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ABSTRACT A new ligand 2-(5-(pyren-1-yl)pentyl)-9-methyl-1,10-phenanthroline was
designed to form novel bis(2,9-dialkyl-1,10-phenanthroline)copper(I) complexes which were
then immobilized on multi-walled carbon nanotube (MWCNT) electrodes. These complexes show
a high tendency of auto-reduction into their copper(I) form according to electrochemical and EPR
experiments. While these complexes exhibit strong interactions with MWCNT sidewalls either
with or without anchor functions like the pyrene moiety. However, the pyrene-based complexes
can be electropolymerized on glassy carbon and MWCNT electrode to form a poly-[bis(2-(5-

(pyren-1-yl)pentyl)-9-methyl-1,10-phenanthroline)copper(Il)] metallopolymer film. Furthermore,



this MWCNT-supported bis(2,9-dialkyl-1,10-phenanthroline)copper complexes demonstrate low
overpotential for 4H'/4e” Oxygen Reduction Reaction at pH 5 with an onset potential of 0.91 V
vs. RHE. Integration of these functionalized MWCNTs at gas-diffusion electrodes of Ha/air fuel
cells led to a high open-circuit voltage of 0.84 V and a maximum current density of 1.77 mW cm’

2 using a Pt/C anode.

Introduction

Dioxygen activation is not only a fundamental step in biological processes, but is also at the
heart of the generation of electricity in fuel cells or metal-air batteries. .!>. Conventional fuel cells
need precious metals or alloys to perform long-term electrocatalytic oxidation of the fuel as well
as reduction of the oxidant, oxygen in most cases. ' One encouraging alternative is the use of
oxygen-reducing enzymes within enzymatic fuel cells. *7 Purified redox enzymes replace metal
catalysts, promoting the electrocatalytic reactions. Several copper-containing oxidoreductases are
great catalysts towards the 4H'/4e” Oxygen Reduction Reaction (ORR) providing low
overpotentials, high substrate specificity and high catalytic turnover frequency at low temperature
and atmospheric pressure. 5!! Besides, these biomacromolecules are composed of organic amino
acids surrounding cofactors made of base-metal active sites. Nevertheless, there are drawbacks
using these enzymes. Complicated to handle and to purify, these biocatalysts can also be
considered as big catalysts when compared to metal atoms or molecular complexes. Furthermore,
intrinsic stability of enzymes is not compatible with many industrial processes. This is why
molecular chemists and electrochemists have imagined the use of molecular catalysts, inspired
from the enzymatic mechanism and the structure of the active site to execute electrocatalytic

reactions. >1%%



The majority of bio-inspired molecular complexes for Oz reduction has mostly been inspired
from heme and copper enzymes. While heme-based enzymes are mostly involved in low-and mid-
potential reduction of O, multicopper oxidases such as laccases 5'° have shown efficient
electrocatalytic performance towards oxygen reduction reactions (ORR). “%!! During the last
decades, bio-inspired copper catalysts have been developed to reproduce the enzymatic activity in
order to be integrated into conventional fuel cell systems. 222, While important breakthroughs
have been made towards molecular catalysts for low-overpotential bioinspired hydrogen
oxidation,”?>3" there is still no copper complexes possessing low-overpotential ORR,
approaching performances of laccases, Pt catalysts or pyrolized M-N-C catalysts.*!*> We and other

have particularly developed the design of copper complexes with trispyridinemethylamine, 333*

36,37

hexaazamacrocycle,” triazole, polyimidazole, * or phenolate ligands.***! However, the best

performances have mostly been obtained in alkaline media with maximum ORR onset potentials

of around 1 V vs. RHE at pH 13.%%42 Below neutral pH, best results have been obtained for

33.40.41 [36.43.44

dinuclear copper complexes based on different trispyridylmethylamine and triazo

ligands with onset potentials of 0.82 V vs. RHE at pH 7.

Carbon nanotubes (CNTs) have demonstrated their great ability to behave as a quasi-ideal
support material for these molecular catalysts. CNTs have high conductivity both in terms of
ballistic transport and as nanostructured layer. Their three-dimensional nanostructured architecture
affords the optimization of molecular catalyst loadings. In addition, we and other have taken
benefits of their pi-extended sidewall network to firmly immobilize metal complexes either with

45,46

pi-extended ligands such as porphyrins or by introducing pyrene moiety in the structure of

2

ligands such as polypyridinyl, *7>!, cyclam,>>  bisphosphine™, cyclopentadienyl** or n-



heterocyclic carbenes.’® This use of CNTs as a molecular catalyst support have also been highly

efficient in the integration of molecular catalysts in functional devices such as fuel cells.?>27-28:40

1.5¢ used a series of

In the field of copper complexes for bioinspired ORR, Chidsey et a
phenanthroline-based ligands adsorbed on Edge Pyrolytic Graphite (EPG) electrodes. Ligands
were drop-casted on EPG electrodes followed by soaking the electrodes in the presence of
Cu(NOs3)2(aq) to form the corresponding monophenanthroline complexes on the electrode surface.
They specifically studied how the electrocatalysis rate as the redox potential increases due to the
modification of the groups attached in particular position of the phenanthroline ring. The E%a¢ of
Cu complexes of phenanthroline -based ligands is more positive with electron-withdrawing groups
on the ligand, while several ligands also increase the steric demands near the Cu center by adding
different groups to the 2 and 9 positions on the phenanthroline. More recently, R. Venegas and
colleagues®” further investigated a series of bis(1,10-phenanthroline)copper(I) complexes
modified with electron withdrawing or electron pushing methyl groups at the 2 and 9 positions of
the ligand. As already observed before, they demonstrated that steric constraints brought by bulky
groups at the 2 and 9 positions are prominent as compared to electron withdrawing in the increase
of the redox potentials of the Cu(II)/Cu(I) couple®®> involved in the ORR activity of these
complexes. This is caused by the change in the energy needed to operate the interconversion
between the more favorable Cu(I) pseudo tetrahedral conformation and the Cu(Il) square planar
conformation.

At the light of these results and in order to progress toward the synthesis of copper-based ORR
catalysts with minimal ORR overpotential requirement at low to medium pHs, we synthesized a
series of bis(2,9-dialkyl-1,10-phenanthroline)copper(Il) catalysts where the positions 2 and 9 were

modified with ethyl, n-Butyl, and a 1-pyrenylpentane groups. Their adsorption on MWCNT



electrodes and ORR performances were studied followed by their integration and evaluation in a

hydrogen/air fuel cell.

Results and Discussion

1. Synthesis and characterization of copper(II) complexes
The ligand 2-(5-(pyren-1-yl)pentyl)-9-methyl-1,10-phenanthroline was obtained from the addition
of 1-(4-bromobutyl)pyrene (leq.) to a solution of neocuproine (1 eq.) and lithium
diisopropylamine (leq.) under argon at -78°C in anhydrous THF in a yield of 37% (figure 1A).
The monofunctionalized derivative is the main product of the reaction and was characterized by
mass spectrometry and 'HNMR (see ESI for details). The different bis(2,9-dialkyl-1,10-
phenanthroline)copper(Il) complexes were formed by adding a methanol solution of
Cu(Cl0O4)2.6H20 to a solution of the corresponding ligand in MeCN (Figure 1B). Each complex
was isolated in the solid state by precipitation in Et2O and subsequent drying under vacuum. Mass

spectroscopy confirms the isolation of the bis-phenanthroline derivative for all complexes.

/ q,":(f 3;}\1
=
AT L & )@
N~ N j B
Jl ‘44[ )\\_;'/ Raw o~ *
| R ] J\
£ Ne N
R — 12 E IIEI\KC N I&J/J
& Rix i |2 = = oR,
LA a =~ L1 Ry
& Iy - =1
LT T, e NN
Rw/ N R ~F i ’./_5_“'/ 1 i | 1
8
1:Ry =R, =FEt ,/'_,}\R, T\ {
2 R1 = R2 =n-Bu R|// LA

3:R; =Me, R, =-(CH,)s-pyrene



Figure 1. (A) Simplified synthetic procedure leading to 2-(5-(pyren-1-yl)pentyl)-9-methyl-1,10-
phenanthroline and (B) complexes 1, 2 and 3 respectively. (i) 1-(4-bromobutyl)pyrene; (ii)

Cu(Cl104)2.6H>0.

Perchlorate anion was chosen for its weakly-coordinating property. As it was already observed
for the 2,9-dimethyl-1,10-phenanthroline (dmp) ligand, this type of copper complex is prone to
extend their coordination sphere by accommodating a fifth ligand such as chloride or MeCN when
the metal ion lies under its (+1I) oxidation state (Figure 1B).5%%! This is the reason why complex 1
was crystallized in its Cu(Il) form with a water molecule as a coligand. Note that only the Cu(I)
form has been previously characterized .** The X-ray structure of 1 is depicted in Fig. 2 and the
selected bond lengths and angles are reported in table 1. Complex 1 crystallizes from the
corresponding Cu(Il) powder as disordered Cu complex. According to the crystallographic data,
70% of the structure appears to be a five-coordinate molecule with the coordination of a water
molecule in the axial position with a Cu---O of 2.101(5) A and 30% without. In the main structure,
the Cu is described as a distorted trigonal-bipyramidal geometry with a 15 = 0.93, which is
consistent with a four-coordinated structure around the Cu presenting a distorted trigonal
pyramidal geometry. Interestingly, in the case of complex 2, all attempts to crystallize the
copper(Il) form of the complex lead to the copper(I) counterpart, as demonstrated by a yellow
shade instead of a pale blue color. Complex 2 was thus isolated as single crystals and subsequent
X-ray diffraction analysis confirmed its Cu(I) oxidation state. The obtained structure is consistent
with the previously reported one which was obtained using a Cu(I) precursor.  Attempts to
crystallize complex 3, either in its Cu(I) or Cu(Il) form were unsuccessful, likely due to the

flexibility of the pyrene linkers.



Fig. 2 ORTEP-type views of 1 (thermal ellipsoids set at 30% probability, hydrogen atoms and

ClOy4 anion are removed for more clarity).

Table 1: Selected bond length (A) and angles (°) for complex 1.

Complex 1
Cu-N1 1.987(4)
Cu-N2 2.088(5)
Cu-N3 2.02(2)/2.184(9)
Cu-N4 2.03(2) /2.007(9)
Cu-01 2.101(5)
NI1-Cu-N3 154.9(6)
IN2-Cu-N4 116.7(10)
NI1-Cu-N2 82.20(2)
N3-Cu-N4 83.20(7)
NI1-Cu-N4 118.4(7)
N2-Cu-N3 100.1(8)

Electrochemistry and EPR characterization in organic solvents



The tendency of these series of Cu(Il) complexes to be easily reduced into their Cu(I) form (Figure
1B) was investigated by electrochemistry and EPR experiments, either in DMF or in MeCN. When
cyclic voltammetry of a fresh Cu(II) complex solution is performed in a coordinating solvent such

as MeCN, the expected reversible system corresponding to the Cu(I)/Cu(Il) redox couple is

red

observed at E1» 0.43 and 0.45 V vs. Fc/Fc' for complex 1 and 2 respectively (Figure 3).
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Figure 3. CVs of a solution of complex (A) 1, (B) 2 and (C) 3 (20 scans) in 0.1 mol L' MeCN-

TBAP (a) before and (b) after addition of 10 % DMF (v =100 mV s!) ; (D) CV of a GC electrode



modified by electropolymerization of complex 3 in a 0.1 mmolL"! solution by 20 CV scans

between 0 and 1.1 V (0.1 molL! MeCN-TBAP (v=10mV s™!)

The redox system matches the redox potential measured for the previously-characterized Cu(I)
form of these complexes.5>%* A shift towards more positive values for these series of complexes
as compared to the parent complex bearing the dmp ligand® is expected from the distortion of the
favored square-pyramidal geometry of the Cu(Il) form over a tetrahedral geometry for the Cu(I)
form. For complex 3, this redox system observed at Ei» = +0.48 V vs. F¢/Fc' is less reversible.

oX —

Furthermore, an irreversible oxidation is observed at E,** = 0.89 V vs. F¢/F¢' and corresponds to
the oxidation of the pyrene groups. As already observed for bipyridine complexes bearing pyrene
moiety,*> this oxidation lead to the electropolymerization of pyrene and the subsequent
electrodeposition of complex 3 at the surface of the GC electrode. This is assessed by the increase
of the Cu'”! redox system upon successive scans above the oxidation of pyrene (Figure 3C). After
transferring the electrode in a complex-free solution, CV confirms the attachment of complex 3,
thanks to the formation of the electrogenerated poly-(pyrene)-based metallopolymer film. The
reversible system is typical of a surface-confined redox process with linear dependence of both
anodic and cathodic peaks towards scan rate. According to the integration of the charge under the
redox peaks, a surface coverage of 4.6 pmol cm™ was estimated.

Diffusion-controlled linear sweep voltammetry was used to monitor the evolution of the complex
in solution (Figure S2). After 2 hours, the slow reduction of the complex in its Cu(l) state is
observed by the appearance of an oxidation current corresponding to the formation of the Cu(I)

specie in solution. A distribution of 15% Cu(I) and 85% Cu(Il) can be estimated from the LSV

experiment. Furthermore, if a non-coordinating solvent such as DMF is added to the electrolyte, a

10



rapid full reduction of each complex into their Cu(I) form is observed. This is confirmed by CV
and LSV performed after addition of DMF (curves b from figure 2A-C and curve ¢ from figure
S2A-C).

This fast reduction of the Cu(II) form was also monitored by EPR spectroscopy both in DMF and
CH3CN (figure 4, figure S3). The Cu(Il) species were generated in situ from the ligand and a
copper(Il) salt and quickly transferred into the EPR cavity for analysis. A blank against Cu(ClO4)2
6 H>O confirmed the initial formation of the Cu(Il) form for all the complexes in CH3CN. For 1
and 2 the intensity of the copper lines decayed to about two thirds of the initial signal after 3h30
at room temperature and one half after one day, confirming Cu(II) reduction. Complex 3 was found
to be more robust towards reduction, with only 10% decrease after one day and 50% after 10 days.
The spin Hamiltonian parameters were determined by spectral simulation: They are g | = 2.080,
gy =2.275, with A | =50 and A, = 410 MHz (for the copper nucleus) for the three complexes.
This similarity is in line with the expected identical coordination sphere in 1, 2 and 3. When the
same experiment was conducted in DMF the signal intensity was already less than 20% after 10
sec mixing (Fig S3 and S4). The residual signal was fitted with spin Hamitlonian parameters that
correspond to free copper (g | =2.081, gy =2.403, with A | =20 and A/, =405 MHz), suggesting

that the copper ion chelated to the ligand is entirely under its Cu(I) form.

11
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Fig 4. X-Band EPR spectra of 0.4 mM CH3CN solutions of the in situ generated 1 (red), 2 (green),
3 (blue) and simulation by using the parameters given in the text (black). Spectra taken after 10
sec mixing at 293 K. Microwave Freq. 9.43 GHz, power 2.2 mW, Mod. Amp. 0.3 mT, Mod. Freq.
100 KHz.

UV-visible spectra of the complexes performed in DMF are in line with the EPR experiments,
with the presence of an intense band at 455 nm and a large low-intensity band near 800 nm,
indicatives of the presence of the Cu(I) form of the complex as the main product (Figure S5). This
“auto-reduction” phenomenon have been already investigated in the case of 6,6’dialkyl-2,2 ‘-
bipyridine ligand . Partial and slow reduction have also been observed for the parent complex
Cu'l(dmp), without being further investigated.®®$” In this work, the fast reduction of all three
complexes, especially in DMF, is undoubtedly triggered by the high redox potential and the higher
constraint brought by the bulky substituent to the Cu(Il) geometry. This is especially the case in
non-coordinating solvent, where the Cu(II) metal cannot coordinate a fifth ligand to adopt a more
favorable geometry. Note that the exact nature of the reductant could not be identified.

Functionalization of MWCNTSs with complexes 1,2 and 3

12



MWCNT electrodes were soaked in a 2 mmolL!' MeCN solution of the corresponding complexes
for 1 h. All bis(2,9-dialkyl-1,10-phenanthroline)copper(Il) catalysts exhibit strong interactions
with the MWCNT sidewalls owing to the pi-pi interactions at CNT sidewalls for the different
polyaromatic bis(phenanthroline) complexes. XPS experiments were performed on MWCNT
electrodes modified with complexes 1-3. XPS spectra are similar for all complexes (Figure 5,

Figure S6).

1000 counts

970 960 950 940 930 920
Binding Energy (eV)

Figure 5. XPS spectra at Cu2p core energy level for the MWCNT electrodes modified with

complexes 1,2 and 3

The presence of the Cu(Il) form of the complexes is indicated by the peaks at 934.7 and 954.6 eV
accompanied with satellite peaks at 944 and 963 eV. This is characteristic for adsorbed Cu(II)
species. A second system with peaks at 931.9 and 951.7 eV can be assigned to the Cu(I) form of
the complexes. According to the simulation of the XPS spectra and the integration of the peaks,

the Cu(I) form is mainly present over Cu(Il) form in a 70/30 ratio at the surface of the electrodes.

13



The presence of a majority of the Cu(l) species for all complexes is expected from the reduction
of Cu(1I) into Cu(I) under the XPS beam, which is often observed for copper complexes.*%*:%8 It

is even more prevalent here since this series of complexes can be easily reduced, as observed by

electrochemistry and EPR.

The electrochemical behavior of the functionalized MWCNT electrodes were investigated by

cyclic voltammetry (CV) under argon and oxygen using a perchlorate buffer solution at pH 5

(Figure 6).
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Figure 6. (A) CV of complex 1 and (B) complex 2 and 3 immobilized on a MWCNT electrode in
a perchlorate buffer (100 mM NaClO4, 20 mM NaAcO, 20 mM AcOH) at pH 5 under (a) argon
and (b) oxygen (v=10mV s!) ; (C) CVs of a solution of complex (C) 3 (20 scans between 0 and
1.0 V) at a MWCNT electrode in 0.1 M MeCN-TBAP (v = 100 mV s) ; (D) CV of (black)
complex 3 and (red) electropolymerized complex 3 on a MWCNT electrode in a perchlorate buffer
(100 mM NaClO4, 20 mM NaAcO, 20 mM AcOH) at pH 5 under (a) argon and (b) oxygen (v =

10 mV s

A reversible redox system is observed for all complexes in the perchlorate buffer. This redox
system is assigned to the Cu'’/Cu' redox couple. The AE for all complexes falls in the range 20 to
50 mV, which is expected from the surface-confined redox process. Complex 1, 2 and 3 exhibit
closed redox potentials, in line with the presence of bulky alkyl groups. In the case of complex 3,
electropolymerisation of the complex was also performed at a MWCNT electrode (Figure 6C).
During the course of the electropolymerisation, the increasing redox system observed at
corresponds to the Cu(Il)/Cu(l) reversible oxidation. The increasing redox system observed at
corresponds to the electroactivity of the polypyrene backbone, which was already investigated at
other types of electrogenerated polypyrene films.*5

The integration of the charge under the reduction or the oxidation peak of the Cu(Il)/ Cu(I)
couple gives access to a surface coverage of 0.12, 0.062 and 0.17 nmol cm for complexes 1, 2
and 3 respectively. Comparing the immobilization of complex 1 and 2 with complex 3, a minor
improvement towards catalyst loadings is observed by adding pyrene groups. This likely arises

from the strong interaction of all bis(2,9-dialkyl-1,10-phenanthroline)copper complexes with CNT

sidewalls, taking into account the presence of pi-conjugated planar phenanthroline ligands

15



associated with bulky hydrophobic groups. On the contrary, electropolymerisation, associated with
strong interaction between CNT sidewalls and the polypyrene backbone, gives access to high
surface loadings of 2.2 nmol cm™.

When oxygen is purged into the electrochemical cell, an irreversible reduction wave is observed,
occurring at closed redox potential for the series of complexes. Despite higher catalyst loading for
complex 3 and its metallopolymer counterpart, no apparent increase in catalytic currents are
observed for these functionalized electrodes. These similar current densities for all electrodes
indicate the mass transport limitations of oxygen at this MWCNT electrodes.

ORR performances were investigated by RRDE (Figure 7, table 1).

005
004
003
0.02
001

0 .807

00 02 04 06 08 10
E/V vs. RHE

Figure 7. Plot of the disk current (Jp) vs. disk potential and plot of the ring current (Jr) vs disk
potential for Rotating Ring Disk Electrode (RRDE) measurements performed under O, at the
MWCNT electrode functionalized with complex 1, 2 and 3 using linear sweep voltammetry (10

mV s, 1500 rpm, 100 mM NaClO4, 20 mM NaAcO, 20 mM AcOH buffer pH = 5)
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Table 1. Electrochemical parameters, ORR characteristics and fuel cell performances for

complex 1, 2 and 3.

Epiz | Eonset (V| % H202 Nelectrons | Fuel cell OCV | Fuel cell
(V vs. | vs. RHE) (V) maximum
RHE) power
output (mW
cm?)
1 0.68 |0.91 8 (+/-2) 3.9 (+/-]0.76 (+/-0.06) | 1.77
0.2)
2 0.68 |0.90 4 (+/-2) 3.9 (+/- | 0.85 (+/-0.08) | 0.56
0.2)
3 0.69 |0.86 10 (+/-2) | 3.8 (+/-]0.80 (+/-0.08) | 1.10
0.2)

According to current density measured at the Pt ring electrode, low amounts of H>O» between 4
and 10 % are produced during ORR for all complexes at pH 5. Furthermore, a number of electrons
of 3.8-3.9 were measured for all complexes. This confirms the ORR mechanism is closed to a
4H+/4e- mechanism. Furthermore, all complexes exhibit similar onset potentials, indicating that
the different electronic contributions of alkyl groups in the 2 and 9 positions of the phenanthroline
has a negligible effect on the redox potential of the catalytic intermediate in water. In this respect,
the dinuclear nature of this intermediate have been postulated by different groups at supported
mononuclear copper complexes based on phenanthroline or trispyridylmethyl-based ligands It is
noteworthy that onset potential for complex 3 is slightly higher by 50 mV. This might arise from
the steric hindrance brought by the pentylpyrene moiety, which might influence the redox potential
of the ORR catalytic intermediate. Owing to the fact that efficient wiring of copper catalysts is

obtained at these MWCNT electrodes as compared to EPG electrodes, the ORR is not limited by

17



the kinetics of the oxygen reduction. This allows the copper complexes bearing bulkier groups to
achieve high electrocatalytic activity, contrary to what was observed at EPG electrodes.*® In this
previous work, monofunctionalized Cu"' complexes were formed by mixing different substituted
phenanthroline ligands at the EPG electrode, their ORR being governed by the kinetic limitations
of these derivatives. He we show that onset potentials of MWCNT-supported complexes are
among the highest potential measured for copper complexes towards ORR near neutral pH. Other
types of mononuclear or dinuclear complexes based on different trispyridylmethylamine 334041

and triazol*®** ligands exhibit maximum onset potentials of 0.82 V vs. RHE at pH 7.

These complexes were finally integrated in a gas-diffusion Ho/air fuel cell (Figure 8A).

18
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Figure 8. (A) Schematic representation and photograph of the Ha/air fuel cell; (B) Polarization and
power curves for the fuel cell with a cathode based on a MWCNT-coated GDE modified with

complex 1 (0.1 M Britton-Robinson buffer pH = 4, 25°C)

First, the complexes were immobilized on a MWCNT-coated gas-diffusion electrode (GDE). A
conventional Pt/C catalyst (1 mg cm?) was used at the anode. Fig. 8A shows the schematic
representation of the Ho/air fuel cell set-up. Both electrodes were separated by a 5 mm thick teflon
chamber in which a pH 4 buffer electrolyte was introduced. While the fuel cell was operated at
25°C, the electrodes were both supplied with humidified streams of H» and air respectively at
atmospheric pressure. The polarization and power curves were obtained from successive
galvanostatic discharges (Figure 8B, Figure S7). The Hy/air fuel cells deliver maximum power
density of 1.77, 0.56 and 1.10 mW cm for complex 1, 2 and 3 respectively, accompanied with
respective open-circuit voltage (OCV) of 0.76, 0.85 and 0.84 V. These fuel cells based on this
series of MWCNT-supported bis(2,9-dialkyl-1,10-phenanthroline)copper complexes as cathodic

material exhibit unprecedented fuel cell performances at low pH. These fuel cells approach the
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performances of enzymatic fuel cells based on hydrogenases and multicopper oxidases which
exhibit maximum power output of several mW c¢cm accompanied with high OCV of 1.1 V.6%7
Furthermore, these fuel cells outperform previously-designed Ho/air fuel cells integrating
molecular catalysts, which have all be limited by the performances of the ORR catalysts at the
cathode. Ni-Ru catalysts integrated in Ho/air fuel cells deliver maximum power output of 26 pW
cm™ with an OCV of 0.42 V.7%72 We recently designed Ho/air fuel cells based on bioinspired nickel
bis-diphosphine catalysts at the anode. These fuel cells delivered 2 mW cm™ with an OCV of 1 V
by using a MWCNT-supported multicopper enzyme at the cathode.?® More recently, a bioinspired

dinuclear copper catalyst at the cathode was combined to the same bioinspired nickel catalyst at

the anode. This fuel cell delivered 0.15 mW cm™ at pH 4 accompanied with an OCV of 0.6 V.4

In summary we report the functionalization of MWCNTSs with a series of bis(2,9-dialkyl-1,10-
phenanthroline)copper complexes. Owing to the presence of bulky groups at the 2 and 9 position
of the phen ligands, these complexes exhibit distorted square-planar geometry, high Cu(II)/Cu(I)
redox potential, and strong interactions with CNT sidewalls. The bis(2,9-diethyl-1,10-
phenanthroline)copper catalysts possess the best combination of redox potential and interactions
with MWCNT electrodes. These MWCNT-supported catalysts exhibit high potential towards
ORR with unprecedented onset potentials of 0.91 V vs. RHE at pH 5. Despite the fact that onset
potentials are still lower as compared to onset potentials of MWCNT-supported laccases (onset
potentials of 1.1 V vs. RHE at pH 57°), these complexes were integrated in a MWCNT-GDE Hy/air
fuel cell exhibiting OCV of 0.8 V and maximum power output of 1.77 mW cm-2. This series of
MWCNT-supported catalysts pave the way in the approach of both multicopper enzymes and Pt
performances towards low-pH ORR for proton-exchange membrane fuel cells. Future

developments will be aimed at tuning the geometry of copper centers in multinuclear complexes
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in order to approach the structure and performances of copper enzymes where a set of four copper

centres in a semi-rigid environment is responsible for their low-overpotential ORR requirement.

Supporting Information. Experimental details, Table S1 and Figure S1 to S7
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