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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: in acetonitrile (by adding increasing amounts of 

equivalent protons) and in 0.1 M H2SO4 aqueous solution. Tafel slopes and exchange current 

density values have been determined on both electrodes, in both media, and compared. It was 

found that the onset of the HER requires a significantly lower overpotential (≈ 800 mV less) 

when the complex is electrografted at the surface of the working electrode. The hydrogen 

production rate, determined by gas chromatography, is reported. 

KEYWORDS. Hydrogen; electrocatalysis; cobalt clathrochelate; electrografting; HER 

 

1. Introduction 

The R&D on new processes for the large scale production of low-cost electrolytic dihydrogen 

from carbon-free feedstocks such as water has been significantly increased over the last years. 

Among several other technologies, water electrolysis is considered as a key process for the 

chemical storage of intermittent and renewable energy sources. There are currently three main 

water electrolysis technologies available on the market. They differ by their operating 

temperature and pressure conditions, and by the pH of the electrolyte [1]. Among these, the 

polymer electrolyte membrane (PEM) technology is considered as the most appropriate one for 

grid services [2]. The pH of the polymer electrolyte used in these cells is equivalent to that of a 

1 M sulfuric acid solutions. To avoid corrosion and catalyst dissolution issues, scarce and 

expensive platinum group metals (PGM) electrocatalysts are used, usually platinum 

nanoparticles supported on carbon for the hydrogen evolution reaction (HER) at the cathode, and 

unsupported iridium dioxide particles at the anode for the oxygen evolution reaction (OER) [3]. 

The current research effort on alternative HER electrocatalysts is made to replace platinum by 
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transition metals, mainly Fe, Ni, Co [4–7]. Because these metals are not chemically stable in 

acidic aqueous media at open circuit conditions, an alternative solution is to use molecular 

complexes [8]. Alternative catalysts based on molecular chemistry have been reported as 

cathodic or anodic material for water electrolysis [2]. Indeed, numerous complexes containing a 

cobalt metallic electro-active center, e.g. systems containing macrocyclic and polypyridine 

ligands, have been reported as electrocatalysts for dihydrogen production by electrochemical 

reduction of protons from different proton sources in the last twenty years [9–16]. These 

molecular catalysts can be used either dissolved in the electrolyte (homogeneous phase) or 

functionalized at the surface of a solid but electrochemically inert supporting electrode (e.g. 

carbonaceous species) for applications. Various procedures such as drop-casting, dip coating or 

electro-grafting have been reported in the literature for surface functionalization of molecular 

active centers. The latter technique is making reference to the electrochemical reaction that 

allows organic layers to be covalently bonded to a solid conductive substrate such as glassy 

carbon (GC) or gold [17–19]. This definition can be extended to reactions involving an electron 

transfer between the substrate and the reagent, but also to examples where a reducing or 

oxidizing reagent is added to produce the reactive species. These methods are interesting to 

produce electrochemical interfaces because strong covalent chemical bonds can form between 

the surface and the electroactive molecular layer. Electrografting has been applied so far to a 

variety of substrates including carbon, metals and metal-oxides, but also dielectrics such as 

polymers. Since the 1980s several methods have been developed, either by reduction or 

oxidation, and some of them have been even used at industrial scales [20]. 

The main objective of our study was to compare the electroactivity and chemical stability of a 

known HER molecular electrocatalyst, when it is dissolved in solution, and when it is 
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electrografted at the surface of a GC working electrode. Many molecular cobalt complexes have 

recently been investigated and identified as potential electrocatalysts both for the hydrogen 

evolving reaction (HER) and oxygen evolving reaction (OER) [21-24]. Among them, cobalt tri 

glyoxime complexes such as the dimethyl substituted compounds, have been particularly studied 

as catalysts for the HER in aprotic solvents and different HER mechanistic pathways have been 

proposed [25]. In a recent investigation, the high HER electroactivity of a fluoroboryl-capped 

tris-(glyoximato) diphenyl cobalt clathrochelate complex in solution in acetonitrile has been 

reported in the presence of acid [26,27]. We selected this cobalt clathrochelate as the best 

candidate for our purpose because of its appropriate HER electroactivity and appropriate 

chemical structure required for surface functionalization by electrografting via the peripheral 

carboxylic groups. Also, the complex is soluble in acetonitrile and almost insoluble in water. 

2. Experimental section 

All chemicals were obtained either from Sigma Aldrich or Carl Roth and used as received. Water 

was purified in a Millipore system. Cobalt complexes were synthesized using a procedure 

reported elsewhere [27]. Scanning electron micrographs were acquired with a Zeiss Supra 55 VP 

variable pressure scanning electron microscope with field emission gun (SEM-FEG), equipped 

with energy dissipative X-ray spectroscopy (EDS) for chemical microanalysis. Atomic force 

microscopy was performed on an ICON Brüker microscope in peakforce tapping mode, using a 

scan asyst probe. X-ray photoelectron spectroscopy was performed using a Thermo Fisher 

Scientific spectrometer equipped with a monochromatic Al Kα source (1486.7 eV) using a spot 

of 400 µm in size and a hemispherical analyzer, at a take-off angle of 0º. The acquisition and 

fitting of spectra were performed with Thermo Avantage software, whereby a Shirley 

background was used. The binding energy scale was calibrated with respect to the C1s peak 
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located at 284.8 eV. Electrochemical characterizations were performed after deaeration of the 

electrolyte using an argon flow. Cyclic voltammograms and electrochemical impedance 

spectroscopy were recorded using a Voltalab potentiostat (from Radiometer) in a three-electrode 

configuration setup using a Pt plate and a saturated calomel electrode (E°SCE = 242 mV vs. NHE) 

as counter electrode and reference, respectively. The clathrochelate complexes were dissolved in 

acetonitrile to a final concentration of 0.2 mM when characterized in the homogenous phase and 

in dimethylfluoramide when characterized in the heterogeneous phase, using 0.1 M 

tetrabutylammonium perchlorate as supporting electrolyte. Note that the concentration of the 

clathrochelate in solution in acetonitrile has been empirically optimized (a value of 0.2 mM has 

been determined) in order to obtain as thin as possible surface deposits. The results reported in 

this paper were obtained with this optimized concentration only. Glassy carbon disk electrodes 

(GC, 0.07 cm2) were used as working electrodes. GC electrodes were carefully polished before 

each measurement using successively 6 µm, 3 µm, and 1 µm diamond paste. Electrolysis for the 

hydrogen evolution reaction was performed by adding controlled amounts of an aqueous solution 

of formic acid to the electrochemical cell in both homogenous (catalyst in solution) and 

heterogeneous (catalyst grafted to the solid electrode) phases. Potentials in non-aqueous media 

were referred to the formal equilibrium potential of ferrocene that was measured against a SCE 

in the same conditions employed for all other electrochemical experiments (Eº’ = 420 mV vs. 

SCE, taking into account the liquid junction potential). All electrode potentials are thus referred 

to the redox potential of ferrocene for experiments carried out in acetonitrile and referred to SCE 

for experiments carried out in water. Electrochemical impedance spectroscopy was performed 

over the 50 kHz - 20 mHz frequency range, at a potential of – 1.5 V vs. SCE. Gas 

chromatography measurements were carried out using a Perkin Elmer Clarus 580 gas 
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chromatograph equipped with both a thermal conductivity detector (TCD) and flame ionization 

detector (FID). The retention time was measured in order to quantitatively determine the 

dihydrogen production. In this case, a carbon plate was used as a counter electrode during the 

electrolysis. UV-visible spectra were recorded in transmission mode using a Cary 60 

spectrometer from Agilent Technologies. 

3. Results and Discussion  

3.1. Electro-grafting of diazonium salts –NO2 derivatives 

Figure 1 provides a schematic overview of the electrografting process. 

 

Figure 1. Schematic overview of the catalytic modified electrode elaboration and 
functionalization. It consists of diazonium derivative electrogratfing (steps 1, 2) followed by the 

Co clathrochelate-based catalyst chemical grafting to the solid electrode surface (step 3). 
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The same methodology can be used for grafting on a variety of substrates such as carbon, metals, 

semiconductors, oxides and polymers [17]. The synthesis can be performed in aprotic medium 

(acetonitrile), in the presence of tert-butyl nitrite. In an even simpler manner, it is also possible to 

prepare the diazonium salt in situ in the electrochemical cell by mixing, in an aqueous acidic 

solution, the aromatic amine and sodium nitrite and directly performing the electrolysis or the 

spontaneous reaction [29]. Whatever the method used for the production of 4-

nitrobenzenediazonium, it is necessary to start from an aromatic amine, a large number of these 

compounds being commercially available. In the present study, the grafting of the diazonium 

derivative (4-nitrobenzenediazonium) was prepared using a classical multi-step synthesis 

procedure [28]: an aromatic amine was first mixed with sodium nitrite in an ice-cold aqueous 

acidic solution; then the mixture was filtered, and the solid precipitate was washed with the 

acidic solution. The diazonium salt was then electrochemically reduced by cyclic voltammetry. 

Figure 2a shows the cyclic voltammograms (CVs) measured during the first step of the 

electrografting process. The first scan exhibits a well-defined and broad irreversible cathodic 

wave at –0.6 V vs. SCE obtained from 4-nitrobenzenediazonium in aqueous solution. This wave 

is not present on the subsequent second, third, and fourth cycles. Such behavior is very typical of 

the electrochemistry of these compounds. The disappearance of the electrochemical wave is 

related to the formation of an organic surface layer which, once formed, is blocking the access of 

the electroactive diazonium species to the electrode surface until a self-limited coverage of the 

whole surface electrode is obtained. On carbon, it has also been proposed that the different peaks 

might be related to the different crystalline structures available on the surface (e.g. graphitic 

planes and edges) [30]. Indeed, the electro-grafting functionalization was performed on a glassy 

carbon electrode. Such materials/surfaces exhibitin a poor order, and are more complex than 
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graphene surfaces. Moreover, the surface contains a multitude of hydrogen and oxygen 

functional groups, as well as radical sites to which the diazonium species could tend to bind [31].  

 

Figure 2. Cyclic voltammograms recorded on a glassy carbon electrode modified by (a) 
grafting of 4-nitrobenzenediazonium (C = 2 mM) in 0.5 M HCl followed by (b) electroreduction 

of the diazonium derivative to amine (NH2) in 4:1 H2O : CH3OH + 0.1 M Na2SO4. (c) Cyclic 
voltammogram of a modified glassy carbon electrode before and after grafting of a Ph-NH2 
group in the presence of the ferricyanide / ferrocyanide (5 mM) couple in aqueous medium. 

Scanning rate: v = 50 mV s–1. 

 

The electrochemical reaction involved in the CVs of Figure 2a is a one electron transfer process 

from the GC working electrode to the diazonium cation, in order to form an aryl radical (see 

Figure 1). The radical was then reduced to form an anion at more negative potentials (–

0.6 V vs. SCE). By using electron spin resonance (ESR) analysis performed at very low 

temperature, it has been shown elsewhere [32,33] that diazenyl radicals (Ar–N=N*) could form 

as intermediate species during the process. Such finding suggests that the electrochemical 

activation barrier is not high enough to put into evidence the formation of the diazenyl radical 

species, and that such species can only be detected by using auxiliary techniques such as ESR 

[32,34]. Therefore, the mechanism taking place probably involves additional radicals, not 

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

determined by experiments at very low concentrations, for which grafting becomes inefficient. 
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Under such operating conditions, a second wave of small magnitude is observed at the potential 

of –0.3 V. This wave is attributed to the reduction of the residual radicals that did not react 

through other reactions during the time required to drive the scanning potential to the reduction 

potential of the species [35]. These CVs also revealed a concerted electron transfer and cleavage 

of the dinitrogen molecule. 

3.2. Electroreduction of –NO2 to –NH2  

Once the nitrophenyl (Ph–NO2) species is electrografted to the surface of the GC working 

electrode, it becomes possible to transform the –NO2 group into a primary amine (–NH2) group. 

This was achieved electrochemically, again by cyclic voltammetry, in an aqueous solution, by 

applying a scanning linear potential from 0.0 V down to –1.1 V vs. SCE at a potential scan rate 

of 50 mV.s–1. Figure 2b shows the CVs recorded during this second step. An electrochemical 

cathodic wave was observed at –0.8 V. This wave is attributed to the irreversible reduction of –

NO2 to –NH2 at the working potential of –0.8 V. The intensity of the cathodic current was 

significantly reduced during the subsequent scans. These features are due to the transformation 

of all nitro groups into amine groups, inducing a self-limited blocking organic layer that inhibits 

electronic transfer. Indeed, these results suggest a compact layer of aminophenyl groups, 

strongly attached to the glassy carbon surface, which tends to passivate the electrode and leads to 

limit the electron transfer. This is once again very typical of the electrochemical behavior of 

these compounds. 

3.3. Chemical grafting of the Co clathrochelate electrocatalyst 

The cobalt clathrochelate complex was then chemically grafted to the diazonium derivative 

covered GC working electrode by electrografting. This was done simply by adding the cobalt 
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clathrochelate and 1 M equivalent of dicyclohexylcarbodiimide to the reactional medium in order 

to catalyse the amide formation. This lead to the formation of covalent bonds between the 

carboxilic acid terminations of the clathrochelate and the amine functions of the carbon 

electrode. 

3.4. Barrier effect of the modified electrochemical interface 

The resulting modified GC working electrode has a blocking behavior: charge transfer is mostly 

inhibited. This was put into evidence by cyclic voltammetry, in the presence of ferri/ferrocyanide 

as an electroactive redox mediator. Figure 2c shows three CVs. The first one (blue line) was 

recorded on the bare GC working electrode, the second one (orange line) and the third one (green 

line) respectively before and after the electrografting of the in situ generated 4-aminophenyl 

diazonium cations [36]. The electrochemical response of the bare GC electrode in presence of 

the ferri/ferrocyanide redox couple was then significantly affected by the grafted layers. The CVs 

obtained when the GC working electrode is covered by aminophenyl groups (green line) instead 

of nitrophenyl groups (orange line) show a larger decay of the electrochemical response of the 

[Fe(CN)6]
3–/4– redox couple. These methodological tests have been performed to confirm that the 

glassy carbon working electrode surface was adequately modified and homogeneously covered. 

Figure 3 shows scanning electron micrographs and the corresponding chemical microanalysis 

performed by energy dissipative x-ray spectroscopy (EDS) of the surface of the modified glassy 

carbon electrode after each step of the grafting procedure of Figure 1. 

The surface of the bare GC working electrode is quite smooth (Figure 3a); the corresponding 

carbon and oxygen EDS peaks indicate that the surface contamination is quite low. The surface 

morphology of the electrode after diazonium derivative grafting and after Co-clathrochelate 
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functionalization are shown on Figure 3b and Figure 3c, respectively. The roughness of the 

surface is significantly increased, as a result of the grafting of the diazonium derivative. The 

surface morphology of the electrode after the diazonium electrografting step and after the 

chemical grafting of the cobalt clathrochelate step was found mostly unchanged (Figure 3b and 

Figure 3c). Our initial objective was to use electro-grafting to obtain surface molecular 

monolayers. The GC electrode surface was polished but in spite of this remains quite rough. In 

addition, this is not a perfectly ordered surface (the microstructure is not constant at the local 

scale). This is why we assume that the surface mat might contain several layers, stacked to each 

other, as observed by atomic force microscopy (Figure 4). Moreover, the EDS spectrum 

indicates an increase of nitrogen atoms as well as the appearance of a peak related to the 

presence of Co atoms that confirms the grafting of the Co clathrochelate onto the carbon 

electrode. 

 

Figure 3. Scanning electron micrographs and corresponding EDS spectra of (a) the bare glassy 
carbon electrode, (b) the catalytic modified electrode after diazonium derivative grafting, (c) the 

catalytic modified electrode after Co clathrochelate grafting. 
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3.5. Atomic force microscopy 

PeakForce tapping atomic force microscopy analysis was performed on the bare glassy carbon 

and the modified electrode after electrografting of the clathrochelate electrocatalyst. The 

resulting topology and peakforce error images are displayed on Figure 4. The image showing 

surface topology unambiguously indicates that the surface of the bare GC working electrode 

(lower part of the image on Figure 4a) is smooth whereas the electrocatalyst deposit is clearly 

observed on the modified area of the sample (upper part of the AFM image on Figure 4a). The 

catalyst layer was found to be approximately 15 nm thick and homogeneously deposited over the 

entire substrate surface. The information obtained by AFM analysis is consistent with the 

observation obtained by SEM. Our initial objective was to use electro-grafting to obtain surface 

molecular monolayers. However, the 15-nm thick electrocatalytic layer (diazonium 

derivative/Co clathrochelate) observed by AFM indicates that a multi layer films was obtained 

instead. A smoother carbon surface, such as graphene, could perhaps circumvent this problem 

and lead to real monolayers. However, this was not investigated. Some side-reactions occurring 

during the different steps of the electro-grafting reaction and leading to the formation of 

insoluble residues at the surface could also take place. 

The peakforce error signal (Figure 4b) displays two different areas showing the force interaction 

of the AFM probe with the surface. The force appeared to be stronger when interacting with the 

functionalized area of the electrode. 
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Figure 4. (a) Atomic force microscope images displaying the topology of the bare GC 
electrode surface (lower part) and the modified electrode surface by the Co-electrografted 

catalyst (upper part) and (b) the correponding error-force image. 

 

3.6. X-ray photoelectron spectroscopy 

The solid glassy carbon working electrode surface covered with the diazonium derivative and the 

Co clathrochelate complex was further characterized by XPS spectroscopy. The core level 

spectra of N1s and Co2p [energy levels] are shown on Figure 5, after each step of the Co 

clathrochelate grafting processes (see Figure 1). The N1s core level peak could be decomposed 

as the sum of different contributions. The 400 eV component was consistent with the presence of 

amino groups and N–C bonds at the electrode surface whereas a component at 406 eV was 

related to NO2 groups. A third component at 402 eV was likely correspond to N–O and NH–

C=O bonds. The presence of a small component at lower energy (398 eV) was attributed to the 

partial reduction of some grafted nitrophenyl diazonium functions on the surface, corresponding 

to negatively charged N atoms at the surface of the electrode [37]. Figure 5b shows the decrease 

of the peak at 406 eV and the increase of the peak at 400 eV. This confirms the almost complete 

reduction of nitrophenyl functions to aminophenyl over the surface of the electrode [38,39]. The 
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smaller components at 402 eV, often observed experimentally but still prone to debate, may be 

attributed to the formation of azo bridges in the film. It is well-established that diazonium is 

prone to coupling, resulting in the formation of an azobenzene derivative forming during the film 

growth [40]. Furthermore, such azo bridges could be formed at the surface and within the film. 

The peak at 398 eV disappeared after reduction of the diazonium salt: this indicates the total 

disappearance of residual diazonium derivatives. 

 

Figure 5. X-ray photoelectron spectroscopy spectra corresponding to N 1s energy level of (a) 
the modified solid-electrode after diazonium derivative grafting, (b) the modified solid-electrode 
after electroreduction of diazonium derivative to Ph-NO2, (c) the modified solid-electrode after 

Co clathrochelate grafting and Co 2p energy level of (d) Co clathrochelate catalyst and (e) 
electrografted Co clathrochelate to modified solid-electrode. 
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Figure 5c shows the decrease of the NH–C=O peak as well as the total disappearance of the NO2 

peak which confirms the covalent grafting of the catalytic complex over the surface of the glassy 

carbon working electrode. Furthermore, the presence of cobalt at the surface of the electrode 

confirms the success of electro-grafting (Figure 5d). A comparison of the XPS spectra of the 

cobalt clathrochelate in the powder form (Figure 5e) and after electrografting over the glassy 

carbon electrode (Figure 5d) leads to the conclusion that the chemical environment of the Co 

metal center was not modified during grafting. The oxidation state of the Co active centre is +II 

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

3.7. Electrochemistry of the cobalt clathrochelate in solution 

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

analyzed by cyclic voltammetry. Results are plotted in Figure 6. 

 

Figure 6. (a) Cyclic voltammograms of the Co-catalyst in the homogeneous phase at different 
scan rates (10, 30, 50, 100, 200 mV s−1) in acetonitrile + 0.1 M TBAP as electrolyte support. 

(b,c) Evolution of anodic and cathodic current density peaks corresponding to peak potentials of 
the two redox couples CoIII / CoII and CoII/CoI of the Co clathrochelate. 
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The different CVs of Figure 6a show two characteristic electrochemical waves, corresponding to 

the two monoelectronic redox reactions of the cobalt complex: CoIII /CoII at –0.1 V and CoII/CoI 

at –1.2 V (potentials are referred vs. Fc+/Fc). The potential difference at peak currents was found 

to increase with the potential scan rate, for both redox couples. The linear dependence of peak 

currents density with the square root of the scan rate (Figure 6b and 6c) indicates that the 

electron transfer process is mainly diffusion-controlled. The electroactivity of the cobalt 

clathrochelate dissolved in solution in acetonitrile with regard to the HER was put into evidence 

by cyclic voltammetry, by adding increasing amounts of protons to the solution. An aqueous 

solution of formic acid (equivalent of 4 mM) was used as H+ source. The resulting CVs are 

plotted on Figure 7. Upon proton addition, the onset of the HER is at approximately –1.5 V. 

Current density values are proportional to the proton concentration (measures have been made 

from 0 to 20 proton equivalents). Such behavior is characteristic of a catalytic effect. A 

maximum current density value of –0.25 mA cm–2 was measured at –2.4 V for 20 proton 

equivalents. It has to be noted that no catalytic effect was observed in the absence of cobalt 

clathrochelate (see CVs in supplementary, Figure S1). 

It has to be noted that some geometrical parameters can be taken into consideration in order to 

evaluate the impact of the different substituents of the cage framework surrounding the cobalt 

center of the clathrochelate molecule on the electrochemical properties of the catalytic complex 

as we suggested in previous paper [41]. Density functional theory calculations have been 

performed in order to determine the bond length and bond angle of the Co – N (supplementary, 

Figure S2). 
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Figure 7. Electrocatalytic hydrogen evolution reaction of Co clathrochelate in the solution 
(acetonitrile + TBAP 0.1 M) with addition of equivalents of HCOOH as H+ source. Scanning 

rate: v = 30 mV s–1. 

 

3.8. Electrochemistry of the electrografted cobalt clathrochelate 

Figure 8 shows the CVs recorded on the Co-grafted glassy carbon working electrode. 

Measurements have been made at different scan rates, in a solution of dimethylformamide, using 

TPAB as supporting electrolyte. The redox features observed with the complex in solution are 

less pronounced but still identifiable. This is attributed to the fact that the surface amounts of 

complex are significantly less than what was used in solution. The peak potential separation of 

the anodic and cathodic waves (∆Ep = Epa – Epc) was found to increase with the scan rate 

(Figure 8a and Figure 8b).  
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Figure 8. (a) Cyclic voltammograms of the catalytic modified electrode by the grafted catalyst 
at different scan rates (10, 30, 50, 100, 200, 500, 1000 mV s−1) in dimethylformamide + 

0.1 M TBAP. Evolution of anodic and cathodic potential peaks as a function of the scanning rate 
(b) and as a function of the log of scanning rate (c). 

 

 

Table 1. Anodic and cathodic potentials of the CoII/CoI electrochemical wave and 
corresponding peak separation |∆Ep| of the clathrochelate grafted to the solid carbon electrode.  

Rate (mV s−1) Epa CoII/CoI 
(mV) 

Epc CoII/CoI 
(mV) 

|∆Ep| (mV) E° (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 in Table 1. Additional UV-vis spectrometry measurements 

were performed in order to assess the chemical stability of the clathrochelate in acidic medium 

during the experiments (supplementary, Figure S3). Additional electrochemical information 

was extracted from these data using the so-called Laviron method [42]. For monoelectronic 
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(n = 1) electrochemical charge transfer reactions, when experimental ∆Ep/n values are larger than 

200 mV (this is the case here), the charge transfer coefficient (α) and the rate constant of the 

electrochemical reaction [��(in s–1)] can be determined by using the following set of equations 

[42]: 

��� = �° +
	


�1 − ����
ln
�1 − ��

�
										�1� 

and 

��� = �° −
	


���
ln

�

|�|
																																	�2�	 

where 

� =
	


�

��

��
 

R is the ideal gas constant, T the absolute temperature and v the potential scan rate. Plots of 

��� = ��log �) and ��� = ��log �) yield two straight lines (Figure 8c). Their slopes are equal to 

–2.3 RT/αnF for the cathodic peak, and 2.3 RT/(1–α)nF for the anodic peak. The α values can be 

determined from the experimental slopes. The slope of the straight line corresponding to the 

cathodic reaction was determined to be equal to 400 mV/log unit. The resulting α coefficients of 

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

According to the same method [42], the �� values can be calculated using the following equation 

(3):  

log �� = � log�1 − �� + �1 − �� log � − log
	


���
− ��1 − ��

���

2.3	
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After rearrangement of Eq. (3) for � = E – E° = 0, one obtains: 

�� =
�����

	

= �1 − ��

�����

	

																																																																													�4� 

The anodic and cathodic ��  values determined for �a = �c = 1 V s–1 are ��= 3.89 s–1 and 

��= 33 s–1, respectively. 

The variations of peak current potentials as a function of the potential scan rates are plotted in 

Figure 8b. According to Ref. [42], such behavior could be attributed to a series of molecules 

having a N=N double bond, such as phenazine, azobenzene, an explanation consistent with the 

fact that the clathrochelate used here (see Figure 1) has multiple N=N bonds and for which both 

the oxidized and the reduced forms are strongly adsorbed. The shape of the experimental 

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

The complex-modified GC working electrode was further characterized by addition of increasing 

amounts of protons to the solution, in order to evaluate its HER activity. Figure 9a shows the 

CVs obtained by adding increasing amounts of an aqueous solution of formic acid (up to 4 mM) 

to the electrochemical cell. On the cathodic side, current plateaus related to diffusion-controlled 

proton transfers to the interface are observed. Current plateau values increase with proton 

concentration, unequivocally showing the electrocatalytic effect of the cobalt complex on the 

HER. Compared to the situation in the homogeneous phase, a large overpotential decrease (of 

approximately 800 mV vs. Fc+/Fc) is obtained after surface electrografting (see Figure 9b): the 

onset of the HER on the modified GC working electrode starts at more positive potentials values. 

Electrochemical impedance spectroscopy was also used to provide an insight on the 

electrochemical process taking place in the current plateau region. In the high frequency region 
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(Figure 9c), EIS impedance diagrams show a single depressed semicircle corresponding to a 

slow charge transfer step (at about 1 Hz). In the low frequency domain (for frequencies less than 

40 mHz), a 45° semi-infinite semi-line characteristic of a diffusion-controlled step consistent 

with the data of Figure 9a is also observed. This limitation can be attributed to the low proton 

concentration in this non aqueous electrolyte and/or possibly to the porous structure of the Co 

clathrochelate layer formed over the glassy carbon surface. Both factors can possibly contribute 

to proton diffusion. 

 

Figure 9. (a) Cyclic voltammograms recorded on the GC electrode with electrografted Co-
clathrochelate in dimethylformamide + 0.1 M TBAP with increasing amounts of H+ (HCOOH is 
the H+ source). (b) Overpotential differences between the 3 systems under consideration (20 H+ 

equivalents). (c) EIS spectrum in Nyquist coordinates measured on the GC electrode with 
electrografted Co-clathrochelate (E = −2 V vs. Fc+/Fc). Scanning rate: v = 30 mV s–1. 

 

Experimental Tafel plots were fitted to the conventional Tafel equation (� = b log j + a, where j 

is the current density and b is the Tafel slope). Data are plotted on Figure 10. For the HER, a 

Tafel slope of 30 mV/decade corresponds to a fast surface discharge followed by a rate-

determining chemical desorption [43]. This is what is obtained here for Pt and for the 
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electrografted GC electrode. The larger slope measured when the complex is dissolved in 

solution might be more consistent with a diffusion-controlled mechanism or a mix transport-

transfer mechanism. The low exchange current density values (Table 2) are explained by the low 

proton concentration in solution. 

 

Figure 10. Tafel plots recorded on a GC working electrode (i) in contact with a 0.2 mM Co-
clathrochelate solution; (ii) electro-grafted with the Co-clathrochelate catalyst and (iii) on Pt 

(reference case) in acetonitrile + 0.1 M TBAP + 4 mM of HCOOH as H+ source. 

 

The stationary hydrogen production rate in both homogeneous and heterogeneous conditions was 

determined by gas chromatography titration during chronopotentiometric experiments. A three-

compartment cell (cathode, anode and reference electrode) was used to maintain a high (close to 

unity) faradaic efficiency. Results are shown in Figure 11. These measurements confirm the 

higher hydrogen production rate obtained once the cobalt complex is grafted onto the GC 

working electrode. A two times lower H2 production rate was measured in the homogeneous 

phase compared to the electrografted GC working electrode (4.85 µmolH2 h
−1 cm−2) against 

9.55 µmolH2 h
−1 cm−2). The Co complexes are involved in the HER mechanism. When the Co 
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complexes are dissolved in solution, their diffusion-controlled transport to/from the interface 

make the overall kinetics lower than when the Co complexes are electrografted at the surface of 

the electrode. This is a situation closer to what is observed on Pt.  

 

 

Figure 11. (a) Typical gas chromatography spectrum showing H2 produced during electrolysis 
in acetonitrile + 0.1 M TBAP + 20 H+ eq (using HCOOH). (b) Quantitative comparison of H2 

production rates using the catalyst in solution and the electrografted catalyst (1 cm2 surface area; 
E = – 1.9 V vs. Fc+/Fc). 

 

In conclusion, it can be said that the GC working electrode with electrografted Co-clathrochelate 

is not as good as Pt but better than bare GC with the complex in solution. The complex is a good 

candidate for the HER in acidic media and comparable to other systems of the literature [44]. 

Finally, in order to get closer to operating conditions of practical interest, measurements have 

been made directly in aqueous acidic conditions (0.1 M H2SO4, pH ≈ 1). The cobalt complex was 

found sufficiently stable over hours to perform the experiments. Figure 12a shows the linear 

sweep voltammograms measured on bare glassy carbon, with the clathrochelate electrogafted at 
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the surface, and again on platinum for comparison. For comparison, the clathrochelate binded to 

the surface with a sulfonated tetrafluoroethylene based fluoropolymer-copolymer, the so-called 

Nafion®, (see supplementary, Figure S5) was also characterized in acidic medium. It was 

observed that the HER started at a higher overpotential than that compared with electrografted 

Co-clathrochelate at GC electrode. Note that this experiment cannot be performed in acetonitrile 

with the addition of controlled amounts of proton since reacst Nafion® films are not stable in this 

medium, leading to the piling off of the catalytic film. Figure 12b shows the corresponding 

Tafel slopes. For Pt, the situation remains unchanged but for the GC electrode in contact with the 

Co-complex, significantly larger slopes are measured. Slopes close to 120 mV/decade are usually 

ascribed to a rate-determining discharge step. Larger values such as those measured here on bare 

GC and with the Co-complex electro-grafted may indicate the onset of other reaction paths (e.g. 

mass transport contributions or reaction steps involving chemical interactions with the Co-

complex) that will require further characterization. Exchange current density values are compiled 

in Table 2, and compared to those measured in acetonitrile + 4 mM HCOOH. In 0.1 M H2SO4, 

the gain in HER overvoltage after electrografting is significantly less pronounced but still, the 

electrografted provides high HER electroactivity (see also supplementary, Figure S4). All these 

results provide a proof-of-concept for the use of this cobalt clathrochelate electrografted on 

glassy carbon in water electrolysis. Our results are put in a broader perspective in the Table S6, 

which presents the performance of our Co clathrochelate grafted to the GC electrode in terms of 

overpotential for HER featuring some Co-based electrocatalysts functionalized on modified 

electrodes and massive Co-based electrodes in aqueous acidic conditions. We observe that our 

Co clathrochelate modified planar electrode exhibits a higher overpotential than 3D electrodes 
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modified by Co complexes. Moreover, it loses its competitiveness when compared to massive 

cobalt-based systems such as thin film layers.  

 

Figure 12. (a) Cyclic voltammograms and (b) Tafel plots recorded on bare GC electrode 
(without catalyst), on the electrografted Co clathochelate@GC electrode, and on Pt as a 

reference, respectively. The electrolyte contained 0.1 M H2SO4 in water.  
Scanning rate: v = 30 mV s–1. 

 

Table 2. Log of HER exchange current densities (log |j0|, j0 in A.cm–2) of the two electrodes in 
the two different media. 

log |j0| 
(j0 in A.cm–2) 

Bare GC Co-complex  
in solution 

Co-complex 
electro-grafted@GC 

Pt 

acetonitrile + 
4 mM HCOOH 

- −6 −5.5 −5.2 

0.1 M H2SO4 −5 - −4.6 −2.8 

 

4. Conclusions 

In an attempt to find alternative electrocatalysts to platinum group metals, we report on the 

electrochemical activity of a cobalt clathrochelate electrocatalyst with regard to the HER. In such 

complex, the catalytically active Co center is embedded in a macrobicyclic tris-dioximate ligand 
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cage. Measurements have been made using glassy carbon as working electrode in two 

complementary configurations: in the homogeneous phase (the active complex is dissolved in the 

electrolyte) and in the heterogeneous phase (the complex is electrografted at the surface of the 

GC working electrode). The surface functionalization of the Co-complex was achieved by 

electrografting via the electrochemical reduction of in situ generated aminophenyl diazonium. 

Experimental results measured in acetonitrile in the presence of controlled amounts of protons 

show that the glassy carbon working electrode is more active when the cobalt clathrochelate is 

electrografted instead of being dissolved in solution. A reduction of approximately 800 mV of 

the HER overvoltage was measured, leading to much higher current density values. The GC 

modified electrode has also been tested in aqueous 0.1 M H2SO4 solution (pH = 1) in view of 

practical applications in water electrolysers. Despite the low electrolyte pH, the chemical 

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

 

HIGHLIGHTS 

• H2 generation using an electrochemical stable interface based on a cobalt molecular 

grafted complex. 

• Non-precious metal as an electrocatalyst for the hydrogen evolution reaction. 

• Electrogafted catalytic complex as an electrochemical platform. 
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