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Abstract: Catalytic water splitting is a viable process for the generation of renewable fuels. Here we 

report for the first time that a trinuclear supramolecular Ru(bda) (bda: 2,2’-bipyridine-6,6’-dicarboxylic 

acid) catalyst, anchored on multi-walled carbon nanotubes (MWCNTs) and subsequently immobilized 

on glassy carbon electrodes, shows outstanding performance in heterogeneous water oxidation. 

Activation of the catalyst on anodes by repetitive cyclic voltammetry (CV) scans resulted in a very high 

catalytic current density of 186 mA/cm2 at a potential of 1.45 V vs NHE. The remarkably high stability 

of the hybrid anode was demonstrated by XAS spectroscopy and electrochemically revealing the 

absence of any degradation after 1.8 million turnovers. Foot of the wave analysis (FOWA) of CV data 

of activated electrodes with different concentrations of catalyst indicated a monomolecular water 

nucleophilic attack (WNA) mechanism with an apparent rate constant of TOFmax (turnover frequency) 

of 3200 s-1.  
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Natural photosynthesis has inspired in the last decades many novel approaches for the generation of 

renewable fuels.[1-6] In this regard, catalytic water splitting into molecular oxygen and hydrogen 

appears is a highly promising process.[7-11] Toward this goal, however, efficient water oxidation 

catalysts (WOCs) are required to overcome the high energy barriers of the demanding anodic half 

reaction of water oxidation into molecular oxygen.[12-14] Indeed, considerable progress has been made 

over the last decades in the development of molecular WOCs and valuable mechanistic understanding 

of catalytic water oxidation has been acquired.[15-17] In particular, the class of molecular Ru(bda) 

catalysts (bda: 2,2’-bipyridine-6,6’-dicarboxylic acid) has shown high catalytic efficiencies comparable 

to nature’s oxygen evolving complex.[16, 18] However, for the implementation of such WOCs in water 

splitting devices their immobilization on proper surfaces is required.[19-20] 

For the immobilization of homogeneous WOCs onto electrodes, mainly two strategies have been 

employed. One of them is based on covalent attachment of molecular catalysts to electrode surfaces 

by silane-, carboxylate- or phosphonate-functionalized ligands.[21-26] Another approach is a 

supramolecular one, comprising introduction of aromatic groups to the WOCs to facilitate non-

covalent π-π interactions between the catalyst and a supporting material like carbon nanotubes 

(CNTs).[27-28]  Due to their large surface area as well as high conductivity and stability,[29-32] CNTs are 

properly suited for immobilization of catalysts on electrodes. Indeed, Sun and coworkers have shown 

that a Ru(bda)(pic)2 WOC, containing axial pyridyl ligands that are functionalized with pyrene groups 

through amide linkers, can be immobilized on multi-walled carbon nanotubes (MWCNTs).[27]  Recently, 

also some of us have also successfully anchored a Ru(tda) (tda: [2,2’:6’,2’’-terpyridine]-6,6’’-

dicarboxylic acid) catalyst bearing pyrene-functionalized axial ligands on MWCNTs by π-π interactions 

and demonstrated heterogeneous water oxidation for this hybrid material.[28] It has been reported in 

literature that immobilization of molecular Ru(bda) catalysts, which operate by I2M (interaction of two 

M-O units) mechanism[33] in homogeneous phase on electrodes, leads to adverse effects on their 

catalytic activity in heterogeneous catalysis[34-35] due to restricted mobility, associated with a switch to 

the WNA (water nucleophilic attack) mechanism.[33] This implies that Ru-based WOCs functioning 

through the latter mechanism are favorable for heterogeneous catalysis.[36-37]  

Commented [MGS2]: [2,2'-bipyridine]-6,6'-dicarboxylate, 
right?? 
 
Once it is coordinated, it is deprotonated 

Commented [MGS3]: This is not exactly pic, right? 
 
“Indeed, Sun and coworkers have shown that a derivative of 
Ru(bda)(pic)2 WOC, containing axial pyridyl ligands that are 
functionalized with pyrene groups through amide linkers” 
 
Or  
 
“Indeed, Sun and coworkers have shown that a Ru(bda) 
WOC, containing axial pyridyl ligands that are functionalized 
with pyrene groups through amide linkers” 

Commented [MGS4]: Same comment 
 
The “tda“ is not protonated: 



3 
 

Thus, we envisioned that macrocyclic WOCs bearing three Ru(bda) units such as MC3 (for structure 

see Fig. 1a) should be a promising candidate for heterogeneous water oxidation as MC3 exhibits high 

catalytic efficiency in homogeneous water oxidation via a WNA mechanism[38-39] and benefits from the 

supramolecular arrangement.[40] As this metallomacrocycle comprises three linear aromatic linker 

ligands in addition to the three bda units, we assumed that it should be possible to anchor this catalyst 

on CNTs by non-covalent π-π and CH-π interactions towards the graphene-like surface without further 

functionalization for heterogeneous catalytic water oxidation.[41] Here we report that MC3 indeed 

adheres to CNTs as confirmed by electrochemical techniques and atomic force microscopy (AFM). 

More importantly, CNT-anchored MC3 immobilized on glassy carbon electrodes performed 

outstanding catalytic activity in electrochemically driven water oxidation underlining its potential for 

device application.  

 
Figure 1: a) Structure of the Ru(bda) macrocycle MC3 and schematic illustration of its immobilization on CNTs and subsequent 
deposition onto a glassy carbon disk. b) Height (i, ii, iv) and phase (iii, v) AFM images obtained after spin-coating a dispersion 
of MC3@CNT (0.2 mL of MC3 in TFE (c = 1 mg/mL) in 1 mL of MWCNTs in THF (c = 1 mg/mL)) onto a silicon wafer. Z scale: 250 
nm (i), 70 nm (ii) and 60 nm (iv). Images in iii and v show one single magnified nanotube, respectively, decorated with MC3 
molecules.    

To anchor trinuclear Ru(bda) catalyst MC3 on MWCNT surface, 0.1 mL of a solution of MC3 in 

trifluoroethanol (TFE) was added to a freshly prepared dispersion of MWCNTs in THF (Fig. 1a). 

Immediate decolourization of the mixture indicated the binding of the catalyst onto the surface of the 

CNTs. To confirm that catalyst MC3 is indeed attached to the CNTs, AFM measurements were 
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performed by spin-coating a dispersion of MC3@CNT onto a silicon wafer (Fig. 1b). Magnification of 

one single CNT (Fig. 1b, ii-v) clearly shows the distribution of the anchored MC3 molecules on the 

nanotube surface. Thus, for the first time we could proof prove by a microscopic method direct 

anchoring of an unfunctionalized Ru(bda) complex to CNTs through non-covalent interactions.  

For electrochemical studies, working electrodes (WE) were prepared by drop-casting a suspension of 

MC3@CNT onto glassy carbon disk electrodes (S = 0.07 cm2, denoted as MC3@CNT@GC). Cyclic 

voltammetry (CV) experiments were then performed with these electrodes in a 1 M phosphate buffer 

solution (pH 7) using a three electrode cell. A platinum mesh and Hg/HgSO4 electrode were used as 

counter (CE) and reference electrodes (RE), respectively. All potentials reported hereinafter are 

converted and referenced to NHE. The catalytic process was initiated at an onset potential of 1.05 V 

(Fig. S1) and current densities of about 50 mA/cm2 at E = 1.45 V were observed in the first cycle(Fig. 

2d, black line). Repetitive CV cycles up to a potential of 1.35 V revealed a steady rise of the catalytic 

current (Fig. 2a, b), along with changes in the non-catalytically active redox waves (Fig. 2a, inset). As 

the number of CV cycles increases, higher catalytic current densities are observed until a plateau is 

reached after around 100 cycles (Fig. 2b). 

 
Figure 2: Electrochemical experiments with MC3@CNT@GC in 1 M phosphate buffer (pH 7). a) 100 repetitive CV scans (scan 
rate: 100 mV/s). Inset: Enlarged area of the non-catalytic waves. Initial species in the first cycle is shown in black, 100th cycle 
is shown in red. Scans 2-99 are depicted in grey. b) Development of the maximal current densities at E = 1.35 V vs NHE with 
the increasing number of CV scans. c) Comparison of the differential pulse voltammograms of the initial species (black line) 
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and the final species after 100 CV cycles (red line). d) Comparison of the cyclic voltammograms (scan rate: 100 mV/s) of the 
initial (black line) and the final species (red line) after 100 CV cycles. 

Control CV experiments confirmed that CNT decorated electrode without the catalyst  (CNT@GC, Fig. 

S2a, blank) does not produce any significant current under identical experimental conditions. 

Interestingly, MC3 as a homogeneous catalyst in a phosphate buffer/TFE 1:1 mixture (pH 7) does not 

show any comparable catalytic activity in water oxidation (Fig. S2b). Investigations of the redox 

properties of homogeneous MC3 by differential pulse voltammetry (DPV) showed three reversible 

oxidation processes that are assignable to the transitions from the RuII to RuV oxidation states.[38] DPV 

analysis of MC3@CNT@GC electrode revealed that the first and the second oxidation waves of 

immobilized MC3 correspond to the RuIII/II and RuIV/III redox couples at E = 0.68 V and 0.85 V, 

respectively, and are not influenced by the immobilization of the catalyst. The RuV/IV oxidation is shifted 

to higher potentials from 1.02 V to 1.11 V in the case of MC3@CNT@GC compared to the non-

immobilized catalyst (Fig. S2c, d).  

By DPV analysis, the appearance of additional redox waves of MC3@CNT@GC and a rise in the catalytic 

current can be observed after the final state is reached upon 100 CV cycles (Fig. 2c). This indicates the 

formation of a new and even more active species on the electrode. Five redox processes can be seen 

before the onset of the water oxidation catalysis, which is now shifted to higher potentials and appears 

at Eonset = 1.15  V. The RuV/IV oxidation of the initial species is covered by the catalytic slope of the newly 

formed species and, therefore, not observable any more. The first redox process of the newly formed 

species arises at 0.50 V, which presumably corresponds to the RuIII/II redox process and is also shifted 

to lower potentials than in the initial species. Similar electrochemical activation processes have already 

been described for other Ru catalysts like Ru(tda)(py)2 (tda = [2,2’:6’,2’’-terpyridine]-6,6’’-dicarboxylic 

acid) or Ru(pdc)(bpy)2 (pdc: pyridyl-2,6-dicarboxylic acid),[17, 42] where the formation of a Ru aqua 

species as active catalyst was supposed after repetitive CV cycles. However, such activated species has 

not been reported for Ru(bda) catalysts. XAS spectroscopy provides further evidence of the 

molecularity of the water oxidation active catalyst since no RuO2 can be detected at the surface of the 

electrode after catalysis (Fig. S3, Table S1-S3). 

After removing all oxygen bubbles from the surface of the activated electrodes (act-MC3@CNT@GC), 

one a cyclic voltammogram was recorded and compared to the one of the unactivated electrode 

(MC3@CNT@GC, (Fig. 2d). An exceptionally high current density (j) of 186 mA/cm2 was reached at E = 

1.45 V after the activation process, which is about four times higher than the value observed before 

activation (Fig. 2d, average in three independent experiments: 176 mA/cm2, Fig. S4). Earlier 

approaches by Sun and coworkers of immobilizing pyrene-functionalized Ru(bda) catalysts on an ITO 

surface using carbon nanotubes as support resulted in current densities of only 720 µA/cm2.[27] Thus, 
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the observed jmax value for anchored and activated MC3 is the highest one reported so far for Ru(bda) 

catalysts with provedconfirmed molecular active species and comparable with the very recently 

observed maximum current density of 240 mA/cm2 for an immobilized Ru(tda) oligomer.[41] 

Proven to be highly efficient, the stability and efficiency of the act-MC3@CNT@GC electrodes was 

then investigated by controlled potential electrolysis (CPE) experiments (Fig. 3). A two-compartment 

setup was used, where the working and the reference electrodes were placed in one chamber and the 

counter electrode in the other one. A constant potential of 1.6 V was applied. Almost no decrease in 

the catalytic current during 6 hours confirms that the immobilized catalyst does not undergo any 

considerable degradation or detachment from the electrode during continuous catalytic water 

oxidation process (Fig. 3a). With only a negligible loss, 97 % of the initial current density is still remains 

remained after 6 hours. No significant changes in the CV were observed before and after this 

experiment, confirming the high stability of the activated species (Fig. S5a).  

 
Figure 3: a) Controlled potential electrolysis (CPE) experiment of activated electrode act-MC3@CNT@GC in a 1 M phosphate buffer (pH 7) at 
1.6 V vs NHE for 6 h. b) Determination of the Faraday efficiency. The red line shows the theoretical amount of produced oxygen calculated 
from the passed charge in a CPE experiment assuming a Faraday efficiency of 100 %. The black line corresponds to the head-space analysis 
of the amount of oxygen detected by a Clark electrode. 

Assuming that all electrons passing through the system are involved in the catalytic reaction, the 
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the water oxidation reaction and assuming 100 % Faraday efficiency (which will be confirmed below), 

four electrons are used to generate one molecule of oxygen. Therefore, the amount of generated 

oxygen was calculated from the passed charge by employing Faraday law to be 2.6*10-4 mol and 

divided by the total amount of Ru-centers after activation (1.44*10-10 mol) on the electrode. The details 

for this determination are given in the SI (Fig. S5 – S6 and description given under Fig. S6). These values 

lead to a remarkably high turnover number (TON) of 1.8 million referred to activated Ru on the 

electrode (0.5 million with respect to the total amount of Ru on the electrode before activation (Fig 

S6, d)). Assigning the first oxidation process in the CV after activation to the one-electron transfer 

process of the RuIII/II oxidation in every Ru(bda) center of the trinuclear Ru(bda) complex MC3, the 

amount of Ru on the surface of the act-MC3@CNT@GC electrode can be determined by integrating 

the area under the respective waves in the cathodic and anodic scan (Fig. S6 a-c).  

To verify that no side processes other than water oxidation take place during this electrochemical 

reaction and all electrons are involved in the water oxidation, the Faraday efficiency of act-

MC3@CNT@GC was determined. The amount of charge passing through the system was recorded by 

the potentiostat and the actual amount of oxygen produced during one CPE experiment was measured 

by a gas phase Clark electrode in the head-space of the chamber containing the working electrode. For 

this purpose, a glassy carbon plate was used as a working electrode due to its increased surface area. 

A constant potential of 1.3 V was applied, and after few seconds bubbles of oxygen could be seen by 

the naked eye on the working electrode. The CPE experiment was stopped after 45 minutes. The 

quantity of detected oxygen was compared to the theoretical maximum calculated one assuming a 

Faraday efficiency of 100 % (for details see Methods in SI). Almost no deviations between these values 

(Fig. 3b) imply a Faraday efficiency of 99 %.  

The foot of the wave analysis (FOWA), first developed by Savéant and coworkers[43] and applied for 

electrocatalytic reduction processes[44-48] and later adapted to the electrochemical water oxidation,[36] 

was performed to gainet more insights into the kinetics of the electrocatalytic water oxidation reaction 

performed by act-MC3@CNT@GC (Fig. 4). Electrodes with different concentrations of the catalyst 

were prepared, activated and subsequently CV experiments were performed  (Fig. 4a, Fig. S7) in order 

to apply the FOWA methodology. 
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Figure 4: a) The solid black line shows the second cycle of the CV of act-MC3@CNT@GC in a 1 M phosphate buffer (pH 7) for a surface 
concentration of the active species of Γact cat = 5.3 nmol/cm2. The region used for the FOWA is indicated by the blue dotted line. The red solid 
line at the foot of the wave shows the area which is used for the determination of the apparent rate constant. Inset: i/QRu vs 1/(1+exp(E0-
E)*F/RT) plot assuming a WNA mechanism for the immobilized macrocyclic catalyst. The apparent rate constant kWNA at the foot of the wave 
was obtained by fitting the points represented by the solid red line. b) The kWNA values obtained from i/QRu vs 1/(1+exp(E0-E)*F/RT) plot (a, 
inset) at the corresponding surface concentrations of the active species are shown as black data points. Independence of the kWNA values of 
the surface concentration indicated by the grey dashed line is in agreement with the assumption of a WNA mechanism on the surface. 

For the extraction of the kinetic data, the first data points of the catalytic slope of one CV cycle (Fig. 

4a, blue dots) were used. The charge corresponding to one Ru oxidation event (QRu) was determined 

by integration of the area under the wave corresponding to the RuIII/II oxidation process of the active 

species (Fig. S6). By assuming a hetero-WNA mechanism taking place on the electrodes’ surface, these 

data points were plotted according to i/QRu vs 1/(1+exp(E0-E)*F/RT) (Fig. 4a, inset; for details see 

Methods in SI and equation [S1]). The gradient of the received curve was fitted by linear regression 

(Fig. 4a, inset; red line). Its slope represents the apparent pseudo-rate constant (kWNA value) at the foot 

of the catalytic wave for each electrode with different catalyst concentrations, which equals the TOFmax 

value (see Methods in SI and equation [S2]). The independence of kWNA values versus surface 

concentration of the activated Ru-centers (Fig. 4b) is a clear indication of a single mechanism operating 

in this system. Further, the first-order kinetics with regards to the catalyst’s concentration agrees with 

a WNA mechanism taking place for act-MC3@CNT@GC. An average apparent rate constant of kWNA = 

TOFmax = (3197 ± 395) s-1 was obtained (Fig. 4b). It has been reported in literature that a Ru(bda)(L)2 

catalyst (L = functionalized pyridine ligand), which oxidizes water via a bimolecular I2M O-O bond 
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formation step in homogeneous catalysis, not only drops in activity, when immobilized on an electrode 

surface changing to a WNA mechanism (FOWA: TOFmax = 53 s-1 homogeneous; TOFmax = 1.9 s-1 

heterogeneous), but also ends up with decomposing to RuO2.[34-36] In contrast, a Ru(tda)(L)2 catalyst 

which functions through a WNA mechanism in homogeneous catalysis does not undergo any 

significant change upon immobilization (FOWA: TOFmax = 8000 s-1  homogeneous; TOFmax = 9000 s-1  

heterogeneous).[28, 34] The latter is also the case for our trinuclear Ru(bda) macrocycle MC3, which was 

previously reported to function through a WNA mechanism.[38] Since activation of MC3 is only observed 

upon its adsorption  on MWCNTs, the strength of non-covalent interactions with the CNT surface is 

assumed to play a crucial role during this process. Indeed, our semiempirical calculations using 

graphene-like surface as a model indicated that a structure with partial decoordination of bda ligands, 

allowing for the coordination of additional water molecules to Ru (Fig. 5), introduces additional 

stabilizing π-π interactions compared to different possible conformations of MC3 (Fig. S8). Such diaqua 

species would explain the observed, notably changed redox behavior of act-MC3@CNT@GC compared 

to the non-activated MC3@CNT@GC and may play a rolel in electrochemical heterogeneous water 

oxidation by Ru(bda) macrocycle. 

 

Figure 5: Optimized structure based on semiempirical calculations of the proposed activated species act-MC3@CNT@GC (grey: carbon, 

white: hydrogen, blue: nitrogen, red: oxygen, turquoise: ruthenium). A hexagonal graphene sheet has been used as a model for the graphitic 

surface of MWCNTs. For computational details, see Methods in SI. Green double-headed arrows indicate attractive π-π interactions.  

In conclusion, we have succesfully immobilized our macrocyclic MC3 catalyst onto CNTs as confirmed 

by electrochemical techniques and AFM images. Taking advantage of the intrinsic properties of CNTs, 

glassy carbon electrodes with anchored MC3 catalyst were prepared. To the best of our knowlegde, 

this is the first report of an electrochemical activation of a Ru(bda) complex that has been transformed 

into a more active species by repetitive CV cycles. A current density as high as 186 mA/cm2 was 

observed, which is among the highest values reported so far for molecular Ru catalysts anchored on 

solid state anodes. A Faraday efficiency of 99 % together with XAS spectroscopy demonstrates that the 

activated species does not undergo any unproductive side reactions during the catalytic process and 

neither the formation of RuO2. With a remarkably high TON value of 1.8 million and a TOFmax of 3200 

s-1 the act-MC3@CNT@GC electrodes are efficient devices for electrochemically driven heterogeneous 

water oxidation.  
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