by sonicating a mix-
ture containing the cobalt catalyst 1 and MWCNTs in
DMEF.!""2 The CNT-1 ink was then dropcasted onto the surface
of a 10 x 10 mm carbon paper electrode, and the catalytic per-
formances of the modified electrode were evaluated for proton
reduction in an electrochemical cell coupled to a Micro GC for
the detection and the quantification of the produced gases (Fig-
ure S9)."5 For comparison purposes, the catalytic ink CNT-2
was also prepared from a cobalt(Il)-tetraphenylporphyrin (2)
which is a well-known catalyst for proton reduction and it was
used as the reference for this study.?! Linear sweep voltammetry
(LSV) experiments were conducted with pure CNT, CNT-1 and



CNT-2 in Ar-saturated 1 M and pH 7 potassium phosphate
buffer with a scanning rate of 0.1 V s! (Figure 2). For potentials
below -0.4 V vs RHE,”” CNT-1 showed an increase of current
density that corresponds to water reduction to hydrogen. Nota-
bly, CNT-1 showed a higher current density for water reduction
than that of CNT-2 or pure CNT (Figure 2). The onset potential
of water reduction for CNT-1 was -0.33 V vs RHE,?* which is
anodically shifted by 90 mV compare to CNT-2 (-0.42 V vs
RHE).?* To extract the rate-determining step for proton reduc-
tion, the Tafel slope has been represented in Figure 3 (Table
S1).1 Rather similar reaction rates are observed for both CNT-
1 and CNT-2 with Tafel slopes of 177 and 238 mV dec™' respec-
tively.”* These Tafel slopes were close to the theoretical value
of the Volmer step, thereby suggesting that, in contrast with sys-
tems operating under a purely homogeneous regime with simi-
lar cobalt-dithiolene complexes,'® a concerted proton-electron
transfer (CPET) could be the rate-determining step for the HER
catalyzed by CNT-1 in heterogeneous conditions.”*
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Figure 2 LSV of CNT-1 (blue), CNT-2 (red) and pure CNT (black) in Ar-
saturated 1 M pH 7 potassium phosphate buffer, scan rate 0.1 V s,
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Figure 3 Tafel plots for CNT-1 (blue) and CNT-2 (red) in Ar-saturated 1
M pH 7 phosphate buffer, scan rate 0.1 V s\,
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Figure 4 Charge accumulation with controlled potential catalysis of CNT-

1 (blue), CNT-2 (red) and pure CNT (black) in Ar-saturated 1 M pH 7 phos-

phate buffer at -0.6 V vs RHE (+ 7% error in the measurements).? All elec-

trodes had the same deposited cobalt concentration on surface (52 nmol cm™

2).

Figure 5 Charge accumulation in a controlled potential catalysis of CNT-1
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electrolysis (grey background).

The long-term stabilities and robustness of the catalysts were
also investigated over 16 hours at -0.6 V vs RHE.? All the cat-
alysts show constant increase of the charge accumulation over
the time without any sign of fatigue (Figure 4). A control exper-
iment using a modified electrode containing only CNT dis-
played a significantly low charge accumulation. CNT-1 exhib-
ited a much better charge accumulation proving that cobalt
complex act as a catalyst in the hydrogen production. Im-
portantly, the charge accumulation is much higher with CNT-1
compared to CNT-2, indicating a better catalytic activity. GC
gas products analysis results indicated that both CNT-1 and
CNT-2 featured 100% faradic efficiency for H, generation. Ad-
ditionally, the turnover number (TON) found for CNT-1 after
16 hours electrolysis was 50980 while CNT-2 featured a lower
value (TON = 26900).% Even after the 16-hours electrolysis,
the CNT-1 modified electrode maintains its high activity and
selectivity and can be recycled multiple times by just replacing
the electrolyte (Figure 5). To further evaluate the stability of our
modified electrodes, we also performed galvanostatic electrol-
ysis experiments at a fixed current density (-6.9 mV.cm™?) close



to that observed in the optimized potentiostatic electrolysis ex-
periments (Figure S10). In the case of CNT-1, an average ob-
served potential of -0.533 V vs RHE can be maintained for more
than 10 h. However, as expected from the potentiostatic exper-
iment results, when the same current density is applied to CNT-
2, a higher average potential of -0.646 V vs RHE can be meas-
ured. Interestingly, unlike for CNT-1, the Co-porphyrin (CNT-
2) modified electrode shows a sudden decrease in the measured
potential after 6 h of electrolysis indicating that the Co-porphy-
rin based catalyst CNT-2 is less stable than the CNT-1 electrode
and it likely undergoes significant chemical modifications in
these galvanostatic conditions.

The stability of the modified electrode was also evaluated by X-
ray photoelectron spectroscopy (XPS) spectra performed on the
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CNT-1/CP electrode before and after electrolysis (Figure 6).
The XPS survey displays similar peaks for C 1s, Co 2p, S 2s
and S 2p before and after electrolysis indicating that the elec-
trolysis does not induce a major change in the catalyst structure
(Figure 6a). The extra peaks appear after electrolysis for K 2s,
P 2s and P 2p correspond to the use of the potassium phosphate
buffer-based electrolyte. It is worth nothing that a small modi-
fication in the high-resolution Co 2p spectrum can be observed
after electrolysis (Figure S11). This modification can be at-
tributed to a valence change during the electrolysis indicating
the involvement of the Co center in the catalysis. Further evi-
dence for the good stability of the catalyst comes from Fourier-
transform infrared spectroscopy (FTIR) analysis, corroborating
that the catalyst does not undergo significant structural changes
during the electrolysis (Figure 6b).
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Figure 6 (a) XPS survey, (b) ATR-FTIR spectrum of CNT-1 before (black) and after electrolysis (red)

Knowing that the working electrode of CNT-1 and CNT-2 have
the same deposited cobalt metal quantity on surface (52 nmol
cm?), we wondered whether a different electro-ative cobalt
metal concentration was responsible for the enhanced activity
encountered in CNT-1 versus CNT-2. For that, the electroactive
cobalt concentration (/¢,) was calculated by recording the re-
versible Co"/' redox wave at different scan rate and using the
following equation:*®

n2F2ysr
l T e——
p 4RT

For values below 0.1 V s7!, the catalytic current is dependent on
the scan rate and the i, value shows a linear response with re-
spect to the scan rate. According to the data displayed in Figure
7, on the surface of the working electrodes, the electro-active

concentration of CNT-1 is /¢, = 12.1 nmol cm, corresponding
to 23 % of the total amount of Co deposited on the electrode.
This value is ca. 4 times higher than that corresponding to the
electro-active concentration of Co centers in CNT-2 (/¢, = 3.4
nmol cm?, 6.5%). When considering only electro-active Co
sites to determine turnover number (€TON), CNT-2 displays a
higher value (eTON = 411 411) than that of CNT-1 (eTON =
219 087). These results show that even though catalyst CNT-2
has a higher reaction rate, at the same cobalt centers loading,
CNT-1 based electrode displays a higher hydrogen production
(TON = 50980) compared to CNT-2 modified electrode (TON
= 26900). This indicate clearly that the higher hydrogen pro-
duction in the case of CNT-1 can be manly attributed to the en-
hanced active sites accessibility induced by the peripheral ali-
phatic chains during the immobilization process.
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Figure 7 (a) Cyclic voltammetry of CNT-1 electrode at various scan rate of Co
wave, (d) i, vs scan rate under Ar in 1 M potassium phosphate buffer, pH 7, i, = n*F?vST' /4RT. I'cyp_q = 12.1 nmol cm™2,

at various scan rate of Co'!

T'enr—z = 34 nmol cm™

In conclusion, we have reported on the beneficial role of ad-
sorbing a dinuclear cobalt complex into MWCNT/CP electrode
for hydrogen evolution under aqueous conditions at pH 7. The
electrocatalytic system CNT-1 features high activity, selectivity
and robustness. The cluster-like [Co0,S,] moiety within 1, that
resembles the active site encountered for Fe and Ni hydrogen-
ases in Nature, together with the peripheral aliphatic chains are
responsible for increasing the electro-active cobalt concentra-
tion in the electrode which directly translates into enhanced
TON values (>50,000) when compared to a benchmark, mono-
nuclear cobalt tetraphenylporphyrin catalyst (2). In addition, a
single electron transfer to water is identified as the rate-deter-
mining step in the case of 1 in stark contrast to systems operat-
ing under a purely homogeneous regime with similar cobalt-di-
thiolene complexes.'® The present contribution provides funda-
mentals to further develop sustainable electrodes modified at
will for clean energy production.”’ Further research will be de-
voted to gain insights associated to the reaction mechanism op-
erating for such dinuclear cobalt species.
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Immobilization of a highly apolar dimeric dithiolene cobalt complexes onto multiwall carbon nanotubes

(MWCNTs)/carbon paper (CP) electrodes enables efficient electrocatalytic hydrogen production from
water at neutral pH.




