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Oxygen reduction reaction (ORR) in alkaline
solution catalysed by an atomically precise
catalyst based on a Pd(i) complex supported on
multi-walled carbon nanotubes (MWCNTs).
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A new atomically precise, single-ion catalyst (MWCNT-LPd) for ORR (oxygen reduction reaction), consisting
of a Pd(i) complex of a tetraazacycloalkane anchored on multiwalled carbon nanotubes, has been prepared
through a supramolecular approach ensuring a uniform distribution of catalytic centres on the support
surface. A tetraazacycloalkane was chosen to saturate the four coordination sites of the typical square
planar coordination geometry of Pd(i) with the aim of ascertaining whether the metal ion must have free
coordination sites to function effectively in the ORR or whether, as predicted by quantum mechanical cal-
culations, the catalytic effect can be originated from an interaction of O, in the fifth coordinative position.
The results clearly demonstrated that tetracoordination of Pd(i) does not influence its catalytic capacity in
the ORR. Electrodes based on this catalyst show ORR performance very close to that of commercial Pt
electrodes, despite the low Pd(i) content (1.72% by weight) in the catalyst. The onset potential (E,,) value
and the half-wave potential (E1/,) of the catalyst are, respectively, only 53 mV and 24 mV less positive than
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those observed for the Pt electrode and direct conversion of O, to H,O reaches 85.0%, compared to 89%
of the Pt electrode. Furthermore, a preliminary galvanostatic test (simulating a working fuel cell at a fixed
potential) showed that the catalyst maintains its efficiency continuing to produce water throughout the
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Introduction

The oxygen reduction reaction (ORR) is one of the most impor-
tant reactions both in life processes (e.g. aerobic respiration)
and in artificial energy conversion systems such as fuel cells."
The ORR that occurs at the fuel cell cathode is a sluggish
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process (the average number of electrons exchanged over time per O, molecule remains close to 4).

process, so it needs to be catalysed for profitable use and Pt-
based electrocatalysts are the primary choice for this purpose
due to their high catalytic performance.’®

Unfortunately, the scarcity and the high price of this precious
metal make Pt-based electrocatalysts very expensive, too expen-
sive to find a daily application in support of human activities
that require an energy supply. Nonetheless, fuel cells are an
important clean alternative to internal combustion engines that
burn fossil fuels and generate greenhouse gases, in addition to a
multitude of pollutants,” and accordingly the search for alterna-
tive catalysts is garnering strong consideration. To replace plati-
num and other platinum group metals of similar cost, several
strategies are being studied that make use of electrocatalysts
based on less expensive non-noble transition metals®"* or
employ non-metallic’*™® or atomically precise’” > electrodes.
Atomically precise electrocatalysts are of special interest due to
their high atomic utilization efficiency, special electronic struc-
ture and homogeneous distribution of active centres."”°

Two main pathways are possible for ORR in aqueous solu-
tions: (i) a 4-electron (4e) reduction of O, to H,O (or OH™) in
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acidic (or alkaline) solutions and (ii) a 2-electron (2e) reduction
of O, to H,0,, (or HO, ) in acidic (or alkaline) solutions.
Although the electrocatalytic production of hydrogen peroxide
(H,0,) is gaining increasing interest, as H,O, is considered a
green oxidant,>'">* the formation of H,0, in fuel cells is deleter-
ious as this undesired side reaction leads to loss of energy and
can cause serious damage to cell catalysts and membranes.**?”
Nevertheless, H,O, can be converted into water via another 2e
reaction.

We recently reported that two atomically precise, single-ion
Pd(u) catalysts constructed via supramolecular (non-covalent)
decoration of multiwalled carbon nanotubes (MWCNTs) with
Pd(u) tetraaza-macrocyclic complexes have demonstrated great
potential to accelerate the ORR.>® These catalysts, having a very
low Pd load (5%), exhibited excellent half-cell PGM mass
activity, exceeding state-of-the-art reference goals of the time,””
onset potential (E,,) values comparable to or better than that
of a commercial Pt electrode and a nearly unique (90% or
above) 4e process, leading to direct production of H,O. The
macrocyclic ligands employed in this study®® and in successive
studies®®* to append Pd(n) ions to MWCNTSs were selected
with the dual goal of ensuring robust metal ion coordination,
to prevent loss of catalytic centres during electrode operation,
and involving a metal ion in the coordination of up to three
nitrogen atoms of the ligand, thus avoiding saturation of the
square planar coordination sphere typical of Pd(u) with macro-
cycle’s donor atoms, in the belief that the presence of at least
one labile donor is beneficial for the proper functioning of the
catalysts.**? Accordingly, our Pd(i) complexes contained one
labile CI™ ligand coordinated to the metal ion. While this fast
exchangeable ancillary ligand (Cl7) was fundamental for
Sonogashira cross-coupling reactions,**** which requires the
simultaneous coordination to Pd(u) of two different reagent
molecules, theoretical calculations®® showed that this is not
mandatory for ORR, as O, is able to form an apical bond with
the metal centre.

To find an experimental verification of these theoretical
results, which would greatly simplify the design of atomically
precise catalysts based on d® metal ions by eliminating the
need to build unsaturated environments around them, we pre-
pared a new catalyst containing Pd(u) ions blocked into the N,
square planar coordination environment offered by a cyclen-
based (cyclen = 1,4,7,10-tetraaza-cyclododecane) ligand (H,L,
Fig. 1). The Pd(u) complex of H,L was anchored on MWCNTSs
via spontaneous adsorption under environmentally friendly
conditions (water, room temperature, unprotected atmo-
sphere) and the resulting MWCNT-LPd hybrid material was
tested toward the ORR in alkaline media.

Experimental
Materials

All starting materials were high purity compounds purchased
from commercial sources and were used without further purifi-
cation.  6-Amino-3,4-dihydro-3-methyl-2-methoxy-5-nitroso-4-
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Fig. 1 The synthetic procedure adopted to prepare the H,L ligand.

oxopyrimidine ((3), Fig. 1) was prepared according to a litera-
ture procedure.*® Graphitized MWCNTs (99.9% C, outer dia-
meter 8-15 nm, inner diameter 3-5 nm, specific surface area
117 m?> g~') were purchased from NanoAmor (Texas, USA).

Synthesis of H,L. The procedure adopted for the synthesis
of H,L is schematically represented in Fig. 1. Compound (1)
was prepared as previously reported.>” The hydrolysis of (1) to
give (2) was conducted by dissolving 2.5 g (4.2 mmol) of (1) in
11 cm® of concentrated (98%) H,SO, and heating the solution
at 100 °C for 65 hours. The resulting solution was then cooled
at room temperature and slowly poured into 200 cm?® of cooled
diethyl ether. The white solid thus formed was filtered,
washed with diethyl ether and dried under reduced pressure at
room temperature. The dried solid was then dissolved in
30 cm® of 2 M NaOH solution and extracted with CHCI; (5 x
50 cm®). The organic phase was dried over anhydrous Na,SO,
and successively evaporated to dryness under reduced
pressure. The oily residue was dried for 48 hours at room
temperature under reduced pressure in the presence of solid
NaOH as a desiccant. Yield 1.20 g (4.19 mmol), 99.8%. "H
NMR (400 MHz, CDCl,): 6 2.19 (s, 6H), 2.43 (t, 4H), 2.49-2.54
(m, 16H), 2.72 (t, 4H).

0.50 g (1.75 mmol) of (2) were dissolved in 150 cm® of
methanol and 0.67 g (3.67 mmol) of (3) were added to the
resulting solution in small portions, under stirring, at room
temperature. The mixture was then refluxed for 3 hours to
obtain a solution that was kept at room temperature overnight.
The solid formed was filtered, washed with methanol and
dried under reduced pressure at room temperature. Another
batch of the same compound was obtained from the mother
liquor. The mother liquor was treated with 10 drops of 37%
NH; aqueous solution to convert the excess of (3) into its in-
soluble derivative 2,4-diamino-1-methyl-5-nitroso-6-oxopyrimi-
dine. The solid formed upon standing in a fridge overnight

This journal is © The Royal Society of Chemistry 2024
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was removed by filtration, and the resulting solution was evap-
orated to dryness under reduced pressure. The remaining solid
compound was dried at room temperature under reduced
pressure. Overall yield 0.70 g (1.12 mmol), 64%. 'H NMR
(400 MHz, CDCl): 6 2.16 (s, 6H), 2.99 (m, 8H), 3.06 (m, 4H),
3.15 (m, 4H), 3.28 (m, 4H), 3.34 (m, 3H), 3.47 (m, 4H), 3.80 (t,
4H). Elem Anal. Calcd (%) for C,4H,,N40,4: C 48.80, H 7.17, N
33.20. Found: C 48.68, H 7.13, N 33.08.

Synthesis of (H;L)(H,L)(Cl0,4);-11H,0. Crystals of this com-
pound suitable for XRD analysis were obtained by slow evapor-
ation at room temperature of a solution of H,L (20.0 mg,
0.032 mmol) with the pH adjusted to 7 by addition of HCIO,.
Yield 16.0 mg, 57%. Elem Anal. Calcd (%) for CygH;0oN25031Cls:
C 34.30; H 6.54; N 23.33. Found: C 33.99; H 6.60; N 23.15.

Synthesis of (HsL)(ClO4);-2H,0. Crystals of this compound
suitable for XRD analysis were obtained by slow evaporation at
room temperature of a solution of H,L (20.0 mg, 0.032 mmol)
with the pH adjusted to 2.5 by addition of HClO,. Yield
19.4 mg, 63%. Elem Anal. Calcd (%) for CpyHyoN;,045Cl3: C
31.07; H 5.32; N 21.13. Found: C 29.94; H 5.39; N 21.04.

Synthesis of [Cu(H,L)](ClO,),-10.46H,0. H,L (20.0 mg,
0.032 mmol) and Cu(ClO,),-6H,0 (11.9 mg, 0.032 mmol) were
dissolved in a minimum amount of boiling methanol. Crystals
of [Cu(H,L)](ClO,),-10.46H,0 suitable for XRD analysis were
obtained by slow evaporation of this solution at room tempera-
ture. Yield 13.2 mg, 38%. Elem Anal. Caled (%) for
C24He4.05N14053 46CL,Cu: C 27.20; H 6.18; N 18.51. Found: C
27.29; H 6.23; N 18.59.

Synthesis of [Cu(H,L)CI|CI:3H,0. H,L (20.0 mg,
0.032 mmol) and CuCl, (4.3 mg, 0.032 mmol) were dissolved
in 5 cm® of boiling water. Crystals of [Cu(H,L)CI]CI-3H,0 suit-
able for XRD analysis were obtained by slow evaporation of
this solution at room temperature. Yield 10.6 mg, 41%. Elem
Anal. Caled (%) for C,43H4sN;140,Cl,Cu: C 36.99; H 6.21; N
25.17. Found: C 36.84; H 6.30; N 25.04.

Synthesis of [Pd(1)]Cl,-4.5H,0. (1) (20.0 mg, 0.032 mmol)
and K,PdCl, (10.4 mg, 0.031 mmol) were dissolved in 5 cm® of
boiling acetonitrile upon addition of a minimum amount of
water necessary to dissolve the metal salt. Crystals of [Pd(1)]
Cl,-4.5H,0 suitable for XRD analysis were obtained by slow
evaporation of this solution at room temperature. Yield
15.8 mg, 58%. Elem Anal. Caled (%) for C,5H55NgO5 5S,Cl,Pd:
C 39.42; H 6.50; N 9.85. Found: C 39.36; H 6.41; N 9.76.

Potentiometric measurements

The protonation constants of H,L were determined by means
of potentiometric (pH-metric) titrations in 0.1 M NMe,Cl
aqueous solution at 298.1 + 0.1 K using an automated appar-
atus and a procedure previously described.*® The acquisition
of the emf data was performed with the computer program
PASAT.***° The combined electrode (Metrohm 6.0262.100) was
calibrated as a hydrogen-ion concentration probe by titration
of known amounts of HCI with CO,-free NaOH solutions and
determining the equivalent point by Gran’s method,*" which
gives the standard potential, E°, and the ionic product of water
(pKw = 13.83(1) in 0.1 M NMe,Cl at 298.1 K). The stability con-
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stants were calculated from the potentiometric data by means
of the computer program HYPERQUAD.** The concentration
of H,L was about 1 x 10™> M in all experiments and the
studied pH range was 2.0-11.5. Three measurements were per-
formed and used to determine the protonation constants.

Preparation of the catalyst

The MWCNT-LPd catalyst was prepared in two steps according
to a previously reported successful procedure:** (i) adsorption
of H,L onto the surface of MWCNTSs in water via a n-n inter-
action of the hydrophobic pyrimidine residue of the ligand
with the graphene surface of the nanotubes and (ii) decoration
of the macrocyclic ligand moiety with coordinated Pd(u) ions.

First, 100 mg of MWCNTs were suspended in 50 cm® of a
1 mM solution of the ligand at pH 8.5. The suspension was
sonicated for a few minutes and successively kept under stir-
ring for 6 days at room temperature. The solid was then recov-
ered by filtration and dried under reduced pressure, at room
temperature, and in the presence of a desiccant (NaOH) until
constant weight. The amount of ligand adsorbed (0.174 mmol
¢~ ') was determined by measuring the concentration of ligand
remaining in the solution by means of UV spectroscopy
(Fig. S1t). The resulting solid was successively suspended in
water (1 mg cm™ of water, pH 5), and the suspension was kept
under stirring at room temperature for 6 days. The solid was
recovered and dried under reduced pressure, at room tempera-
ture, and in the presence of a desiccant (NaOH) until constant
weight. The amount of ligand remaining on the MWCNTs
(0.162 mmol g~') was determined by measuring the concen-
tration of the ligand desorbed into the solution by means of
UV spectroscopy (Fig. S17).

In the second step, 50 mg of the MWCNT-L material,
obtained in the first step, was suspended in 50 cm® of a solu-
tion, at pH 5, containing one equivalent of K,PdCl, (relative to
the ligand) and the resulting suspension was kept under stir-
ring at room temperature. After 6 days, all metal ions had been
adsorbed, as shown by the UV spectrum of the filtered suspen-
sion, which corresponds to the formation of a MWCNT-LPd
catalyst containing 1.72% of Pd by weight. The MWCNT-LPd
catalyst was recovered by filtration, washed with water and
dried under reduced pressure, at room temperature, and in the
presence of a desiccant (NaOH) until constant weight.

Electrochemical measurement and modified electrodes’
preparation

All the electrochemical measurements, cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) experiments, were per-
formed with an AUTOLAB PGSTAT12 using NOVA software
from Metrohm Autolab and a modulated speed rotator (MSR)
636A from Pine Instrument.

Electrochemical measurements were performed using a
three-electrode cell. The reference electrode was an Ag/AgCl/
sat. KCI electrode with a potential of +197 mV with respect to
the normal hydrogen electrode (NHE). In the following, all
potential values will be referred to the Ag/AgCl/saturated KCl
reference electrode (RE), unless otherwise specified. The
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counter electrode was a platinum wire, and the working elec-
trode was a ring-disk electrode from Pine Instrument Co. con-
sisting of a glassy carbon (GC) disk insert (@ = 5.5 mm; A =
0.238 cm?) and a Pt ring (@inner = 6.50 MM, Goyer = 8.50 mm,
A = 0.236 cm?®) with a theoretical collection efficiency (N) of
38.3%.

Rotating ring disk electrode (RRDE) experiments were per-
formed in a glass cell filled with 0.1 M KOH solution. Nitrogen
was used to achieve an oxygen-free solution (15 minutes of
bubbling) while oxygen was used to obtain an oxygen-saturated
electrolyte solution (20 min).

RRDE working electrodes were mechanically polished with
0.05 pm alumina and sonicated for five minutes in milliQ
water. The Pt ring electrode was electropolished by scanning
the potential at 100 mV s~ between —0.20 and +1.15 Vin a 0.5
M H,SO, solution until a reproducible curve was obtained.**
Activation of the working electrode was confirmed in a 1 mM
K;Fe(CN)g solution in 0.1 M KCI by recording CVs in the —0.3
to +0.7 V potential range at 10 mV s~' scan rate; the typical
AE, for an activated electrode is very close to 60 mVv.*’

Immobilization of the catalysts onto the GC disk working
electrode was achieved by preparing an ink consisting of
MWCNT-LPd dispersed in a polymeric membrane (Nafion®).
Samples were prepared according to reported procedures.>*>*¢
An appropriate amount of samples (2 mg) was dispersed in
52 pL of water, 32 pL of ethanol and 23 pL of a 5% Nafion®
solution. The composition of wet ink was as follows: catalyst
2%, water 52%, EtOH 26% and Nafion® 20%. The resulting ink
was sonicated for 30 min and drop-cast onto the glassy carbon
disk electrode (10 pL). The modified GC electrode was then
dried at room temperature.

Cyclic voltammograms were obtained by scanning the
potential between +0.2 and —0.75 V at a potential scan rate of
5 mV s '. Linear sweep voltammograms were obtained at a
rotation rate of 1600 rpm and a scan rate of 5 mV s, in the
potential range from +0.1 to —0.70 V for the modified GC elec-
trode while the Pt ring electrode was held at +0.50 V. The ring
current was recorded simultaneously with the disk current.

RRDE galvanostatic analysis at 1600 rpm and a selected
potential value of —0.6 V (for the modified GC disk electrode)
and +0.50 V for the Pt ring was performed within a 600 s
framework.

RRDE calibration experiment was performed to determine
the experimental collection efficiency (N = ILing/laisi) Of the
ring-disk, recording LSV at 1600 rpm of a oxygen-free K;Fe
(CN)g solution (1 mM) in 0.1 M KCI at a scan rate of 5 mV s~*
in the potential range from +0.60 V to —0.60 V (for the modi-
fied GC disk) and applying a constant potential of +0.6 V at the
ring.”” The electron transfer number exchanged per O, mole-
cule (n) occurring during the ORR process was calculated
using the equation n = 414;g/(Laisk + Lring/N).***°

A commercial Pine Instrument electrode consisting of a Pt
disk insert (@ = 5.5 mm; A = 0.238 cm?) and a Pt ring (Ginner =
6.50 MM, Gouter = 8.50 mm, A = 0.236 cm?) with a theoretical
collection efficiency (N) of 38.3% was employed to benchmark
the performance of the materials presented in this report.
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Spectrophotometric measurements

UV-vis absorption spectra were recorded at 298 K by using a
Jasco V-670 spectrophotometer. The UV (vis) spectra of H,L
were recorded in the pH range of 0.80-12.01 (0.78-12.15) with
an H,L concentration of 1.80 x 107> M (1.95 x 10™> M). The
UV-vis spectra of the Pd(u) complex were recorded in the pH
range of 2.32-9.12 with H,L and Pd(u) (as K,PdCl,) concen-
trations of 1.80 x 107> M. Mother solutions containing the
ligand and the metal ions (concentrations given above) were
prepared at pH 4, to avoid formation of metal hydroxides/
oxides, and allowed to equilibrate for one day. Aliquots of
these solutions were separated and their pH was adjusted to
different values. Equilibration of these solutions was checked
daily by means of UV-vis spectroscopy until invariance of the
recorded spectra was reached (6 days). The recorded pH values
of solutions were measured after equilibrium was reached.

NMR spectroscopy

"H NMR spectra (400 MHz) in D,O solution were recorded at
298 K on a 400 MHz Bruker Avance III spectrometer.

XPS analysis

MWCNT-LPd was fixed on a sample holder dropcasting a water
dispersion onto a gold substrate and dried under a flow of N,.
The samples were then introduced into the ultra-high vacuum
(UHV) chamber of the instrument. X-ray photoelectron spec-
troscopy (XPS) spectra were recorded while using Al Ka radi-
ation and a pass energy of 44 eV for XPS survey and 22 eV for
high resolution XPS spectra, using previously reported instru-
mentation and methods, namely using a model TA10 X-ray
source and a model HA100 hemispherical analyser (VSW
Scientific Instrument Limited, Manchester, UK) with a 12
channel detector. The C 1s transition at 284.8 eV was used as a
reference for obtaining the heteroatom binding energies.’*>*
The collected data were analysed using the dedicated software
CasaXPS (version 2.3.16Dev52). The background was sub-
tracted using Shirley’s method®® and the peaks were fitted
using mixed Gaussian-Lorentzian components.

SEM analysis

SEM micrographs were obtained with a Hitachi SU3800 scan-
ning electron microscope equipped with an UltimMax Oxford
instrument detector (Oxford Instruments, Wiesbaden, Germany)
and AZtecLive software (Oxford Instruments NanoAnalysis,
Abingdon, United Kingdom). X-ray elemental mapping was
carried out at 5 kV acceleration voltage and 10 mm working dis-
tance. MWCNT samples were fixed on the surface of conductive
tape for SEM analysis.

Crystal structure determination of (HsL)(Cl0,);-2H,0, (H;L)
(H4L)(Cl104);3-11H,0, [Cu(H,L)(H,0)](Cl0,),-10.46H,0, [Cu
(H,L)CI]CI-3H,0 and [Pd(1)]Cl,-4H,0

A yellow crystal ((HsL)(ClO,);-2H,0), a violet crystal ((HsL)(H4L)
(Cl0,);-11H,0), a blue crystal ([Cu(H,L)(H,0)](ClO,),-10.46H,0),
a dark blue crystal ([Cu(H,L)Cl]|Cl-3H,0) and a yellow crystal

This journal is © The Royal Society of Chemistry 2024
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([Pd(1)]Cl,-4H,0) were used for X-ray diffraction analyses. A
summary of the crystallographic data is reported in
Table S1.f In the case of the compound [Pd(1)]Cl,-4H,0,
reflections were recorded up to 260 = 98° (1 A), due to the sig-
nificant lowering of intensity with increasing 6 value.
However, the reached resolution and the observed reflections/
refined parameter ratio, about 8, ensure that the overall geo-
metries of the complexes are confidently defined. The inte-
grated intensities were corrected for Lorentz and polarization
effects and an empirical absorption correction (SADABS)>*
was applied. Crystal structures were resolved by direct
methods (SHELXT)** and refinements were performed by
means of full-matrix least-squares using SHELXL Version
2019/3.>° Non-H atoms were anisotropically refined. H atoms
were introduced as riding atoms with the thermal parameter
calculated in agreement with the linked atom. Some of the
water hydrogen atoms and the ionisable hydrogen atoms,
such as the amidic hydrogens of [Cu(H,L)(H,O)]
(Cl0,),10.46H,0, [Cu(H,L)CI]Cl-3H,0 and [Pd(1)]Cl,-4H,O
or the acidic hydrogen on the nitroso group of ((HsL)
(Cl0,);3-2H,0), were located in the Fourier difference maps,
included in the calculations and freely refined. The amidic
nitrogen atoms that were not localized in the Fourier differ-
ence map were always introduced as riding atoms with the
thermal parameter calculated in agreement with the linked
atom, with the exception of one of the Pd(u) complexes. The
not localized water H atoms were not introduced in the calcu-
lations. Molecular plots were obtained using the software
CCDC Mercury.>®

Results and discussion

The choice of 6-amino-3,4-dihydro-3-methyl-5-nitroso-4-oxopyri-
midine as the anchor group to fix the Pd(u) complex on the
surface of the MWCNTs was made considering the ability of pyr-
imidine residues to adhere with the arene centres of graphene
surfaces, through the formation of strong n—n stacking inter-
actions, giving rise to very stable, non-covalently assembled,
hybrid materials which are suitable for successive functionali-
zation with metal ions.”” This route has already been proven to
be effective for the preparation of robust single-ion Pd(u)
catalysts'26,28,29,33,34

Nevertheless, before proceeding to verify the efficiency of a
new catalyst, it is advisable to verify its ability to resist the con-
ditions under which it will be used. The robustness of our
single-ion catalyst (MWCNT-LPd) is principally determined by
its resistance toward the loss of catalytic metal centres that
might occur through two main processes: demetallation of the
complex unit and detachment of the metal complex linked to
MWCNTs. For similar catalysts, some demetallation of the
complex unit is sometimes observed during the processes for
which they are intended. However, this often occurs by
reduction of Pd(u) to Pd(0), with the formation of Pd nano-
particles which can have their own catalytic activity and there-
fore the catalyst continues to be efficient.*®***43°%5 Ingtead,
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detachment of the metal complex from the catalyst causes the
loss of catalytic activity. The use of a macrocyclic ligand to
bind Pd(u) ensures good resistance of the complex toward
demetallation, both thermodynamically and kinetically. This is
particularly true when the macrocycle fulfils the square-planar
environment of Pd(u), as in our case, but there is a risk that
the absence of readily available coordination positions on Pd
(1) could be deleterious for the catalyst efficiency. The verifica-
tion of this possibility is the main objective of the present
study.

A screening of complex stability in solution over a wide pH
range (see below) is preliminary to any other study to rule out
pH-promoted demetallation effects that might occur, in acidic
solutions, due to competition of ligand protonation with metal
coordination and, in alkaline media, for the formation of in-
soluble metal hydroxides or oxides. A spectrophotometric study
(UV-vis) was performed to address this aspect (see below).

Another crucial point is the effectiveness of the anchor
group in ensuring a stable attachment of the complex to the
surface of the carbon support (MWCNTSs). The pyrimidine
group used for our catalyst has proven effective for various cata-
Iytic processes, despite the non-covalent nature of the inter-
action with the carbon surface.?®?*34%4™%7 In this respect, the
presence of two such anchor groups in H,L should provide
greater stability to the catalyst.>® Nevertheless, for a stable
attachment on the support surface, it is important that the
ligand and the complex have an appropriate conformation for a
correct “landing” on the support surface during the absorption
processes. This means that, in the most stable conformations,
both anchor groups should remain on the same side of the
macrocyclic ring to avoid energy costs for conformational
rearrangements or the possibility of only one anchor group
adhering to the support surface. Since the construction of the
catalyst occurs in two steps, first the adsorption of the ligand
and subsequently the coordination of Pd(u), it is important to
address this conformational issue both for the free ligand and
for the metal complex. Concerning the free (not complexed)
ligand, encouraging information was obtained from crystal
structures of various protonated ligand forms (see below).
Instead, despite our efforts, we were not able to obtain crystals
of the Pd(u) complex suitable for XRD analysis. Crystallographic
information was however obtained for the Cu(u) complex of H,L
and for the Pd(u) complex of the di-tosylated precursor (1)
(Fig. 1) which is structurally rather similar to H,L.

As we will see later, the results demonstrate that both the
ligand and its metal complex have the requisites for the for-
mation of a robust catalyst, as indeed it has been proven to be
a property which usefully complements its high catalytic
efficiency in the ORR.

Ligand protonation and Pd(u) complexation in solution

H,L contains two acidic groups that can undergo deprotona-
tion (the NH groups of the bridges connecting the pyrimidine
residues to the macrocycle) and six basic, protonable groups
(the 4 macrocyclic N atoms and the two pyrimidine nitroso
groups). Potentiometric (pH-metric) titrations performed in
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aqueous solution (in 0.1 M NMe,Cl, 298.1 + 0.1 K) accounted
for only one deprotonation and four protonation equilibria
involving H,L in the pH range of 2-11.5. The relevant equili-
brium constants are reported in Table 1.

Information on the protonation/deprotonation sites was
obtained from the UV-vis spectra recorded at different pHs
(Fig. 2a and b) as the pyrimidine chromophore is very sensitive
to these processes. As can be seen, significant spectral vari-
ations are observed below pH 3 and above pH 11 when H;L**
and HeL*" (pH < 3) and HL™ (pH > 11) are formed (Fig. 2c).
Consequently, we can deduce that the formation of H;L** and
HeL"" involves, respectively, the protonation of one and two
nitroso groups of the pyrimidine residues, while the formation
of HL™ takes place with deprotonation of one NH group of a
bridge connecting a pyrimidine residue to the macrocycle. In
the intermediate pH region (3-11), the spectra are poorly
affected by the protonation equilibria (Fig. 2), indicating that
they do not involve the pyrimidine chromophores but the
macrocyclic unit. That is, in H;L* and H4L*", one and two N
atoms of the macrocycle are respectively protonated. This pro-
tonation/deprotonation pattern is in agreement with the
behaviour previously found for similar molecules,?®3%3%48:49
and it is also consistent with the crystal structures of (H;L)
(Cl04)3-2H,0 and (H3L)(H4L)(ClO,4);-11H,0, determined by
XRD, which show that single- and double-protonation of the
macrocyclic ring in H;L*, H4L*>" and H;L*" occur at the methyl-
ated nitrogen atoms and one nitroso group is protonated in
H;L** (see below). In summary, in the pH range of 2-11.5, only
one NH group of the bridges connecting the pyrimidine resi-
dues to the macrocycle undergoes deprotonation (the second
one is expected to deprotonate at higher pH), both nitroso
groups protonate and the macrocycle unit is involved in only
two protonation equilibria (two of the amine groups remain
unprotonated).

The formation of Pd(u) complexes with H,L was followed by
means of UV-vis absorption spectroscopy. The complexation
reaction is slow; it takes 6 days to reach the invariance of the
recorded spectra at pH 4. The UV-vis spectra at different pH
values (Fig. 3a and b) were recorded using a solution of the
complex formed at pH 4 after changing its pH and monitoring
the achievement of equilibrium by UV-vis spectroscopy. The
pH attributed to each spectrum was measured once equili-
bration was achieved. A comparison of these spectra with the
spectra of the metal-free ligand (Fig. 3c) shows that the Pd(u)

Table 1 Equilibrium constants for protonation/deprotonation equilibria
involving H,L in aqueous 0.1 M NMe,Cl solution, at 298.1 + 0.1 K, in the
pH range of 2-11.5. Values in parentheses are standard deviations on
the last significant figures

Equilibrium log K

HL™ +H'=H,L 11.58(2)
H,L+H' =H;L" 10.50(2)
H,L' +H' = H,L* 6.40(8)
H,L*' +H" = HL*" 2.31(8)
H;L*" + H' = HL* 2.14(8)
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Fig. 2 UV-Vis absorption spectra of H,L in the pH ranges 0.8—-3.68 (a)
and 3.68-12.01 (b). (c) Variation with pH of the 230 nm, 270 nm and
330 nm absorbances superimposed to the distribution diagram of the
species formed by HL. [H,L] = 1.8 x 107> M.

complex is already formed in very acidic solutions (pH 2) and
is preserved in alkaline media. The spectra of the complex
remained unchanged for several weeks providing evidence of
the long-lasting robustness of the complex under different pH
conditions.

Crystallographic study

Four crystal structures for the ligand, H,L ((HsL)(ClO,);-2H,0,
(H5L)(H4L)(ClO,);-11H,0, [Cu(H,L)(H,0)](Cl0,4),-10.46H,0

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 UV-Vis absorption spectra of the H,L/Pd(i1) system in the pH
ranges 1.7-6.2 (a) and 6.2-9.1 (b). (c) Variation with pH of the 230 nm
and 330 nm absorbances. [H,L] = [Pd(i)] = 1.8 x 107> M.

and [Cu(H,L)CI1]Cl-3H,0), and one crystal structure for the di-
tosylated molecule (1) ([Pd(1)]Cl,-4H,0) were obtained and
analysed.

The ORTEP-like drawings for the two protonated ligand
forms and for the two Cu(u) complexes are shown in Fig. 4.
The small macrocyclic moiety is quite rigid and in all struc-
tures assumes the same [3333] conformation,*® which features
all nitrogen atoms in endo conformation, with convergent lone
pairs, and gauche dihedrals for the C-C ethylenic bonds. As a
consequence, the acidic hydrogen atoms of the two metal-free

This journal is © The Royal Society of Chemistry 2024
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structures (Fig. 4a and b), which were localized on the methyl-
ated nitrogen atoms using the Fourier difference maps, point
towards a water molecule, with which they form H-bonds,
located approximately above the centre of the macrocyclic ring.
Further H-bonds are formed by this water molecule with the
arms of symmetry related ligand molecules. Notably, macro-
cyclic rigidity prevents conformational changes when one H'
ion is added to H3L" to give H,L>", as observed in (H;L)(H4L)
(Cl0,)3-11H,0. Overall, the two cations (HzL" and H,L*")
assume the same conformation in the crystal, thus resulting in
symmetry equivalence and making it impossible to assign a
different degree of protonation. On the other hand, the [3333]
macrocyclic conformation preorganizes the donor atoms in a
square planar geometry suitable for metal ion coordination
and in the two Cu(u) complexes, the cation has an almost
perfect square pyramidal coordination environment with the
apical position occupied by a water oxygen atom ([Cu(H,L)
(H,0)](Cl0,),-10.46H,0) or a chloride anion ([Cu(H,L)CI]
Cl-3H,0) (Table S27).

Notably, the [3333] conformation determines the position
of the methyl carbon atoms and of the first carbon atoms in
the pendant arms, which occupy almost the same position
above the mean plane defined by the four nitrogen atoms in
all structures. The conformational rigidity given by the small
and preorganized macrocycle also partially affects the pendant
arms, which have the first C-C dihedrals in the more stable
trans conformation. Nevertheless, as shown in Fig. S2,1 the
rotatable torsions can be affected by environment and packing
forces so that while in the more hydrated (H;L)(H,L)
(ClO4)3-11H,0 and [Cu(H,L)(H,0)](ClO,4),-10.46H,0, H,L
assumes very similar conformations, in (HsL)(ClO,);-2H,0 and
[Cu(H,L)CI|CI-3H,0, the nitroso pyrimidine groups are differ-
ently oriented.

In fact, the molecular symmetry of H,L can be analysed in
terms of the N-C-C-N,qe torsion angular values along the
pendant arms. In (H3L)(H4L)(ClO,4);-11H,0 and [Cu(H,L)
(H,0)](Cl0,),-10.46H,0, the N-C-C-N,piqe features a +gauche/
trans/—gauche sequence, which is associated with the presence
of a 2-fold rotational axis passing through the centre of the N4
plane and normal to it. In (HsL)(ClO,);-2H,0, the molecular
symmetry is better described as Cs, the mirror plane being
normal to the N4 plane and containing the two methyl C-N
bonds. The N-C-C-Nymiqe dihedral sequence is zxgauche/
trans/+gauche, resulting in convergent nitroso groups and in
the formation of a supramolecular macrocycle held together
by two strong N=O-H---O=N H-bonds. On the other hand, in
[Cu(H,L)CI|CI-3H,0 only one of the pendant arms has the C-C
bond in trans conformation, while in the other, the C-C bond
is of the gauche type (Fig. 5). These findings evidence that the
complexed ligand can have enough mobility to rearrange itself
and place the nitroso pyrimidine groups in contact with the
surface of carbon nanotubes, while at the same time having
the metal centre exposed to the solvent and available for
binding or interaction with exogenous species. Interestingly,
preliminary molecular dynamics simulations (empirical force-
field method) carried out to study the interaction of the [(H,L)
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Fig. 4 H,L ligand or Cu(H,L)?>* complex in (a) (HsL)(ClO4)s-2H,0 (both disordered conformers are shown), (b) (HzL)(H4L)(ClO4)s-11H,0, (c) [Cu(H,L)
(H20)I(ClO4)»:10.46H,0 and (d) [Cu(H,L)CIICL-3H,0 crystal structures (non-polar H atoms are omitted for clarity).

Pd]** complex with a graphene slice, as a model for the
MWCNT, gave both the nitroso pyrimidine groups stacked on
the graphene and gauche/gauche/gauche sequence for the N-C-
C-Numide dihedrals (Fig. S37).

Concerning the crystal structure of [Pd(1)]Cl,-4H,O, the
asymmetric unit contains two not symmetry equivalent [Pd

-

XS,

2

Fig. 5 Superposition of the H,L ligands in the crystal structure of (HsL)
(ClO4)3:2H,0 (gray, only the prevalent conformer is shown) and [Cu
(H,L)CLICL-3H,0 (blue).

2494 | Dalton Trans., 2024, 53, 2487-2500

(1)]** complexes, which differ from each other only for the rela-
tive arrangement of the sulfonamide moieties of the pendant
arms (Fig. S4t). The ORTEP-like drawing of the two Pd(u) com-
plexes (Fig. 6) clearly shows that the cyclen unit assumes the
same [3333] conformation found in the crystals of protonated
and Cu(u)-complexed H,L and that Pd(i1) and Cu(u) ions are co-
ordinated by the tetraazamacrocycle in an almost equivalent
manner. The deviation from planarity of the four nitrogen
atoms is at most 0.025 A in the four metal complexes (two Cu
(u) complexes and two not symmetry equivalent Pd(u) com-
plexes). The Cu(u) ions are shifted from the basal plane toward
the apical position by 0.4882(6) A in [Cu(H,L)(H,O)]
(Cl0,),-10.46H,0 and by 0.5417(4) A in [Cu(H,L)CI]CI-3H,0,
while in the case of the Pd(u) complexes, the deviations from
the mean planes are 0.3835(9) A (Pd1) and 0.378(1) A (Pd2). It
is worth noting that in both Pd(u) complexes, a pendant arm
places its nitrogen atom at about 3 A from the metal ion
(Table S31), suggesting long-distance occupation of the fifth
position of a strongly distorted square pyramid. This hypoth-
esis is confirmed by the position of the amidic hydrogen atom
found in the Fourier difference map for one of the two com-
plexes and by the corresponding C-N-S bond angle (116.2(8)°,
Fig. 6b), which are in agreement with the presence of a sp’
nitrogen atom with the lone pair available for coordination.
This finding is in line with the theoretical calculations®

This journal is © The Royal Society of Chemistry 2024
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(b)

Fig. 6 Not symmetry equivalent [Pd(1)]** complexes in the asymmetric
unit of the [Pd(1)ICl,-4H,0 crystal structure. (a) Mol A and (b) mol B
(non-polar hydrogen atoms are omitted for clarity).

already mentioned showing that O, is able to form an apical
bond with Pd(u) centres. Indeed, despite the known propensity
of Pd(u) to square planar coordination, it is possible to recover
almost 150 structures from the Cambridge Structural Database
showing a possibly five-coordinated Pd(u) ion, almost half of
them showing the metal in a distorted square pyramidal
environment. For those having a nitrogen atom in the apical
position, the Pd-N bond distances range from 2.2 to 2.9 A.>°

SEM and XPS characterization of the catalyst

The SEM images of MWCNT, MWCNT-L and MWCNT-LPd
(Fig. S51) show homogeneous networks of carbon nanotubes
with no marked differences in the morphology of the three
samples. In the relevant EDS (SEM-energy-dispersive spec-
troscopy) spectra (Fig. S6t), pristine MWCNTSs show only the C
signal and a minimal presence of oxygen, in accordance with
the specifications provided by the supplier, whereas in the
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View Article Online

Paper

case of MWCNT-L, there is also the N signal, due to the pres-
ence of the ligand, and the MWCNT-LPd catalyst shows a Pd
loading of about 1.5% by weight in good agreement with the
catalyst preparation data (1.71%) reported above. The EDS
map of MWCNT-LPd (Fig. 7) shows that Pd is uniformly dis-
tributed over the sample, evidencing that the supramolecular
approach adopted for the preparation of the catalyst success-
fully leads to a homogeneous distribution of the catalytic
centres. Chloride, which is expected to be present as the
counter-ion of coordinated Pd(u) ions, is also detected in the
EDS analysis (Fig. 7d) as well as in the XPS spectra (Fig. S71).

XPS analysis of MWCNT-LPd, focused on the Pd region and
Pd oxidation state (3d transition of palladium, binding energy
from 360 eV to 325 eV), shows that the metal is mainly present
as Pd(u). Peak fitting reveals that the sample contains a small
amount (ca. 12%) of PdO/C. In Fig. S7b,} the Pd1 component
corresponds to Pd(u)/H,L (binding energy 3ds, = 338.8 eV,
3ds), = 344.1 eV)°° while the Pd2 component corresponds to
PdO/C (binding energy 3ds/, = 336.3 eV, 3ds), = 341.5 eV).*H®?
No component of the reduced metal Pd(0) was found. Similar
behaviour was shown by analogous systems,”® and it is
perhaps connected to the preparation method and/or reducing
character of the leftover C impurities or Pd interactions with
surface defects.**

Electrochemical evaluation of the catalytic performance in the
ORR

The evaluation of the catalytic activity of electrocatalysts in the
ORR was carried out with reference to the three parameters:
the onset potential (E,,), the half-wave potential (E;/,) and the
number of exchanged electrons (n).°* The onset potential rep-
resents the limit value at which the ORR starts to evolve in sig-
nificant current density values. In this work, the onset poten-
tial is defined as the potential at which the current density
reaches a value of —0.1 mA cm™? (black dotted line, Fig. 8).
Note that a more positive potential corresponds to a lower
barrier for the ORR.** The half-wave potential (E;;) is the
potential to reach half the limiting current density obtained
from the LSV curve, and it is a widely accepted indicator for
evaluating the ORR performance.®>®® Indeed, the E;,, in the
mixed controlled region of LSV curves reflects the coupling
behaviour of surface reaction and mass diffusion.®® The third
important parameter, the number of exchanged electrons (n),
allows the assessment of the principal reaction pathway in the
ORR. A catalyst should preferably promote a four-electron
exchange leading to the formation of H,O and prevent a two-
electron exchange producing H,0, to avoid the negative influ-
ence of the latter on the yields of the ORR process and the cor-
rosive effects it has on the membrane used in fuel cells.®”**®
We studied the electrochemical behaviour of MWCNT-LPd
by cyclic voltammetry in 0.1 M KOH purged with either N, or
O,. Cyclic voltammograms (CVs) of the modified electrode are
shown in Fig. S8.1 In all cases, a sharp and irreversible peak of
oxygen reduction is observed in the presence of O,, which is
not present when the environment is saturated with N,. The
ORR peak current signal shows a higher density peak current
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Fig. 7 EDS mapping of MWCNT-LPd: (a) EDS layered image, (b) C signals, (c) Pd signals, and (d) Cl signals.
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Fig. 8 ORR electrocatalytic performance, LSV 1600 rpm rotation rate,
and 5 mV s~ scan rate in KOH 0.1 M O, saturated solution. RRDE disk
current densities of the modified GC electrode and the benchmark elec-
trode. The horizontal dotted line at a current density of —0.1 mA cm™2
shows the onset potential of samples.
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with Pd-containing catalysts, confirming the catalytic activity
of this complexed metal ion. CVs of MWCNT-L and
MWCNT-LPd also show a redox couple at the potential of —0.3
V and —0.4 V, respectively, which is present both in O, and N,
purged solutions, while only capacitive currents are observed
in the same potential range for MWCNTs and the benchmark
GC electrode (compare Fig. S8a-df). The redox couple of the
H,L ligand may play an important role in the ORR electron
transfer phenomena,** and the influence of the redox couple
on the electron transfer involved in the ORR process is still
being studied.

Fig. 8 shows the ORR polarization curves recorded at 1600
rpm for each sample at a potential scan rate of 5 mV s™* in a
KOH 0.1 M oxygen saturated solution. The polarization curves
for the bare GC electrode, Pt electrode, as well as the GC elec-
trode functionalized with pristine MWCNTs and MWCNT-L
(same functionalization method) are also reported. The hori-
zontal dotted line at the current density of —0.1 mA cm™>
shows the onset potential of the samples.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Catalytic performances of the modified glassy carbon elec-
trode and the benchmark electrode

Electrode Eon® (V) Ei” (V) n’ % H,0, ¢
GC —0.276 —0.354 2.16 91.7
MWCNT -0.191 —0.284 2.43 78.31
MWCNT-H,L -0.187 —0.298 2.07 96.6
MWCNT-H,L-Pd(n) -0.112 —-0.222 3.70 15.0

Pt —0.059 —0.198 3.79 10.7

“Onset potential vs. Ag/AgCl KCI sat. ” Half-wave potential calculated
at the half of the limiting current density obtained from the LSV curve.
¢ Number of exchanged electrons per O, molecule, the value at —0.35 V
calculated with an experimentally determined collection efficiency
number (reported in Fig. $101). ¢ Percentage of hydrogen peroxide cal-
culated from the value of n.

Table 2 provides the electrochemical results for all systems.

As displayed in Fig. 8, the catalytic activities, in terms of
both E,, and current values, increase depending on the cata-
lyst nature in the order: bare GC < pristine MWCNTs =
MWCNT-L < MWCNT-LPd < bare Pt electrode. This evidence
rules out significant catalytic properties of the MWCNT-sup-
ported substrate and ligands, while highlighting the promi-
nent role of Pd(u) in enhancing the catalytic activity. The Eqy
values observed for MWCNT-LPd are close to the benchmark
values obtained under the same conditions with a commercial
Pt working electrode: the E,, value for MWCNT-LPd is only
53 mV less positive than that observed for the Pt electrode
(Table 2). The same trend is followed by the half-wave poten-
tials (E,/,, Table 2).

In order to provide the number of exchanged electrons and
investigate the reaction pathway of the ORR during the RRDE
LSV measurements, the Pt ring electrode was held at a poten-
tial of +0.50 V to ensure the complete oxidation of H,0, even-
tually produced at the modified GC disk electrode. The ring
disk current densities in N, and O, saturated KOH solutions
are shown in Fig. S9.f Background currents (under N, satu-
rated conditions) have been used to account for capacitive
current contribution.

RRDE calibration with K;Fe(CN)s was used to determine
the experimental collection efficiency (N) for each modified GC
electrode, so that accurate values for the number of exchanged
electrons could be derived.®® Fig. S101 shows the LSV ring-disk
current; the collection efficiency values are very close to the
theoretical value (38.3%). The number of exchanged electrons
per O, molecule (n) as a function of the potential applied at
the RRDE working electrode is presented in Fig. 9. As can be
seen in this figure, this number () is very close to 4 for the
MWCNT-LPd catalyst, especially in the onset potential region,
signifying an almost exclusive conversion of O, into H,O.

The measured ring and disk currents for MWCNT-LPd at
the suggested potential of —0.35 V demonstrate that, under the
said conditions, the direct conversion to H,O reaches 85.0%,
compared to 89% of the Pt electrode (Table 2).

Quite different results are instead obtained in the case of
the GC electrode used as a benchmark, MWCNT and
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Fig. 9 Dependency of the RRDE number of exchanged electrons per
O, molecule vs. the LSV scanning potential values.

MWCNT-L, the latter giving an exchanged electron number
close to 2, thus a predominant formation of hydrogen
peroxide.

Further characterization of the half-cell with MWCNT-LPd
was performed by using the RRDE in galvanostatic mode to
simulate a working fuel cell at a fixed potential. The modified
GC disk electrode potential was held at —0.60 V and the ring
electrode was held at +0.50 V, respectively, for 600 s at 1600
rpm. The galvanostatic results shown in Fig. S117 also provide
a short-time stability test. The ring-disk current density values
remain constant during the analysis, indicating the robustness
of the catalyst. The time-averaged number of exchanged elec-
trons per O, molecule shows that direct conversion to water is
the main process during the evolution of time. Nevertheless,
further investigation is needed to evaluate the long-term stabi-
lity of the catalyst for fuel-cell applications.

Conclusions

The main objective of this work was to ascertain whether the
ability of Pd(u) to function as a catalyst in the oxygen reduction
reaction (ORR) in alkaline aqueous solutions is strictly con-
nected to the presence of readily available coordination sites
in the square planar coordination geometry typical of this
metal ion. This objective is intended as an experimental verifi-
cation of previous theoretical results showing that Pd(u) can
still function as an efficient catalyst for ORR through the axial
interaction of O, with metal centres.>® Beyond its conceptual
value, this objective has great relevance for the design and syn-
thesis of ligands used to anchor Pd(u) in heterogeneous cata-
lysts. The possibility of using macrocyclic ligands that saturate
the square planar coordination environment typical of this
metal ion, without the need to preserve coordination sites
occupied by labile donors, greatly facilitates the preparation of
these ligands and allows for stronger coordination of the
metal ion with consequent enhancement of the catalyst
robustness.
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The results obtained in the present work using a Pd(u)
complex anchored on MWCNTs in which the square planar
coordinative geometry of the metal ion is saturated by the four
nitrogen atoms of a tetraazacycloalkane leave no room for
doubt about the ability of Pd(u) to function very well as a cata-
lyst in the ORR even under similar conditions. Indeed, the new
MWCNT-LPd catalyst has an onset potential (E,,) which is
only 53 mV less positive than that of a commercial Pt elec-
trode, and the same trend is followed by the half-wave poten-
tials (Ey/, is only 24 mV less positive than that observed for the
Pt electrode). The number of exchanged electrons per O, mole-
cule is very close to 4, especially in the onset potential region,
denoting an almost exclusive conversion of O, into H,O. Ring
and disk currents measured at the potential of —0.35 V demon-
strate that, under the said conditions, the direct conversion to
H,O reaches 85.0%, compared to 89% of the Pt electrode.
Furthermore, a short-term test (600 s) conducted on the half-
cell with MWCNT-LPd in galvanostatic mode to simulate a fuel
cell operating at a fixed potential demonstrated that the cata-
lyst is very robust in this time interval: the current density
remained constant during the analysis and the time-averaged
number of electrons exchanged per O, molecule showed that
the direct conversion to water was maintained throughout.
Remarkably, these results were obtained with a heterogeneous
catalyst containing only 1.72% by weight of the precious metal
(Pd) homogeneously distributed over the surface of the solid
support (MWCNTS).
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