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ABSTRACT. The purpose of this work was to investigate the electrocatalytic activity of a
molecular clathrochelate, containing cobalt as active centre, for the hydrogen evolution reaction
(HER) in aqueous acidic media. The electrocatalytic activity of this cobalt complex has been
measured using a glassy carbon working electrode, with the complex either dissolved in the
electrolyte (homogeneous phase) or electro-grafted at the surface (heterogeneous phase). The
complex was electrografted via diazonium derivatives reduction, in an attempt to form a surface
monolayer of cobalt clathrochelate, covalently bonded to the glassy carbon substrate. The
chemical composition and morphology of the modified electrode have been characterized by
electron microscopy, atomic force microscopy and X-ray photoelectron spectroscopy. The HER

kinetics on the two electrodes has been analyzed by cyclic voltammetry and electrochemical
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impedance spectroscopy in two different media:cetenitrile (by adding increasing amounts of
equivalent protons) and in 0.1 M,8O, aqueous solution. Tafel slopes and exchange durren
density values have been determined on both etedrdn both media, and compared. It was
found that the onset of the HER requires a sigaifity lower overpotential~(800 mV less)
when the complex is electrografted at the surfacehe working electrode. The hydrogen

production rate, determined by gas chromatograighgported.

KEYWORDS. Hydrogen; electrocatalysis; cobalt clathrochelategtrografting; HER

1. Introduction

The R&D on new processes for the large scale ptamiuof low-cost electrolytic dihydrogen
from carbon-free feedstocks such as water has sigeificantly increased over the last years.
Among several other technologies, water electrslysiconsidered as a key process for the
chemical storage of intermittent and renewable ggnepurces. There are currently three main
water electrolysis technologies available on therketa They differ by their operating
temperature and pressure conditions, and by theofpthe electrolyte [1]. Among these, the
polymer electrolyte membrane (PEM) technology iesidered as the most appropriate one for
grid services [2]. The pH of the polymer electrelytsed in these cells is equivalent to that of a
1 M sulfuric acid solutions. To avoid corrosion andtalyst dissolution issues, scarce and
expensive platinum group metals (PGM) electrocatalyare used, usually platinum
nanoparticles supported on carbon for the hydrayefution reaction (HER) at the cathode, and
unsupported iridium dioxide particles at the antmethe oxygen evolution reaction (OER) [3].

The current research effort on alternative HER tebeatalysts is made to replace platinum by



transition metals, mainly Fe, Ni, Co [4—7]. Becatlsese metals are not chemically stable in
acidic aqueous media at open circuit conditions,alti@rnative solution is to use molecular
complexes [8]. Alternative catalysts based on mdéec chemistry have been reported as
cathodic or anodic material for water electrol\j&p Indeed, numerous complexes containing a
cobalt metallic electro-active center, e.g. systerostaining macrocyclic and polypyridine
ligands, have been reported as electrocatalystslifyidrogen production by electrochemical
reduction of protons from different proton sourdasthe last twenty years [9-16]. These
molecular catalysts can be used either dissolvethénelectrolyte (homogeneous phase) or
functionalized at the surface of a solid but eladbemically inert supporting electrode (e.qg.
carbonaceous species) for applications. Variousguiares such as drop-casting, dip coating or
electro-grafting have been reported in the litematior surface functionalization of molecular
active centers. The latter technique is makingresiee to the electrochemical reaction that
allows organic layers to be covalently bonded teolAd conductive substrate such as glassy
carbon (GC) or gold [17-19]. This definition canddended to reactions involving an electron
transfer between the substrate and the reagentalbatto examples where a reducing or
oxidizing reagent is added to produce the reactpecies. These methods are interesting to
produce electrochemical interfaces because stromglent chemical bonds can form between
the surface and the electroactive molecular lalgégctrografting has been applied so far to a
variety of substrates including carbon, metals ametal-oxides, but also dielectrics such as
polymers. Since the 1980s several methods have dewaloped, either by reduction or

oxidation, and some of them have been even usedwtrial scales [20].

The main objective of our study was to comparedieetroactivity and chemical stability of a

known HER molecular electrocatalyst, when it issdlgsed in solution, and when it is



electrografted at the surface of a GC working etetd. Many molecular cobalt complexes have
recently been investigated and identified as p@kmiectrocatalysts both for the hydrogen
evolving reaction (HER) and oxygen evolving reatt{®ER) [21-24]. Among them, cobalt tri
glyoxime complexes such as the dimethyl substitetadpounds, have been particularly studied
as catalysts for the HER in aprotic solvents affii@rdint HER mechanistic pathways have been
proposed [25]. In a recent investigation, the hiffpR electroactivity of a fluoroboryl-capped
tris-(glyoximato) diphenyl cobalt clathrochelatengadex in solution in acetonitrile has been
reported in the presence of acid [26,27]. We setkdhis cobalt clathrochelate as the best
candidate for our purpose because of its apprepi#ER electroactivity and appropriate
chemical structure required for surface functiaredlon by electrografting via the peripheral

carboxylic groups. Also, the complex is solubl@agetonitrile and almost insoluble in water.
2. Experimental section

All chemicals were obtained either from Sigma Adtiror Carl Roth and used as received. Water
was purified in a Millipore system. Cobalt complexeere synthesized using a procedure
reported elsewhere [27]. Scanning electron micqagsavere acquired with a Zeiss Supra 55 VP
variable pressure scanning electron microscope fiatth emission gun (SEM-FEG), equipped
with energy dissipative X-ray spectroscopy (EDS) ¢bemical microanalysis. Atomic force
microscopy was performed on an ICON Briker micrpgcm peakforce tapping mode, using a
scan asyst probe. X-ray photoelectron spectrossu@y performed using a Thermo Fisher
Scientific spectrometer equipped with a monochraemat K, source (1486.7 eV) using a spot
of 400 pm in size and a hemispherical analyzes titke-off angle of 0 The acquisition and
fitting of spectra were performed with Thermo Awageg software, whereby a Shirley

background was used. The binding energy scale a#israted with respect to the Cls peak



located at 284.8 eV. Electrochemical characteonstiwere performed after deaeration of the
electrolyte using an argon flow. Cyclic voltammags and electrochemical impedance
spectroscopy were recorded using a Voltalab patstati (from Radiometer) in a three-electrode
configuration setup using a Pt plate and a satdreddmel electrodeElsce = 242 mV vs. NHE)

as counter electrode and reference, respectivély.clathrochelate complexes were dissolved in
acetonitrile to a final concentration of 0.2 mM wheharacterized in the homogenous phase and
in dimethylfluoramide when characterized in the ehegeneous phase, using 0.1 M
tetrabutylammonium perchlorate as supporting ededr. Note that the concentration of the
clathrochelate in solution in acetonitrile has beempirically optimized (a value of 0.2 mM has
been determined) in order to obtain as thin asiplessurface deposits. The results reported in
this paper were obtained with this optimized coti@ion only. Glassy carbon disk electrodes
(GC, 0.07 crf) were used as working electrodes. GC electrodes warefully polished before
each measurement using successively 6 um, 3 puni, pna diamond paste. Electrolysis for the
hydrogen evolution reaction was performed by addimgrolled amounts of an aqueous solution
of formic acid to the electrochemical cell in batlomogenous (catalyst in solution) and
heterogeneous (catalyst grafted to the solid ede)r phases. Potentials in non-aqueous media
were referred to the formal equilibrium potentialferrocene that was measured against a SCE
in the same conditions employed for all other etattemical experimentsE( = 420 mV vs.
SCE, taking into account the liquid junction potaht All electrode potentials are thus referred
to the redox potential of ferrocene for experimearagied out in acetonitrile and referred to SCE
for experiments carried out in water. Electrochehimpedance spectroscopy was performed
over the 50 kHz-20 mHz frequency range, at a m@e of —1.5V vs. SCE. Gas

chromatography measurements were carried out uainBerkin Elmer Clarus 580 gas



chromatograph equipped with both a thermal condiigtdetector (TCD) and flame ionization
detector (FID). The retention time was measuredorider to quantitatively determine the
dihydrogen production. In this case, a carbon ples used as a counter electrode during the
electrolysis. UV-visible spectra were recorded mansmission mode using a Cary 60

spectrometer from Agilent Technologies.

3. Resultsand Discussion

3.1. Electro-grafting of diazonium salts —NQlerivatives

Figure 1 provides a schematic overview of the electrogngfprocess.
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Figure 1. Schematic overview of the catalytic modified elede elaboration and
functionalization. It consists of diazonium derivatelectrogratfing (steps 1, 2) followed by the
Co clathrochelate-based catalyst chemical graforthe solid electrode surface (step 3).



The same methodology can be used for grafting variaty of substrates such as carbon, metals,
semiconductors, oxides and polymers [17]. The ®sithcan be performed in aprotic medium
(acetonitrile), in the presenceteft-butyl nitrite. In an even simpler manner, it is@possible to
prepare the diazonium sait situ in the electrochemical cell by mixing, in an aque@cidic
solution, the aromatic amine and sodium nitrite divdctly performing the electrolysis or the
spontaneous reaction [29]. Whatever the method u$ad the production of 4-
nitrobenzenediazonium, it is necessary to starhfam aromatic amine, a large number of these
compounds being commercially available. In the gméstudy, the grafting of the diazonium
derivative (4-nitrobenzenediazonium) was preparsthgs a classical multi-step synthesis
procedure [28]: an aromatic amine was first mixathwodium nitrite in an ice-cold aqueous
acidic solution; then the mixture was filtered, ahe solid precipitate was washed with the
acidic solution. The diazonium salt was then etexttemically reduced by cyclic voltammetry.
Figure2a shows the cyclic voltammograms (CVs) measuredndutthe first step of the
electrografting process. The first scan exhibitwedl-defined and broad irreversible cathodic
wave at —0.6 V vs. SCE obtained from 4-nitrobende&®nium in aqueous solution. This wave
is not present on the subsequent second, thirdfcamth cycles. Such behavior is very typical of
the electrochemistry of these compounds. The desmapce of the electrochemical wave is
related to the formation of an organic surface dayiich, once formed, is blocking the access of
the electroactive diazonium species to the eleetmadface until a self-limited coverage of the
whole surface electrode is obtained. On carbdmstalso been proposed that the different peaks
might be related to the different crystalline stuwes available on the surface (e.g. graphitic
planes and edges) [30]. Indeed, the electro-gmaftinctionalization was performed on a glassy

carbon electrode. Such materials/surfaces exhibitpoor order, and are more complex than



graphene surfaces. Moreover, the surface contaimauliitude of hydrogen and oxygen

functional groups, as well as radical sites to White diazonium species could tend to bind [31].
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Figure 2. Cyclic voltammograms recorded on a glassy carlectrede modified by (a)
grafting of 4-nitrobenzenediazoniu@ € 2 mM) in 0.5 M HCI followed by (b) electroreduan
of the diazonium derivative to amine (WHn 4:1 HO : CHOH + 0.1 M NaSOy (c) Cyclic
voltammogram of a modified glassy carbon electioefere and after grafting of a Ph-hH
group in the presence of the ferricyanide / feramigte (5 mM) couple in aqueous medium.

Scanning ratev = 50 mV s

The electrochemical reaction involved in the CV$@ure 2a is a one electron transfer process
from the GC working electrode to the diazonium amatiin order to form an aryl radical (see
Figurel). The radical was then reduced to form an aniormate negative potentials (—

0.6 Vvs. SCE). By using electron spin resonanc8RE analysis performed at very low

temperature, it has been shown elsewhere [32,38]dilazenyl radicals (Ar—N=N could form

as intermediate species during the process. Suhin§ suggests that the electrochemical
activation barrier is not high enough to put intadence the formation of the diazenyl radical
species, and that such species can only be detkgteding auxiliary techniques such as ESR
[32,34]. Therefore, the mechanism taking place @bbp involves additional radicals, not

identifiable by cyclic voltammetry. The reductiomtpntial of the phenyl radical has been

determined by experiments at very low concentratidor which grafting becomes inefficient.



Under such operating conditions, a second wavenallsnagnitude is observed at the potential
of -0.3 V. This wave is attributed to the reductiontloé residual radicals that did not react
through other reactions during the time requiredrige the scanning potential to the reduction
potential of the species [35]. These CVs also rexdka concerted electron transfer and cleavage

of the dinitrogen molecule.
3.2. Electroreduction of —-N@to —NH,

Once the nitrophenyl (PNO,) species is electrografted to the surface of tl@ W@orking
electrode, it becomes possible to transformH®, group into a primary amine-lH,) group.
This was achieved electrochemically, again by cyebltammetry, in an aqueous solution, by
applying a scanning linear potential from 0.0 V dote —1.1 Vvs.SCE at a potential scan rate
of 50 mV.s". Figure 2b shows the CVs recorded during this second stepel@ctrochemical
cathodic wave was observed-&8 V. This wave is attributed to the irreversitgeluction of —
NO; to —NH, at the working potential 0f0.8 V. The intensity of the cathodic current was
significantly reduced during the subsequent sc@hese features are due to the transformation
of all nitro groups into amine groups, inducingedf-imited blocking organic layer that inhibits
electronic transfer. Indeed, these results suggesbmpact layer of aminophenyl groups,
strongly attached to the glassy carbon surface;iwiginds to passivate the electrode and leads to
limit the electron transfer. This is once againyvgpical of the electrochemical behavior of

these compounds.
3.3. Chemical grafting of the Co clathrochelate eteocatalyst

The cobalt clathrochelate complex was then cheltyigaiafted to the diazonium derivative

covered GC working electrode by electrograftingisTiwas done simply by adding the cobalt



clathrochelate and 1 M equivalent of dicyclohexgtcaliimide to the reactional medium in order
to catalyse the amide formation. This lead to tbemhtion of covalent bonds between the
carboxilic acid terminations of the clathrochelated the amine functions of the carbon

electrode.
3.4. Barrier effect of the modified electrochemidakerface

The resulting modified GC working electrode hadacking behavior: charge transfer is mostly
inhibited. This was put into evidence by cyclictamhmetry, in the presence of ferri/ferrocyanide
as an electroactive redox mediatBrgure 2c shows three CVs. The first one (blue line) was
recorded on the bare GC working electrode, therskoae (orange line) and the third one (green
line) respectively before and after the electragrgfof thein situ generated 4-aminophenyl

diazonium cations [36]. The electrochemical respoofsthe bare GC electrode in presence of
the ferri/ferrocyanide redox couple was then sigaiitly affected by the grafted layers. The CVs
obtained when the GC working electrode is covengdrhinophenyl groups (green line) instead
of nitrophenyl groups (orange line) show a largecay of the electrochemical response of the
[Fe(CN)]*>"* redox couple. These methodological tests have pedarmed to confirm that the

glassy carbon working electrode surface was adetyuaindified and homogeneously covered.

Figure 3 shows scanning electron micrographs and the qnekng chemical microanalysis
performed by energy dissipative x-ray spectrosq®)S) of the surface of the modified glassy

carbon electrode after each step of the graftioggumure ofigure 1.

The surface of the bare GC working electrode igeqsmooth Figure 3a); the corresponding
carbon and oxygen EDS peaks indicate that the aidantamination is quite low. The surface

morphology of the electrode after diazonium densatgrafting and after Co-clathrochelate

10



functionalization are shown oRigure 3b and Figure 3c, respectively. The roughness of the
surface is significantly increased, as a resulthef grafting of the diazonium derivative. The
surface morphology of the electrode after the diaro electrografting step and after the
chemical grafting of the cobalt clathrochelate sigs found mostly unchangeBigure 3b and
Figure3c). Our initial objective was to use electro-graftino obtain surface molecular
monolayers. The GC electrode surface was polisliednbspite of this remains quite rough. In
addition, this is not a perfectly ordered surfattee (microstructure is not constant at the local
scale). This is why we assume that the surfacenmgiit contain several layers, stacked to each
other, as observed by atomic force microscopigure4). Moreover, the EDS spectrum
indicates an increase of nitrogen atoms as welthasappearance of a peak related to the
presence of Co atoms that confirms the graftinghef Co clathrochelate onto the carbon

electrode.
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Figure 3. Scanning electron micrographs and corresponding Ei&ctra of (a) the bare glassy
carbon electrode, (b) the catalytic modified eledér after diazonium derivative grafting, (c) the
catalytic modified electrode after Co clathrochelgtafting.
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3.5. Atomic force microscopy

PeakForce tapping atomic force microscopy analysis performed on the bare glassy carbon
and the modified electrode after electrografting tbé clathrochelate electrocatalyst. The
resulting topology and peakforce error images asplalyed onFigure 4. The image showing
surface topology unambiguously indicates that tindase of the bare GC working electrode
(lower part of the image oRigure 4a) is smooth whereas the electrocatalyst depositegrly
observed on the modified area of the sample (uppdrof the AFM image ofigure 4a). The
catalyst layer was found to be approximately 15thick and homogeneously deposited over the
entire substrate surface. The information obtaibgdAFM analysis is consistent with the
observation obtained by SEMur initial objective was to use electro-graftimgdbtain surface
molecular monolayers. However, the 15-nm thick teteatalytic layer (diazonium
derivative/Co clathrochelate) observed by AFM iatks that a multi layer flms was obtained
instead. A smoother carbon surface, such as graplenld perhaps circumvent this problem
and lead to real monolayers. However, this wasmastigated. Some side-reactions occurring
during the different steps of the electro-graftirepction and leading to the formation of

insoluble residues at the surface could also tédeep

The peakforce error signdtigure 4b) displays two different areas showing the forderiaction
of the AFM probe with the surface. The force appddp be stronger when interacting with the

functionalized area of the electrode.
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Figure 4. (a) Atomic force microscope images displayingttology of the bare GC
electrode surface (lower part) and the modifiedtebele surface by the Co-electrografted
catalyst (upper part) and (b) the correpondingreforce image.

3.6. X-ray photoelectron spectroscopy

The solid glassy carbon working electrode surfamesied with the diazonium derivative and the
Co clathrochelate complex was further characteriezgdXPS spectroscopy. The core level
spectra of N1s and Co2p [energy levels] are showrrigure 5, after each step of the Co
clathrochelate grafting processes (5egure 1). The N1s core level peak could be decomposed
as the sum of different contributions. The 400 evhponent was consistent with the presence of
amino groups and N-C bonds at the electrode susdmseas a component at 406 eV was
related to NQ@ groups. A third component at 402 eV was likelyrespond to N-O and NH-
C=0 bonds. The presence of a small component arlewergy (398 eV) was attributed to the
partial reduction of some grafted nitrophenyl disimon functions on the surface, corresponding
to negatively charged N atoms at the surface oéléetrode [37]Figure 5b shows the decrease
of the peak at 406 eV and the increase of the pedRO0 eV. This confirms the almost complete

reduction of nitrophenyl functions to aminophenyeothe surface of the electrode [38,39]. The

13



smaller components at 402 eV, often observed exgatally but still prone to debate, may be
attributed to the formation of azo bridges in tilenf It is well-established that diazonium is
prone to coupling, resulting in the formation ofamobenzene derivative forming during the film
growth [40]. Furthermore, such azo bridges coulddsmed at the surface and within the film.
The peak at 398 eV disappeared after reductiom@fdiazonium salt: this indicates the total

disappearance of residual diazonium derivatives.

(a)|L Co2p Co (d)

catalyst

(1)

sat 1

Counts /a.u.

408 404 400 396 800 790 780
Binding Energy /eV

Figure5. X-ray photoelectron spectroscopy spectra corredipgrto N 1s energy level of (a)
the modified solid-electrode after diazonium detiagrafting, (b) the modified solid-electrode
after electroreduction of diazonium derivative toIRO,, (c) the modified solid-electrode after
Co clathrochelate grafting and Co 2p energy le¥étipCo clathrochelate catalyst and (e)

electrografted Co clathrochelate to modified selieetrode.
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Figure 5c shows the decrease of the NH-C=0 peak as wdlleatotal disappearance of the NO
peak which confirms the covalent grafting of théabdic complex over the surface of the glassy
carbon working electrode. Furthermore, the presericeobalt at the surface of the electrode
confirms the success of electro-graftifgigure 5d). A comparison of the XPS spectra of the
cobalt clathrochelate in the powder forfidure 5e) and after electrografting over the glassy
carbon electrodeF{gure 5d) leads to the conclusion that the chemical enwrent of the Co
metal center was not modified during grafting. Txéation state of the Co active centre is +lI

in the powder and remains unchanged after electfiigy [41].

3.7. Electrochemistry of the cobalt clathrochelatesolution

The electrochemical behavior of the cobalt clathedate in solution (in acetonitrile) was

analyzed by cyclic voltammetry. Results are plotteBigure 6.
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Figure6. (a) Cyclic voltammograms of the Co-catalyst in loenogeneous phase at different
scan rates (10, 30, 50, 100, 200 mYj & acetonitrile + 0.1 M TBAP as electrolyte suppo
(b,c) Evolution of anodic and cathodic current digrn@eaks corresponding to peak potentials of
the two redox couples ¢'¢ Cd' and CJd/Co' of the Co clathrochelate.
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The different CVs oFigure 6a show two characteristic electrochemical waves,esponding to
the two monoelectronic redox reactions of the dotamplex: C8'/Co" at —0.1 vV and CbCd
at—1.2 V (potentials are referred vs!/Fc). The potential difference at peak currents feasd

to increase with the potential scan rate, for bretfox couples. The linear dependence of peak
currents density with the square root of the sae Figure 6b and 6¢) indicates that the
electron transfer process is mainly diffusion-cold. The electroactivity of the cobalt
clathrochelate dissolved in solution in acetoratilith regard to the HER was put into evidence
by cyclic voltammetry, by adding increasing amouotsprotons to the solution. An aqueous
solution of formic acid (equivalent of 4 mM) wasedsas H source. The resulting CVs are
plotted onFigure 7. Upon proton addition, the onset of the HER ispproximately —1.5 V.
Current density values are proportional to the gratoncentration (measures have been made
from 0 to 20 proton equivalents). Such behaviorclsracteristic of a catalytic effect. A
maximum current density value of —0.25 mA émvas measured at —2.4V for 20 proton
equivalents. It has to be noted that no catalytiece was observed in the absence of cobalt

clathrochelate (see CVs sapplementary, Figure S1).

It has to be noted that some geometrical parameterde taken into consideration in order to
evaluate the impact of the different substitueritthe cage framework surrounding the cobalt
center of the clathrochelate molecule on the edeb&mical properties of the catalytic complex
as we suggested in previous paper [41]. Densityctional theory calculations have been
performed in order to determine the bond lengthlaomd angle of the Co — Nupplementary,

Figure 2).

16
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Figure7. Electrocatalytic hydrogen evolution reaction of €athrochelate in the solution
(acetonitrile + TBAP 0.1 M) with addition of equieats of HCOOH as Hsource. Scanning
rate:v =30 mV §%,

3.8. Electrochemistry of the electrografted cobelathrochelate

Figure 8 shows the CVs recorded on the Co-grafted glasspooaworking electrode.
Measurements have been made at different scan rasolution of dimethylformamide, using
TPAB as supporting electrolyte. The redox featwilkeserved with the complex in solution are
less pronounced but still identifiable. This isriatited to the fact that the surface amounts of
complex are significantly less than what was usedolution. The peak potential separation of
the anodic and cathodic waveAE,= E,a—Ep) was found to increase with the scan rate

(Figure 8a andFigure 8b).

17
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Figure 8. (a) Cyclic voltammograms of the catalytic modifielectrode by the grafted catalyst
at different scan rates (10, 30, 50, 100, 200, 5000 mV §%) in dimethylformamide +
0.1 M TBAP. Evolution of anodic and cathodic potahpeaks as a function of the scanning rate
(b) and as a function of the log of scanning raje (

Table 1. Anodic and cathodic potentials of the'@ad' electrochemical wave and
corresponding peak separatiaf| of the clathrochelate grafted to the solid carélectrode.

Rate (mVS) E,,Cd'/Co Epc Cd'/CO JAE,| (mV) E (mV)
) (mv)
1000 -710 -1910 1200 -1310
500 -890 -1800 910 -1345
200 ~1060 -1680 620 ~1370
50 -1160 -1600 440 -1380
30 -1200 -1570 370 -1385
10 -1266 -1470 205 -1368

Quantitative values are compiled Trable 1. Additional UV-vis spectrometry measurements
were performed in order to assess the chemicallistadf the clathrochelate in acidic medium
during the experimentssypplementary, Figure S3). Additional electrochemical information

was extracted from these data using the so-calkedrdan method [42]. For monoelectronic
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(n= 1) electrochemical charge transfer reactionsneégerimental\Ey/n values are larger than
200 mV (this is the case here), the charge transgdefficient ¢) and the rate constant of the

electrochemical reactiork{(in s%)] can be determined by using the following seeqtiations

[42]:
B = Eo 4 —) d-a) 1
pa ™ (l—oc)nFn m 1)
and
E, .=E° RT] ¢ 2
pe ™ anF nImI @)
where
_ RTK®
T F

R is the ideal gas constarii,the absolute temperature andhe potential scan rate. Plots of
E,q = f(logv) andE,. = f(logv) yield two straight linesHigure 8c). Their slopes are equal to
—2.3RT/anF for the cathodic peak, and Z&3/(1-e)nF for the anodic peak. Thevalues can be
determined from the experimental slopes. The skpthe straight line corresponding to the
cathodic reaction was determined to be equal tord@0og unit. The resulting coefficients of

the cathodic and anodic reactions were found tedaml to 0.15 and 0.85 respectively.

According to the same method [42], thitvalues can be calculated using the following equat

3):

nkn
2.3RT

RT
logk® = alog(1—a)+ (1 —a)loga — logm —a(l—a) 3
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After rearrangement of Eq. (3) fgr= E —E° = 0, one obtains:

anFv, anFv,

0 — _
K== ~0-0F7

4

The anodic and cathodk® values determined far, = v, = 1V st arek®= 3.89 §tand

k°= 33 s?, respectively.

The variations of peak current potentials as atfanoof the potential scan rates are plotted in
Figure 8b. According to Ref. [42], such behavior could berilatited to a series of molecules
having a N=N double bond, such as phenazine, azeben an explanation consistent with the
fact that the clathrochelate used here Sgare 1) has multiple N=N bonds and for which both
the oxidized and the reduced forms are stronglyorbdsl. The shape of the experimental

isotherm is that of a Langmuir isotherm, valid limwv surface coverages, as suggested in [37].

The complex-modified GC working electrode was fartbharacterized by addition of increasing
amounts of protons to the solution, in order toleat its HER activityFigure 9a shows the
CVs obtained by adding increasing amounts of areaigs! solution of formic acid (up to 4 mM)
to the electrochemical cell. On the cathodic stierent plateaus related to diffusion-controlled
proton transfers to the interface are observedre@trplateau values increase with proton
concentration, unequivocally showing the electralgéit effect of the cobalt complex on the
HER. Compared to the situation in the homogenetasq a large overpotential decrease (of
approximately 800 mV vs. Fc) is obtained after surface electrografting (Segire 9b): the
onset of the HER on the modified GC working elegérgtarts at more positive potentials values.
Electrochemical impedance spectroscopy was alsal use provide an insight on the

electrochemical process taking place in the cunpdateau region. In the high frequency region
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(Figure9c), EIS impedance diagrams show a single depressmitiscle corresponding to a
slow charge transfer step (at about 1 Hz). In ¢hefrequency domain (for frequencies less than
40 mHz), a 45° semi-infinite semi-line charactécigsf a diffusion-controlled step consistent
with the data ofFigure 9a is also observed. This limitation can be attridute the low proton
concentration in this non aqueous electrolyte anpéssibly to the porous structure of the Co
clathrochelate layer formed over the glassy cadoiface. Both factors can possibly contribute

to proton diffusion.

0 100 300

-2 1 08 L. .
I
T Re (2)/ Q cm?

Figure9. (a) Cyclic voltammograms recorded on the GC ebelewith electrografted Co-
clathrochelate in dimethylformamide + 0.1 M TBARlwincreasing amounts of HHCOOH is
the H" source). (b) Overpotential differences betweerBtegstems under consideration (20 H

equivalents). (c) EIS spectrum in Nyquist coordésaineasured on the GC electrode with

electrografted Co-clathrochelate (E = -2 V vs/Fc). Scanning rate:= 30 mV s,

Experimental Tafel plots were fitted to the conwemal Tafel equationn(=blog]j + a, wherej
is the current density ardlis the Tafel slope). Data are plotted eigure 10. For the HER, a
Tafel slope of 30 mV/decade corresponds to a fasftase discharge followed by a rate-

determining chemical desorption [43]. This is whsat obtained here for Pt and for the
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electrografted GC electrode. The larger slope nredswhen the complex is dissolved in
solution might be more consistent with a diffusmmntrolled mechanism or a mix transport-
transfer mechanism. The low exchange current dewnalties Table 2) are explained by the low

proton concentration in solution.

—05} Pt

\BmV/dec

-1

-15
5 catalyst in solution

B 97 mV/dec

>
= I | L I | I
—44 —4 —36
log |j| / A cm~2

Figure 10. Tafel plots recorded on a GC working electrodén(igontact with a 0.2 mM Co-
clathrochelate solution; (ii) electro-grafted witte Co-clathrochelate catalyst and (iii) on Pt
(reference case) in acetonitrile + 0.1 M TBAP + Ml wf HCOOH as H source.

The stationary hydrogen production rate in both bgemeous and heterogeneous conditions was
determined by gas chromatography titration duringpopotentiometric experiments. A three-
compartment cell (cathode, anode and referencér@iie) was used to maintain a high (close to
unity) faradaic efficiency. Results are shownFigure 11. These measurements confirm the
higher hydrogen production rate obtained once thiealt complex is grafted onto the GC
working electrode. A two times lower,Hroduction rate was measured in the homogeneous
phase compared to the electrografted GC workingtrelée (4.85 pmeb h™*cm®) against

9.55 umak, h™* cm ). The Co complexes are involved in the HER medmaniwhen the Co
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complexes are dissolved in solution, their diffssaontrolled transport to/from the interface
make the overall kinetics lower than when the Caoglexes are electrografted at the surface of

the electrode. This is a situation closer to whathserved on Pt.

(b) o catalystin solution
- o grafted catalyst

o/ MV

9.55 umol h™'¢cm™2

30
20
32 4.85 umol h™'cm™
10
5 o
0] 10 20 30 t/min 0 2 4 t/h

Figure 11. (a) Typical gas chromatography spectrum showingridduced during electrolysis
in acetonitrile + 0.1 M TBAP + 20 Heq (using HCOOH)b) Quantitative comparison ofH
production rates using the catalyst in solution #redelectrografted catalyst (1 tsurface area;

E =—1.9 V vs. FdFc).

In conclusion, it can be said that the GC workitegode with electrografted Co-clathrochelate
is not as good as Pt but better than bare GC wittdbmplex in solution. The complex is a good

candidate for the HER in acidic media and compar&bbther systems of the literature [44].

Finally, in order to get closer to operating coimfis of practical interest, measurements have
been made directly in aqueous acidic conditionk K0 H,SO,, pH~ 1). The cobalt complex was
found sufficiently stable over hours to perform #erimentsFigure 12a shows the linear

sweep voltammograms measured on bare glassy casfitbnthe clathrochelate electrogafted at
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the surface, and again on platinum for compari§@n.comparison, the clathrochelate binded to
the surface with a sulfonated tetrafluoroethyleasdd fluoropolymer-copolymer, the so-called
Nafion®, (seesupplementary, FigureS5) was also characterized in acidic medium. It was
observed that the HER started at a higher overpiatehan that compared with electrografted
Co-clathrochelate at GC electrode. Note that thpeement cannot be performed in acetonitrile
with the addition of controlled amounts of protdnce reacst Nafiohfilms are not stable in this
medium, leading to the piling off of the catalyfitm. Figure 12b shows the corresponding
Tafel slopes. For Pt, the situation remains unchdrmt for the GC electrode in contact with the
Co-complex, significantly larger slopes are measgugtopes close to 120 mV/decade are usually
ascribed to a rate-determining discharge step.drarglues such as those measured here on bare
GC and with the Co-complex electro-grafted mayaath the onset of other reaction paths (e.qg.
mass transport contributions or reaction steps lwivg chemical interactions with the Co-
complex) that will require further characterizati@xchange current density values are compiled
in Table 2, and compared to those measured in acetonitidlent HCOOH. In 0.1 M HSQ,,

the gain in HER overvoltage after electrograftisgsignificantly less pronounced but still, the
electrografted provides high HER electroactivitgglscsupplementary, Figure $4). All these
results provide a proof-of-concept for the use to$ tcobalt clathrochelate electrografted on
glassy carbon in water electrolysis. Our resulespart in a broader perspective in thable S5,
which presents the performance of our Co clathratderafted to the GC electrode in terms of
overpotential for HER featuring some Co-based edeatalysts functionalized on modified
electrodes and massive Co-based electrodes in agj@idic conditions. We observe that our

Co clathrochelate modified planar electrode exkibithigher overpotential than 3D electrodes
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modified by Co complexes. Moreover, it loses itenpetitiveness when compared to massive

cobalt-based systems such as thin film layers.

— -04
20 (a) (b) Pt 35mV/dec
without catalyst —
O —
_0.8 — gr(?ff@d 160 nq\///deC
20 fted B
~ graite it —1.2 |~ without catalyst
e > 210 mV/dec
Y ] ] l l l ~ 1 L1 | |
< <
€ -12-08-04 0 04 -36 -3.2 -2.8
= E/V vs.SCE log |j|/ A cm™

Figure 12. (a) Cyclic voltammograms and (b) Tafel plots relgal on bare GC electrode
(without catalyst), on the electrografted Co clatielate @GC electrode, and on Pt as a
reference, respectively. The electrolyte contaiddM H,SO, in water.
Scanning ratev = 30 mV s*.

Table 2. Log of HER exchange current densities (Jglgjo in A.cn?) of the two electrodes in
the two different media.

log|jol Bare GC Co-complex Co-complex Pt
(join A.cid) in solution  electro-grafted@GC
acetonitrile + - -6 -5.5 -5.2
4 mM HCOOH
0.1 M H,SOy -5 - -4.6 -2.8

4, Conclusions

In an attempt to find alternative electrocatalystsplatinum group metals, we report on the
electrochemical activity of a cobalt clathrochelekectrocatalyst with regard to the HER. In such

complex, the catalytically active Co center is eddssl in a macrobicyclic tris-dioximate ligand
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cage. Measurements have been made using glassgncad working electrode in two
complementary configurations: in the homogeneowaselfthe active complex is dissolved in the
electrolyte) and in the heterogeneous phase (thelex is electrografted at the surface of the
GC working electrode). The surface functionalizatiof the Co-complex was achieved by
electrografting via the electrochemical reductidnrositu generated aminophenyl diazonium.
Experimental results measured in acetonitrile m phesence of controlled amounts of protons
show that the glassy carbon working electrode isenamtive when the cobalt clathrochelate is
electrografted instead of being dissolved in solutiA reduction of approximately 800 mV of
the HER overvoltage was measured, leading to mugheh current density values. The GC
modified electrode has also been tested in aquédus! H,SO, solution (pH = 1) in view of
practical applications in water electrolysers. Diespghe low electrolyte pH, the chemical

stability of the electro-grafted complex was fowsudficient to perform the experiments.
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GRAPHICAL ABSTRACT

HIGHLIGHTS

* H; generation using an electrochemical stable interfmsed on a cobalt molecular

grafted complex.

* Non-precious metal as an electrocatalyst for thdrdren evolution reaction.

» Electrogafted catalytic complex as an electrochahp&tform.
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