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Abstract 

Molecular catalysis for selective CO2 electroreduction into CO can be achieved with a variety 

of metal complexes. Their immobilization on cathodes is required for their practical 

implementation in electrolytic cells and can benefit from the advantages of a solid material 

such as easy separation of products and catalysts, efficient electron transfer to the catalyst and 

high stability. However, this approach remains unsufficiently explored up to now. Here, using 

an appropriate and original modification of the cyclam ligand, we report a novel 

[Ni(cyclam)]
2+

 complex which can be immobilized on carbon nanotubes. This material, once 

deposited on a gas diffusion layer, provides a novel electrode which is remarkably selective 

for CO2 electroreduction to CO, not only in organic solvents but, more remarkably, in water, 

with faradic efficiencies for CO larger than 90% and current densities of 5-10 mA.cm
-2

 during 

Controlled potential Electrolysis in H-cells. 

Introduction 

Molecular catalysis for selective CO2 electroreduction into CO can be achieved with a variety 

of metal complexes. The most representative and studied ones are the metal-carbonyl 

M(bpy=bipyridine)(CO)3Cl (M=Re, Mn), [Ni(cyclam=1,4,8,11-tetraazacyclotetradecane)]
2+

 

and M-porphyrin/phtalocyanine (M=Fe, Co) complexes.
1 

The CO2 reduction reaction 

(CO2RR) features kinetic limitations due to the multi-electron and multi-proton transfers, 

which require the use of catalysts. However, their practical utilization in technological devices 

such as electrochemical cells requires their fixation, covalent or non-covalent, to the cathode 

of the cell. Heterogenized molecular catalysts gain the benefits of solid materials, such as 

facile recovery of products and catalysts, effective electron transport from the electrode 

support to the catalyst, and high Turnover Numbers, in addition to the typical advantages of 

molecular complexes, e.g., synthetic control of the electronic properties and the coordination 

environment of the active sites. This approach has been surprisingly very little explored up to 

now, and only few complexes have been successfully converted into active electrode 

materials, as described in recent review articles.
2–4

 For example, remarkable performances 

have been achieved with M-porphyrin/phtalocyanine systems.
5,6

 The latter have the advantage 

of carrying polyaromatic, highly conjugated, macrocyclic ligands which allows direct non-

covalent immobilization of the catalyst at the surface of carbon-based electrodes without any 



functionalization. In contrast, functional heterogeneization of M(bpy)(CO)3Cl (M=Re, Mn) 

and Ni-cyclam catalysts is much more challenging and has been in fact less successful.
7
 As a 

matter of fact, a well-designed functionalization of the ligand is required to promote the 

adsorption of the catalyst on the carbon-based electrode. Such molecular catalysts can be 

immobilized using a widely used and straightforward method that relies on hydrophobic and 

π-π stacking interactions with a carbon-based support, preferably multi-walled carbon 

nanotubes (MWCNTs), which have the advantages of stability, high electrical conductivity, 

and large surface areas. The most representative reports concern bipyridine-pyrene derivatives 

used to immobilize a [Re(bpy)(CO)3Cl] complex on a graphite support
8
 or a 

[Mn(bpy)(CO)3Br] complex on carbon nanotubes,
9
 however in most cases with limited 

activity, selectivity and stability, thus low Turnover Numbers. 

Recently we addressed the question of immobilizing complexes with non-aromatic ligands on 

carbon electrodes. For that purpose, we have investigated one of the most studied molecular 

catalysts for CO2RR, namely [Ni(cyclam)]
2+

, labelled as Ni-cyclam. Ni-cyclam has attracted a 

lot of attention in particular for its, almost unique, ability to selectively catalyze the 

conversion of CO2 into CO in pure water.
10

 C.P. Kubiak and collaborators were first to 

attempt covalent heterogenization of Ni-cyclam, however with little success.
11

 On our side, 

we recently explored for the first time its non-covalent immobilization on a carbon-based 

nanostructured electrode using a pyrene functionalization.
12

 For that purpose, we synthesized 

an original pyrene-cyclam derivative and the corresponding Ni complex A (Scheme 1), which 

could be readily attached on CNTs deposited on a gas diffusion layer. The as-prepared 

electrode proved efficient, selective, robust for electrocatalytic reduction of CO2 to CO with 

high turnover numbers and turnover frequencies, however only in aprotic solvent with a very 

low water content (1%). Larger water content resulted in H2 production and drastic loss of 

selectivity for CO.  

 

Scheme 1. Synthesis of complex A. 



However, we showed that this first generation of Ni-cyclam-pyrene catalyst suffered from the 

following drawbacks. First, the presence of a carbonyl group within the chain linking the 

cyclam ligand to the pyrene moiety led to a 6-coordinated Ni cyclam complex which is redox 

active at potentials more cathodic, by 180 mV, than for the unfunctionalized Ni-cyclam. 

Second, the functionalization of the cyclam ligand had been made on one of the four N atoms, 

a configuration which was claimed to result in degraded catalytic activity and selectivity, as 

compared to C-functionalization of cyclam. According to a previous study, the interaction 

between the cyclam ligand and the electrode surface has a significant influence on the 

efficiency of Ni-cyclam catalysts. N-functionalization seems to result into increased structural 

hindrance when attached to the electrode that prevents the ligand to maintain a flat structure 

which favors selectivity for CO.
11,13

 Following our first study, Greenwell and collaborators 

immobilized a Ni-cyclam-pyrene complex, with an alkyl-pyrene group also attached to a N 

atom of cyclam (in that case the linker did not carry any carbonyl group), onto a Gas 

Diffusion Electrode (GDE).
14

 While producing CO from CO2 in a neutral aqueous bicarbonate 

electrolyte during potential-controlled electrolysis in a flow cell, the system produced large 

amounts of H2 and suffered from low stability: the current and selectivity for CO decreased 

rapidly over time bringing the Faradic Yield (FY) for CO from only 50% to 20% after 3 

hours. 

To further improve a Ni-cyclam based electrode and get more insights into the requirements 

for a selective and stable production of CO in aqueous electrolytes, in this report, we describe 

the synthesis of a novel Ni-cyclam-pyrene complex, named complex 1 (Scheme 2), in which 

the pyrene substituent was attached to a carbon atom of cyclam. The structure of complex 1 

confirmed that Ni is tetracoordinated as in Ni-cyclam, as targeted. Complex 1, after its 

immobilization on MWCNTs and deposition on a Gas Diffusion Layer (GDL), is very active, 

stable and highly selective for CO2 electroreduction to CO in acetonitrile-water solvent. 

Interestingly, the novel electrode retains excellent selectivity for CO (FY up to 87%) in 

aqueous medium, which, to the best of our knowledge, makes this the most selective 

[Ni(cyclam)]
2+

 catalyst covalently heterogenized on carbon electrodes in water. However, 

deactivation occurs during electrolysis in water, mainly because poisoning by CO. 

Results  

Synthesis of ligand L and complex 1 



 

Scheme 2. Synthesis of complex 1. Conditions: (i) Boc2O, dioxane, Na2CO3, H2O, RT, 72h, 

83%; (ii) EDC-HCl, DMAP, DCM, RT, 5h, 93%; (iii) TFA, DCM, RT, o/n, KOH, H2O, 

100%; (iv) DMF, NiCl2∙6H2O, 2h, 49%. 

 

The synthetic steps for the preparation of complex 1 are outlined in Scheme 2. Starting from 

the commercially available hydrochloride salt of 1,4,8,11-tetraazacyclotetradecane-6-

carboxylic acid, the first step involved the protection of the four secondary amines of the 

cyclam ring with tert-butoxycarbonyl (Boc) protecting groups. The cyclam derivative 2 was 

prepared according to a previously reported procedure with slight modifications.
15

 The amide 

bond formation step took place in dichloromethane, in the presence of the 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and 4-dimethylaminopyridine (DMAP). To 

maximize the yield, the commercially available salt 1-pyrenemethylamine hydrochloride was 

pretreated with a base (KOH) and then added to the reaction mixture. The acidic work-up 

eliminated the unreacted precursors, making it possible to isolate the product in excellent 

yields (˃90%) without the need for additional purification steps before the deprotection step. 

After evaporation of by-products and solvent, the ligand (L) was isolated in the form of 

trifluoroacetate salt. It has been characterized via IR, 
1
H NMR, 

13
C NMR and MS, and its 

purity was confirmed by elemental analysis (Experimental section). Finally, the ligand was 

mixed to NiCl2∙6H2O in DMF at room temperature to give complex 1, which was 

characterized via elemental analysis, MS and UV-Vis spectroscopy (Experimental section).  



 

Figure 1. Crystal structure representation of complex 1. Ellipsoids are drawn with 50% 

probability. All hydrogen atoms and the two free DMF molecules contained in the 

asymmetric unit are omitted for the sake of clarity. The crystal is a racemate. Only one of the 

enantiomers is shown. 

 

Single crystals of complex 1 were obtained as purple plates by slow diffusion of pentane to a 

DMF solution of the crude product. The molecular structure representation is shown in Figure 

1. A summary of the crystal data collection and refinement parameters are listed in Table S1. 

Selected interatomic bond lengths and angles are listed in Table S2. The nickel ion was found 

in a distorted octahedral coordination geometry, with two chloride ions occupying two apical 

positions and the four coordinating nitrogen atoms of the cyclam ring within a plane. The 

Ni1–N distances ranging from 2.057(2) to 2.066(2) Å and the Ni1-Cl bond lengths (2.485(5) 

and 2.543(5)Å), are comparable to those found in [Ni
II
(cyclam)Cl2].

16
 



Homogeneous electrochemical studies of complex 1 

 

Figure 2. a) CVs of complex 1 (black), [Ni(cyclam)]
2+

 (red), ligand (L, blue). Conditions: 

DMF with 0.1M TBAPF6 as the electrolyte, under Ar and at room temperature. 

Concentrations were 1 mM for all species. Scan rate 100 mV s
-1

. b) CV in the absence of 

complex 1 (blank, grey dotted) and CV of complex 1 (1 mM) in Ar-saturated (red) and CO2-

saturated (black) DMF with 0.1M TBAPF6 at room temperature in the presence of H2O 2M. 

Scan rate 100 mV s
-1

. 

 

The electrochemical properties of complex 1 were studied in DMF with 0.1 M TBAPF6 as a 

supporting electrolyte. Cyclic voltammograms (CVs) of complex 1 (1 mM) were recorded by 

using a glassy carbon disk (3 mm diameter) as a working electrode, under an argon 

atmosphere (Figure 2a). All potentials are reported vs. Fc
+
/Fc

0
. Scanning towards cathodic 

potentials reveals a first reversible signal (Figure 2a, black), assigned to the one-electron 

reduction of Ni
II
 to Ni

I
, at the same potential, about –2V, as that obtained for the 

unfunctionalized [Ni(cyclam)]
2+ 

complex (Figure 2a, red). A second, more cathodic (-2.4 V), 

reduction process was assigned to the one-electron reduction of the pyrene moiety, in 

agreement with the CV of the unmetallated ligand, L (Figure 2a, blue). It is interesting to note 

that this signal in the case of complex 1 is slightly more cathodic and less reversible than that 

observed for ligand L, indicating an effect of the metal ion on the redox properties of the 

pyrene moiety. Scanning towards anodic potentials shows a reversible signal, assigned to Ni
II
 

/Ni
III

 interconversion, also present in the CV of the unfunctionalized [Ni(cyclam)]
2+ 

complex. 

Both cathodic peak current density (jp) at -2 V and anodic peak current density at -1.9 V 

varied linearly with the square root of the scan rate (ν
1/2

) from 10 to 500 mV s
-1

 r, consistent 



with diffusion-controlled processes and thus with active complex 1 remaining in solution 

(Figure S1), as confirmed by a rinse test (Figure S2). 

 

Upon addition of CO2 (CO2-saturated solution) in the presence of H2O (2 M), it is found that 

the Ni
II
/Ni

I
 signal became irreversible and was immediately followed by a catalytic wave at 

slightly more cathodic potentials, suggesting that complex 1 was able to catalyze CO2RR 

(Figure 2b, black). In the absence of CO2 and with H2O (2 M), the Ni
II
/Ni

I 
signal was less 

affected and a catalytic wave, likely corresponding to proton reduction to hydrogen (HER), 

occurred at much more negative potentials with an onset potential of -2.3 V (Figure 2b, red).  

The current density associated with these catalytic processes was dependent on the 

concentration of water and 2M was chosen for the following of the study as providing the 

highest current density for CO2RR (Figure S3), in agreement with the stimulating effect of 

protons in CO2RR catalyzed by [Ni(cyclam)]
2+

.
12,17

 Even though the foot of the catalytic wave 

was partly mixed with the Ni
II
/Ni

I
 feature, the CV indicated an onset potential of about -1.9 V. 

Considering the potential for the reduction CO2/CO in a DMF-2M H2O solvent mixture at - 

1.41 V vs. Fc
+
/Fc

0
 (CO2/CO potential is reported to be - 0.690 V vs. NHE and the Fc

+
/Fc

0
 

potential is reported to be 0.720 V vs. NHE in DMF),
18

 the observed onset potential 

corresponds to a low overpotential of about 490 mV. 

Controlled-potential electrolysis (CPE) was performed for 2.2 hours at -2.38 V (Figure S4). 

The working electrode for the electrochemical cell was a 1 cm
2
 GC plate, and the electrolyte 

was a solution of complex 1 (1 mM) in CO2-saturated DMF with 0.1 M TBAPF6 and 2 M 

H2O as a proton source. Reaction products were analyzed and quantified by gas 

chromatography (for CO and H2), ionic exchange chromatography (for HCOOH) and 
1
H 

NMR spectroscopy (for CH3OH). The current density (0.1 mA.cm
-2

) was stable during the 

course of the experiment and CO was found to be the only reaction product in the gaseous 

phase (Faradaic Yield: 96%; 1.8 nmoles) and no formate could be detected in the liquid phase 

(Figure S4a). As additional evidence of the catalyst stability, a CV recorded after CPE was 

comparable to that before electrolysis (Figure S4b). CO2 reduction products were not detected 

during the same experiment when complex 1 was absent. 



Immobilization of complex 1: electrode characterization and CO2 reduction  

Complex 1 was physisorbed on multiwall carbon nanotubes (MWCNTs) through the 

establishment of π/π-stacking interactions between the pyrene moiety and the carbon material, 

as described in the experimental section. Briefly, MWCNTs were first sonicated in ethanol in 

the presence of Nafion and then drop-casted on a commercial gas diffusion layer (GDL). The 

resulting MWCNTs/GDL assembly was dipped into a methanol solution of complex 1 

overnight and, after a washing step in order to remove any unspecifically bound complexes, 

air-dried before electrochemical experiments. 

 

Scanning Electronic Microscopy (SEM) images of the 1/MWCNTs/GDL electrode clearly 

showed the porous network of MWCNTs (Figure S5). X-ray Photoelectron Spectroscopy 

(XPS) investigation (survey spectrum, Figure S6) indicates the presence of O atoms from 

alcohol or carboxylic acid defects of pristine MWCNTs along with Ni and N atoms from 

complex 1 on the surface of the electrode. The N1s and Ni2p3/2 signals were observed at 400.4 

eV and 855.9 eV, in good agreement with the presence of a Ni
II
 ion and a N/Ni ratio of about 

4.5.  

 

CVs were recorded in acetonitrile containing 0.1M TBAPF6, using the as-prepared 

1/MWCNTs/GDL electrode (Figure S7). The high capacitive currents observed in the 

voltammograms are explained by the 3D structure of the working electrodes but a signal at 

approximately -2 V vs. Fc
+
/Fc

0
 was observed, likely corresponding to the one-electron 

reduction of Ni
II
 to Ni

I
, in good agreement with the presence of the immobilized catalyst. The 

integration of the reduction signal at around -2 V at 20 mV s
-1

 (in agreement with the one-

electron reduction of Ni
II
 to Ni

I
 previously observed for complex 1) allowed to get an 

evaluation of the number of active sites of 4.2 10
–9

 mol cm
–2

 (Experimental section). Such a 

value is consistent with previously reported values for molecular catalysts deposited on 

MWCNTs.
 9,19

 

 

Linear sweep voltammograms (LSVs), obtained with the new electrode in CO2–saturated 

CH3CN containing 0.1M TBAPF6 as the electrolyte, in the presence of 1% H2O, shows a 

catalytic wave occurring at about – 2.0 V and assigned to CO2 reduction (Figure 3a). A 

second wave occurred at about 300 mV more cathodic potentials, likely accounting for 

Hydrogen Evolution reaction (HER). Indeed, the same feature at comparable potentials was 



observed in the absence of CO2 with a MWCNTs/GDL and a 1/MWCNT/GDL electrode 

(Figure 3a and S8a) as well as with a MWCNTs/GDL electrode in the presence of CO2 

(Figure S8a), thus pointing to the MWCNTs/GDL support as the promoter of selective 

production of H2.  

 

Figure 3. (a) LSV of 1/MWCNTs/GDL in acetonitrile with TBAPF6 0.1 M and H2O 1% 

under CO2 or Ar. Scan rate 10 mV s
-1

. (b) Controlled Potential Electrolysis using 

1/MWCNTs/GDL as the electrode at different potentials under the same conditions. (c) 

Faradaic yields for CO and H2 after 20 min electrolysis at different potentials under the same 

conditions with 1/MWCNTs/GDL. The amounts in nanomoles are given in Table S3. 

 

Controlled Potential Electrolysis (CPE) was carried out at various potentials from – 2.03 to – 

2.43 V vs. Fc
+
/Fc

0 
for 20 min (Figure 3b). The current densities were stable at all potentials. 

Without any activity loss, the same electrode could be utilized in multiple separate 

electrolysis tests. Figure 3c depicts the range of CO2 reduction products in terms of faradaic 

yields (FY). CO was the major product at all potentials, and in particular it was the only 

product detected between -2.03 and -2.23 V. H2 appeared at more cathodic potentials but 



accounted for only a few %.  Based on LSV data discussed above we assign this production to 

HER promoted by the MWCNTs/GDL support. No formate could be found in all tests. CPE 

employing a MWCNTs/GDL electrode was carried out at - 2.13 V vs. Fc
+
/Fc

0
 for 20 min as a 

control experiment (Figure S8b). In addition to having a significantly lower current density, 

the system was also selectively producing H2 (FY > 80%). 

The stability of the catalytic material and its selectivity were confirmed by a long-term (4h) 

electrolysis carried out at - 2.23 V vs. Fc
+
/Fc

0
 using the 1/MWCNTs/GDL electrode. The FY 

for CO was more than 90% after the 4h electrolysis (Figure S9). No formate could be 

detected. SEM analysis revealed that the electrode structure had not changed after 4h 

electrolysis (Figure S5). A Turnover Number (TON) for CO generation of 14630 was 

determined based on the quantity of electroactive sites on the electrode's surface (4.2 10
-9

 mol 

cm
-2

), which corresponds to a Turnover Frequency value of 1.01 s
-1 

(after 4h electrolysis). 

Electroreduction of CO2 catalyzed by 1/MWCNTs/GDL in water 

The novel electrode material was tested for the electrochemical reduction of CO2 in water 

containing 0.1 M KHCO3 as the electrolyte, under a constant flux of CO2 (5 ml/min). 

Interestingly, a linear sweep voltammogram (LSV) showed a catalytic wave occurring at more 

anodic potentials than that observed either with the MWCNTs/GDL control electrode or with 

the 1/MWCNTs/GDL electrode in the absence of CO2 (Figure 4a). This suggested a selective 

CO2 reduction catalysed by complex 1 immobilized on the electrode at potentials between – 

0.52 (the onset potential resulting in an overpotential of about 400 mV) and -0.8 V vs RHE 

and HER occurring at more cathodic potentials. The fact that the LSVs of the MWCNT/GDL 

electrode, with and without CO2 (Figure S10a) and of the 1/MWCNTs/GDL electrode in the 

absence of CO2 (Figure 4a) are comparable suggests that HER is essentially due to catalysis 

by the MWCNTs/GDL support.  

 



 

Figure 4. (a) LSVs of 1/MWCNTs/GDL (black and red) and MWCNTs/GDL (dotted) in 

water with KHCO3 0.1 M under CO2 or Ar. Scan rate 50 mV s
-1

. (b) Controlled Potential 

Electrolysis using 1/MWCNTs/GDL as the electrode at different potentials under the same 

conditions. (c) Faradaic yields for CO and H2 after 20 min electrolysis at different potentials 

under the same conditions with 1/MWCNTs/GDL. The amounts in nanomoles are given in 

Table S4. 

 

During CPE experiments carried out at various potentials from – 0.6 to – 1.2 V vs. RHE
 
for 

20 min (Figure 4b), the current density proved stable (occasional noise was likely caused by 

gas bubbles developing at the surface of the electrode). Figure 4c depicts the range of CO2 

reduction products in terms of faradaic yields (FY). CO was the major product between -0.6 

and -1 V, with the highest FYCO values (about 85%) between – 0.6 and -0.8V vs. RHE (with a 

current density of 5 mA.cm
-2

 at – 0.8 V vs RHE) and FYH2 below 10%. At more cathodic 

potentials, as anticipated (see above), H2 production increased and H2 was found to be the 

major product (FYCO =20%; FYH2=80%) at -1.2 V. No formate could be found in all tests. 

CPE employing a MWCNTs/GDL electrode was carried out at – 0.8 V vs. RHE for 20 min as 

a control experiment (Figure S10). In addition to having a lower current density (~2.5 mA.cm
-



2
), H2 was almost the only reaction product (only traces of CO were detected). This confirmed 

that the HER was essentially due to the activity of the MWCNTs/GDL support. 

During a longer experiment (4h) carried out at – 0.8 V vs. RHE using the 1/MWCNTs/GDL 

electrode, CO was the major product (1043.6 nmoles and TON= 248 after the first hour). 

However, the system experienced a decay of current density during the first three hours (from 

around 6 mA cm
-2 

after 20 min CPE to a plateau value of 2.6 mA cm
-2

) and a loss of 

selectivity (with a FY for CO of 87 and 53% after 20- and 200-min electrolysis, respectively) 

(Figure 5). Nevertheless, the XPS spectrum of the electrode after 4 hours electrolysis was 

comparable to that before electrolysis, showing the presence of Ni with a Ni:N ratio of about 

4.8 (Figure S11). In agreement with CO inactivating the system, when electrolysis was carried 

out under the same conditions but in the presence of 5% CO, the current density decayed 

much more rapidly and the FY for H2 reached higher values at shorter reaction times (Figure 

S12). 
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Figure 5. Controlled-Potential Electrolysis at -0.8 V vs. RHE
 
using 1/MWCNTs/GDL in 

water with 0.1M KHCO3 and a CO2 flow rate of 5 ml/min (blue). Faradaic yields for CO 

(black) and H2 (red) during the same experiment. The amounts in nanomoles are given in 

Table S5. 



Catalyst regeneration 

A likely origin of catalyst inactivation is the formation of Ni-carbonyl complex, derived from 

the reaction of Ni
I
 with CO, a process well established in previous studies 

17,20,21
. In order to 

verify this hypothesis, a long-term electrolytic experiment (Figure 6a) was followed by an 

oxidative treatment (at 0.79 V vs RHE for 10 minutes) of the electrode used to de-coordinate 

CO from the complex and the treated electrode used for a second electrolytic run (Figure 6b). 

Indeed, unlike Ni
I
, Ni

II
 is known not to spontaneously coordinate CO.

17
 As shown in Figure 6, 

it was found that the oxidative treatment allowed the electrode to regain its initial activity: not 

only the current density obtained during the second run (Figure 6b) was comparable to that 

obtained during the first run (Figure 6a) but also the FYCO, while at 72% after the first run, 

was at 87 % at the beginning of the second run, identical to that at the beginning of the first 

run, before subsequent loss of CO selectivity following the same kinetics. These experiments 

thus nicely show that the inactivation of the complex in water is fully reversible. While some 

release of complex 1 cannot be excluded, this experiment also shows that the amount of 

catalytically active species at the surface of the electrode remains stable during catalysis. 
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Figure 6. a) Controlled-Potential Electrolysis at -0.8 V vs. RHE
 
using 1/MWCNTs/GDL in 

water with 0.1M KHCO3 and a CO2 flow rate of 5 ml/min (blue). Faradaic yields for CO 

(black) and H2 (red) during the same experiment; b) Controlled-Potential under the same 

conditions using 1/MWCNTs/GDL from a), after having applied an oxidative potential (0.79 

V vs RHE) for 10 minutes (blue). Faradaic yields for CO (black) and H2 (red) during the same 

experiment. The amounts in nanomoles are given in Table S6. 

Computational studies 

Density Functional Theory (DFT) calculations, detailed in the Supplementary Information 

section, were conducted to further validate the electrochemical properties of complex 1. The 

calculations support that the first reduction of 1 corresponds to the conversion of Ni
II
 to Ni

I
. In 

water, this reduction was calculated to occur at a potential of -0.30 V vs. RHE, very close to 

that calculated for the unmodified Ni-cyclam complex (-0.41 V vs. RHE). According to 

previous computational investigations, the potential-determining step for the CO2RR 

corresponds to a proton-coupled electron transfer (PCET) to generate the Ni
II
-COOH 

intermediate from the formal Ni
II
-CO2

•–
 species.

17
 For 1, the calculated reduction potential for 

this step was -0.74 V vs RHE, taking CO2 + H2O as the source of protons, as previously done 

by Song et al.
17

 This value is in rather good agreement with the experimental position of the 

catalytic wave (Figure 4a), suggesting that the immobilization of the catalyst onto the 



MWCNTs/GDL electrode did not significantly influence its catalytic properties. Of note, 

periodic DFT calculations revealed that the electronic structure of 1 is only scarcely affected 

by immobilization (Figure S13-S15), which further justifies the use of a discrete molecular 

model to investigate the catalytic properties of complex 1 in water.  

 

Next, the ability of 1 to catalyze HER under the experimental conditions was evaluated. 

Previous experimental studies suggested the participation of a Ni
III

-H hydride,
22

 resulting 

from the protonation of the Ni
I
 species, as the key intermediate from which HER takes place. 

A pKa value of 3.3 for the Ni
III

-H in the case of complex 1 was calculated, being in line with 

the experimental value of 1.8 measured for Ni-cyclam.
23

 This clearly indicates that the 

protonation of Ni
I
 is unlikely under the neutral pH conditions used in this study. Furthermore, 

the calculated pKa for a putative Ni
II
-H intermediate was 26.4, but its formation from Ni

I
 

through a PCET process requires a reduction potential of -1.07 V vs. RHE (Scheme S1), 

which is more negative than that required for HER promoted by the MWCNTs/GDL support 

(Figure 4a). Similarly, the sequential reduction of Ni
I
 and protonation of the resulting Ni

I
 with 

an extra electron delocalized over the pyrene ring involves an excessively demanding electron 

transfer process (-1.73 V vs. RHE, Scheme S1). Altogether, our calculations nicely establish 

that complex 1 is unlikely to promote HER under our experimental conditions, in excellent 

agreement with the electrochemical data and our assignment of observed HER to the activity 

of the MWCNTs/GDL electrode (see above).  

Finally, to further understand the decrease of CO production rate with time (Figure 6), 

additional calculations were carried out to explore the possible inhibition of the catalytic sites 

by the CO product.
17,20

 Indeed, the coordination of CO to the Ni
I
 intermediate is exergonic by 

2.5 kcal mol
-1

, indicating that CO competes with CO2 for coordinating the electrochemically 

generated Ni
I
 sites. Thus, as the concentration of CO increases, that of bare Ni

I
 sites available 

for CO2RR decreases, explaining the overall decrease in current density and Faradaic yield for 

CO. Conversely, the binding of CO to the Ni
II
 species is endergonic by 4.3 kcal mol

-1
, in 

agreement with the experimental reactivation of the catalyst upon reoxidation of the Ni
I
 to 

Ni
II
. 

 



Discussion 

By introducing, for the first time, the pyrene substituent on a carbon atom of the cyclam 

ligand, a novel Ni-cyclam derivative, complex 1, which has retained the stereo-electronic 

properties of the parent Ni-cyclam complex, was successfully synthesized. This was attained 

by functionalizing the cyclam ring in a position that, unlike N-functionalized derivatives, does 

not allow the carbonyl group of the linker to coordinate the Ni center and does not alter N-H 

groups. This is clearly shown from the three-dimensional structure of complex 1 and from the 

redox potential value of the Ni
II
/Ni

I
 couple, which is identical to that of the Ni-cyclam 

complex. The 1/MWCNTs/GDL electrode, obtained by immobilization of complex 1 on 

MWCNTs and deposition on a GDL, proved highly active for CO2RR, stable and selective for 

CO production (with a FY > 95%) in organic solvent in the presence of a small amount of 

water (1%) as a source of protons, within a potential range of about 300 mV below the 

catalytic onset potential. At potentials more cathodic than about – 2.4 V vs Fc
+
/Fc

0
, the 

MWCNTs/GDL support becomes active for HER catalysis, explaining the production of H2 

below that potential. With an impressive TON of 14630 after 4 h electrolysis, this system is 

among the best immobilized molecular catalysts for CO2 to CO conversion in organic 

solvent
2,4,7

.  

More interestingly, the 1/MWCNTs/GDL electrode is also remarkably selective for CO 

production in purely aqueous electrolyte. CO2 reduction to CO occurs with FY close to 90% 

during a short-term (20 minutes) electrolysis within a 200-mV potential range (from about -

0.6 to -0.8 V vs RHE). Only when potentials more cathodic than -0.8 V vs RHE were applied, 

HER, promoted by the MWCNTs/GDL support, became important and then predominant at 

potentials below -1.0 V. Comparable systems with immobilized molecular catalysts within H-

cells using aqueous electrolytes with such high selectivity for CO2 reduction to CO and 

relatively high current densities (5-10 mA.cm
-2

) are exceedingly rare.
19,24,25 

The 

1/MWCNTs/GDL electrode thus compares well with the best systems based on 

Co(quaterpyridine) or Co(phtalocyanine) complexes immobilized on MWCNTs displaying 

current densities of 10-20 mA.cm
-2

 and high selectivity for CO (FY=90%).
24,25

 

It is worth noting on the mechanistic consideration that Ni-cyclam is not able to catalyze 

proton reduction under neutral conditions, at least at moderately cathodic potentials (between 

-0.6 and -0.8 V vs. RHE) employed for long-term CPE, and this is why it is selective for CO 



production. This is consistent with DFT calculations and with the calculated pKa value of 3.3 

for the Ni
III

-H hydride species (experimentally determined as 1.8 for unfunctionalized Ni-

cyclam
20

). Indeed, the mechanism of this catalyst implies an initial reduction of Ni
II
 into Ni

I
 

which is accompanied by CO2 binding and then proton-coupled electron transfer promoting C-

O bond cleavage upon further protonation yielding CO and water. Based on the pKa value of 

Ni
III

-H, Ni
I
 is not basic enough to get protonated and, furthermore, our calculations reported 

here indicated that further reduction of the Ni
I
 species would request too negative potentials. 

Therefore, on this basis and on the results presented here, it is likely that the observed 

formation of H2 in Ni-cyclam systems as coming exclusively from the activity of the carbon 

support and not from a supposed HER activity of the molecular catalyst. This then nicely 

explains the major difference between our previous complex A and present complex 1 

regarding CO2RR activity in water.
12

 With a catalytic wave shifted cathodically (onset – 0.7 V 

for complex A vs – 0.5 V for complex 1), CO2RR catalyzed by complex A cannot compete 

efficiently with HER promoted by the MWCNTs/GDL support. A gas diffusion electrode 

with an analog of complex A  developed by Greenwell and collaborators gave also much less 

selective CO production (FY = 50 %) in water.
14

 Previous reports discussing the CO:H2 

selectivity in the case of Ni-cyclam and derivatives have rarely considered this possibility of 

the involvement of the electrode carbon support and not Ni-cyclam for HER. That the carbon 

electrode is a good HER catalyst allowing HER to compete with CO2RR catalyzed by Ni-

cyclam in solution has been for example discussed by C.W. Machan and collaborators.
21

 

Finally, we observed an inactivation of the 1/MWCNTs/GDL electrode, resulting in HER 

from the MWCNTs/GDL support becoming dominant, during CPE in water. This was clear 

from a decrease of FYCO, an increase in FYH2 and a decrease of current density as a function 

of time. It can be assigned to the well-established formation of nickel carbonyl 

complexes.
17,20,26

 While problematic, it is interestingly observed that the catalyst could be 

easily reactivated for subsequent electrolysis. This reversibility opens the possibility to 

develop further this novel electrode with further investigation of technological strategies to 

avoid the formation of the Ni-CO complex and/or to reactivate the catalyst, as previously 

proposed.
20

 During the course of this study, Siritanaratkul and collaborators reported a zero 

gap electrolyte-free electrolyzer using a bipolar membrane and a gas diffusion cathode, on 

which Ni(cyclam) complex was deposited. While the system was less selective for CO2 

reduction, it also enjoyed reversible inactivation during electrolysis, mainly assigned to the 

formation of a nickel-carbonyl complex.
27

 



In conclusion, the present study provides a further step forward in the utilization of the 

molecular [Ni(cyclam)]
2+

 complex as a catalyst for CO2 electroreduction. By an appropriate 

an original functionalization of the ligand and an immobilization of the modified Ni complex, 

using the pyrene-CNT approach, an active and selective electrode has been prepared for CO 

formation in aqueous electrolytes. Further investigation is required to improve the stability of 

this novel electrode. The molecular nature of the electrode opens possibilities for improving 

its performances by further synthetic modifications of the ligand.  

Experimental Section 

General 

All starting materials were commercially available (Sigma, Acros Organics, Alfa Aesar and 

TCI) and were used without further purification. 1,4,8,11-tetraazacyclotetradecane-6-

carboxylic acid was purchased from Chematech. Diethylether (Et2O), tetrahydrofuran (THF), 

toluene and dichloromethane (DCM) were dried with an MBraun solvent purification system 

and stored under argon. All reactions were carried out under Ar atmosphere unless specified. 

TLC detection was accomplished by irradiation with a UV lamp at 265 or 313 nm. Organic 

solutions were concentrated under reduced pressure on a Büchi rotary evaporator. Yields refer 

to purified compounds, unless otherwise stated. Melting points were determined on a Büchi 

B-545 device. 

1
H and 

13
C NMR spectra were recorded on a 400 MHz NMR JEOL spectrometer (500 and 

101 MHz for 
1
H and 

13
C respectively), at room temperature unless specified, and are 

referenced either to tetramethylsilane (TMS) peak (at δ 0 ppm), or internally referenced to 

residual solvent signals, CDCl3 referenced at δ 7.26 and 77.16 ppm.  

Data for 
1
H is reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet), coupling constant (Hz), integration and 

assignment. Data for 
13

C are reported in terms of chemical shift, multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet), coupling constant (Hz) and no special 

nomenclature is used for equivalent carbons. 



UV-Vis spectra were recorded using a Agilent Cary 100 UV-Vis spectrophotometer. IR 

spectra were recorded on a Perkin Elmer Spectrum 65 FT IR Spectrometer and are reported in 

terms of frequency of absorption (cm
−1

).  

High-resolution mass spectra were obtained using ESI ionization on a Bruker Maxis Impact 

mass spectrometer. 

Synthesis of Complex 1 

1,4,8,11-tetrakis(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecane-6-carboxylic 

acid (2): This protocol is modified from prior disclosed conditions.
15

 1,4,8,11-

tetraazacyclotetradecane-6-carboxylic acid (0.1 g, 0.26 mmol) and Na2CO3 (0.138 g, 1.30 

mmol, 5.1 eq) were dissolved in H2O (2.50 mL) and the solution was stirred for 10 minutes. 

Boc2O (0.268 g, 1.23 mmol, 4.8 eq) in dioxane (2.50 mL) was added to this solution 

dropwise, and the reaction mixture was stirred at room temperature and monitored by TLC (Rf 

0.5, EtOAc). After 72h, the solution was concentrated under vacuum to remove the dioxane. 

The aqueous phase was first extracted with Et2O, then acidified with H2SO4 3M to pH 1.0–

2.0. The aqueous phase was then extracted with Et2O/EtOAc (1:3). The organic layer was 

collected, washed twice with brine and water, dried over MgSO4, and finally evaporated under 

vacuum. The product was obtained as a white solid with a glassy texture and was used 

without need of further purification. (0.137 g, yield 83%). Melting point: 69°C.  

IR (neat, ATR) ṽ /cm
-1

: 3000, 2950, 2800, 1700, 1490, 1480,1400 

1
H NMR (400 MHz, CDCl3, 55°C) δ 1.46 (s, 36H), 1.69-1.84 (m, 3H), 2.90 (t, 1H), 3.13-3.31 

(m, 4H) 3.33-3.54 (m, 8H), 3.56-3.66 (m, 4H).  

1-Pyrenemethylamine: 1-Pyrenemethylamine hydrochloride (0.1 g, 0.38 mmol) was stirred 

in CH2Cl2 (10 mL) and KOH 2M (10 mL) for 2 hours. The organic layer was then collected, 

dried over MgSO4 and finally evaporated under vacuum to give the amine in a quantitative 

yield (0.9 g, yield 100%). Melting point: 172-173°C. 

IR (neat, ATR) ṽ /cm
-1

: 3000, 2861, 2500, 1586, 1495 

1
H NMR (400 MHz, CDCl3) δ 4.61 (s, 2H), 7.99-8.07 (m, 4H), 8.14-8.20 (ddd, J =13.3, 8.4, 

5.0 Hz 4H), 8.35 (d, J =9.2 Hz, 1H). 



Tetra-tert-butyl 6-((pyren-2-ylmethyl)carbamoyl)-1,4,8,11-tetraazacyclotetradecane-

1,4,8,11 tetracarboxylate (3): This protocol was modified from prior disclosed conditions.
28

  

A flame-dried round-bottomed flask was degassed, flushed with argon, and charged with 2mL 

DCM, EDC-HCl (1-(3 dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, 0.039g, 0.2 

mmol, 1.3 eq), and DMAP (0.21 mmol, 1.4 eq, 0.026g ). The reaction flask was cooled to 

zero degrees in an ice bath. 2 (0.1 g, 0.15 mmol) was dissolved in 1 mL DCM and added to 

the previous mixture. After five minutes of stirring, 1-pyrenemethylamine (0.036g, 0.15 

mmol, 1 eq) was dissolved in 1 mL DCM and added to the mixture. The ice bath was 

removed, the reaction was monitored via TLC (Rf 0.5, EtOAc:hexane 50:50) and allowed to 

stir overnight at RT. The reaction was then quenched with 4 mL 1M HCl and the organics 

separated. The aqueous layer was extracted three times with CHCl3. All the organic layers 

were combined and dried over MgSO4 and evaporated under vacuum. The crude product 

(0.12g ,93%) was used for the next step without purification. Melting point: 114-115°C. 

IR (neat, ATR) ṽ /cm
-1

: 3000, 2900, 1700, 1550, 1475, 1300 

1
H NMR (400 MHz, CDCl3): δ 8.29 (d, J = 9.3 Hz, 1H), 8.15 (ddd, J = 13.0, 7.7, 3.6 Hz, 4H), 

8.08 – 7.91 (m, 4H), 5.12 (d, J = 5.1 Hz, 2H), 3.63 (d, J = 6.4 Hz, 4H), 3.55 – 3.32 (m, 9H), 

3.22 (dd, J = 32.0, 9.9 Hz, 4H), 2.94 – 2.72 (m, 1H), 1.77 (dt, J = 13.4, 6.6 Hz, 2H), 1.38 (d, J 

= 19.6 Hz, 36H). 

HR-MS (ESI) exact mass calculated for [M+H]
+
 (C48H68N5O9) 858.49; found 858.50. 

N-(pyren-2-ylmethyl)-1,4,8,11-tetraazacyclotetradecane-6-carboxamide (L): The 

procedure was modified from previously described conditions.
29

 In a round-bottom flask, 3 

(0.2g, 0.23 mmol), TFA (1.48g, 13.5 mmol, 56 eq) and 5 mL DCM were stirred under argon 

overnight at room temperature. Successively, the mixture was evaporated under vacuum. The 

orange solid that remained was dissolved in 0.5 mL water. KOH 2M was added until pH was 

11-12. The mixture was stirred for 30 minutes, then the aqueous layer was extracted with 

CHCl3 (three times). The organic layer was washed with water once, then dried over MgSO4 

and evaporated under vacuum to yield an off-white powder (0.1 g, 100% yield). Melting 

point: 189-190°C. 

IR (neat, ATR) ṽ /cm
-1

: 3259, 3192, 3033, 2198, 2869, 2807, 1631, 1461, 1120, 839. 

 



1
H NMR (400 MHz, CDCl3) δ 10.19 (s, 1H), 8.32 (d, J = 9.2 Hz, 1H), 8.24 – 8.12 (m, 4H), 

8.09 – 7.98 (m, 4H), 5.19 (d, J = 5.2 Hz, 2H), 3.12 (dd, J = 11.2, 4.3 Hz, 2H), 2.80 (dd, J = 

11.3, 2.3 Hz, 2H), 2.65 – 2.33 (m, 9H), 2.12 (dt, J = 18.2, 7.0 Hz, 4H), 1.53 – 1.43 (m, 2H). 

13
C NMR (101 MHz, CDCl3) δ 174.18 (s), 132.60 (s), 131.43 (s), 130.99 (d, J = 14.5 Hz), 

128.86 (s), 128.04 (s), 127.49 (d, J = 8.1 Hz), 126.80 (s), 126.19 (s), 125.56 – 125.00 (m), 

124.95 (s), 123.14 (s), 51.69 (s), 50.66 (s), 49.03 (d, J = 18.1 Hz), 45.52 (s), 41.50 (s), 29.33 

(s). 

HR-MS (ESI) exact mass calculated for [M+H]
+
 (C28H36N5O) 458.28; found: 458.29. 

Complex [Ni
II

(L)Cl2] (1): L (0.071 g, 0.16 mmol) and NiCl2∙6H2O (0.037 g, 0.16 mmol) 

were mixed in 2 mL DMF. The solution turned pink after 10 minutes. After stirring 2h at 

room temperature, a pink precipitate formed. The precipitate was recuperated, washed with 

EtOH and Et2O, and dried under vacuum. (44.5 mg, 49 %).  

UV-Vis [MeOH]: λ nm (ε, M
-1

 cm
-1

): 543 (10.7), 389 (1880), 353 (10920), 343 (15000), 329 

(10000), 277 (16300), 266 (11060), 241(32600), 232 (22120). 

HRMS (ESI) m/z: [M-Cl]
+
 Calcd 550.1884. Found 550.1880.  

Single crystals suitable for X-ray diffraction were obtained from slow diffusion of pentane in 

DMF containing 1. CCDC 2167708 contain the supplementary crystallographic data for this 

study. 

Elemental analysis calcd. for 2[Ni
II

(L)Cl2].EtOH: % C 57.08, H 6.28, N 11.48; found % 

57.00, H 5.82, N 10.97 (the small differences are most likely due to some decomposition with 

temperature during sample transport). 

 

Homogeneous Electrochemical Studies  

 

A VSP300 potentiostat (Bio-Logic Science Instruments SAS) was used for all electrochemical 

studies, which were carried out in N,N-Dimethylformamide (DMF) at room temperature. The 

supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6). A 

three electrode configuration was used for the cyclic voltammetry (CV) experiments. The 

working electrode, a 3 mm diameter glassy carbon (GC) electrode, was polished on a 

polishing cloth with a 1 µm diamond suspension (Struers), sonicated for 10 seconds, 

thoroughly rinsed with ethanol, and dried before the experiments. A counter electrode made 



of platinum wire was employed (after being flame-annealed). The reference electrode 

(Ag/AgCl in a saturated KCl solution) was equipped with a bridge to enable operation in 

organic solvent. As an internal standard, the ferrocene/ferrocenium (Fc
+/

Fc
0
) redox couple 

was added at the conclusion of each measurement and used to calibrate all potentials (E1/2 

(Fc
+
/Fc

0
) in DMF = 0.60V vs. Ag/AgCl/sat. KCl). Only the second cycle of each CV is 

displayed (there was no variation between successive scans). Two ceramic-PVDF composite 

membranes (16 m thick, Xuran) separating the anodic and cathodic compartments were used 

in a gas-tight, two-compartment electrochemical cell for controlled potential electrolysis 

(CPE) tests. A 1 cm
2
 glassy carbon plate was employed as the working electrode, while a 

platinum mesh served as the counter electrode and an Ag/AgCl electrode in a saturated KCl 

solution (equipped with a bridge to enable operation in organic solvents) was used as the 

reference electrode. DMF was the solvent, 2 M of water the proton source and 0.1 M of 

TBAPF6 the electrolyte in both anolyte and catholyte. 1 mM of complex 1 was added to the 

catholyte. Before beginning the electrolysis, the compartments were saturated with CO2 for at 

least 20 minutes, but no additional gas was bubbled during the experiment. The total volume 

of the cathode side of the cell was 22.6 mL, with approximately 10.6 mL of headspace 

volume. Gas products were measured from 50 µL aliquots of the headspace of the cathode 

compartments via gas chromatography (8610C, SRI Instruments). Thermal conductivity 

detectors (TCD) and flame ionization detectors (FID) were used to identify hydrogen (H2) and 

carbon monoxide (CO), respectively. An ionic exchange chromatograph (Metrohm 883 Basic 

IC) equipped with a Metrosep A Supp 5 column and a conductivity detector was used to 

assess liquid products. 

The products in the head-space gas of the cathodic side were quantified to determine the 

faradaic yields following Equation 1: 

                                                 (1) 

Where N, F and Q represent the number of moles of H2/CO produced, the Faraday's constant 

(C mol
-1

), and the charge passing through the system (C), respectively. Due to the fact that the 

reaction required 2 moles of electrons to make 1 mole of product, n is equal to 2. 

 

Electrodes preparation and characterization 

 

A 3 cm x 1 cm gas diffusion layer (GDL, AVCarb GDS 3250, Fuel Cell Store) strip was used 

as the electrode and was quickly sonicated in EtOH before being allowed to dry in air. 



MWCNTs (Sigma) underwent acid treatment (they were dispersed in H2SO4 2 M, sonicated 

for 1 hour at room temperature, repeatedly rinsed with H2O, then EtOH, and dried overnight 

in a vacuum oven at 70°C). Successively, 2 mg of the dried MWCNTs were sonicated with 

ethanol (200 µl) containing a solution of Nafion perfluorinated resin (5 µl of a 5 wt% solution 

in a mixture of lower aliphatic alcohols containing 5% water) for at least 30 minutes. This 

suspension was then drop-cast onto the GDL (1 cm
2
 deposit) and allowed to dry for at least 30 

minutes in air at 70°C. The GDL-MWCNTs electrode was then submerged in a solution of 

complex 1 in DMF (10 mM) overnight. The electrode was then dried, washed with 

acetonitrile and water, then dried in the air. 

SEM images were acquired using a Hitachi S-4800 scanning electron microscope. X-ray 

photoelectron spectra (XPS) were collected using a Thermo Electron Escalab 250 

spectrometer with a monochromated Al Ka radiation (1486.6 eV). The analyzer pass energy 

was 100 eV for survey spectra and 20 eV for high resolution spectra. The analysed area was 

500 mm
2
.  The photoelectron take-off angle (angle between the surface and the direction in 

which the photoelectrons are analysed) was 90°. 

Equation 2 was used to determine the number of electroactive sites by the integration of the 

reduction wave in the CV scan (Figure S7): 

                                                                    (2) 

Where ГNi is the number of electroactive sites (mol cm
-2

), q is the charge (C)obtained from 

the integration of the reduction peak (the area of which was obtained by subtracting the CV of 

the same electrode in the absence of complex 1, thus avoiding capacitive current), n the 

number of electrons in the redox process per Ni center (n = 1), F is the Faraday constant 

(96485 C mol
−1

), and A is the geometrical electrode area (1 cm
2
).

9
 

 

Heterogeneous Electrochemical Studies (organic solvent) 

 

Before controlled potential electrolysis (CPE), linear sweep voltammetry (LSV) was carried 

out on each sample, initially under Ar and subsequently under CO2. Before each experiment, 

the solution was bubbled with gas for at least 20 minutes. Scan rate, unless otherwise stated, 

was 10 mVs
-1

. A gas-tight H-shape cell with an anion exchange membrane (AMV Selemion, 

ACG Engineering) separating the cathode and reference electrode from the anode was used to 

conduct the CPE tests. The electrolyte utilized was TBAPF6 0.1 M, while the solvent was 

acetonitrile with 1% water content. The reference was an Ag/AgCl electrode in a saturated 

KCl solution, fitted with a bridge to enable operation in organic solvent, and the cathode was 



a GDL on which MWCNTs and complex 1 were drop-casted as previously detailed. The 

anode was platinum. As an internal standard, the ferrocene/ferrocenium (Fc
+/

Fc
0
) redox 

couple was added at the conclusion of each measurement and used to calibrate all potentials 

(E1/2 (Fc
+
/Fc

0
) in acetonitrile = 0.54V vs. Ag/AgCl/sat. KCl). Before beginning the 

electrolysis, the compartments were saturated with CO2 for at least 20 minutes, and no 

additional gas was bubbled during the experiment. The experiments were conducted at room 

temperature and under stirring at both sides. The total volume of the cathode side of the cell 

was 22.6 mL, with approximately 10.6 mL of headspace volume. 

The quantification of the electrolysis products (H2, CO, and formate) followed the same 

procedures as in the section on homogeneous electrochemical experiments. On the basis of 

Equation 1, the faradaic yields were determined by quantifying the products in the head-space 

gas of the cathodic side (see above). 

Turnover Number (TON) and Turnover Frequency (TOF) values were calculated using 

Equation 3 and 4, respectively:  

                                                        (3) 

and 

(4) 

 

Heterogeneous Electrochemical Studies (water) 

 

Before CPE, linear sweep voltammetry (LSV) was carried out on each sample, initially under 

Ar and subsequently under CO2. Before each experiment, the solution was bubbled with gas 

for at least 20 minutes. Unless otherwise stated, 50 mV s
-1

 was the scan rate. CPE tests were 

conducted in a gas-tight H-shape cell with an anion exchange membrane (AMV Selemion, 

ACG Engineering) separating the cathode and reference electrode from the anode. The 

electrolyte utilized was KHCO3 0.1 M in water. The anode was platinum, the cathode was a 

GDL, and the reference electrode Ag/AgCl in a saturated KCl solution. MWCNTs with 

complex 1 were drop-cast on the working electrode as previously mentioned. Prior to each 

experiment, CO2 gas was bubbled into the solution for at least 20 minutes, and a flux of CO2 

(5 mL/min) was kept during the electrolysis only on the cathode side. Experiments were 

carried out at room temperature. 

The Nernst equation was used to convert the measured potentials vs. Ag/AgCl to the 

reversible hydrogen electrode (RHE) scale: 

 



ERHE = EAg/AgCl + 0.059 pH + E
o

Ag/AgCl                                            (5) 

 

where ERHE is the converted potential vs. RHE, E
o

Ag/AgCl = 0.1976 at 25 °C (sat. KCl), and 

EAg/AgCl is the experimentally measured potential against Ag/AgCl reference and the pH of a 

CO2-saturated 0.1M KHCO3 solution is ~ 6.8. 

The products were measured using gas chromatography (Model 8610C SRI Instruments) 

equipped with TCD and FID detectors to determine the faradaic yields on the basis of 

Equation 1 (see above). 

 

Computational Details 

 

DFT calculations were performed at the ωB97X-D
30

 level using the Gaussian 16 (rev C01) 

quantum chemistry package.
31

 All atoms were described by the all-electron def2-DZVP basis 

set.
32

 Solvent effects of water were included both in geometry optimizations and energy 

calculations by means of the IEF-PCM implicit solvent model,
33

 as implemented in Gaussian 

16. Optimizations were full and without symmetry restrictions. The nature of all minima was 

characterized by the lack of imaginary frequencies. The Gibbs free energies of all species 

were corrected from the gas-phase reference state at 1 atm to the standard state of 1 mol L
-1

 in 

solution at 25 ºC. This corresponds to +1.9 kcal mol
-1

 for solutes and +4.3 kcal mol
-1

 for 

water, since acting as the solvent in this reaction, its standard state corresponds to a 

concentration of 55.6 mol L
-1

. Redox potentials vs. NHE were calculated using the Nernst 

equation and taking an absolute potential of 4.42 V for NHE.
34

 Then, these were translated 

into the RHE scale by applying a + 0.059 × pH shift, using a pH value of 6.8. 

 

Periodic DFT calculations to evaluate the possible impact of the catalyst-support interaction 

on the electronic structure of the catalyst were performed with the Vienna ab initio simulation 

package (VASP) 5.3.3,
35–38

 to optimize geometries and calculate electronic energies at 0 K in 

vacuum. Plane-wave basis sets via the projector augmented wave method (PAW)
39,40

 were 

used to describe the wave function close to the nuclei. The wave function was expanded, in 

terms of plane-wave basis sets with a cut-off energy of 500 eV. Exchange and correlation 

energies were calculated using the Perdew-Burke-Ernzerhof functional (PBE).
41

 Due to the 

presence of van der Waals (vdW) interactions inherent to carbon ring structures, the DFT-D3 

correction method of Grimme et al.
42

 was applied. The partial occupancies close to the Fermi 

level were described by the first-order Methfessel Paxton method which was applied with a 

smearing width of 0.1 eV. The electronic energy convergence was set to 1×10
-6

 eV. 



The geometry optimization was carried out until the maximum forces on the atoms were 

lower than 1×10
-2

 eV Å
-1

 using the Davidson and RMM-DIIS algorithms.
43

 These 

convergence criteria were set as reported on previous studies on graphene based materials.
44

 

The catalysts were simulated by repeating the unit cell in three directions to create a periodic 

surface slab model. Brillouin-zone integration was sampled with a Monkhorst-Pack mesh 

with a 5×5×1 grid in reciprocal space in the case of the surface calculations.
45

 For all 

calculations a vacuum layer of 20 Å was included in the axial direction, coupled with an 

artificial dipole layer to avoid interactions between periodic images.
46
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Synopsis 

We report a novel [Ni(cyclam)]
2+

 complex which can be immobilized on carbon nanotubes. 

Deposited on a gas diffusion layer, it provides an electrode selective for CO2 electroreduction 

to CO, not only in organic solvents but, more remarkably, in water, with faradic efficiencies 

for CO >  85 % and current densities of 5-10 mA.cm
-2

 during electrolysis. Inactivation occurs 

in water due to the formation of a Ni-CO complex. However, the electrode can be 

electrochemically reactivated.  

 


