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Summary: A dinuclear copper complex mimicking the active site of copper oxidases was designed and Ttestacked on carbon-
nanotube (CNT) electrode thanks to pendent pyrene groups. The high ORR activity of such CNT-supported dicopper complexes in
pH 4 electrolyte allowed the construction of a Pt-free hydrogen/air fuel cell using bio-inspired nickel bisdiphosphine complexes
immobilized onto CNT at the anode, with an order of magnitude improvement of the performance compared to previous literature
data. This bio-inspired nickel- and copper-based Hy/air fuel cell reaches a maximum power density of 0.15 mW ¢m2 at 0.25 V and pH

4.
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Introduction

Hydrogen fuel cells are a key technology for the ecological
transition away from fossil fuels. They, however, rely on
platinum-based catalysts used both at the anode and cathode to
harvest electrical energy from hydrogen and air, respectively.
The scarcity and high price of noble metals therefore impede the
future deployment of hydrogen fuel cells unless efficient and
stable catalysts based on Earth-abundant elements are found
for the hydrogen oxidation (HOR) and oxygen reduction
reactions (ORR)."? Metalloenzymes hold promise in that context
because they contain only first row transition metals at their
active sites while approaching platinum like performances for
both HOR and ORR.? Hydrogenases operate at the equilibrium
potential of the 2H*/H, couple and display high HOR catalytic
currents when immobilized on carbon-based electrodes.**

Multicopper oxidases such as laccases have also shown
efficient electrocatalytic performance towards ORR with low
overpotential requirements.”® The fact that sulfonated proton-
exchange polymers are employed as solid electrolyte in
conventional fuels, proton-exchange membrane fuel cells
(PEMFCs), require that catalysts have be operational in a low-
water-content medium and acidic environment. Unfortunately,
metalloenzymes only operate in a narrow range of buffered
conditions and few of them would withstand the conditions
required for operation in PEMFC.

Bio-inspired catalysts have been developed for several years in
order to reproduce enzymatic activity while allowing integration
into conventional fuel cell systems.®-'® These mimics reproduce
both the structure of the enzyme active sites (first coordination
sphere) and the electron/proton relays surrounding the active
sites in the outer sphere. They now approach enzyme’s low
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overpotential requirements and high turnover frequencies.
Namely, DuBois’ mononuclear nickel  bis-diphosphine
[Ni(PR2NR2)o]™ complexes containing proton relays in the vicinity
of the nickel center,'®-'® have been intensively investigated. The
recently-developed [Ni"(P®,NA"9,),]"+ complex displays reversible
Ho/2H* electrocatalytic behavior in acidic aqueous media.'® We
recently immobilized such Ni catalysts on carbon nanotubes
(CNTs) and demonstrated their high efficiency towards HOR and
their ability to operate in conventional PEMFC.20-22

Conversely, the design of highly efficient copper catalysts
mimicking multicopper oxidases (MCOs) for ORR is not as
mature as for hydrogenase models. Only few examples of
dinuclear copper complexes have demonstrated ORR activity in
the acidic environment required for implementation in
PEMFCs.2-2® Mononuclear Cu complexes also proved active for
ORR in acidic conditions. In this regard, we have recently shown
that a mononuclear copper complex based on the sterically
hindered tripodal ligand HMeBMP®U-pyrene 2° mimicking
galactose oxidase’s active site, catalyzes ORR at onset
potentials close to the enzymes.® Tyrosinase, bearing a type 3
Cua-Cug active site, displays lower overpotential requirements
towards ORR compared to galactose oxidase and catalyzes
oxygen reduction in water at onset potentials of 0.60 V vs RHE
(pH = 7).3" To progress toward more efficient ORR catalysts, we
therefore designed a bio-inspired dinuclear copper complex
based on a HBPMP-type ligand functionalized with a pyrene
moiety (Chart 1). These series of ligands were used previously
to prepare p-phenoxido dicopper(ll) complexes, models of the
active site of tyrosinase, initially studied in solution 2. We then
immobilized this complex at the surface of multi-walled CNT
(MWCNT) electrodes due to Tt interactions between pyrene
and CNT sidewalls, leading to novel copper-based
nanostructured electrodes with ORR activity. These ORR
cathodes were combined with a previously described bio-
inspired anode material in order to design the first example of a
bio-inspired nickel- and copper-based Hy/air fuel cell.

Results and discussion

The synthesis of the HBPMP-pyrene ligand is based on a
peptidic coupling between 1-pyrenebutyric acid and the amino-
functionalized ligand HBPMP-NH: (see ESI). Subsequent
reaction with 2 eq. of copper(ll) salt affords the dicopper(ll)
complex [Cuz(BPMP-pyrene)] (Fig. 1A). While the complex
[Cuz(BPMP-pyrene)] used for the preparation of functionalized
MWCNT electrodes was synthetized ‘in situ’ from HBPMP-
pyrene ligand and a copper salt, the complex was also isolated
in the uOH form (see ESI for details).

In order to gain insight into the speciation of [Cuz(BPMP-
pyrene)], we monitored pH titrations of in situ prepared
complexes (pHs range 2-7 in a HoO:DMF 7:3 medium, or [DMF]
concentration in water of 3.9 M, to ensure sufficient solubility of
the complexes) with UV-Vis spectroscopy (Fig. S2 to S7).3° We
observed that [Cuz(BPMP-pyrene)] exists under three distinct
protonation states, which correspond to the phenolic “non
bridged” form (low pHs), a “bis(H20)” form, which predominates
at pHs around 4, and a “puOH” form at neutral pHs (Scheme 1).
The corresponding pKa values have been determined as 2.50.1
and 5.7£0.1 (Scheme 1). The structure assignment is based on
both spectral similarities (Fig. S3-S8) and matching of pKa
values with other BPMP-type binuclear complexes.3435

The nature of the three species is also corroborated by EPR
measurements (Fig. S9-S11): The “uOH” form is EPR-silent due
to strong antiferromagnetic interactions between the Cu(ll)
centers through the two bridging ligands. The “bis(H20)” form
shows spin triplet resonances, reminiscent of singly bridged H-
BPMP-type dicopper complexes (Fig. 1B).32%* The zero field
splitting (ZFS) parameter |D| obtained from simulation is 1500
MHz, corresponding to an intercopper distance of 4 A 2 that
nicely matches the value reported for structurally characterized
H-BPMP-type dicopper complexes, wherein the exogenous
ligand of each metal centre is a water molecule.®234% Even at
pH=1.5 we did not observe free Cu(ll) ion resonances, ruling out
significant acid hydrolysis of the complex in the pH range
investigated.

Multi-walled CNTs (MWCNTSs) coated glassy-carbon electrodes
were then functionalized with [Cuz(BPMP-pyrene)] using two
methods. The first one consists in generating in situ [Cu2(BPMP-
pyrene)] in a DMF/H>O mixture (1:1 v/v) through addition of two
equivalents of [Cu(ClO4)2].6H20 to a solution of HBPMP-pyrene.
Next, MWCNT electrodes were soaked in this concentrated
solution of [Cuz(BPMP-pyrene)] for 1 hour. The second method
is based on a two-step synthesis of the complex at the MWCNT
surface. The first step consists of soaking a MWCNT electrode
in a solution of HBPMP-pyrene to immobilize it at the surface of
MWCNTs. Then a 0.3 M [Cu(ClO4)2].6H20 solution (in ultrapure
water) was drop-cast onto the HBPMP-pyrene/MWCNT
electrode (scheme 3). Both methods lead to electrodes
functionalized by the dicopper complex, which exhibit similar
electrochemical properties. It is noteworthy that no free Cu?
ions have been detected at the surface of these MWCNT
electrodes, either by CV or EPR experiments.

The functionalized MWCNT electrodes were characterized by X-
ray photoelectron spectroscopy (Fig. S12) and cyclic
voltammetry (CV) under Ar over a wide range of pH values (Fig.
2). The XPS analysis confirmed the presence of a Cu(ll)
complex at the surface of the electrode for both ligands, as
indicated by the peaks at 934.8 and 954.2 eV, which are
assigned to the Cu 2ps2 and 2ps2 binding energy, respectively.
These features are accompanied by a typical weak satellite peak
for Cu(ll) at 944 eV. The low signal to noise ratio in the XPS
data for the Cu(ll) species is a consequence of Cu(ll) reduction
under the X-ray beam.¥’Furthermore, integration of the N 1s
energy level, observed at 400 eV, and the Cu 2p gives an
estimation of the ratio N/Cu of 2.7, closed to the theoretical ratio
N/Cu of 7/2.

The electrochemical behavior of the [Cuz(BPMP-
pyrene)|/MWCNT electrode was first investigated by CV under
an inert atmosphere and over a wide pH range (Fig. 2A). The
[Cuz(BPMP-pyrene)]/MWCNT electrodes display a partially-
reversible redox system at Ei» = -0.09 V vs SHE at pH 4,
assigned to the Cu(ll/)Cu(l) redox couple. The linear
dependence of both anodic and cathodic peak currents with the
scan rate confirms that this redox system corresponds to a
surface-immobilized redox species. In addition, the high AE,
value of 100 mV at slow scan rates suggests an
electrochemically-induced structural rearrangement of the
copper coordination sphere, similar to other surface-confined
copper complexes.?®%® The inset of Fig. 2A shows that the
potential of the partially-reversible redox system decreases with

increasing pH. This dependence is well modeled using eq.
(1)39,40:
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where R is the gas constant, T the temperature, F the Faraday
constant and n the number of electron involved in the redox
system. K;%¢ is the proton dissociation constant for the oxidized
form and E12(Cu"',cq) is the limiting value of Ei at pH below
pKa. A good fit of the data could be obtained using n = 2, giving
access to an Eq2(Cu",ciq) of -0.08 + 0.01 V and a pKa™ of 4.3 +
0.2 (R? = 0.99). The pK,> value is close to the pK; value of 5.7
obtained from spectroscopic titrations for the equilibrium
between the “wOH” form and the “bis(H20)” form. The slight
difference in pKa values accounts for the difference in medium
between HO:DMF 7:3 and 0.1 M Britton Robinson buffer.

This model accounts for a 2e/1H* redox system which supports
the presence of a dinuclear Cu(ll) species (bis(H.O) form)
immobilized at the electrode surface, singly deprotonated upon

reduction of both Cu centers (to yield a bis-Cu(l) p(OH) complex).

On the reverse scan, this partially-reversible redox system is
accompanied by a second oxidation process at a more positive
potential (Fig. 2). This might arise from a conformational change
induced by the formation of the protonated Cu(l)-Cu(l) species.
The fact that this second oxidation process is related to a
protonation process is supported by the increase of this second
oxidation peak upon decreasing the pH. The EC nature if this
redox process is also confirmed by the fact that integration of the
charge under the reduction peak corresponds to the sum of
integrated charges under both oxidation peaks. From the
integration of the charge under the reduction peak, a surface
coverage of 1.3 (+/-0.4) nmol cm? was estimated for the
[Cuz(BPMP-pyrene)]. As a control experiment, we also modified
MWCNT electrodes with pyrene modified with a [bis(2-
pyridinylmethyl)amino]methyl ligand (BPA-pyrene). These
functionalized MWCNT electrodes show negligible ability to
stabilize a coordinated copper complex on MWCNT electrode on
the contrary of the BPMP-pyrene ligand (Figure S13).

The ORR activity of MWCNT electrodes modified with the
dinuclear copper species was then investigated by a
combination of CV, Rotating-Disk Electrode (RDE) and Rotating-
Ring-Disk Electrode (RRDE) voltammetry experiments in the
presence of O.. The electrocatalytic properties were studied
over a wide range of pH values (Fig. 3 and S14) in order to
unravel the ORR  mechanism. The  [Cu2(BPMP-
pyrene)/MWCNT electrode exhibits ORR electroactivity (Fig.3A
and B) with an onset potential of +0.33 V (pH 4) and 0.18 V (pH
9) vs. SHE. This corresponds to onset potentials of +0.57 V at
pH 4 and 0.71 V vs. RHE at pH 9. While these complexes are
still below the best copper-complex-based electrodes for ORR,
which reach onset potentials of 1.05 V in 0.1 M KOH,*' the
electrodes compare well with the best immobilized dinuclear Cu
models operating in acidic conditions and based on substituted
phenanthrolines (0.7 V vs RHE at pH 5)24
hexaazamacrocycles (0.67 V at pH 7),*® the 3,5-diamino-1,2,4-
triazole (0.73 V vs RHE at pH 7)%° and tris(pyridin-2-
ylmethyl)amine (0.65 V at pH 5),2* which are active under acidic
to neutral conditions. Nevertheless, this onset potential is still
300 mV less positive than the one measured for the dicopper
active site of immobilized tyrosinase on MWCNT (Egnset = 1.0 V
vs RHE at pH = 7).3" As previously mentioned, the presence of
an EC process involving a protonation step might induce the
more positive value, by 300 mV, of the ORR onset potentials

compared to the reduction of the complex under Ar. The onset
potential decreases linearly with increasing pH for all complexes,
with a slope of 32 mV per pH unit. This is consistent with a 2e
/H* limiting step for ORR electrocatalysis, as previously
observed for other mono- or dinuclear copper complexes. This
indicates a rate-determining step corresponding to the 2e-
reduction of a coordinated O, complex to form a coordinated
hydroperoxo specie, possibly through a Cu.O, adduct.?6:2829.38,
Above pH 8, increased maximum current densities were
observed for [Cuz(BPMP-pyrene)l/MWCNT electrode, reaching
9.8 (+/- 2) mA cm2. This confirmed that optimal ORR activity of
this type of complex occurs in basic conditions. According to the
dicopper complex surface coverage, maximum turnover
frequencies (TOF) of 40 (+/-12) s' (pH 9) could be estimated for
[Cuz(BPMP-pyrene)l/MWCNT electrode. It is noteworthy that no
decrease of the immobilized [Cuz(BPMP-pyrene)] electroactivity
under both Ar and O, was observed after multiple cycles over
the course of one day. Furthermore, [Cux(BPMP-
pyrene)l/MWCNT electrode exhibits higher electrocatalytic ORR
performances in terms of current densities and onset potentials
as compared to pristine MWCNTs (figure 3A and 3B) and
MWCNT modified with BPA-pyrene ligand (figure S15A and
S15B).

The formation of hydrogen peroxide as a side product is
indicated by a Koutecky-Levich study performed by RDE
measurements (Fig. S16) on the diffusion-controlled oxygen
reduction electrocatalytic wave and by RDDE (Fig 3C and Fig
S15). For RDE, after background subtraction to avoid any
contribution of MWCNTSs, an apparent number of electrons of
2.7 (+/-0.2) for [Cuz(BPMP-pyrene)] was determined, indicative
of competition between 4e/4H* and 2e/2H* ORR mechanisms
(yielding H-O and H»2O5, respectively). It is noteworthy that this n
value might be underestimated since MWCNT electrodes are far
from planar electrodes, the latter being implied in the ideal case
of Koutecky-Levich formalism.*445 In order to more accurately
estimate the number of electrons involved in the ORR, the
amount of H»O- that forms during ORR was further quantified by
RDDE measurements (Fig. 3C and Fig. S17). Low amounts of
H-O. of 6% were generated during ORR at [Cuz(BPMP-
pyrene)]/MWCNT electrode as compared to MWCNTs (48 %).
Furthermore, CVs measured in the presence of 10 mM H0O»
(Fig. S18) show that the immobilized dinuclear complexes
catalyze the reduction of H>O into HO with an onset potential
similar to ORR. Despite the fact that n values can be difficult to
accurately measure at nanostructured electrodes,*>*¢ MWCNTs
are poor electrocatalysts for H,O» reduction in comparison with
[Cux(BPMP-pyrene)]/MWCNT electrode. The excellent ORR
performance of the immobilized dicopper complexes can
therefore be ascribed to a 2e+2e” mechanism. The fact that
ORR performances are closed to those of previously-described
mononuclear complex 2° might indicate that the formation of a
dicopper oxygen-adduct intermediate is involved in both the
mononuclear and dinuclear phenoxido complexes.

Having established its ORR activity, we integrated the
[Cux(BPMP-pyrene)] complex into a noble metal-free bio-
inspired fuel cell. First, the [Cuz(BPMP-pyrene)] complex was
immobilized on a MWCNT-coated gas-diffusion electrode (GDE).
As an anode we used, a previously reported SWCNT-coated
GDE functionalized with the bio-inspired [Ni"(PY,NA9,),]7
complex.?’ Such an anode material indeed proved excellent for



H. oxidation in conventional fuel cells using either Pt/C or the
multicopper enzyme bilirubin oxidase at the cathode.?®

Fig. 4A shows the schematic representation of the noble metal-
free fuel cell setup. Both electrodes were separated by a 5 mm
thick teflon chamber in which 0.1 M Britton-Robinson buffer at
pH=4 was introduced. The fuel cell was operated at 25°C. Both
the anode and the cathode were supplied with humidified
streams of Hy (atmospheric pressure) and air respectively. Fig.
4B displays the polarization and power curves, resulting from
successive galvanostatic discharges. The fuel cell delivers a
remarkable maximum power density of 0.15 mW cm at 0.25 V
and pH 4, accompanied with an open-circuit voltage (OCV) of
0.6 V. This unprecedented fuel cell based on molecular nickel
and copper synthetic complexes as HOR and ORR catalysts is
the first example of a fully-molecular noble metal-free fuel cell.
Although not as efficient as biofuel cells based on immobilized
MCOs, this new device outperforms previously-designed fuel
cells integrating molecular catalysts. For comparison, fuel cell
based on Ni-Ru catalysts delivers 11 uW cm? with an OCV of
0.3 V' and 25 pW cm with an OCV of 0.42 V'°. Another one,
composed of [Ni'(PPh,NCH2pyrene ) 1-.hased anode and cobalt-
based cathode, delivers 23 uW cm? with an OCV of 0.74 V.°
Thus, the original association of biomimetic Ni and Cu catalysts
(mimics of hydrogenases and copper oxidases, respectively)
allowed for an order of magnitude increase of the performance
of such bio-inspired fuel-cells and appear as an efficient strategy
for designing a new generation of Pt-free fuel cells with
improved activity.

Conclusion

In summary, we report the immobilization of a novel (u-
phenoxido)-dicopper complex on MWCNT electrodes. This
material catalyzes oxygen reduction with maximum onset
potentials of 0.71 V vs RHE and TOF of 40 s under alkaline
conditions with partial 4H*/4e" mechanism and limited H>O»
production. By integrating such a molecular bio-inspired
dicopper complex at a fuel cell cathode together with a
molecular nickel complex at the anode, a first proof of concept
for a Hy/air fuel cell based on non-precious-metals has been
established, with significant improvement of the performances
compared to the state of the art. The polarization curves show
that the device’s performances are mainly limited by the
electrocatalytic ORR properties of the dicopper catalyst. Efforts
in our groups will now focus on the optimization of bioinspired
multi-copper ORR catalysts with the aim of approaching the
performance of mixed biomimetic/enzymatic systems,? while
retaining the advantages of chemical systems.
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List of captions

Figure 1. (A) Representation of the “bis(H20)” form of [Cuz(BPMP-pyrene)] predominating at pH 4.8 and (B) X-Band EPR spectrum of a 0.4 mM solution of
[Cuz(BPMP-pyrene)] in H20:DMF 70:30 (+0.1 M NaClOa4) at pHs = 4.8. The inset shows a magnification of the AMs = 2 region. The black line represents the
experimental spectrum; the red line is a simulated spectrum by considering the following Spin Hamiltonian parameters: (S = 1), two equivalent copper nuclei with
g1 =2.08, g2 = 2.10 (with g-strain), gs = 2.18 and Acu,1 = Acu2 = 50 MHz, Acu,z = 400 MHz. |D| = 1500 MHz, E = 450 MHz. Microwave Freq. 9.634659 GHz, power
20 mW, Mod. Amp. 0.4 mT, Mod. Freq. 100 KHz. T= 13 K.

Chart 1. Structure of the HBPMP-pyrene ligand.
Scheme 1. Protonation equilibria and distinct forms of [Cuz(BPMP-pyrene)]. The corresponding pKas are given above the arrows.

Chart 2. Schematic representation of the [Cuz(BPMP-pyrene)]-functionalized MWCNT electrode .

Figure 2. CVs of [Cuz(BPMP-pyrene)] immobilized on the MWCNT electrode collected at pH 4, 7, 9 (0.1 M Britton Robinson buffer) under argon (v= 10 mV s
with (inset) corresponding experimental (o) and fitted (dashed line) evolution of the redox potential of the Cu(ll)/Cu(l) redox couple as a function of the pH. The
geometrical surface of the electrode (0.07 cm) was used to calculate current densities.

Figure 3. (A, B) CVs of pristine MWCNT (a, black) and [Cuz(BPMP-pyrene)l/MWCNT electrode (b, blue) under (dashed line) Ar and (straight line) Oz (0.1 M
Britton Robinson buffer, (A) pH 4, (B) pH 9,v= 10 mV s) ; (C) Plot of the disk current vs disk potential and the plot of the ring current vs disk potential for
Rotating Ring Disk Electrode measurements performed under Oz at the (a) pristihe MWCNT, and (b) [Cuz(BPMP-pyrene)l/MWCNT electrodes using linear
sweep voltammetry (v = 10 mV s, 1500 rpm, 0.1 M Britton-Robinson buffer pH = 5, no background subtraction)

Figure 4. (A) Schematic representation of the Hz/air bio-inspired fuel cell; (B) CV of [Cuz(BPMP-pyrene)] MWCNT-coated GDE under argon (blue dashed line,
curve a) and under a flow of air (blue, curve b) ; CV of [Ni'(PC¥2NAr92),]8+MWCNT-coated GDE under argon (red dashed line, curve c) and under a flow of Hz (red,
curve d) ; 0.1 M Britton-Robinson buffer pH = 4 , v = 10 mV s, 25°C; (C) Polarization and power curves for (straight line) [Cu2(BPMP-pyrene)]/[Ni"(P/2NA"9),
and (dashed line) MWCNT/[Ni"(P%2NA%,),] (0.1 M Britton-Robinson buffer pH = 4, 25°C)
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