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• An efficient Pd catalyst for ORR was 
prepared following a circular economy 
criterion.

• The catalyst was prepared via selective 
extraction of Pd(II) from wastewater.

• The catalysts is assembled via Pd uptake 
on modified multi-walled carbon 
nanotubes.

• The heterogeneous catalyst is very effi
cient despite the low Pd(II) loading 
(1.94 %).

• Four-electron reduction of O2 was ach
ieved with almost exclusive production 
of H2O.
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A B S T R A C T

Fuel cells can effectively mitigate environmental challenges by enabling clean energy production. A significant 
obstacle to the implementation of fuel cells is the need for catalysts that make the electrode reactions efficient, 
especially the oxygen reduction reaction (ORR), allowing to replace the currently used bulk platinum electrodes 
which are efficient but very expensive. In this paper, we demonstrate that an atomically precise and very efficient 
Pd(II)-based catalyst for ORR can be easily prepared under environmentally friendly conditions using non- 
covalently modified multi-walled carbon nanotubes (MWCNT-L) to selectively recover precious Pd(II) from 
wastewater. Electrodes loaded with the new MWCNT-LPd catalyst, which contains only 1.94 % of Pd(II), give rise 
to ORR with 90 % H2O production (4 e− process), onset potential of 0.846 V (vs RHE) and half-wave potential 
(E1/2) of 0.657 V, very close to the performance of bulk platinum electrodes. Sustainable energy production and 
waste management are combined here within the framework of a circular economy criterion that places 
emphasis on environment protection.

1. Introduction

Clean energy production and waste management are an inescapable 
binomial for the sustainability of all human activities, future competi
tiveness and development. As regards waste management, a convenient 
approach consists in recovering/regenerating waste for reuse as part of a 
circular economy that valorises those materials that have reached the 
end of their life cycle and would otherwise be destined for landfill. The 
first term of this binomial, the production of clean energy, has a double 
link with waste management since its primary objective is to avoid waste 
production and because it could be nourished with waste according to 
the circular economy criterion mentioned above [1,2]. The main goal of 
clean energy is to move away from fossil fuels and current trends to 
achieve this goal are the use of energy sources that regenerate naturally 
over time and do not run out, the so-called renewable energies [3–6], 
and the development of technologies based on clean fuels such as fuel 
cells and hydrogen [6–12].

In this paper we address these issues simultaneously. We report the 
preparation of a new atomically precise heterogeneous catalyst con
taining Pd(II) ions anchored on multi walled carbon nanotubes 
(MWCNTs) and the results of its application in accelerating the oxygen 
reduction reaction (ORR), which is the fundamental, albeit sluggish, 
process occurring at the cathode in proton exchange membrane fuel 
cells. We also show that this efficient catalyst can be obtained by se
lective and quantitative extraction of Pd(II) from a mixture of metal ions 
that typically accompany Pd(II) in wastewaters resulting from the pro
cessing of this metal, which is precious but also very toxic when it is in 
the form of Pd(II) [12–15]. It is therefore very important, both from an 
economic and a health point of view, to purify wastewater from Pd(II) 
and recover this metal. Several methods have been developed or pro
posed for the recovery of Pd(II), which are often expensive and energy- 
and labour-intensive, especially if implemented in environmentally 
friendly ways [6–22]. Various processes, especially hydrometallurgical 
ones [23–25], convert solid waste into Pd(II)-containing solutions and 
recover the dissolved metal by different methods such as membrane 
separation [26], precipitation [27], liquid–liquid extraction [28–30], 
ion exchange [31], selective coordination with functionalized materials 
[32] or adsorption [33,34].

The method we are suggesting here is intended for the in situ con
version of a Pd(II) waste (an acidic solution containing Pd(II) and other 
typical metal ions) to an ORR catalyst of high added value. This was 
made possible by the appropriate choice of the ligand used to func
tionalize the surface of the MWCNTs and the whole process to assemble 
the catalyst (MWCNT-LPd) is conducted in very environmentally 
friendly conditions, occurs spontaneously in water, at room tempera
ture, does not need a protected atmosphere and requires only minimal 
energy consumption.

Platinum metal electrodes continue to be the prime choice for 
accelerating the slow ORR, due to their high catalytic performance 
[35–38], but the poor availability and the high price of this metal make 

these electrodes not economically viable to satisfy the large energy de
mand of today’s society. Other strategies that employ less expensive 
non-noble transition metals [38–44], non-metallic electrodes [44–48] or 
atomically precise electrocatalysts [49–57] are being thoroughly 
investigated as alternatives to platinum metal electrodes. Among these, 
atomically precise electrocatalysts are attracting particular interest due 
to their high atomic utilization efficiency, special electronic structure 
and homogeneous distribution of active centres [49–57]. Although 
atomically precise electrocatalysts can often be based on precious 
metals, the loadings of these expensive components are so low that they 
still represent a low-cost alternative.

Fig. 1. a) The HL ligand composed of a binding unit for the coordination of 
metal ions and an anchor group for attachment onto graphene surfaces. b) 
Schematic representation of the anchorage of HL on a graphene surface.
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The ligand used in the present work to functionalize the surface of 
MWCNTs and capture Pd(II) ions is shown in Fig. 1a. The 6-amino-3,4- 
dihydro-3-methyl-5-nitroso-4-oxopyrimidine residue is the anchor 
group responsible for the non-covalent adhesion on MWCNTs (Fig. 1b). 
This group, which in water gives rise to spontaneous and irreversible 
adhesion on graphene surfaces via π-π stacking, was originally employed 
for the preparation of functionalized activated carbon for the extraction 
of chromate anions from aqueous solutions [58] and successively 
extended to the production of similar hybrid materials for the removal of 
further anions and metal cations from water [59–61,62–64], as well as 
for the construction of metal-based catalysts for applications in Sono
gashira cross-coupling reactions [65–67], hydrogenation processes [68], 
photochemical generation of hydrogen [69], and ORR for fuel cells 
[70–74].

The remaining tridentate portion of the molecule is responsible for 
metal chelation: it forms a Pd(II) complex sufficiently stable to resist 
demetallation processes, for optimal operation of the catalyst in the ORR 
in alkaline media, but does not add kinetic impediments to the 
complexation of this metal ion, which itself is slow to form complexes, 
that could be detrimental for its selective extraction from a mixture of 
metal ions. A more stable complex could have been obtained by using of 
a macrocyclic ligand, rather than an open-chain one, yet the rate of Pd 
(II) complexation could have been slowed down too much compared to 
other metal ions. Another reason for the choice of this ligand was the 
presence of two pyridine groups which favour the complexation of soft 
Pd(II) ions compared to harder metal ions.

2. Experimental

2.1. Materials

All starting materials were high purity compounds purchased from 
commercial sources and were used without further purification. The HL 
ligand was synthetized as previously described [75]. Graphitized 
MWCNTs (99.9 % C, outer diameter 8–15 nm, inner diameter 3–5 nm, 
specific surface area 117 m2/g) were purchased from NanoAmor (Texas, 
USA).

2.2. Potentiometric measurements

Ligand protonation constants and stability constants of the Cu(II) 
complexes were determined by means of potentiometric (pH-metric) 
titrations in 0.1 M NMe4Cl aqueous solution at 298.1 ± 0.1 K using an 
automated apparatus and a procedure previously described [76]. Emf 
data acquisition was performed with the computer program PASAT [77, 
78]. The combined electrode (Metrohm 6.0262.100) was calibrated as a 
hydrogen-ion concentration probe by titration of known amounts of HCl 
with CO2-free NaOH solutions and determining the equivalent point by 
Gran’s method [79], which furnished the standard potential, E◦, and the 
ionic product of water (pKw = 13.83(1) in 0.1 M NMe4Cl at 298.1 K). 
The concentration of HL ligand was about 1•10− 3 M in all experiments 
and the studied pH range was 2.0–11.5. A preliminary study of the Cu 
(II)/HL system showed that Cu(II) complexes are already formed in very 
acidic solutions, i.e. protonation of the ligand does not provide enough 
competition with metal complexation and the use of an additional 
competitor (a second ligand) was necessary to carry out the determi
nation of the stability constants. The competitor we chose was the 
tripodal ligand tris(2-aminoethyl)amine which was used in about 
1•10− 3 M concentration. The concentration of Cu(II) was in the range 
5•10− 4-1•10− 3 M. Three measurements were performed and used to 
determine the protonation constants and three measurements to deter
mine complexation constants. Equilibrium constants were calculated 
from the potentiometric data using the HYPERQUAD [80] computer 
program. The equilibrium constants for Cu(II) complexation with tris 
(2-aminoethyl)amine, used in the analysis of competitive complexa
tion experiments, were redetermined under the present experimental 

conditions using the protonation constants of tris(2-aminoethyl)amine 
we had previously determined [81]: the values obtained (logKCuL =

18.92, logKCuLH-1 = 9.76) are in good agreement with literature values 
available for similar (not identical) experimental conditions [82].

2.3. Crystal structure determination of [Cu(HL)Cl2], [Zn(HL)Cl2] and 
[Pd(HL)Cl]Cl⋅5H2O

Blue crystals of [Cu(HL)Cl2] and violet crystals of [Zn(HL)Cl2] suit
able for X-ray diffraction analysis (XRD) were obtained by slow evapo
ration at room temperature of water:ethanol 50:50 (v:v) solutions 
containing HL and MCl2 (M = Cu, Zn) in equimolar amounts. Metal ions 
were dosed using standardized stock solutions. Orange crystals of [Pd 
(HL)Cl]Cl⋅5H2O suitable for X-ray analysis were obtained from an 
aqueous solution, at pH 3, containing equimolar quantities of HL and 
K2PdCl4 after boiling for a few minutes, cooling to room temperature 
and slow evaporation. Satisfactory elemental analyses were obtained for 
the three compounds. The integrated intensities were corrected for 
Lorentz and polarization effects and an empirical absorption correction 
(SADABS) [83] was applied. [Cu(HL)Cl2] and [Zn(HL)Cl2] crystallize in 
the chiral space group P212121, despite they are not chiral compounds, 
and their structures were refined as inversion twins. The three crystal 
structures were solved by direct methods (SHELXS) [84] and re
finements were performed by means of full-matrix least-squares using 
SHELXL Version 2019/3 [85]. Non-H atoms were anisotropically 
refined. H atoms were introduced as riding atoms with thermal 
parameter calculated in agreement with the linked atom. The amine 
hydrogen of the arm bearing the pyrimidine pendant (red in Fig. 1a), the 
aromatic amine hydrogen atoms and the water hydrogen atoms (palla
dium structure) were located in the Fourier difference maps, included in 
the calculations and freely refined. A summary of the crystallographic 
and refinement data is reported in Table S1. Molecular plots were ob
tained using the software CCDC Mercury [86]. Crystallographic data 
have been deposited at the Cambridge Crystallographic Data Centre 
(CCDC 2392535, 2392536, 2392537).

2.4. Spectrophotometric measurements

UV–Vis absorption spectra were recorded at 298 K by using a Jasco 
V-670 spectrophotometer. Spectra of HL were recorded in the pH range 
0.8–12.6 with HL concentration of 2.0•10− 5 M. UV–Vis spectra of the Cu 
(II) complex were recorded in the pH range 0.9–12.1 with HL and Cu(II) 
concentrations of 2.0•10− 5 M.

UV–Vis spectra of the Pd(II) complex were recorded in the pH range 
1.1–12.0 with HL and Pd(II) (as K2PdCl4) concentrations of 2.0•10− 5 M. 
A stock solution containing ligand and metal ion (concentrations given 
above) was prepared at pH 3, to avoid formation of metal hydroxides/ 
oxides, and allowed to equilibrate. The UV–Vis spectrum of this solution 
was checked daily until the invariance was reached. This stock solution 
was used to prepare solutions at different pH in the above range (pH 
1.1–12.0) which were allowed to equilibrate for 8 days. The recorded pH 
of these solutions was measured after the equilibrium was reached.

2.5. Preparation of the MWCNT-L material

The conditions for the preparation of the MWCNT-L hybrid material 
were chosen after determining the adsorption isotherm of HL on 
MWCNT under unprotected atmosphere, at 298.1 K, in water, at pH 9 
where HL is in its neutral (not ionic) form. The obtained isotherm 
(Fig. S1) shows that after fast formation of a monolayer the system 
presents a significant tendency towards multilayer adsorption (type II 
isotherm). The conditions adopted for the preparation of MWCNT-L 
(replicating the isotherm point indicated by a red arrow in Fig. S1) 
were chosen in order to obtain the maximum coverage of the MWCNT 
surface while limiting the formation of multilayers. Accordingly, the 
MWCNT-L hybrid material was prepared in water (pH 9), at room 
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temperature, in unprotected atmosphere: 200 mg of MWCNTs were 
suspended in 200 cm3 of a 4•10− 4 M solution of HL at pH 9 and the 
resulting suspension was kept under stirring during 72 h. The solid 
(MWCNT-L) was then collected by filtration, washed with water and 
dried under reduced pressure, at room temperature and in the presence 
of a desiccant (NaOH) until constant weight. The amount of HL 
remained in solution was measured by means of UV spectroscopy 
(Fig. S2) and used to determine the loading of ligand (0.205 mmol/g) in 
the MWCNT-L hybrid material. 180 mg of this compound was then 
suspended in 180 cm3 of water (pH 5), kept under stirring during 72 h at 
room temperature, filtered and dried under reduced pressure, at room 
temperature and in the presence of a desiccant (NaOH) until constant 
weight. The amount of HL remained in MWCNT-L after the desorption 
experiment (0.182 mmol/g) was determined by measuring the concen
tration of ligand desorbed into the solution by means of UV spectroscopy 
(Fig. S2).

2.6. Metal extraction

Metal ion extraction experiments with the above MWCNT-L material 
(ligand content: 0.182 mmol/g) were performed using a mother solu
tion, at pH 4, composed of Pd(II), Cu(II), Co(II), Ni(II), Zn(II) and Cd(II), 
each in 1.0 mM concentration, prepared from stock solutions of chloride 
salts of each metal ion except for Pd(II) which was added as solid 
K2PdCl4. The final chloride concentration was 14.0 mM. Aliquots of this 
solution were taken into separate vials and added with the quantity of 
MWCNT-L necessary to provide 1 equivalent of ligand per 1 metal ion. 
The suspensions were sonicated for few seconds and then kept under 
stirring at 298 K. The suspensions were taken after measured intervals of 
time (from 2 h to 240 h), immediately filtered and the solutions’ content 
was analysed by ICP-OES (Inductively Coupled Plasma – Optical Emis
sion spectrometry). Blank experiments were performed to exclude 
possible adsorption of metal ions by the plastic vials and to confirm the 
composition of the mother solution.

For ICP-OES analysis, the above samples were diluted 50-fold to a 
total volume of 5.0 mL using ultrapure water (MilliQ – resistivity >18 
MΩ cm). The determination of Cu, Co, Ni, Zn, Cd and Pd concentrations 
in the samples was performed in triplicate using a Varian 720-ES 
Inductively Coupled Plasma Atomic Emission Spectrometer. 5.0 mL of 
each sample were spiked with 1.0 ppm of Ge used as an internal stan
dard, and analysed. Calibration standards were prepared by gravimetric 
serial dilution from commercial stock standard solutions of the elements 
at 1000 mg L− 1. Wavelengths used for Cu, Co, Ni, Zn, Cd and Pd 
determination were 213.598, 238.892, 231.604, 202.548, 214.439 and 
340.458 nm, respectively, whereas for Ge the line at 209.426 nm was 
used. The operating conditions were optimized to obtain the maximum 
signal intensity, and between each sample, a rinse solution constituted 
by 2 % v/v of HNO3 was used in order to avoid memory effects.

2.7. Preparation of the MWCNT-LPd catalyst

Since the extraction tests demonstrated that MWCNT-L is able to 
extract Pd(II) from the tested metal ion mixture in a quantitative 
manner, the atomically precise heterogeneous MWCNT-LPd catalyst, to 
be used in the ORR experiments, was prepared using the same mother 
solution employed in the extraction tests (Pd(II), Cu(II), Co(II), Ni(II), Zn 
(II) and Cd(II), each in 1.0 mM, pH 4), the same ligand:metal ion 1:1 M 
ratio and keeping the suspension under stirring for 10 days. Then the 
solid was recovered by filtration, washed with water and dried under 
reduced pressure at room temperature in the presence of a desiccant 
(NaOH) until constant weight. Quantitative extraction of Pd(II) was 
ascertained by ICP-OES analysis of the residual solution after filtration 
of MWCNT-LPd. Accordingly, the catalyst contains Pd(II) in 0.182 
mmol/g. The BET surface area of MWCNT-LPd (61.4 m2/g) was deter
mined by N2 adsorption.

2.8. Determination of specific surface area of MWCNT-LPd

The specific surface area of the catalyst (61.4 m2/g) was determined 
by N2 adsorption at 77 K using a 3Flex Micromeritics gas adsorption 
analyser and applying the Brunauer− Emmett− Teller (BET) equation to 
the adsorption data. Before recording the isotherm, the sample was held 
at 353 K for 2 h under nitrogen flow into the FlowPrep Micromeritics 
apparatus and then at 353 K for 2 h under vacuum directly into the 
measuring instrument.

2.9. SEM, STEM and XPS surface analysis

The MWCNT-LPd catalyst was investigated by Scanning Electron 
Microscopy equipped with Energy Dispersive X-ray detector (SEM-EDS). 
SEM images were obtained with a Hitachi SU3800 SEM equipped with 
an UltimMax Oxford instrument EDS detector and AZtecLive. Samples 
were drop casted from a water dispersion on an aluminium holder and 
dried under an N2 flow. EDS analysis was performed using an acceler
ation voltage of 5 kV and a working distance of 10 mm. Scanning 
Transmission Electron Microscopy (STEM) analysis was performed using 
a double aberration corrected JEOL NeoArm 200F cold field emission 
with a 200 kV acceleration voltage. High Angle Annular Dark Field 
(HAADF) images were acquired using a annular detector within a 
collection semiangle range from 68 mrad to 280 mrad. STEM EDS 
acquisition was done using a dual JEOL detector with collection angle 
1.8 str. Data were acquired and analysed using Gatan Digital Micrograph 
GMS3.6 SI Quantification suite. Samples for STEM investigations were 
deposited on TEM Cu grids supported by lacey carbon film following a 
previously described procedures [87]. X-ray photoelectron spectroscopy 
(XPS) spectra were performed using a glassy carbon substrate and an Al 
Kα radiation with an energy of 44 eV (XPS survey) and 22 eV (high 
resolution XPS spectra). A TA10 X-ray source and a HA100 hemi
spherical analyser (VSW Scientific Instrument Limited, Manchester, UK) 
with a 12-channel detector were used. As a reference for obtaining the 
heteroatom binding energies we used the C 1s transition at 284.8 eV 
[88] and data were analysed using the CasaXPS software. The back
ground was subtracted using Shirley’s method [89] and the peaks were 
fitted using mixed Gaussian–Lorentzian (GL30) components.

2.10. Electrochemical and ORR study

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and 
chronoamperometry experiments were conducted with an AUTOLAB 
PGSTAT12 interfaced with NOVA software from Metrohm Autolab using 
a three-electrode cell consisting of (i) a reference Ag/AgCl/sat. KCl 
electrode with a potential of +197 mV with respect to the normal 
hydrogen electrode (NHE) (ii) a platinum wire as counter electrode and 
(iii) a ring-disk working electrode from Pine Instrument Co. consisting of 
a glassy carbon (GC) disk insert (∅ = 5.5 mm; A = 0.238 cm2) and a Pt 
ring (∅inner = 6.50 mm, ∅outer = 8.50 mm, A = 0.236 cm2) with a 
theoretical collection efficiency (N) of 38.3 %. A tailored electro
chemical cell in which the working electrode (consisting of a 1.5 cm 
diameter GC disc) is placed on the bottom was used to perform elec
trochemical tests using Nafion-free inks. The RRDE working electrodes 
were mechanically polished with 0.05 μm alumina and sonicated for 5 
min in milliQ water. The Pt ring electrode was electropolished in a 0.5 
M H2SO4 solution scanning the potential at 100 mV s− 1 between − 0.20 
and + 1.15 V until a reproducible curve was obtained. Experiments with 
the rotating ring-disk electrode were performed using a modulated 
speed rotator (MSR) 636A from Pine Instrument. The glass cell was filled 
with a 0.1 M KOH and the solution was purged with nitrogen for 15 min 
to remove oxygen and obtain the blank solutions. The electrolyte solu
tion was saturated with oxygen for 20 min.

CVs for the ORR study were obtained by scanning the potential be
tween +0.1 and − 0.80 V at a potential scan rate of 10 mV s− 1. LSV were 
obtained in the potential range from +0.1 to − 0.80 V at a rotation speed 
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of 1600 rpm and a scan rate of 10 mV s− 1 (for the modified GC electrode) 
while the Pt ring electrode was held at +0.50 V. As provided by the 
RRDE technique, the ring current was recorded simultaneously with the 
disk current. RRDE calibration experiment was conducted recording LSV 
at 1600 rpm of an oxygen-free K3Fe(CN)6 solution (10 mM) in 0.1 M KCl 
at a scan rate of 10 mV s− 1 in the potential range from +0.60 V to − 0.60 
V (GC disk) and applying a constant potential of +0.6 V at the Pt ring. 
The ratio between the current recorded at the disc and at the ring gives 
the experimental collection efficiency (N = Iring/Idisk) [90]. The electron 
transfer number exchanged per O2 molecule (n) was calculated using the 
equation n = 4Idisk/(Idisk + Iring/N) [91].

Moreover, the Koutecky-Levich equation was used to estimate H2O 
selectivity by recording LSV at different rotation rates. The average 
number of exchanged electrons (n) was calculated from the slope of the 
J− 1 vs. ω− 1/2 plot according to the following equation: 

1
J
=

1
JK

+
1

0.62nFCD2/3ν− 1/6ω1/2 with Kf = 0.62FCD2/3ν− 1/6 

where JK is the kinetic current density (mA/cm2), n is the number of 
exchanged electrons per O2 molecule, F is the Faraday’s constant 
(96487 C mol− 1), C is the oxygen concentration in the electrolyte (1.15 
x 10− 3 mol/dm3), D is the oxygen diffusion coefficient (1.95 x 10− 5 cm2/ 
s), ν is the electrolyte kinematic viscosity (0.008977 cm2/s) and ω is the 
angular frequency of rotation (rad s− 1). The electrochemical surface 
area (ECSA) was evaluated by the electrochemical double-layer capac
itance (Cdl) method [92]. The latter was estimated by performing cyclic 
voltammetry (CV) in a non-faradic current region [93]. The CV were 
carried out at multiple scan rates (800, 400, 200, 100, 50, 25, 10, 5) mV 
s− 1.

Electrochemical impedance spectroscopy (EIS) experiments were 
conducted using a FRA32 module and a conventional three-electrode 
system. After determining the open-circuit potential (OCP), the imped
ance spectra were acquired by sweeping the frequency from 10 kHz to 1 
mHz at 10 points per decade, with an AC amplitude of 5 mV around the 
OCP. All data were recorded in single-sine mode. The measurements 
were conducted by rotating at 1600 rpm. The impedance spectra were 
fitted with Nova 2.1 by building the equivalent circuit. Finally durability 
tests were done for MWCNT-L Pd recording 15,000 LSV curves at the 
scan rate of 50 mVs− 1 (Fig. S17). The reported LSV was acquired at the 
scan rate of 10 mV s− 1.

Modification of the GC disk working electrode with the catalysts was 
performed by preparing an ink consisting of (% m/m): catalyst 2 %, 
water 52 %, EtOH 26 % and Nafion® 20 %. The resulting ink containing 
about 2 mg of catalysts was sonicated for 30 min and drop-casted onto 
the glassy carbon disk electrode (10 μL). The modified GC electrode was 
then dried at room temperature. A sample of the dried material depos
ited on the electrode was mineralized using a microwave-assisted 
digestion (CEM MARS Xpress) using a 1:1 (v:v) mixture of suprapure 
HNO3, obtained by sub-boiling distillation, and suprapure HCl. The 
resulting mixture was then diluted with MilliQ water, spiked with 0.5 
ppm Ge, used as an internal standard, and analysed. Accordingly, the 
mass of Pd per unit electrode surface was found to be 0.015 μg/cm2.

All potentials shown in the results were converted to reversible 
hydrogen electrode (RHE), unless otherwise specified.

3. Results and discussion

The objective of this work is to obtain an efficient atomically precise 
heterogeneous Pd(II)-based catalyst for the ORR reaction in alkaline 
media using as the source of Pd(II) an acidic solution containing several 
metal ions in addition to Pd(II), as occurs in wastewater containing 
palladium, and as the extractant (the second component of the catalyst), 
the functionalized MWCNT-L, according to a spontaneous process 
occurring in very environmentally friendly conditions (room tempera
ture, water, unprotected atmosphere). For this to be feasible, the ligand 

(HL) used to functionalize the MWCNTs must be able to form stable 
complexes with Pd(II) in both acidic (for Pd(II) extraction) and alkaline 
(for ORR at high pH) solutions.

The catalyst itself must be stable under these conditions. Before 
assessing the robustness of the catalysts, however, it is advisable to 
assess the stability of the Pd(II) complex in this wide pH range. Even 
when the ligand forms complexes of high stability, demetallation pro
cesses may occur, especially under the stress that the catalysts are sub
jected during use. When this occurs, it commonly consists in a modest 
alteration of the catalyst due to the reduction of Pd(II) to Pd(0) leading 
to the formation of Pd nanoparticles. These, in turn, can be endowed 
with good catalytic activity towards the same reaction so that the 
catalyst continues to function efficiently [58,67,70]. A preliminary 
screening of the Pd(II) complex was performed by means of UV–Vis 
spectroscopy to assess its stability in the pH range 1.1–12.0 (see section 
3.2.).

A second crucial point to achieve the objective of this works is the 
selectivity of the MWCNT-L material in extracting Pd(II) from a mixture 
of metal ions. This is strictly correlated to the coordination selectivity of 
the coordinative unit of the ligand attached to the nanotubes in 
MWCNT-L, as it has been shown that basicity and coordination prop
erties of the coordinative unit are fundamentally retained upon attach
ment onto graphene surfaces via π-π stacking interaction of the 
pyrimidine anchor group (6-amino-3,4-dihydro-3-methyl-5-nitroso-4- 
oxopyrimidine) while the latter experience a substantial shutdown of its 
own properties [58,59,94]. A crystallographic characterization of the 
complexes [Cu(HL)Cl2], [Zn(HL)Cl2] and [Pd(HL)Cl]Cl⋅5H2O (see sec
tion 3.1.) excluded the participation of the pyrimidine group of HL in 
metal coordination and showed that these complexes are conforma
tionally well-suitable for adhesion of the pyrimidine group on the sur
face of MWCNTs. The solution study, performed on the Cu(II) and Pd(II) 
complexes, confirmed that in [Cu(HL)]2+ and [Pd(HL)]2+ the pyrimi
dine group of HL does not participate in metal binding (see section 3.2.). 
Nevertheless, the deprotonated form of HL (L− ) does it in [CuL]+ and 
[PdL]+ starting from pH 6 and above, but this is irrelevant for the 
functioning of the MWCNT-L material as extractant of metal ions and for 
the preparation of the MWCNT-LPd catalyst because both will be carried 
out in an acidic solution and, as just mentioned, the pyrimidine func
tionalities become unreactive once they are stacked onto the MWCNT 
surface.

The mixture of metal ions we considered for this study includes Pd 
(II), Cu(II), Co(II), Ni(II), Zn(II) and Cd(II), which are the most recurring 
cations present in Pd-containing wastewater [95–101], in the presence 
of dissolved chlorides and at the working pH 4. Other metal ions, such as 
alkaline and alkaline earth, are commonly present but do not have sig
nificant affinity for polyamine ligands, so they are not expected to 
interfere with Pd(II) coordination and were not included in our model 
solution. Taking into account the well-known trends of thermodynamic 
stability of transition metal complexes with polyamine ligands [82], we 
could safely assume that the stability of the Pd(II) complex with HL is 
largely greater than that of complexes of the other metal ions, but we 
were not able to verify this assumption since we were not able to 
determine the stability constant of the Pd(II) complex because it is too 
high and the complexation reaction is affected by the typical slowness of 
this metal ion. Nevertheless, the ability of MWCNT-L to selectively 
extract Pd(II) from the above-mentioned mixture of metal ions was 
assessed by means of a practical extraction test (see section 3.3.)

3.1. Crystallographic study

[Cu(HL)Cl2] and [Zn(HL)Cl2] complexes are isomorphous and crys
tallize in the orthorhombic system, space group P212121. Selected bond 
angles and distances are listed in Table S2 while drawings of the 
asymmetric unit content are shown in Fig. 2a and b. In the two struc
tures, the Cu(II) and Zn(II) complexes show almost equal conformations, 
with the metal centre 5-coordinated by the tertiary nitrogen and the two 
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pyridine nitrogen atoms of the ligand and by two exogenous chloride 
ions. The coordination environment of Cu(II) is better described as a 
distorted square pyramid, with the basal plane defined by the three ni
trogen atoms and Cl1 (deviations in the range 0.0152(6) Å and 0.241(2) 
Å). The copper atom is located 0.2975(4) Å above this plane and dis
placed toward the apical position occupied by Cl2. The Cu-Cl2 bond 
forms an angle of 8.72(3) deg with the normal to the basal plane. The 
pyrimidine pendant folds up in such a way that the Cl1 is placed almost 
above the C15-N8 bond of the heteroaromatic group at short distance 
from it (3.26 Å, distance Cl1•••C15-N8 bond centroid). As a 

consequence of this folding, the N4 nitrogen atom can be considered to 
occupy a sixth long-distance coordination position (Cu•••N4, 3.139(2) 
Å).

In [Zn(HL)Cl2], the overall conformation assumed by the ligand is 
rather similar to that shown in [Cu(HL)Cl2], but the coordination sphere 
of Zn(II) is intermediate between a square pyramid and a trigonal 
bipyramid with the two pyridine nitrogen atoms defining the axial 
bonds. Interestingly, the Cl1 ion maintains the same position relative to 
the pyrimidine group as found in the Cu(II) complex, actually being 
3.25 Å from the centroid of the C15-N8 bond. On the other hand, due to 
the change in coordination environment, the N4 nitrogen atom is at 
longer distance from the metal centre than in the copper complex 
(Zn•••N4, 3.318(5) Å).

In [Pd(HL)Cl]Cl⋅5H2O, the Pd(II) metal centre is found in the ex
pected square planar coordination geometry, where the 4-coordination 
is determined by the tertiary nitrogen and the two pyridine nitrogen 
atoms of the ligand and by a chloride ion. The overall neutrality is 
guaranteed by the presence of an external chloride anion and the crys
talline packing is assisted by the contribution of the H bonds formed by 
the five cocrystallized water molecules. Selected bond angles and dis
tances for metal coordination are listed in Table S2, while a drawing of 
the [Pd(HL)Cl]+ complex is shown in Fig. 2c. Also here the ligand is 
folded, but this time the pyrimidine group gives rise to a π-stacking 
interaction with one of the pyridine groups (N1) (3.18 Å interplanar 
distance and 3.67 Å distance between the centroids of pyridine and 
pyrimidine groups). By this way, the N4 atom is now at 3.087(2) Å from 
the metal centre.

3.2. Ligand protonation and formation of metal complexes

As mentioned above, it was not possible to determine the stability 
constants of the complexes formed by HL with Pd(II), owing to ther
modynamic and kinetic complications, but we were able to determine 
the stability constants of the complexes formed with Cu(II) which 
coupled with the data of selective extraction of Pd(II) in the presence of 
Cu(II) (and other metal ions) furnish a rough estimation of the stability 
of Pd(II) complexes. Furthermore, the resolved speciation of the Cu(II)/ 
HL system can be used as a reference for the analysis of the Pd(II)/HL 
one.

The ligand protonation constants and the stability constants of Cu(II) 
complexes were determined by means of potentiometric (pH-metric) 
titrations and are listed in Table 1. HL bears a weak acidic group, the NH 
group (red in Fig. 1a) of the bridge connecting the pyrimidine residues to 
the binding unit, which deprotonates in fairly alkaline solution to form 
the negatively charged L− species (logK = 11.88 in Table 1 corresponds 
to protonation of this species). On lowering the solution pH, the neutral 
HL, which is almost the unique species in the pH range 7.5–10.5, un
dergoes three successive protonation steps (Table 1, Fig. S3c).

UV–Vis spectra recorded in the pH range 0.8–12.6 (Figs. S3a and b) 
show that important spectral modifications are observed below pH 3 and 
above pH 11 (Fig. S3c) when protonation/deprotonation equilibria 

Fig. 2. a) Drawings of the metal complexes in the crystal structures of a) [Cu 
(HL)Cl2], b) [Zn(HL)Cl2] and c) [Pd(HL)Cl]Cl⋅5H2O.

Table 1 
Equilibrium constants for ligand protonation and formation of 
Cu(II) complexes in 0.1 M NMe4Cl at 298.1 K. Values in paren
theses are standard deviation in the last significant figure.

Equilibrium logK

L− + H+ = HL 11.88(1)
HL + H+ = H2L+ 5.82(3)
H2L+ + H+ = H3L2+ 3.04(3)
H3L2+ + H+ = H4L3+ 2.17(3)

​
L− + Cu2+ = [CuL]+ 16.9(1)
HL + Cu2+ = [Cu(HL)]2+ 12.29(6)
H2L+ + Cu2+ = [Cu(H2L)]3+ 8.77(7)
[LCu]+ + OH− = [CuLOH] 3.3(1)
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involve the very sensitive pyrimidine chromophore. In the higher pH 
range (pH > 11) the spectral change is due to the above mentioned 
equilibrium (L− + H+ = HL, logK = 11.88) involving NH group (red in 
Fig. 1a) directly connected to the pyrimidine residues, while in the lower 
pH range (pH < 3) protonation (H3L2+ + H+ = H4L3+, logK = 2.17) 
involves the nitroso pyrimidine group (the oxygen atom of the NO 
group) [50,102]. In the intermediate pH region, where protonation oc
curs on the not-sensitive or less-sensitive nitrogen atoms of the binding 
unit (Fig. 1) the spectral variation is modest (Fig. S3).

The stability constants of the complexes formed by HL with Cu(II) are 
listed in Table 1. As can be seen, both HL and its deprotonated (L− ) and 
protonated (H2L+) species bind Cu(II). The [Cu(HL)]2+ complex has a 
stability (logK = 12.29 for HL + Cu2+ = [Cu(HL)]2+) that compares well 
with the stability of Cu(II) complexes of triamine ligands similar to the 
coordinative unit of HL [82]. Deprotonation of [Cu(HL)]2+ gives rise to a 
significant enhancement of complex stability (logK = 16.9 for L− +

Cu2+ = [CuL]+) that can be ascribed to the involvement in metal co
ordination of the deprotonated, negatively charged nitrogen atom. The 
UV–Vis spectral variation with pH of this complex system (Fig. 3) helps 
to interpret the complexation processes. In the acidic region, the ligand 
(Figs. S3a and c) and its Cu(II) complex (Fig. 3a–c) show similar be
haviours: the 257 nm absorbance decreases while.

The 330 nm absorbance increases with increasing pH: the nitroso 
group of the pyrimidine moiety which is protonated in both free ligand 
and the complex releases the proton going toward less acidic solutions. 
Starting from pH 6 onwards, the complex reverses these trends (Fig. 3b 
and c), similarly to what HL does above pH 11 (Figs. S3b and c) when the 
NH group (red in Fig. 1a) connecting the pyrimidine residues to the 
coordination unit deprotonates (this is clearly shown by the trend of the 
330 nm absorbances depicted in Fig. 3d), that is, deprotonation of this 
NH group in the complex occurs at much lower pH due to coordination 
of the resulting negatively-charge nitrogen atom to Cu(II).

The UV–Vis spectral behaviour of Pd(II) complexes (Fig. 4) shows 
strong similarities to that reported for Cu(II) complexes (Fig. 3) which 

are characterized by protonation of the nitroso group of the pyrimidine 
residue below pH 3 and deprotonation above pH 6 of the NH group (red 
in Fig. 1a) connecting the pyrimidine with the linker that joins it to the 
coordinative unit. Also in this case, a similar displacement toward low 
pH of the deprotonation of this NH group in the complex

Compared to the free ligand, which deprotonates above pH 11, can 
reasonably be attributed to coordination to Pd(II) of the resulting 
negatively charged N atom. Even if, as already commented, these phe
nomena do not occur when the pyrimidine residue is stacked on gra
phene surfaces and then they are irrelevant for the MWCNT-LPd 
catalyst, it is intriguing to understand how the [Pd(HL)Cl]+ complex 
rearranges its structure when it forms its deprotonated species. Unfor
tunately, all our attempts to crystallize this deprotonated complex to try 
to characterize it by XRD were unsuccessful. So, in the absence of direct 
crystallographic information and by analogy to the general character
istics of Pd(II) complexes with other similar tripodal ligands, which are 
square planar and involve only three donors atoms [103–105], we can 
suppose that, upon deprotonation of [Pd(HL)Cl]+, the square planar 
structure of the complex is preserved while one of the coordinated 
pyridine groups is replaced by the deprotonated nitrogen atom.

3.3. Absorption of metal ions by MWCNT-L

As already said, the ability of polyamine ligands to form complexes 
of higher thermodynamic stability with Pd(II) than with any other metal 
ion of the model mixture we studied (Cu(II), Co(II), Ni(II), Zn(II), Cd(II)) 
is a recurrent observation [82]. This is promising for achieving selective 
extraction of Pd(II) from this mixture of ions. Nevertheless, it is advis
able not to place too much trust in similar considerations based merely 
on the thermodynamic stability of the individual complexes because 
under real extraction conditions various effects can intervene that can 
frustrate these expectations, e.g. effects due to different complexation 
kinetics of the different metal ions or to permanent or transitory for
mation of heteropolynuclear complexes.

Fig. 3. UV–Vis absorption spectra of the Cu(II)/HL complex system in the pH ranges 0.9–7.2 (a) and 7.2–12.1 (b). (c) Variation with pH of the 257 nm and 330 nm 
absorbances superimposed to the distribution diagram of the complexes formed. (d) Comparison between the absorbances at 330 nm of HL and of its Cu(II) com
plexes. [HL] = [Cu2+] = 2•10− 5 M.
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Pragmatically, we performed direct extraction experiments by using 
a solution at pH 4 containing Pd(II), Cu(II), Co(II), Ni(II), Zn(II) and Cd 
(II), 1 mM each, in the presence of 14 mM chloride (counterions of 
metals), by using 1 equivalent of L (L in MWCNT-L) with respect to one 
metal ion and checking how the extraction proceeded over time. The 

results reported in Fig. 5 show that selective and complete extraction of 
Pd(II) is achieved in 10 days at 298 K, which means that in this stint of 
time the MWCNT-LPd catalyst forms spontaneously on site and is ready 
for use in the ORR.

Data in Fig. 5 refer to the amount of metal ions remained in solution 
after filtration of the adsorbent. After 2 h from the start of the extraction 
experiment, 5 % of Pd(II), 66 % of Cu(II) and about 100 % of all other 
metal ions remained in solution, that is the MWCNT-L material had 
removed more than 1 eq. of metal ions compared to the ligand available 
on its surface. In the following days, the quantity of Cu(II) present in 
solution progressively increases, until it returns to 100 % at the end of 
the experiment, while free Pd(II) decreases until it almost disappears. All 
other metal ions remained at approximately 100 % throughout the 
experiment (Fig. 5): their inability to compete with Pd(II) and Cu(II) is in 
accordance with the lower stability of the complexes they form with 
amino-ligands [82].

The observed behaviour can be rationalized by considering the 
thermodynamic and kinetic properties of the complexes involved. Pd(II) 
is known to form much more stable complexes with amino-ligands than 
the other metal ions in our study, but its complexation reactions are 
typically slow. The only metal ion capable of offering some initial 
competition to Pd(II) is Cu(II), thanks to the good stability of its complex 
and the speed of its complexation reaction, but over time (a few days) 
the sluggish Pd(II) prevails, cancels the effects of its kinetic slowness and 
affirms its thermodynamic superiority.

This information allows us to make some interesting considerations 
on the metal ion sequestration capability of HL and the thermodynamic 
stability of the Pd(II) complex. Based on the stability constants deter
mined for Cu(II) complexes (Table 1) and with the use of the Hyss 
program [106], we can calculate than 1 eq of HL is sufficient to sequester 
98 % of Cu(II) at a total concentration of metal of 10 μM at pH 2.5, the 
sequestration capability increasing at higher pH’s (Fig. S4). Therefore, 
even more interestingly for our purposes, the sequestration capacity of 
HL towards Pd(II) must be much higher since Pd(II) is selectively and 
exhaustively sequestered in the presence of Cu(II). Moreover, consid
ering that, according to the extraction results, in a solution containing 
HL, Pd(II), Cu(II) and the other metal ions, all in the same 1.0 mM 
concentration, 100 % of the ligand is coordinated to Pd(II), the stability 
constant of the Pd(II) complex must be at least 3 orders of magnitude 
higher than the stability constant of the Cu(II) complex formed in the 
experimental conditions of the extraction experiment.

An intriguing point is the extraction of more than 1 eq. of metal ions 

Fig. 4. UV–Vis absorption spectra of the Pd(II)/HL complex system in the pH 
ranges 1.1–6.3 (a) and 7.1–12.0 (b). (c) Comparison between the absorbances at 
330 nm of HL and of its Pd(II) complexes. [HL] = [Pd2+] = 2•10− 5 M.

Fig. 5. Adsorption of metal ions by MWCNT-L over time. Percentages are 
referred to the amount of metal ions remained in solution after adsorption. 
Initial [M2+] = 1.0 mM, 1 eq. of HL, pH 4, 298 K. Time 0 h correspond to the 
solution composition before the addition of MWCNT-L.
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(Pd(II) and Cu(II)) at the beginning of this experiment. Several factors 
could contribute to this occurrence. A first possibility is the adsorption of 
Pd(II) in the form of PdCl42− which is the main species of Pd(II) under our 
experimental conditions ([Cl− ] = 14 mM). In fact, it is known that 
PdCl42− is adsorbed on graphene surfaces via C− dπ interactions with the 
arene centres of these sorbents [107,108]. Thus, part of PdCl42− is ex
pected to be initially adsorbed on the surface of MWCNT-L not covered 
by HL and some could be adsorbed even by the covered part. We have no 
information on the latter, but we cannot exclude that even the surface 
paved with pyrimidine groups is capable of doing so. A second possi
bility is the transient formation of heteropolynuclear complexes: Pd(II) 
and Cu(II) are simultaneously coordinated by a single ligand molecule of 
MWCNT-L, although it seems unlikely that three donor atoms could 
share two (or more) metals ions. Another possibility is that some PdCl42−

can be drawn out of the solution as the counterion of the complexes 
initially formed by MWCNT-L, despite the concentration of free chloride 
is approximately 10 times that of PdCl42− .

We do not know if all, and to what extent, these possibilities 
contribute to the observed phenomenon, nor whether there are others, 
but it is clear that in the end only Pd(II) is present in the MWCNT-LPd 
catalyst. The only metal ion capable of offering some initial competi
tion is Cu(II), thanks to the good stability of its complex and the speed of 
the complexation reaction.

3.4. SEM, STEM and XPS analysis

The SEM images of MWCNT, MWCNT-L and MWCNT-LPd (Fig. S5) 

do not show any substantial morphological difference between pristine 
and functionalized MWCNTs, in agreement with the mild supramolec
ular approach employed in the preparation of the catalyst, while the BET 
surface area determined by N2 adsorption (Fig. S6) has decreased from 
117 m2/g for MWCNT to 61.4 m2/g for MWCNT-LPd, as commonly 
observed [109,67–69] when carbon materials with graphene surfaces 
are functionalized with pyrimidine derivatives analogous to HL. As ex
pected, significant differences are observed in the EDS spectra (Fig. S7). 
Indeed, the spectra of pristine MWCNTs show only the C signal and a 
minimal presence of oxygen, while for MWCNT-L a small Kα signal at 
0.39 keV denotes the presence of N introduced by the amino-ligand and 
for the MWCNT-LPd a Lα1 Pd signal at 2.62 keV is observed which 
confirms the presence of Pd. Chlorine, which is expected to accompany 
Pd(II) as Cl− [50,67], is also detected in the EDS analysis of the catalyst.

No trace of other metals can be found in the EDS spectra of MWCNT- 
LPd in agreement with the observed ability of MWCNT-L to selectively 
extract Pd(II) from the tested mixture of metal ions (Pd(II), Cu(II), Co 
(II), Ni(II), Zn(II) and Cd(II)). The EDS map of MWCNT-LPd (Fig. 6) 
demonstrates a uniform distribution of Pd across the sample, confirming 
that the supramolecular approach used in the preparation of this 
atomically precise catalyst effectively achieves a homogeneous disper
sion of the catalytic centres.

HAADF STEM images, whose intensity is proportional to Z1.7, with Z 
being the atomic number of the elements imaged, reveal the presence of 
Pd over lighter elements. Although the visibility of individual atoms on 
the surface of MWCNTs was reduced by the electrostatic charging of the 
sample during the experiment, the acquired images show the presence of 

Fig. 6. Multiscale images of the MWCNT-LPd catalyst showing: a) grains overview by SEM secondary electron imaging; b) edges of a single grain revealing a dense 
network of MWCNTs; c) individual MWCNTs at higher magnification decorated with bright patches of Pd(II) complex agglomerates highlighted by Z-contrast; d) high 
resolution details of Pd(II) patches with brighter areas with overlapping Pd complexes (two of them are indicated by the white arrows) and individual layers of Pd(II) 
complexes between and around the patches. Images b), c) and d) where obtained by HAADF STEM imaging.
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single layers of palladium atoms surrounding small white patches with 
dimensions ranging from a few nanometers to subnanometer size and 
representing Pd clusters on the MWCNTs (Fig. 6c and d). These small 
patches are mainly visible along the lateral edges of the nanotubes and 
at the intersections between nanotubes (Fig. 6c) and could be generated, 
at least in part, by the overlapping of Pd atoms or very small aggregates 
that are close to each other but kept separated by the ligand. The lack of 
crystallinity and the weak contrast indicate that Pd is not forming 
nanoparticles but rather 2D clusters on the surface. The presence of 
ligand molecules (as revealed by the overlap of N and Cl with Pd in 
STEM EDS maps and spectrum (Fig. S8) indicates that Pd is bound to 
them, as confirmed by the XPS analysis below, that is all palladium is 
present as Pd(II) complex.

It is not surprising that we found small aggregates of palladium 
complexes in the MWCNT-LPd since some multilayer formation was 
expected to occur under the experimental conditions adopted to coat the 
MWCNTs with ligand molecules (see 2.5. Preparation of the MWCNT-L 
material).

XPS analysis was performed on the MWCNT-LPd catalyst before and 
after electrochemical testing. The XPS survey is shown in Fig. S9 where 
the signals corresponding to C, O, Pd, N, Cl can be identified. In 

agreement with the EDS spectral data, no metals other than Pd were 
found in the samples. Fig. 7ashows the high-resolution XPS spectra ob
tained in the Pd region (3d transition of palladium, binding energy from 
360 eV to 325 eV). Peak fitting reveals a single component corre
sponding to Pd(II) coordinated to N donors (binding energies: 3d5/2, 
338.8 eV; 3d3/2, 344.1 eV) [110–112]. No presence of reduced metal Pd 
(0) was found, neither in the original material nor in the catalyst ana
lysed after electrochemical tests. This confirms the robustness of the 
method used for functionalising MWCNTs and the stability of the cata
lyst obtained (see below).

More insight into the nature of the catalysts is provided by the 
analysis of the XPS spectra of Cl (Fig. 7b). MWCNT-LPd shows a signal in 
the Cl range consisting of two peaks, assigned to the electrons of the 2p3/ 

2 and 2p1/2 states of Cl, each of which is composed of two peaks that can 
be attributed to the presence of two different chloride anions: one co
ordinated to Pd(II) and the second acting as a counterion [67]. Same 
situation was found in the crystal structure of the Pd(II) complex of this 
ligand (Fig. 2c), thus highlighting that the coordination environment of 
Pd(II) in the free complex is preserved when the latter is anchored to 
MWCNTs.

3.5. Oxygen reduction reaction

The catalytic performance of MWCNT-LPd for oxygen reduction re
action (ORR) was evaluated under a range of electrochemical condi
tions, providing key insights into the reaction kinetics and mechanisms. 
The evaluation was carried out by determining the onset potential (Eon), 
the half-wave potential (E1/2), and the number of exchanged electrons 
(n). In particular, the onset potential reflects the initial energy barrier 
for the ORR, and the half-wave potential is a commonly used benchmark 
to assess the overall efficiency of the catalyst in driving the ORR [113]. 
The third parameter, the number of exchanged electrons (n), is essential 
in distinguishing the ORR pathways. In alkaline media, the reaction can 
proceed via two primary mechanisms: the 4-electron pathway, in which 
O2 is reduced directly to OH− , or the 2-electron pathway, leading to the 
production of hydrogen peroxide (HO2

− ) [114]. In other contexts, 
hydrogen peroxide is explored as an environmentally friendly oxidant, 
but inside fuel cells its generation is highly undesirable.

Therefore, a higher n-value, corresponding to the 4-electron 
pathway, is preferred to maximize energy output and long-term stabil
ity of the fuel cell [115].

Cyclic voltammetry (CV) in 0.1 M KOH solution purged with either 
N2 or O2 performed on modified GC electrodes are shown in Fig. S10. In 
the O2 saturated solutions, it is easy to recognise the irreversible peak of 
oxygen reduction while a redox couple at the potential of 0.65 V (vs 
RHE) is present both in O2 and N2 purged solutions. As also seen in a 
previous work, this redox couple is characteristic of the pyrimidine 
anchor group used for functionalization of the MWCNT [50]. Fig. 8a 
shows the linear sweep voltammetry curves in the KOH 0.1 M oxygen 
saturated solution obtained with the rotating-ring disk electrode. The 
LSV curve of MWCNT-LPd is shifted to less negative potentials, with 
better onset potential and higher current density respect to MWCNT-L.

This evidence shows the important catalytic activity of palladium- 
based atomically precise electrocatalysts. Moreover, the functionalized 
MWCNTs show better catalytic activity, with curves shifted towards 
more positive potentials and higher limiting current densities than non- 
functionalized MWCNTs and bare glassy carbon electrodes [50]. 
Table S3 resumes all the electrochemical results concerning the onset 
potential, the half-wave potential and the number of exchanged elec
trons per oxygen molecule.

Furthermore, the currents recorded at the ring of the RRDE electrode 
were examined, offering a deeper understanding of the factors influ
encing catalyst performance. Both the ring and disk current densities are 
illustrated in Fig. S11. Linear sweep voltammetry (LSV) ring-disk cur
rents in a K3Fe(CN)6 solution performed to determine the experimental 
collection efficiency (N) are shown in Fig. S12. The experimental values 

Fig. 7. High resolution XPS spectra of MWCNT-LPd in: a) the Pd 3d region, b) 
the Cl 2p region. Black lines: global fits of experimental data; black dots: 
experimental data.
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of N are in agreement with the theoretical value of 38.3 %. Fig. 8b shows 
the number of exchanged electrons per O2 molecule determined by 
RRDE experiments. For the palladium-free hybrid MWCNT-L material 
(studied for comparison), the number of exchanged electrons is close to 
2, indicating a predominant formation of hydrogen peroxide. This is a 
common behaviour for carbon-based materials [116]. In contrast, for 
the MWCNT-LPd catalyst, the electron transfer number approaches 4, 
accounting for a significant shift toward the more desirable 4-electron 
pathway, where oxygen is almost exclusively converted into water. 
The validity of the RRDE results was further examined by the 
Koutecky-Levich method for the MWCNT-L Pd catalyst. The J− 1 vs. ω− 1/2 

plot is shown in Fig. 8c while ORR curves obtained at different rotation 
rates are shown in Fig. S13. The numbers of exchanged electrons were 
calculated from the slopes of the K-L plot yielding 3.75. In addition, we 
evaluated the electrochemical surface area (ECSA) using the electro
chemical double-layer capacitance (Cdl) method. CVs were held in a 0.1 
V potential window from the open-circuit potential (OCP) [93]. Thus, a 
potential range of (− 0.1 - 0.1) V vs. Ag/AgCl KCl sat. was chosen after 
finding a OCP value approximately equal to 0 V (Fig. S14a). In this re
gion, the current is attributed to charge and discharge phenomena of the 
electric double layer at the electrode-electrolyte interface, which be
haves like a capacitor [117].

By plotting the current (Ic) against the scan rate (vs) we obtain a 
straight line whose slope is Cdl (Fig. S14b). The ECSA of the MWCNT- 
LPd is determined by dividing Cdl by the specific capacitance of the 
glassy carbon electrode (0.3 mF/cm2 in KOH 0.1 M) [118]. The ECSA 
value obtained is 0.353 cm2. To better understand the result, the ECSA 
value was expressed in a different unit of measurement, dividing it by 
the mass of the loaded metal and expressing the final result in m2/g. The 
value of ECSA obtained equal to 99.04 m2/g is comparable to 

commercial Pt/C reported in the literature [119].
Furthermore, an EIS analysis was conducted at an amplitude of 5 mV 

over a frequency range from 100 kHz to 1 mHz. Fig. 8d shows Nyquist 
plots for MWCNT-LPd catalyst while Fig. S15 shows the Bode plot. The 
impedance spectra was fitted by building the equivalent circuit of the 
system (Fig. 8d), where the electrical elements are arranged in the so- 
called Randles circuit. The first resistance represents the resistance of 
the electrolyte (Rel), while the second one is the resistance for the 
charge transfer (Rct). The other elements are a constant phase element 
(CPEdl) for the double layer, and a Warburg (Wd) for the semi-infinite 
diffusion of the ionic species through the diffusion layer. The value of 
Rel (42.6 Ω) is consistent with the value obtained by IR drop. The 
catalyst charge transfer impedance, Rct, is 24.8 Ω, which is close to Pt/C 
catalysts with a similar metal loading [120].

A preliminary short-term (10 min) stability test was conducted using 
the RRDE in galvanostatic mode to simulate a half-cell environment. The 
MWCNT-LPd catalyst demonstrated high activity and stability, which 
are crucial for improving ORR efficiency. The modified GC disk elec
trode was maintained at a potential of 0.36 V (vs RHE), while the ring 
electrode was held at +1.46 V for a duration of 600 s at a rotation speed 
of 1600 rpm. The galvanostatic results, presented in Fig. S16, demon
strate that the ring-disk current density values remained stable 
throughout the experiment, indicating the durability and robustness of 
the catalyst under continuous operation. Durability test was done on 
MWCNT-LPd according to an accelerated degradation test. A 15,000 LSV 
repetitions were conducted in 0.1 M KOH solution with a scan rate of 50 
mV s− 1. Cycles number 1, 2,000, 5,000, 10,000, and 15,000 are shown 
in Fig. S17 A reduction of only 6 % in limiting current was detected after 
15,000 cycles. Furthermore, no significant change in the onset potential 
was observed, which indicates the high stability of the catalyst. In 

Fig. 8. ORR electrocatalytic performance, KOH 0.1 M, O2 saturated solution, 1600 rpm rotation rate, 10 mV s− 1 scan rate. a) ORR polarization curves (disk current 
densities). b) RRDE number of exchanged electrons per O2 molecule (n) as function of the potential applied at the RRDE working electrode. c) K− L plot of the 
MWCNT-LPd catalyst. d) Nyquist plot of MWCNT-LPd. Impedance spectra acquired by sweeping the frequency from 10 kHz to 1 mHz at 10 points per decade, with an 
AC amplitude of 5 mV around the OCP while rotating at 1600 rpm. Fitting obtained with a Randles equivalent circuit (χ2 = 5.71 10− 4).
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addition, the catalyst recovered after the electrochemical tests was 
subjected to SEM and XPS analysis. No morphological difference is 
visible in SEM images of MWCNT-LPd before (Fig. S5) and after elec
trochemical testing (Fig. S18). The EDS spectrum in Fig. S7d highlight 
the robustness of the catalyst, with no detectable loss of palladium 
during the electrochemical test. Additionally, signals corresponding to 
fluorine and sulphur are observed, originating from the sulfonated 
tetrafluoroethylene-based fluoropolymer-copolymer Nafion added dur
ing ink preparation. Furthermore, the XPS spectra shown in Fig. 7a 
confirm that Pd remains stable as Pd(II), no significant difference is 
observed in the spectra recorded before and after the electrochemical 
tests (compare the grey line with the blue line). This indicates that the 
catalyst retains its structural integrity and homogeneity under opera
tional conditions.

4. Conclusions

We have successfully achieved the goal of this study, that is, we have 
prepared an efficient Pd(II)-based catalyst for ORR in alkaline media 
using, as the Pd(II) source, a mixture of metal ions representative of Pd- 
containing wastewater. This atomically precise catalyst, MWCNT-LPd, 
while containing a low precious metal content (1.94 % in the catalyst, 
0.015 μg/cm2 mass of Pd per unit electrode surface) offers a perfor
mance comparable to that of traditional (and very expensive) bulk 
platinum electrodes. MWCNT-LPd loaded electrodes give rise to ORRs 
with 90 % H2O production (4 e− process), onset potential (Eon) of 0.846 
V (vs RHE) and half-wave potential (E1/2) of 0.657 V which are within 
the high performance range exhibited by analogous atomically precise 
electrocatalysts [50,72] as well as by non-PGM and PGM carbon-based 
electrocatalysts, including commercial products, showing 4 e− ORR 
patters and Eon and E1/2 potentials in the ranges 0.38–1.1 V and 
0.42–0.94 V, respectively [121–124]. This performance is maintained 
for at least 80 min and no significant morphological and chemical 
changes were observed after electrochemical tests, indicating a great 
robustness of the catalyst.

These results strengthen the belief that atomically precise catalysts 
may represent a valid and economical alternative to bulk platinum 
electrodes for ORR in fuel cells. Moreover, we have shown that the 
catalyst can be generated in situ by quantitatively and selectively 
extracting Pd(II) from wastewater.

Treatment of waste and their transformation into a high value-added 
material, as in our case a catalyst to be implemented in fuel cells for the 
production of green energy, is an example of circular economy that 
considers environmental protection an essential condition for sustain
able development. In line with the above, we also demonstrated that 
both the hybrid material (MWCNT-L) used to prepare the catalyst 
(MWCNT-LPd) and the catalyst itself can be prepared under very envi
ronmentally friendly conditions (room temperature, water as solvent, 
air as atmosphere) using a supramolecular functionalization of MWCNTs 
which, despite involving only non-covalent interactions, leads to a very 
robust catalyst.

All in all, we have illustrated here a simple and successful strategy to 
contribute to the development of cost-effective solutions for clean en
ergy production, based on green processes and waste recovery and 
paying special attention to environmental protection.
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