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Abstract: Electrode-confined molecular catalysts are promising systems to enable efficient conversion 

of CO2 to useful products. Here, we describe the development of an original molecular cathode for CO2 

reduction to CO, based on the non-covalent integration of a tetraazamacrocyclic Co complex to a 

carbon nanotube (CNT) based matrix. Aqueous electrochemical characterization of the modified 

electrode allow to clearly observe a change of redox behavior of the Co center as surface concentration 

was tuned, highlighting the impact of the catalyst microenvironment on its redox properties. The 

molecular cathode enabled efficient CO2-to-CO conversion in fully aqueous conditions giving rise to 

turnover number (TONCO) up to 2 x 104 after 2 hours of constant electrolysis at mild overpotential (η = 

450 mV) and with faradaic efficiency for CO of about 95%. No obvious degradation of the catalyst could 

be observed post operando using electrochemical techniques, ICP, XPS and XAS characterization of the 

films making this Co-based electrode a new promising alternative for molecular electrocatalytic 

conversion of CO2 to CO in fully aqueous media. 

Introduction 
The aim to mitigate the impact of global warming requires a drastic decrease in our fossil fuels uses 

along with implementation of strategies allowing the closing of the carbon cycle.1–3 To achieve the 

latter target, efficient electrocatalytic systems need to be developed and integrated within functional 

electrolyzer devices to allow the mass scale conversion of CO2 waste to useful compounds using 

renewable electricity as main energy input.4–6 The electrocatalytic reduction of CO2 (CO2RR) can trigger 

the production of a variety of more of less complex compounds with specific industrial applications, 

from the simple C1 products CO and formate to more electrons-rich ones such as methane, methanol 

or C2+ such as ethylene or ethanol.4,7 Recent developments in metal-based electrode material, mostly 

Cu-based,8–10 have enabled the production of higher added-value products such as ethylene,11–13 

methane14–16 or ethanol.17 However, while these processes have been largely improved over the past 

5 years, the complexity of the successive reduction steps still leads to mixtures of products which limit 

the maturity of these systems.8–10 On the other hand CO, the simplest of all CO2 reduction products, is 

a pivotal building block in the chemical industry ranging from the production of hydrocarbons through 

the use of Syngas mixtures in Fischer-Tropsch processes or methanol production18,19 to carbonylation 

of alkenes (hydroformylation) and alkyl/aryl halides and alcohols.20 Recent work have also studied the 

direct electrocatalytic reduction of CO (CORR)21 to more electrons and protons- rich products using 

mostly Cu-based catalysts.22,23 Consequently, tandem catalytic systems have emerged to first 



selectively reduce CO2 to CO which is in turn reduced to generate C2+ products with better selectivity 

and efficiencies.24,25 Recent projections have also showed that electrochemical CO production is close 

to be cost competitive, approaching the price of fossil-sourced CO.26  

Fully molecular approaches have been explored to generate efficient and selective earth-abundant 

transition metal catalysts for CO2 reduction, mainly to CO and HCO2
–.27–29 The use of synthetic methods 

allows the fine-tuning of molecular designs, which in turn gives access to structure/activity 

relationships that can lead to further optimizations of the molecular center in terms of activity, 

stability, and selectivity. A large body of work has now showed that the catalyst properties could be 

tuned through structural modifications by simply changing the nature of the ligand,30–32 its 

steric/conformational attributes,33,34 its conjugation and redox activity properties to master electronic 

density at the metal centre35–37 or even designing so-called “outer coordination sphere”.38–44 

While these molecular approaches are of major interest to further understand key processes involved 

in the catalytic mechanisms, such molecular centers require to be hybridized with electrode surfaces 

in order to shift from basic science to potential applications.45–47 Over the past ten years, many studies 

have demonstrated the benefit of anchoring molecular catalysts at electrode surfaces, using covalent 

or non-covalent grafting methods. Among the most studied grafted earth-abundant metals containing 

structures for CO2 reduction, Co, Fe and Ni-based macrocycles have been used extensively48–55 as well 

as polypyridine-based metal complexes.56–60 Integration of such molecular structures to nanomaterials 

such as carbon nanotubes or combination in metal organic frameworks (MOFs) has enabled the 

development of highly active hydride electrodes able to deliver current densities in the range of the 

tens of mA cm–2 at reasonable overpotentials and with good selectivity towards CO.61–65 Recently, 

integration to flow devices or zero-gap electrolyzers have even shown first functional proof of concept 

of molecular-based CO2 electrolysers.66–69  

In this work, we describe the original derivatization and subsequent electrode immobilization of a 

cobalt macrocyclic pyridildiimine complex (CoN4H) first studied by the groups of Peters70 and Frei71,72 

in organic media, revisited by the group of McCrory37 and recently coupled to a photosensitizer to be 

integrated within a syngas producing photoelectrochemical cell (Figure 1a).73 Through the 

incorporation of a pyrene-anchoring group at the macrocyclic ligand and its subsequent integration to 

carbon nanotube (CNT) based electrode through non-covalent grafting, the electrocatalytic properties 

of the grafted Co macrocyclic complex for CO2 reduction were investigated for the first time in fully 

aqueous media. The ease of surface functionalization enabled by the non-covalent binding of the 

pyrene anchor to the CNT sidewalls allowed to conveniently vary the catalyst surface concentration. 

CA experiments showed that the selectivity towards CO was improved below –0.8 V vs SHE, reaching 

95 ± 5% at –1.0 V vs SHE (η = 450 mV). High TONCO up to 20x103 were obtained after 2h electrolysis in 

CO2-saturated carbonate electrolyte with no obvious degradation of the Co center.  

 

Results and discussion 
Synthesis and characterization of [CoIII(N4H-PhPyr)Cl2]Cl (CoN4H-PhPyr). The tetraaza-macrocylic Co 

complex bearing the pyrene anchor was synthesized through a 6-step process starting from chelidamic 

acid with an 18% overall yield (Figure S1). Following the chlorination of the pyridine moiety in para 

position and the formation of the acetyl groups, the resulting diacetyl pyridine was further modified 

using a Pd-catalysed Suzuki-Miyaura cross-coupling in order to implement a protected carboxylic acid 

group allowing for further derivatization of the ligand. Templated macrocyclization was performed 

using CoCl2, 3,3’-diaminodipropylamine and the diacetyl pyridine intermediate under microwave 

conditions to yield the Co macrocycle 5. Following deprotection of the carboxylic acid group with 



trifluoroacetic acid (TFA), CoN4H-PhPyr (Figure 1a) was obtained through the coupling of a pyrene 

butylamine with a free carboxylic acid residue using hexafluorophosphate azabenzotriazole 

tetramethyl uronium (HATU). The final compound was fully characterized using NMR, IR, UV-vis 

spectroscopies and high-resolution mass spectrometry (Figure S2-4). A parent compound lacking the 

pyrene-anchoring unit at the end of the butyl chain, CoN4H-PhBu, was synthesized using the same 

methodology, in order to probe the impact of the macrocycle substitution on the electrochemical and 

electrocatalytic properties of the Co center.  

 

Figure 1: a) Structures of CoN4H parent complex and its pyrene-modified counterpart CoN4H-PhPyr and CoN4H-PhBu ; b) CVs of 
CoN4H (black trace), CoN4H-PhPyr (red trace) and CoN4H-PhBu at 1 mM in MeCN, 0.1 M TBAPF6 under argon (ν = 100 mV s–1). 

Homogeneous electrochemical characterization. The electrochemical properties of CoN4H-PhPyr and 

CoN4H-PhBu were first studied and compared with the parent CoN4H complex. CVs performed in MeCN 

0.1 M TBAPF6 showed very similar electrochemical behavior between the three compounds, as 

expected, with a slight anodic shift observed for all redox events for CoN4H-PhPyr and CoN4H-PhBu 

(Figure 1b, Table S2). This shift can be explained by the electronic coupling stemming from the phenyl 

group in para position of the pyridine ligand which pulls the electronic density away from both the Co 

center and the electroactive pyridyl diimine moiety, as previously demonstrated by McCrory and 

coworkers.37 For CoN4H-PhPyr, a first reversible redox process corresponding to the CoIII/II redox couple 

is observed at E1/2 = –0.38 V vs Fc+/0 with a 0.03 V anodic shift compared with the parent CoN4H 

complex. Another reversible process attributed to the CoII/I redox couple was observed at E1/2 = –0.83 

V vs Fc+/0, 0.03 V more anodic than with the parent compound. Finally, the redox process expected 

from the pyridyl diimine moiety is observed with a partially reversible redox process at E1/2 = –1.74 V 

vs Fc+/0 and with a more pronounced anodic shift of 0.07 V compared to the CoN4H reference. A small 

redox event for all complexes could be spotted between –1.21 and –1.14 V vs Fc+/0 which could not be 

attributed with certainty. The electrocatalytic behavior of the newly synthesized complexes towards 

the reduction of CO2 was also characterized in organic media and compared to the parent complex 

(Figure S5 and S6). First, CVs obtained following the addition of 11 M of H2O as proton source showed 

the appearance of a catalytic wave, likely attributed to the reduction of protons by the Co center as 

previously reported (Figure S5).37 After saturation of the electrolyte with CO2, a clear catalytic wave 

could be observed at Ecat/2 = –1.75, –1.70 and –1.66 V vs Fc+/0 for CoN4H, CoN4H-PhPyr and CoN4H-PhBu, 

respectively. In order to verify the nature of the catalytic process, controlled potential electrolysis (CPE) 

measurements were performed for all three complexes at a larger glassy carbon disk, in the presence 

of the proton source and CO2, at –1.92 V vs Fc+/0 (Figure S6). Stable currents between –1 and –1.5 mA 

were observed and the produced gases were quantified using gas chromatography. After 1h CPE, 8.2 

µmol of CO and 0.3 µmol of H2 were measured for CoN4H with a faradaic efficiency for CO (FECO) of 



69%. For CoN4H-PhPyr, 6.8 µmol of CO and 1.0 µmol of H2 were measured with a comparable FECO of 

65% while CoN4H-PhBu allowed the production of 5.0 µmol of CO and 2.5 µmol of H2 with a slightly 

lower FECO of 54% (only traces of formate were detected in the electrolyte post-CPE, in same quantity 

as for the blank electrolysis without catalyst, suggesting that formate production stemmed from DMF 

hydrolysis) (Table S2).  Thus, the FECO obtained with CoN4H-PhPyr and CoN4H-PhBu are comparable to 

the recently reported work by Nie et al. for the phenyl-derived complex, although we found a higher 

selectivity for CO with the parent complex CoN4H, which could arise from the change in electrolyte.37 

CPE performed at –2.20 V vs Fc+/0 with CoN4H-PhPyr highlighted that the second wave observed can 

mainly be ascribed to proton reduction as FECO drops from 65 to 45% while FEH2 rise from 10 to 32% 

(Figure S6). The relatively low overall FE, close to the one observed in previous work,37 can potentially 

be attributed to partial reduction and/or degradation of the molecular unit in these conditions. 

Electrode integration and heterogeneous electrochemical characterization. The MWCNT electrodes 

were prepared by drop-casting of a MWCNT dispersion in ethanol (3 mg mL–1), allowing to obtain a 

homogeneous thick and porous network of MWCNT at the surface of the GC electrode (Figure S7). The 

MWCNT electrodes were then let to dry before being soaked in 5 mM solution of CoN4H-PhPyr in DMF 

and then washed successively with DMF and deionized water. The presence of the pyrene anchor 

allowed for smooth and simple integration of CoN4H-PhPyr at the surface of multiwalled carbon 

nanotube (MWCNT) modified glassy carbon (GC) electrode through π-π interactions between the 

pyrene and the π-conjugated CNT sidewalls (Figure 2a). The electrochemical characterization of the 

CoN4H-PhPyr|MWCNT-modified electrodes were then performed in aqueous potassium bicarbonate 

electrolyte (0.5 M) (Figure 2b). 

 

Figure 2: a) Schematic representation of the CoN4H-PhPyr|MWCNT electrode assembly and proposed displacement of the Cl– 
ligands by H2O as observed using XAS spectroscopy; b) CV measurements of the CoN4H-PhPyr|MWCNT-modified electrode (red 
trace) and of a bare MWCNT|GC (grey dashed trace) in 0.5 M KHCO3, under N2 atmosphere (ν = 20 mV s–1) 

CV measurements were carried out and could show very distinct reversible redox signals at E1/2 = 0.26 

and –0.40 V vs SHE that likely correspond to the CoIII/II and CoII/I redox processes, respectively (Figure 

2b). As expected for an immobilized species, both the anodic and cathodic peak current increased 

linearly with the scan rate, up to 0.5 V s–1 (Figure S8). The lower peak current values observed at higher 

scan rates (> 0.5 V s–1) can most likely be explained by mass transport limitation within the MWCNTs 

network, as commonly observed for porous films.74,75 The solution structure of the Co center at the 

working electrode was probed with Co K-edge X-ray Absorption Spectroscopy (XAS). In the solid state, 

Co in the catalyst is in octahedral coordination, bound to four N/O atoms at 1.96 ± 0.03 Å and two Cl 

atoms at 2.24 ± 0.02 Å as planar and axial ligands, respectively (the details of the analysis and cell setup 



are reported in the SI and Figure S9). Upon immersion of the CoN4H-PhPyr modified electrode in the 

aqueous electrolyte, both the X-ray Absorption Near-Edge Structure (XANES, Figure S10a) and the 

Extended X-ray Absorption Fine Structure (EXAFS, Figure S10b) regions of the spectra highlight the 

absence of Cl– ligands, and suggest that Co is bound only to N/O ligands, in octahedral coordination. 

These evidences confirm the findings reported by Moonshiram et al,76 concerning the substitution of 

the axial Cl with aqua ligands in a macrocyclic Co catalyst in solution. Thus, the initial species present 

at the surface of the electrode when electrochemistry is performed is a bis-aqua complex (Figure 2a).  

As mentioned above, this simple non-covalent immobilization process usually allows to efficiently 

control the surface loading of the grafted molecular entity by simply changing the concentration of the 

catalyst in the incubation solution. This electrode preparation strategy differ from the widely employed 

ink deposition where a mixture of catalyst and carbon support is directly deposited at the conducting 

support77–79 and has the advantage to prevent aggregation to maximize the amount of electroactive 

species.69 Thus, a range of concentrations (from 0.5 to 20 mM) of the soaking solution of CoN4H-PhPyr 

used for the electrode functionalization was screened (Figure 3).  

 

Figure 3:  a) CV of the CoN4H-PhPyr|MWCNT|GC electrode modified in increasing concentration of the soaking solution in 0.5 
M KHCO3 under N2 (ν = 20 mV s–1); b) Evolution of the surface concentration of CoN4H-PhPyr as function of the concentration 
of the soaking solution measured electrochemically (EC, black dots) or using ICP-OES (purple squares). The red dashed trace 
represents the best isotherm fitting of the EC data points. 

As expected, the redox responses of both the CoIII/II and CoII/I redox signals became more intense as the 

concentration of CoN4H-PhPyr in the soaking solution increased (Figure 3a). This shows that the surface 

loading of the complex indeed logically evolves when the soaking concentration is changed, as the 

equilibrium for adsorption is modified. The surface concentrations of the grafted and electrochemically 

responsive Co center (𝛤CoN4H-PhPyr) could be obtained through the integration of the oxidation wave of 

the CoIII/II redox process. Surface loadings ranging from 4 ± 1 to 38 ± 7 nmol cm–2 could be measured at 

concentrations of 0.5 and 15 mM, respectively, in the same range as for other pyrene-modified 

catalysts deposited on similar MWCNT-based electrodes.58,80 The evolution of the Co loading with the 

soaking concentration of the complex could be fitted using a simple Langmuir isotherm (Figure 3b, see 

SI for details). The best fit was obtained with a saturating surface concentration (𝛤Co. max) of 31 nmol 

cm–2 to give an association constant of 350 M–1, slightly lower than previously reported K values for 

the adsorption of pyrene-modified coordination complexes at MWCNT electrode surfaces.58,80 Surface 

saturation thus seems to be reached at soaking concentrations between 7.5 and 10 mM, above these 

values the catalyst is likely to be deposited inhomogeneously and to form aggregates. For all the 

soaking concentrations probed, the peak current responses as a function of the scan rate remained 

linear, again, up to 0.5 V s–1 (Figure S11-S17). In parallel, inductively coupled plasma optical emission 



spectroscopy (ICP-OES) allowed to further quantify the total amount of Co contained in the MWCNT 

films. Slightly higher Co loadings were measured, indicating that between 21 and 34% of the catalyst 

remained electrochemically silent after soaking the electrode in 7.5 and 1.25 mM solutions of CoN4H-

PhPyr, while at larger concentrations, similar surface loadings were measured for both electrochemical 

and ICP-OES measurements (Table S3).75 Poor electrochemical wiring could simply explain this 

discrepancy although recent work also hinted that direct electronic coupling between the adsorbed 

molecule and the surface, more likely at low catalyst loadings, could also lead to the absence of redox 

response.81 The larger discrepancy observed between the EC and ICP-based surface loadings at lower 

surface concentration could be explained by a less dense layer of catalyst which could allow for 

facilitated electronic coupling between the conjugated domain of CoN4H-PhPyr and the MWCNT 

electrode surface as recently proposed.81 Such coupling would be less likely in the case of a densely 

packed catalyst layer. 

Another obvious feature observed when increasing the surface loading is the shift in redox potentials 

of both the CoIII/II and CoII/I redox processes (Figure 3a and S18, Table S3). For the CoIII/II redox couple a 

very sharp shift in potential is observed when going from surface concentration below 20 nmol cm–2 

to higher surface loadings (Figure S18a). Below 𝛤CoN4H-PhPyr = 20 nmol cm–2, the E1/2 of the CoIII/II redox 

couple sits at E1/2 = 0.26 V vs SHE and drops to E1/2 = 0.16 V vs SHE at increasing surface coverage above 

20 nmol cm–2. At intermediate surface concentrations (obtained with soaking concentration of 

between 5 and 10 mM), broader redox responses can be observed where the contribution of the two 

redox events probably overlap (Figure S18a and c). In parallel, the CoII/I redox couple shifts linearly 

when increasing the surface loading, from E1/2 = –0.45 to –0.40 V vs SHE, until reaching 20 nmol cm–2 

when the redox potential then stabilizes even at higher loadings (Figure S18b and d). Interestingly, the 

sharp potential shift of the CoIII/II redox process occurs at the surface concentration when the MWCNT 

electrode surface seems to saturate, around 𝛤CoN4H-PhPyr = 20 nmol cm–2, according to the Langmuir plot 

(Figure 3b, S18c). Similarly, the stabilization of the CoII/I redox potential also occurs at loadings above 

20 nmol cm–2 (Figure 3b and S18d). These changes in redox activity occurring when varying the surface 

concentrations can most probably be attributed to a change in organization of the Co centers at the 

surface of the electrode and potentially to intermolecular interactions as site density increases. From 

the scan rate dependency studies of the peak currents performed for each modified electrodes (Figure 

S8 and S11-S17), peak separation was extracted and plotted as function of the log of the scan rate in 

order to perform a Laviron analysis82,83 of the CoN4H-PhPyr|MWCNT electrodes with various surface 

loadings (Figure S19). From these plots, electrons transfer rate (kET, see SI for detailed calculation) 

could be calculated. Interestingly, it appears that at lower surface loadings (< 20 nmol cm–2) kET are 

situated between 2.5 and 4.5 s–1 while at higher loadings (> 20 nmol cm–2) the kET drop to below 1 s–1 

(Figure S20). The latter values corresponds to the rate measured in a recent study for a parent complex 

bearing a similar but shorter linker.84 This decrease in ET rates could potentially hint towards 

reorganization occurring at higher loading, potentially whilst monolayer formation, increasing the 

distance between the Co center and the MWCNT surface (although distorted signal, e.g. large peak-to-

peak separation, could also stem from the electrolyte mass transport limitations in the porous 

electrode when large current response are observed). This phenomenon has previously been 

described for other adsorbed/grafted redox active compounds. For instance, the group of Dempsey 

showed that the redox activity of ferrocene could be affected by the interaction between the redox 

sites at an electrode surface.85 In addition, lateral interactions between redox and non-redox active 

species in self-assembled monolayers have previously been described to strongly impact redox 

properties of the absorbed redox probe.86–88 More work, including surface co-immobilization of the Co 

centers with other surface functions as diluent, needs to be performed in order to fully understand the 

observed redox behavior and how the microenvironment around the metal center can influence its 



redox response as well as its catalytic properties. These results underline the potential interest of such 

fine control over surface loading in order to control the local organization and tune the 

microenvironment of a grafted catalyst. 

Electrocatalytic performances of the CoN4H-PhPyr|MWCNT cathode. Following these electrochemical 

characterizations, the CoN4H-PhPyr|MWCNT-modified electrodes were then tested for their ability to 

electrocatalytically reduce CO2 in fully aqueous media. Electrodes prepared with 7.5 mM soaking 

solution of Co complex were first studied as they allow, according to the Langmuir plot above, 

saturating the electrode surface with Co centers.  

 

Figure 4: Electrochemical and electrocatalytic characterisation of the CoN4H-PhPyr|MWCNT electrode modified with 7.5 mM 
of Co complex in the soaking solution. a) CV performed under N2 (red trace, 2nd scan showed) and in CO2-saturated electrolyte 
(blue trace, 4th scan showed following measurements under N2), blank MWCNT|GC electrode under N2 (light grey full trace) 
and in CO2-saturated electrolyte (grey dashed trace) (ν = 20 mV s–1). Inset: zoom on the non-catalytic redox responses of the 
CoN4H-PhPyr|MWCNT electrode ; b) CA performed at –0.8 vs SHE (black line), –0.9 (red line) and –1.0 V vs SHE (blue line); c) 
Amount of CO (full lines) and H2 (dashed lines) produced over time at  –0.8 (black dots), –0.9 (red squares), and –1.0 V vs SHE 
(blue triangles); d) Faradaic efficiencies for CO (blue columns) and H2 (red columns) as a function of the applied potential after 
2h of CPE. All experiments were performed in 0.5 M KHCO3 degassed with either N2 (pH 8.6) or CO2 (pH 7.4) 

CVs performed in 0.5 M KHCO3 electrolyte (pH 8.6) under an N2 atmosphere scanning towards more 

negative potentials showcase distinctly different features than those observed above (Figure 4a). First, 

a large irreversible wave reaching about –4.9 mA cm–2 is observed, starting at around Eonset = –0.75 V 

vs SHE, which is likely to be stemming from proton reduction as previously reported for a similar Co 

catalyst (see below for details). In addition, the previously observed redox features of the CoIII/II and 



CoII/I couples are drastically modified upon further reducing the Co center, most likely below its CoI 

state (Figure S21). First, following the further reduction of the CoI, the CoII/I couple loses its reversibility 

and a new oxidation peak is instead observed at Eox. = –0.19 V vs SHE, which could be attributed to the 

formation of the CoII specie (Figure S21a, inset). Following successive scans in the catalytic wave region 

a very obvious shift of the CoIII/II redox couple can be noticed, shifting towards more negative potentials 

(from E1/2 = 0.16 to 0.04 V vs SHE) (Figure 4a, inset and Figure S21b, inset). Concomitantly, the initial 

CoII/I redox process disappears while a new oxidation peak can be observed at Eox. = –0.68 V vs SHE on 

the backward roughly at the same potential that of the catalytic wave. These observations clearly hint 

towards changes in the direct environment of the Co centers upon reduction below the CoI state. In 

the CO2-saturated electrolyte (pH = 7.4), a catalytic wave is observed at Eonset = –0.65 V vs SHE, 

therefore positively shifted by 100 mV compared to the one obtained under N2 atmosphere. This 

corresponds to a larger potential shift than what would be expected if only the pH had been modified, 

suggesting that an additional reactivity could stem from this catalytic process. This catalytic wave could 

then be assigned to CO2 reduction to CO (see below) which is thus initiated at low overpotential of 

about 100 mV (E0
CO2/CO = –0.55 V vs SHE at pH 7.4).  

In order to gain further insight on the stability of the observed catalytic process, chronoamperometry 

measurements (CA) were performed at three different potentials using a typical 2-compartment H-cell 

setup (Figure 4b, S22 and S23). Production of gaseous substrates, namely CO and H2, was also 

monitored using gas chromatography (GC) (Figure 4c and d). As expected from previous CV 

measurements, catalytic currents ramped up when the applied overpotential was increased from η = 

250 to 450 mV. After 5 min of CA measurements, current densities of about –0.8 ± 0.1, –3.1 ± 0.4 and 

–6.9 ± 0.7 mA cm–2 were measured at applied potentials of –0.8, –0.9 and –1.0 V vs SHE, respectively 

(Table S4). Between 70% (at –0.8 V) and 80% (at –1.0 V) of current was retained following 2 hours of 

CA, indicating a relative stability of the modified electrodes even at more negative applied potentials. 

The higher current densities obtained at larger overpotential translated into an increased production 

of CO with 205 ± 2 µmol cm–2 after 2 hours CA at –1.0 V vs SHE, compared to 18 ± 5 µmol cm–2 and 88 

± 11 µmol cm–2 at –0.8 and –0.9 V vs SHE, respectively (Figure 4c). At all potentials, steady production 

of gas could be quantified over time with a net increase of selectivity towards the electroproduction 

of CO compared to H2 at higher applied overpotential starting from 76 ± 10% at –0.8 V vs SHE and 

reaching 93 ± 3% at –1.0 V vs SHE (Figure 4c and d). Therefore, a non-negligible improvement in FECO, 

from 65 to above 90%, is observed following the grafting of the Co center and shifting from organic to 

aqueous electrolyte and this has has been previously observed in molecular catalysis for CO2 

reduction.53,77,89,90 These changes of selectivity can be attributed to a change of reactivity of some key 

intermediates in a different solvent (e.g. change in hydricity)91 but also to the drastic change in local 

environment stemming from surface integration.92 At a carbon surface, electronic coupling,77,93,94 

solvation,81 hydrophobicity/hydrophilicity and the local pH95 during catalysis vary significantly compare 

to homogeneous conditions and as function of the choice of electrolyte. In addition, the change of 

selectivity observed when going from low to high applied overpotential could arise from a change in 

local pH when current densities rise, leading to fast proton consumption and thus to more alkaline 

conditions at the electrode surface.  

As expected, control experiments performed with a non-modified MWCNT electrode only allowed to 

observe very small current density and negligible CO and H2 production while the presence of a Co salt 

(CoCl2) in the electrolyte only slightly increased the production of CO (Figure S24). CA measurements 

with the parent Co complex lacking the pyrene anchor CoN4H showed very similar selectivity as the 

pyrene bearing counterpart (FECO > 90%, Figure S24c and d), as expected from homogeneous study, 

with however much lower current densities (–0.89 mA cm–2 after 2h) leading to much lower CO 

production (39 µmol cm–2) (Figure S24b). Such difference can be explained by a much lower affinity 



between the parent CoN4H complex and the MWCNT surface, leading to lower surface loading and to 

a slow release in aqueous electrolyte overtime, as well as potentially by a more sluggish electron 

transfer as the larger peak separation is observed for CoN4H|MWCNT (Figure S24a). Without 

saturation of the aqueous carbonate electrolyte with CO2, lower and less stable currents are obtained 

with CoN4H-PhPyr|MWCNT (≈ 2 mA cm–2) and low FECO of 15% most likely stemming from the reduction 

of the low amount of CO2 present in the carbonate electrolyte (from KHCO3/CO2 equilibrium) indicating 

that CO2 is the source of CO and that carbonate is unlikely to be directly reduced to CO (Figure S24d).  

The higher current densities and FECO obtained at higher applied overpotential correspond to high 

specific TONCO above 9 x 103 at 450 mV overpotential and to TOFCO of 1.3 ± 0.1 s–1 after 2 hours of CA 

at –1.0 V vs SHE (Figure S25a). When using ICP-OES derived Co loadings, lower TONCO (≈ 7 x 103) and 

TOFCO (1.0 ± 0.1 s–1) are obtained due to the slightly higher Co content measured with this technique 

(Figure S25b, Table S4). These two sets of data thus give lower and higher estimates of the catalyst 

activity, comparing more than favorably with the existing literature on immobilized molecular 

complexes performing in aqueous media at low (450 mV in this work) overpotential.47 Interestingly, 

similar metrics for parents Co compounds have been concomitantly obtained by Andrin et al.96 

Post operando characterization of the CoN4H-PhPyr|MWCNT cathode. Post-CA experiments CVs were 

then performed in order to probe the evolution of the redox and electrocatalytic responses of the 

grafted Co catalyst (Figure 5).  

 

Figure 5: CVs traces of the CoN4H-PhPyr|MWCNT electrode modified with 7.5 mM of Co complex in the soaking solution before 
(black dashed line) and after 2h CA at –0.8 (red line), –0.9 (purple line), and –1.0 V vs SHE (blue line) in 0.5 M KHCO3 saturated 
with CO2 (pH 7.4) (ν = 20 mV s–1). The red and black arrows indicate the appearance and disappearance of redox signals, 
respectively. 

As discussed above, a new reversible redox feature at E1/2 = 0.08 V vs SHE (shifting with the pH following 

CO2 saturation of the electrolyte) is generated following the poising of the electrode at negative 

potential and is concomitant with the disappearance of the original CoIII/II redox signal at E1/2 = 0.21 V 

vs SHE observed under CO2 atmosphere (Figure 5). As observed above under N2 atmosphere, the rise 

of an irreversible anodic peak can also be spotted at Eox = –0.63 V vs SHE, tentatively be attributed to 

the CoII/I redox couple oxidation process of the newly generated molecular specie. Successive 1h CA 

experiments were performed at –0.8, –0.9 and –1.0 V vs SHE to probe the impact of the applied 

potential on the change in redox properties of the CoN4H-PhPyr|MWCNT electrode (Figure S26 and 

S27). CVs measured before and after sequential CA at different applied potential at which catalysis is 

effective showcase that the change in redox response occurs slowly at –0.8 V vs SHE and faster when 

more negative potential are applied (Figure S26). The same change in redox behavior can be followed 



using CV, as presented above under N2 atmosphere, with however a slower formation rate in CO2-

saturated electrolyte (Figure S28). At all applied potentials, the catalytic response remained reasonably 

stable over the cycles with between 65 and 75% of current retention after four rounds of 1h CA at –

1.0 and –0.8 V vs SHE, respectively (Figure S27a, b and c) while the production of CO and the FECO 

remained rather stable over time (Figure S27d, e and f). Importantly, the TOFCO only moderately 

decayed over time at all potentials during the time of the experiments, suggesting no or only slow 

degradation of the active catalyst in these conditions (Figure S29). After 4h, 95, 92 and 88% of 

maximum TOFs are retained at –0.8, –0.9, and –1.0 V vs SHE, thus strongly suggesting that the new 

redox feature belongs to the active catalyst (Figure S29b). In addition, CA experiments performed at –

0.8 V vs SHE with the newly generated species (from CA at –1.0 V vs SHE) could confirm that the change 

in selectivity obtained at the various applied potential is not inherent to the formation of the new 

complex but rather to the local conditions at the electrode as proposed above (Figure S30). 

We note that the intensity of the redox response also tends to slowly decay over time and, assuming 

a similar monoelectronic process CoIII/II (at E1/2 = 0.08 V vs SHE), only about 50% of the initial Co 

electrochemically estimated loading is found after 4h CA at –1.0 V vs SHE (62% after 2h CA, Table S5). 

This could be the sign of either catalyst degradation or desorption, although this latter hypothesis 

appears less likely as we recently demonstrated the very stable anchorage of pyrene anchors at the 

surface of MWCNT-based electrodes.97 Quantification of the remaining amount of Co in the film at the 

end of the 2 hours electrolysis experiment was also carried out using ICP-OES. After CA at –1.0 V vs 

SHE, 16 ± 2 nmol cm–2 of Co were detected, corresponding to about 52% of the initial Co amount loaded 

at the electrode (Table S5). ICP-OES performed on the electrolyte allowed to detect the presence of 4 

nmol of Co (corresponding to about 14 nmol cm–2 of loaded complex, about 46% of the initial Co 

amount loaded at the electrode) which confirmed Co release over the course of the electrolysis, likely 

stemming from ligand degradation over the course of time. In parallel, XPS characterization of the film 

was performed before and after 4h of CA experiments at –1.0 V vs SHE (Figure S31). Both the Co 2p3/2 

clear signal at 780.8 eV and the N 1s one at 399.9 eV display no obvious changes before and after CA. 

Overall, this indicates that these elements retained their oxidation state and chemical environment 

suggesting that the complex did not undergo any significant chemical changes after the catalysis and 

remained coordinated and grafted. 

The fingerprint analysis of the XANES spectra recorded before and after CA experiment at –1.0 V vs 

SHE indicates no obvious change in the coordination of the Co center. The spectral features are the 

same before and after CA, and no shift in the edge position is observed (Fig. S10a, inset), confirming 

that the Co coordination geometry and oxidation state are unaltered. The comparison of these spectra 

with the ones relative to Co metal and oxide reference compounds clearly showcase that no such 

chemical form is present in the probed electrode surface post-CA (Figure S10a).   

Taken together, these observations indicate that despite a very clear change in the redox properties 

of the deposited catalyst, its molecular integrity appears to be retained. Thus, this redox shift most 

likely arises from a coordination environment change that occurs when reducing the Co center below 

the CoI state and generating a molecularly active catalyst. As this species seem to be formed faster at 

larger overpotential and thus higher current densities, its formation probably indicates a change in the 

ligand sphere, likely to be related to the increasing basicity of the local surface environment during 

catalysis or, alternatively, reduction of the ligand by a hydride intermediate as faster formation of this 

specie under HER conditions could suggest (vide supra). More work is currently ongoing in order to try 

to identify the exact nature this new species. Then, the very slight loss of activity with time could then 

be explained by a prolonged loss of Co as CV, XPS and ICP-OES experiments discussed above would 



suggest, pointing toward potential Co decoordination as the main culprit for the slow loss of activity 

of the CoN4H-PhPyr|MWCNT electrode as no adsorbed degradation product seems to be detected.  

Study of the impact of the surface loading on the catalytic process. As discussed above, the CoN4H-

PhPyr surface concentration influences the redox activity of the CoIII/II and CoII/I redox couples. Thus, 

additional CA measurements were performed at low (9 ± 1 nmol cm‒2) and high (38 ± 7 nmol cm‒2) 

surface concentration of CoN4H-PhPyr in order to probe a potential impact on the electrocatalytic 

performances of the Co center (Figure 6). In particular, such influence on the selectivity has previously 

been observed for other molecular catalysts.58,98 

 

Figure 6: Electrochemical and electrocatalytic characterization of the CoN4H-PhPyr|MWCNT electrode modified with 1.25 
(black traces); 7.5 (red traces) and 15 mM (blue traces) of Co complex in the soaking solution. a) CV performed in CO2-saturated 
electrolyte in CO2-saturated electrolyte with MWCNT electrode (grey dashed trace) (ν = 20 mV s–1); b) CA performed at –1.0 V 
vs SHE; c) Amount of CO (full lines) and H2 (dashed lines) produced over time at –1.0 V vs SHE; d) Faradaic efficiencies for CO 
(blue columns) and H2 (red columns) as a function of the Co soaking solution concentration after 2h of CPE. All experiments 
were performed in 0.5 M KHCO3 degassed with CO2 (pH 7.4) 

CV performed with the CoN4H-PhPyr|MWCNT electrode modified with increasing surface 

concentrations of Co showed again a drastic difference in the redox response observed depending on 

the amount of loaded catalyst, attributed to a change in orientation and organization of the Co center 

at the electrode surface (vide supra). In addition, apparition of the new redox process at E1/2 = 0.10 V 

vs SHE (at pH 7.4) is also clearly observed after cycling towards more negative potential values, as 

observed above. However, the surface concentration had a negligible impact on the catalytic wave in 

terms of intensity and apparent onset potential (Figure 6a and S32). CA measurements carried out at 

–1.0 V vs SHE confirmed that only a marginal difference in catalytic response is observed when 



increasing the surface concentration of CoN4H-PhPyr even after 2h electrolysis (Figure 6b and S33). This 

lack of influence of the surface concentration onto the catalysis is further corroborated by the product 

analysis, which shows very similar CO and H2 production rates and selectivity (FECO > 93%) at the three 

concentrations tested (Figure 6c and d). This logically translated in important deviations when 

calculating the TONCO and TOFCO. At low surface concentration, TONCO as high as 20 x 103 (TOFCO ≈ 2.8 

s‒1) were obtained compared to 5 x 103 (TOFCO ≈ 0.7 s‒1) at high surface concentration (Figure S34a). 

Again, slightly more conservative values were obtained when assuming an activity of 100% of the Co 

measured by ICP-OES (Figure S34b). With such metrics, this CoN4H-PhPyr|MWCNT cathode compares 

well with recently published benchmarks of noble metal-free molecular-based cathode for aqueous 

CO2 reduction (Table S6). ICP-OES measurements carried out to quantify the amount of Co left in the 

film after the CA experiments showed that unexpectedly more Co was retained in the film after 2h at 

higher catalyst loading (88%) than at low concentration (51%) (Table S5). From EC and ICP loading 

measurements, there are no clear trends to correlate the amount of lost Co after the electrolysis with 

the applied potential (and charge passes) or initial amount of Co grafted. Nevertheless, the lack of 

improvement in current catalytic response with the increase of the Co surface concentration suggests 

that H+ and CO2 availability in the aqueous electrolyte and through the porous film is limiting in these 

conditions, as previously proposed for Co phthalocyanin modified carbon electrode for CO2 

reduction.98,99  

 

Conclusion 
In this work, the synthesis and full characterization of an original Co macrocyclic complex modified 

with a pyrene group, CoN4H-PhPyr, was carried out. The presence of such anchoring function enabled 

the straightforward integration of the macrocycle to MWCNT-modified electrodes. Thorough 

electrochemical characterization of the modified electrodes allowed observing a changing redox 

activity dependent on the surface loading, as often observed in SAMs but with however no dramatic 

impact on the catalytic properties of the grafted catalyst. In a CO2-saturated electrolyte, the catalytic 

activity for CO2 reduction to CO is initiated at an overpotential of only 100 mV. Importantly, shifting 

from homogeneous organic to heterogeneous aqueous conditions, CoN4H-PhPyr showed a largely 

improved selectivity toward the reduction of CO2 against the reduction of protons. CA experiments 

performed at increasing applied overpotential (250, 350 and 450 mV) showed that the activity as well 

as the selectivity of the CoN4H-PhPyr improved at more negative applied voltages, to reach maximum 

TONs of about 20 x 103 after 2 hours of electrolysis with FECO approaching 95% in the lower catalyst 

loading range.  

These results further underline the benefit of controlled surface integration of molecular catalyst for 

electrocatalytic small molecule activation and showcase in particular how the catalyst 

microenvironment can influence its redox properties. Here, incrementing the surface loading did not 

allow to improve the performance of the modified electrode to produce more CO, hinting that the 

local concentration of H+ and CO2 within the film is probably the limiting factor in the studied condition, 

as previously proposed for other molecular cathodes for CO2 reduction. Nevertheless, the properties 

of the CoN4H-PhPyr|MWCNT modified electrode compare very favorably with previously described 

earth-abundant based cathodes for CO2 reduction in aqueous conditions.47  

In future work, this catalyst will be characterized in membrane electrode assembly and integrated 

within electrolyzer to further test its properties in under non-limiting conditions. Further work will be 

carried out also to better understand the nature of the newly formed active specie as well as of the 

interactions responsible for the change of redox behavior of the Co center and in an attempt to take 

advantage from these to tune the catalyst activity.  
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