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2 evolution using binuclear cobalt
complexes as catalysts†

Tung H. To, *ab Dang B. Tran, bc Vu Thi Thu Had and Phong D. Tran *b

We report herein on the use of two binuclear cobalt complexes with the N,N0-bis(salicylidene)-
phenylmethanediamine ligand as catalysts for the H2 evolution in DMF solution with acetic acid as

proton source. Both experimental analyses (electrochemical analysis, spectroscopy analysis) and

theoretical analysis (foot-of-the wave analysis) were employed. These catalysts required an overpotential

of ca. 470 mV to catalyze the H2 evolution and generated H2 gas with a faradaic efficiency of 85–95% as

calculated on the basis of after 5 hour bulk electrolysis. The kinetic investigation showed the maximal

TOF value of 50 s�1 on the basis of an ECEC mechanism. Two cobalt centers, standing at a long distance

of 4.175 Å, operated independently during catalysis without a synergetic effect or cooperation capability.
1. Introduction

The Hydrogen Evolution Reaction (HER) represents a potential
approach for achieving an efficient large-scale production of
hydrogen, which is a low-carbon, renewable and eco-friendly
alternative fuel.1 Due to the low kinetics of this reaction,
appropriate catalysts are required to achieve an adequate reac-
tion rate.2 Inspired by the hydrogenases which efficiently cata-
lyze the proton–hydrogen interconversion in nature, several
complexes of transition metals have been designed which show
attractive catalytic activities for the H2 evolution.3–5 Among
them, we can mention the coordination compounds of cobalt
such as cobaloximes;6,7 cobalt–polypyridine complexes4 or
cobalt–salen complexes.8,9 It can be noted that both mono-
nuclear Co complexes4,6–9 and dinuclear Co complexes4 have
been investigated.

In 2009, Peters and colleagues reported on the preparation of
dicobalt pyridazine-bridged complexes that functioned as effi-
cient H2 evolution catalysts in acetonitrile electrolyte solution
with 2,6-dichloroanilinium tetrauoroborate as the proton
source.10 A series of binuclear cobalt catalysts containing poly-
pyridine ligands and a pyrazine-bridging linkage was reported by
Long and colleagues.11 These catalysts have been evaluated for
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both electrocatalytic H2 evolution and photocatalytic H2 evolution
in coupling with a [Ru(bpy)3]

2+ photosensitizer. Gray and
colleagues reported on a dicobalt coordination compound with
dimethylglyoxime as the ligand and one [BO4] linkage.12 This
complex was found to be active for catalyzing the proton reduc-
tion in acetonitrile solution using protonated dimethylforma-
mide as the proton source with an overpotential of 954 mV; TON
of 3.3, and the faradaic yield of H2 production of 88%. Another
dinuclear cobalt HER catalyst with a tetrakis-Schiff base ligand
was reported by Dinolfo.13 The catalyst required a relatively high
overpotential of 880 mV and 310 mV when using 55 mM of tri-
uoroacetic acid and 55 mM acetic acid as the proton sources,
respectively. The bulk electrolysis at �1.88 V vs. Fc+/0 (corre-
sponding to 530 mV of overpotential) in the acetic acid solution
generated H2 with a faradaic efficiency of 72–94%.

The H2 evaluation mechanism occurred on mononuclear
cobalt complexes catalysts has been intensively investigated. It
has been accepted that the protonation of CoI species generating
the CoIII–H hydride represents the key elemental step of catalysis.
Subsequently, H2 can be produced by two pathways, namely (i)
heterolytic pathway where the CoIII–H species or its reduced state
CoII–H is protonated releasing a H2 molecule; (ii) homolytic
pathway where two CoIII–H species combine releasing a H2

molecule via a reductive elimination.14,15 Hence, development of
binuclear Co molecular catalysts for the H2 evolution could be of
great interest given that the homolytic pathway which is more
energetic favorable compared with the heterolytic pathway could
occur in a unimolecular or bimolecular way. In 2013, Fukuzumi
and colleagues reported on detailed kinetics and discussed on the
H2 evolution mechanism on dinuclear cobalt complexes con-
taining bispyridino pyrazine and terpyrdine ligands.16 This study
conrmed the formation of CoIII–H hydride complex and the
heterolytic cleavage to produce H2. In 2018, a bis(thiosemicarba-
zone) cobalt complex prepared by Artero and colleagues showed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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an attractive catalytic activity for H2 evolution.17 On the basis of
DFT calculations, the H2 evolution was proposed to follow the
ligand-assistedmetal-centered pathway which involved the ligand
reduction and the formation of CoIII–H species. The work re-
ported by Verani and colleagues demonstrated that the distance
between two cobalt atoms was decisive to the formation of CoII–
(H�)–CoII hydride, e.g. via the two-electron donation from each
CoI moiety to the proton.18 This bridging-hydride intermediate is
reasonable withmost known Co2(m-H) have Co–Co distance in the
range of 2.2–2.3 Å.19,20

In this work, we report on the synthesis and structural
characterization of two binuclear cobalt complexes as well as
their electrocatalytic properties for hydrogen evolution in an
organic medium.

2. Experimental

The all reagents and solvents used were purchased from
commercial sources and used without any additional purica-
tion. All reactions were performed in oven-dried glassware. 1H
and 13C-NMR spectra were recorded in deuterated solvent
(dimethyl sulfoxide DMSO-d6) on Bruker Avance Neo 600 spec-
trometer (600 and 150 MHz, respectively). Chemical shis were
reported in parts per million (ppm) from tetramethylsilane
(TMS) with the solvent resonance as an internal standard.
Splitting patterns were designated as “s, d, t, dd, td and m” to
indicate “singlet, doublet, triplet, doublet of doublets, triplet of
doublets and multiplet,” respectively. Mass spectra were recor-
ded on Agilent 6530 Accurate-Mass Q-TOF LC/MS using elec-
trospray ionization source at negative mode. UV-Vis spectra
were recorded on Agilent Cary 3500 compact.

2.1. Synthesis of ligand (L) N,N0-bis(salicylidene)-
phenylmethanediamine

A mixture of benzaldehyde (1.21 g; 12.28 mmol; 1.0 eq. mol);
salicylaldehyde (3.0 g; 24.56 mmol; 2.0 eq. mol) and ammonium
acetate (4.0 g; 51.58 mmol; 2.1 eq. mol) was stirred at the
ambient temperature in the presence of triethylamine (0.25 g;
1.23 mmol; 0.2 eq. mol) for 1 hour. When the yellow solid
appeared, 15 mL of ethanol was added and the reaction was
kept continuing overnight. Aer the completion of the reaction
(monitored by TLC), the reaction mixture was cooled in the
fridge for 3 hours and then the solid product was ltered off and
washed with cold ethanol until the ltrate was colorless. The
ligand product was dried in vacuo and was used in the subse-
quent step without further purication (yellow solid; 3.24 g;
80%). 1H NMR (600 MHz, DMSO-d6) d 12.95 (s, 2H); 8.85 (s, 2H);
7.56 (dd, J ¼ 7.7, 1.7 Hz, 2H); 7.51 (d, J ¼ 7.1 Hz, 2H); 7.44 (t, J ¼
7.6 Hz, 2H); 7.40–7.35 (m, 3H); 6.94 (td, J¼ 7.5, 1.0 Hz, 2H); 6.92
(d, J ¼ 8.2 Hz, 2H); 6.13 (s, 1H). 13C-NMR (150 MHz, DMSO-d6)
d 165.40; 160.12; 141.10; 133.07; 132.13; 128.86; 128.27; 126.71;
119.01; 118.67; 116.48; 89.50.

2.2. Synthesis of [CoII2L2] (1)

To the suspension of the ligand L (2.0 g; 6.06 mmol; 1.0 eq. mol)
and triethylamine (6 mL) in ethanol (20 mL), was added
© 2022 The Author(s). Published by the Royal Society of Chemistry
dropwise 10 mL ethanolic solution of Co(OAc)2$4H2O (1.5 g;
6.06 mmol; 1.0 eq. mol). The suspension was stirred at ambient
temperature for 5 hours. The precipitate formed was ltered
and washed with ethanol and diethyl ether and then dried in
vacuo to obtain the orange powder (3.52 g; 75%). HR-ESI-MSm/z
[M + Cl]� calcd for C42H32Co2N4O4Cl 809.0776 found 809.0775.
2.3. Synthesis of [CoIICoIIIL2(pyr)2]
+(I3)

� (2)

A suspension of the complex 1 (1.5 g; 1.94 mmol; 1.0 eq. mol)
and iodine (0.69 g; 2.71 mmol; 1.4 eq. mol) in ethanol (30 mL)
with the presence of pyridine (2 mL) was stirred at ambient
temperature for 14 hours. The brown precipitate was ltered off,
washed with ethanol and diethyl ether and dried in vacuo
yielding 2.16 g (85%) of a dark brown complex. HR-ESI-MS m/z
[M-I3-2Py]

+ calcd for C42H32Co2N4O4 774.1088 found 774.1074.
2.4. X-ray crystallography

The intensities for the X-ray determinations of complex 2 were
collected on a Bruker D8 Quest instrument at 298 K with Mo Ka
radiation (l ¼ 0.71073 Å) using a TRIUMPH monochromator.
Standard procedures were applied for data reduction and
absorption correction.39,40 Structure solution and renement
were performed with the SHELXT and SHELXL 2014/7
programs.41,42 Hydrogen atoms were calculated for idealized
positions and treated with the ‘riding model’ option of SHELXL.
The representation of molecular structures was done using the
program OLEX2-1.5.43 More details on data collections and
structure calculations are contained in the following Tables S1
and S2.† CCDC reference numbers 168845.
2.5. Electrochemistry

Cyclic voltammetry experiments were performed using a Bio-
Logic SP300 potentiostat and a three-electrode set-up consisting
of a glassy carbon working electrode (working surface area ¼
0.071 cm2), a platinum wire counter electrode and an Ag/AgCl
(KCl 3 M) reference electrode. Ferrocene was used as an
internal standard with E0(Fc+/0) ¼ 0.53 V vs. Ag/AgCl. All studies
were performed in deoxygenated DMF containing tetrabuty-
lammonium tetrauoroborate (TBATFB) (0.1 M) as supporting
electrolyte. Controlled-potential electrolysis (CPE) in organic
media were conducted using an air-tight glass double
compartment cell separated by a frit. The working compartment
was tted with a glassy carbon electrode (working surface area¼
0.071 cm2) and an Ag/AgCl reference electrode. The auxiliary
compartment was tted with a Pt counter electrode. Bulk elec-
trolysis solutions were purged with N2 gas for 1 hour. The
manual sample was analyzed in a PerkinElmer Clarus 690 gas
chromatographer using a setup: 2 min method with 90 �C
injection; argon gas ow was 20 mL min�1; Restek Packed
column 5A Molesieve; Thermal Conductivity Detector (TCD) at
200 �C and �40 mA current.
RSC Adv., 2022, 12, 26428–26434 | 26429
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Scheme 1 Synthesis of ligand (L) and complexes (1) and (2).
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3. Results and discussion
3.1. Synthesis and characterization of complexes

The ligand (L), being a salen–homologue ligand, was prepared
by the condensation of three components namely salicylalde-
hyde, benzaldehyde and ammonium acetate at ambient
temperature (Scheme 1). The structure of the obtained product
was conrmed by NMR spectra which were identical to those
reported elsewhere.21,22 The cobalt complex [CoII2L2] 1 was then
synthesized by using one-step reaction of equimolar amounts of
cobalt(II) acetate and ligand (L) in the presence of triethyl-
amine.23 Aer 4 hours, the crude compound precipitated as an
orange powder that was found pure aer washing with ethanol
and diethyl ether. Oxidation of 1 by iodine afforded the dinu-
clear CoIII–CoII complex 2.23 The presence of two pyridine as two
extra ligands helped to stabilize CoIII ion by satisfying its
preferred six-coordination. The resultant dark brown product
was intensively washed with ethanol until the colorless ltrate
was obtained. For instance, we faced difficulty to grow suitable
single crystals of complex 1 for X-ray crystallography analysis.
Fig. 1 Molecular structure of complex 2. Hydrogen atoms are omitted
for clarity. Symmetry operations used to generate equivalent atoms: i1
�x, y,1/2 � z.

26430 | RSC Adv., 2022, 12, 26428–26434
However, the formation of binuclear compound was conrmed
by the HR-ESI-MS spectra collected in the negative mode
showing the pseudo-molecular ion peak at 809.0775 m/z which
corresponded to the formula of complex [CoII2L2 + Cl]�.
Furthermore, the structure of complex 1 could be indirectly
conrmed thanks to the single crystal structure of the oxidized
derivative 2 (Fig. 1).

Actually, the X-ray diffraction analysis on single crystals ob-
tained from the slow diffusion of n-hexane into a dichloro-
methane solution of complex 2 provided the similar structure to
that reported previously.23

The Co(2) atom shows the tetrahedral geometry which is
created by the coordination with two oxygen atoms and two
imine nitrogen atoms of two ligand molecules. Because of +3
oxidation state, the Co(1) atom displays the regular octahedral
geometry with two additional pyridine ligands. We note that for
the cases of dicobalt complexes aforementioned,10,11,13,18 the
Co(III) center has always octahedral geometry but geometry of the
Co(II) center may varies. The complexes reported by Peters,10

Dinolfo13 and Long11 showed Co(II) center with an octahedral
coordination geometry while that reported by Verani18 showed
a tetrahedral geometry for the Co(II) center. Herein, our current
complexes 1 and 2 show Co(II) center with tetrahedral geometry.
These complexes 1, 2 show common bond length usually found
for the Co–N or Co–O coordination bonds within cobalt
complexes, e.g. insignicant difference of only less than 0.3 Å was
determined (Tables S1 and S2†).10–13,16–18 The distance between
two Co atoms is determined to be 4.175 Å which is rather too long
for expecting the formation of a hydro-bridging linkage. Indeed,
with Co–Co distances of 3.7–4.3 Å, formation of a hydride-
bridging linkage is not favorable.18–20 Therefore, these
complexes 1 and 2 are expected to use the two Co centers as two
independent active sites during the catalytic H2 evolution without
a strong electronic communication between these two centers.
3.2. Electrochemical properties

We rst investigated the electrochemical properties of these
complexes 1 and 2 in an organic electrolyte, namely the DMF
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cyclic voltammograms of 1 (red trace) and 2 (blue trace)
recorded at a stationary glassy carbon electrode in DMF with
a potential scan rate of 50 mV s�1.
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solvent containing 0.1 M TBATFB as the electrolyte support.
Molar concentration of these complexes was set at 1 mM. Cyclic
voltammograms were recorded on a glassy carbon electrode
with potential scan rate of 50 mV s�1. The complex 1 showed the
rst redox events at E1/2 of �1.85 V vs. Fc+/0 (with peak-to-peak
DEp of 85 mV) (Fig. 2, red trace). We attribute this event to the
CoIICoII/CoICoI redox couple. The second event (Epc ¼ �2.48 V
vs. Fc+/0) is assigned to the L/L-redox couple, namely the
reduction of the ligand, as the solution of this ligand L in DMF
showed identical redox behavior (Fig. S1†).

These two events were also found for the complex 2 (Fig. 2,
blue trace) including the CoIICoII/CoICoI redox at E1/2 of�1.87 V
vs. Fc+/0 (with peak-to-peak DEp of 82 mV). However, due to the
presence of counter anion triiodide I3

� in the structure, the
complex 2 showed also a redox event of I�/I couple having Epc of
�1.14 V vs. Fc+/0 and Epa at 0.12 V vs. Fc+/0 (Fig. S1†). The broad
peak of this couple overlapped the peak at Epc ¼ �0.70 V vs. Fc+/
0 assigned to the reduction of CoIIICoII/CoIICoII couple (Fig. 2).17

A clear observation of CoIIICoII/CoIICoII reduction peak could be
conrmed when excess amount of acetic acid was added
(Fig. S2†). This phenomenon was explained by the reaction of
acetic acid with iodine molecule leading to a decrease in the
amount of iodine participating in the reduction process,
thereby reducing the peak overlap.

3.3. Electrocatalytic H2 evolution

We then investigated the electrocatalytic H2 evolution activities
of these complexes 1, 2 in the same DMF electrolyte solution
when adding acetic acid (AA) as the proton source. It can be
Fig. 3 Cyclic voltammograms of a 1 mM solution of 1 (a) and 2 (b) with
increasing amount of acetic acid (1–60 equiv.) recorded at a stationary
glassy carbon electrode in DMFwith a potential scan rate of 50mV s�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
seen that with the sequent increase of AA concentration (from
0.0 to 60.0 mM), a catalytic wave emerged. The mid-wave
potential was deduced to be E0cat of �1.92 V vs. Fc+/0 for the
case of catalyst 1 (Fig. 3). This potential is close to that found for
the CoIICoII/CoICoI redox couple in the absence of proton source
(Fig. 2). It suggests that the H2 evolution emerges via the
protonation of the reduced CoI–CoI intermediate. The catalyst 2,
namely the CoIII–CoII complex, displayed similar catalytic
behavior to that of the catalyst 1. Indeed, the catalytic wave
emerged at potential E0cat of �1.93 V vs. Fc+/0 when adding AA.
We observed that the current density remained unchanged in
the potential range of the CoIIICoII to CoIICoII reduction event. It
indicates that the reduced CoIICoII species is not basic enough
yet for being protonated by the AA in DMF solution. In other
words, the catalyst should be further reduced generating CoICoI

prior the protonation and then evolution of H2 take place.
To ensure that the proton reduction is catalyzed by homo-

geneous catalysts 1 and 2 but not their eventual deposited
products, “rinse test” control experiments were carried out. The
glassy carbon electrode, used for recording CVs of a solution
containing 1 mM catalyst 1 and 60 mM AA, was taken out and
rinsed intensively with DMF solvent. Subsequently, the elec-
trode was polarized when being immersed in a DMF solution
containing 60 mM AA but being free of any catalyst 1 or 2.
Negligible cathodic current was recorded, demonstrating the
non-catalytic character of this electrode. In other word, we can
conclude no catalytic active deposits have been produced from
the homogeneous solution of catalysts 1 and 2 (Fig. S3†). This is
in contrast to some previous studies, which described about the
formation of deposited cobalt nanoparticle from cobalt
complexes as heterogeneous catalysts. Aukauloo and
colleagues24 and Artero and colleagues25 showed that the actual
active species for H2 evolution consisted of Co-based nano-
particles (mentioned as CoOx) formed on the electrode surface
due to the degradation of the pyridine–oxime cobalt complex
and diamine–dioxime cobalt complexes, respectively. We note
that, the cobalt complex decomposition causing the formation
of cobalt based deposits acting as the actual catalyst for the
water oxidation reaction has been also demonstrated by Het-
terscheid and colleagues.26

We then aimed to probe the structural change of complexes
1, 2 during their catalytic operation by using the UV-Vis spec-
troscopy analysis. Prior to use for the catalysis, complexes 1 and
2 in DMF exhibited two absorption bands: the rst band at lmax

of 266 nm (for 1) and 276 nm (for 2) and the second band at lmax

of 378 nm (for 1) and 400 nm (for 2) (Fig. S4†). Aer each
Fig. 4 UV-Vis spectra of complexes 1 (a) and 2 (b) after evaluating
electrochemical activity with different concentration of acetic acid.

RSC Adv., 2022, 12, 26428–26434 | 26431
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Scheme 2 The proposedly heterolytic mechanism of 1 or 2 catalyzing

Fig. 5 The line graphs of catalytic current versus concentration of
complexes 1 (a) and 2 (b) with different scan rate in the presence of
60 mM acetic acid solution.
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potential polarization cycle for assaying the electrochemical
catalytic activity of complexes with the increase concentration
of acetic acid, the UV-Vis spectra of catalyst solutions were
collected. It can be seen that the absorption bands remained at
the same wavelengths but their absorption intensity decreased
progressively (Fig. 4). This observation suggests a partial
degradation of complexes 1 and 2 during the H2 evolution
catalysis. However, the degradation is likely different to
a simple decomplexation as the characteristic absorption band
at 325 nm of the free ligand was not observed (Fig. 4 and S4).†

Bulk electrolysis was conducted at a constant potential of
�1.93 V vs. Fc+/0 using a DMF electrolyte solution constituted of
1 mM catalyst 1 (or 2) and 60 mM AA. The amount of H2 gas
produced was quantied by GC analysis. On the basis of 5 hours
bulk electrolysis experiments, the average faradaic efficiency
was deduced to be 95% for the catalyst 1 (namely CoIICoII

complex) and 86% for the catalyst 2 (namely CoIIICoII complex)
(Fig. S5†). Aer 5 hours of bulk electrolysis, the electrochemical
properties of the remained catalyst solutions were examined
using a new fresh glassy carbon electrode. It was found that
catalytic activities remained almost unchanged for both cata-
lysts 1 and 2 (Fig. S6 and S7†).

Indeed, overpotential (h) is a key descriptor to appreciate
a H2-evolution catalyst and compare one to others. It can be
deduced from the onset potential, being the potential where the
H2 evolution starts to emerge,27 the potential required to sustain
a given catalytic current density,27 or the half-wave potential of
the catalytic wave.28 Herein, the overpotential required for the
H2 evolution when using both catalysts 1 and 2 in DMF solution
is determined at the half-way potential in the presence of
60 mM concentration of acetic acid. Under such an operation
condition, the thermodynamic reduction potential of the acetic
acid in DMF E

�
ðHA;H2Þ can be estimated by the eqn (1) following

Artero and colleagues,29 providing the E
�
ðHA;H2Þ value of �1.46 V

vs. Fc+/0 (see ESI†). Thus, the overpotentials for the H2 evolution
on complex 1 and 2 are 460 and 470 mV, respectively (Fig. S8†).

ET
1=2ðHA;H2Þ ¼ E

�
ðHA;H2Þ

¼ E
�
ðHþ=H2Þ � 2:303ðRT=FÞpKaðHAÞ þ 3D

� ðRT=2FÞln
�
C0

.
C0

H2

�
(1)

In comparison with Dinolfo's complex13 having the compa-
rable structure (based on shi-base ligand), our complexes
requires more than 150 mV overpotential for catalytic operation
using the same acetic acid as proton source. We note that two
types of complexes were investigated in two different solvents
(Dinolfo's in Acetonitrile and ours in DMF) so this difference is
possible. When comparing with dicobalt–glyoxime complexes
reported by Gray and colleagues,12 our current dinuclear cobalt
complexes showed better catalytic activity with requirement of
lower onset overpotential (460 mV vs. 954 mV) although the
former complexes were evaluated the activity for HER with
stronger acid (protonated DMF pKa 6.1 in acetonitrile4). The
detailed comparison of these two catalysts with other published
dicobalt complexes is presented in the Table S6†.
26432 | RSC Adv., 2022, 12, 26428–26434
3.4. Kinetic analysis and determination of rate constants

We then investigated on the kinetics of H2 evolution using these
catalysts 1 and 2. The order of catalyst concentration was
examined by varying the catalyst concentration from 0.5 to
1.0 mM while keeping the same H+ activity by using the same
solution of 60 mM glacial AA. The catalytic rate was deduced by
recording cycling voltammograms at different potential scan
rates from 50 mV s�1 to 1 V s�1.

In this case, the concentration of AA is largely excess, thus
the acid concentration tends to be constant during the catalysis.
Fig. 5 shows the evolution of maximum catalytic current at
different potential scan rates in function of catalyst concentra-
tion. Linear dependence can be seen for both catalysts, from
which the rst order can be deduced.

We then carried out the foot-of-the-wave analysis (FOWA) to
determine the catalytic rate constant and predict the maximum
turnover frequency. In comparison with the plateau current
analysis, FOWA can reduce the effect of side phenomenon such
as the depletion of proton at the surface of electrode or the
deactivation of catalyst aer potential scanning cycles, e.g.
deactivation due to the formation new complexes of conjugated
base-catalyst or prohibition of active sites by hydrogen evolved.
Few FOWA models have been developed by Costentin and
Saveant which could be applied for different H2 evolution
mechanisms.30,31 Actually, a nd prediction of catalysis mech-
anism is required prior to applying the FOWA.32 As aforemen-
tioned, the H2 evolution is initiated by the one-electron
reduction of CoII center generating CoI species (denoted here-
aer as E for electron transfer step) which is then protonated
providing CoIII–H-hydride (denoted here aer as C for chemical
step). This hydride complex underwent the second EC process
resulting in the evolution of H2 molecule. In other words, the H2

evolution occurred on catalysts 1 and 2 via a ECEC mechanism.
We note this ECEC mechanism was usually found for cobalt
HER (where [CoI], [CoII] and [CoIII] represented the active sites).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The plot of icat/ip as a function of exp [�F/RT(E � Ecat/2)] for
1 mM catalysts 1 (a) and 2 (b) in various concentration of acetic acid.
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complexes such as cobaloximes,14,33,34 diimine–dioxime cobalt
complexes35 or pendant amines cobalt complexes36,37 (Scheme
2).

For such a ECEC mechanism, the ratio of the catalytic
current over the peak current is a function of overpotential as
described by eqn (2) wherein icat is the catalytic current (mA), ip
is the cathodic peak current (mA), R ¼ 8.314 J mol�1 K�1, T ¼
299 K, F ¼ 96 485C mol�1,31,38 n is scan rate (V s�1), kobs ¼
kcat[H

+] (s�1), E is the potential at the foot of the wave (V) and
Ecat/2 is the half-wave potential of the catalysis (V).

icat

ip
¼

2�
ffiffiffiffiffiffiffiffi
RT

Fn

r

0:4463
�

ffiffiffiffiffiffiffiffi
kobs

p
� exp

�
� F

RT

�
E � Ecat=2

��
(2)

The plots of icat/ip in function of exp[�F/RT(E � Ecat/2)] is
depicted in Fig. 6.

The values of the observed rate constants kobs and the cata-
lytic rate constants kcat were extracted from the slope of linear
plots and showed in Table S5.† Using these rate constants, the
maximal turnover frequency (TOFmax) at the foot of the catalytic
wave was deduced (Fig. 7). In the case of complex 1, the catalytic
rate constant increased gradually when increasing AA concen-
tration from 39 mM to 159 mM before it reached a plateau at
higher acid concentration. The TOFmax value therefore approx-
imates kcat[AA] and can be extrapolated to be 50 s�1 for AA
concentration of 1 M. In the shape contrast, no obvious evolu-
tion of the catalytic rate kcat was found for the complex 2. The
kcat value uctuated around 800 M�1 s�1 when the concentra-
tion of AA increased from 39mM to 159mM. For the higher acid
concentration, the slope became steeper, showing the faster
rate of catalysis. The [H+]-dependent rate constant showed the
catalysis had not come into the saturated region of acetic acid.
Thus, complex 2 was expected to afford the TOFmax value of over
1600 s�1 with 1 M AA. It could be explained because the
Fig. 7 The kcat extracted from FOWA in various concentration of AA
with 1 mM catalyst 1 (a) and 2 (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
diffusion coefficient of 2 was about one order of magnitude
higher than that of 1 (see ESI†), which can foster the rate of
electron transfer.
4. Conclusion

Two dinuclear cobalt–salen homologue complexes, namely
complex 1 ([CoII2L2]) and complex 2 ([CoIICoIIIL2(pyr)2]

+(I3)
�)

wherein L is N,N0-bis(salicylidene)-phenylmethanediamine and
pyr is pyridine, were prepared. These complexes showed a long
Co–Co distance of 4.175 Å which was too long for formation of
a hydro-bridging linkage Co–H–Co. Thus, the two Co centers
within these complexes acted as independent catalytic centers
for the catalytic H2 evolution. In DMF electrolyte solution, using
these complexes as catalysts and with adding acetic acid as
proton source, the electrocatalytic H2 evolution emerges at
potential being close to that of CoII/CoI reduction. Bulk elec-
trolysis at �1.93 V vs. Fc+/0 showed the H2 production with high
faradaic yield of 86–95%. Theoretical FOWA analysis allowed
quantifying the rate constants and maximal turnover frequency
of two complexes. With 1 M acetic acid, TOFmax of complex 1
was estimated to be about 50 s�1 while it was of over 1600 s�1 for
the complex 2. The difference of calculated TOFmax values could
be elucidated by the 5-fold higher diffusion coefficient of
complex 2 than that of complex 1.
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Buchholz, J. R. Long, X. Sala and A. Llobet, Chem.–Eur. J.,
2016, 22, 361–369.

12 S. M. Laga, J. D. Blakemore, L. M. Henling, B. S. Brunschwig
and H. B. Gray, Inorg. Chem., 2014, 53, 12668–12670.

13 S. Kal, A. S. Filatov and P. H. Dinolfo, Inorg. Chem., 2014, 53,
7137–7145.

14 J. L. Dempsey, B. S. Brunschwig, J. R. Winkler and H. B. Gray,
Acc. Chem. Res., 2009, 42, 1995–2004.

15 V. Artero, M. Chavarot-Kerlidou and M. Fontecave, Angew.
Chem., Int. Ed., 2011, 50, 7238–7266.

16 S. Mandal, S. Shikano, Y. Yamada, Y.-M. Lee, W. Nam,
A. Llobet and S. Fukuzumi, J. Am. Chem. Soc., 2013, 135,
15294–15297.
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