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Clean energy is essential to achieving the United Nations’ Sustainable Development Goals and targets. Proton
Exchange Membrane Fuel Cells (PEMFCs) are one of the leading technologies for implementing the "hydrogen
economy" and contributing to a sustainable energy supply. PEMFC development requires high-performing, du-
rable electrocatalysts (ECs) whose synthesis is as facile and inexpensive as possible. This work demonstrates that
it is feasible to synthesize viable ECs for PEMFCs from platinum mining residues obtained in Colombia. This Pt
source is hardly exploited and, in perspective, could offer a lower-cost alternative to more established precursors
for the preparation of ECs for PEMFCs. In particular, the ECs considered in this work are intended to promote the
oxygen reduction reaction (ORR), a key bottleneck in PEMFC operation. The precursors from mining residues
were characterized by micro-Raman, ATR-FTIR, XRD, TGA, and SEM/EDS to clarify their chemical composition
and identify the coordination complexes present therein. Two synthetic methods are considered: (i) the micro-
emulsion method; and (ii) the polyol method. A statistical Design of Experiments (DoE) is implemented to
determine the optimal experimental conditions for each synthetic method. The physicochemical properties of the
resulting Pt/C ECs are elucidated by SEM, TEM/STEM-EDS, XRD, and XPS. Finally, it is found that the "ex-situ"
ORR performance determined by the CV-TF-RRDE method of the Pt/C ECs presented in this work compares
favorably to that of a state-of-the-art Pt/C EC benchmark for the ORR.

hydrogen oxidation reaction (HOR) occurring at the anode [4-6]. In a
typical 80 kW stack for automotive applications, the cost of the elec-

1. Introduction

Energy transition targets associated with the Paris Agreement to-
wards a decrease in pollution and a mitigation of the greenhouse effect
have put the "hydrogen economy" (where fuel cells play a key role) in the
spotlight [1,2] In the last decades, platinum has been increasingly used
in the development of clean energy technologies. In particular, platinum
is used in catalytic converters for automotive applications [3]. Conse-
quently, as of today almost 60 % of the total platinum demand comes
from the automotive sector. Platinum also plays a crucial role in the
promotion of electrochemical processes based on the operation of pro-
ton exchange membrane fuel cells (PEMFCs), with a particular reference
to the oxygen reduction reaction (ORR) taking place at the cathode.
Indeed, this latter process exhibits sluggish kinetics if compared with the
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trodes as driven by the Pt content is expected to account for more than
half of the overall cost. Hence, finding new platinum sources to diversify
the supply and curtail losses is significant [7].

Platinum (Pt) and other platinum group metals (PGMs) like Ir, Pd,
Ru, and Rh are scarce in Earth’s crust, with Pt concentrations around 0.4
ppb. While South Africa and Russia dominate global reserves, Colombia
holds smaller deposits in komatiite and associated mafic rocks, with Pt
concentrations up to 25 ppb [8]. Extracting Pt in Colombia faces sig-
nificant challenges due to the low concentration and high impurity of
local sources, making the production of viable Pt precursors economi-
cally demanding [9,10]. Recovery from mining residues is emerging as a
promising alternative, with companies like the Altea Group working to
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recycle these materials into PGM complexes for application as pre-
cursors to synthesize electrocatalysts for PEM fuel cells. Despite high
purification costs and low recovery yields, this approach could diversify
global Pt supply, reduce dependence on traditional sources, and create
new revenue streams for Colombia’s mining sector. By starting from
secondary raw materials including impure PGMs it could still be possible
to obtain viable ECs without the need to resort to commercial PGM
precursors obtained from a small number of traditional suppliers [11,
12].

Recycling platinum group metals (PGMs) offers a sustainable route
for electrocatalyst synthesis, with increasing evidence supporting the
use of recycled precursors in fuel cell technologies. Despite the presence
of impurities such as transition metals, sulfur, and organics, which can
affect the activity and the durability of the electrocatalyst, recovery
methods like hydrometallurgical and electrochemical processes have
shown promise in improving extraction yields and precursor purity
[13-15]. Strategies to mitigate impurity effects include chemical treat-
ments, purification protocols, and impurity-tolerant catalyst designs
that reduce processing complexity and cost [16-18].

Moreover, hydrophobic deep eutectic solvents (DESs), such as tri-
hexyl(tetradecyl)phosphonium chloride combined with decanoic acid,
have demonstrated selective leaching of Pt, Pd, and Rh from spent
automotive catalysts, achieving up to 90 % Pt recovery while mini-
mizing co-leaching of base metals [19]. Similarly, solvometallurgical
methods using FeCls in acetonitrile offer selective Pt recovery with
reduced environmental impact and closed-loop solvent regeneration
[20]. From PEMFC membrane electrode assemblies (MEASs),
chlorine-based hydrometallurgy has enabled >99 % Pt recovery. The
resulting impure Pt precursor was directly reused to synthesize Pt/C
electrocatalysts, which exhibited oxygen reduction reaction (ORR) mass
activity of 170 mA/mgp;, comparable to a commercial Pt/C benchmarks.

Electrochemical and structural analyses confirm that a low level of
impurities can be effectively managed through optimized synthesis and
support selection, enabling efficient operation in fuel cell environments
[13,14]. Long-term testing under realistic cycling conditions shows that
recycled PGM electrocatalysts maintain stable power outputs and resist
common degradation pathways [17,21]. These developments align with
circular hydrogen economy principles by minimizing resource con-
sumption and processing steps [13].

The methodology presented here for tuning synthesis parameters
enables the direct use of low-purity precursors to produce viable Pt/C
ECs for the ORR starting from PGM precursors obtained in Colombia in
the perspective of diversifying the Pt supply and reducing the costs of
PEMFC electrodes with mass activities and ECSA comparable to
benchmark materials, highlighting the practical viability of PGMs ob-
tained from non-conventional sources (i.e., neither primary ores nor
conventional secondary sources such as automobile catalytic converters
and used MEAs) in fuel cell applications. The Pt/C ECs are obtained by
optimizing the synthetic parameters of well-assessed bottom-up prepa-
ration routes. The polyol and microemulsion [22,23] methods are
low-cost, environmentally friendly techniques to synthesize Pt nano-
particles. The polyol method allows precise control over nanoparticle
features by adjusting medium composition, pH, temperature, reaction
time, precursor chemistry, and additives [24,25]. The microemulsion
method, while similarly mild and straightforward, requires stable
emulsions influenced by precursor concentration, surfactants, temper-
ature, and sample purity [22,23]. A key challenge in both methods is the
use of impure precursors, such as those derived from mining residues
which can destabilize microemulsions and complicate synthesis. Despite
these limitations, this work shows that both methods remain viable for
producing metal-based nanoparticles without requiring
high-temperature conditions.

The preparation of Pt nanoparticles suitable for ORR ECs is possible
only by reducing the PGM complexes included in the precursors. During
this process, the impurities present in the non-analytical grade pre-
cursors from mining residues might lead to undesirable co-precipitation
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phenomena. In addition, it is crucial to closely monitor the synthetic
processes/parameters to prevent that the impurities give rise to the
formation of agglomerated nanoparticles or nanostructures exhibiting
undesired shapes and preferred crystal orientations [26]. On these bases,
the primary goal of this work is to develop the methodology to prepare
viable Pt/C ECs for the ORR starting from three non-analytical grade
precursors obtained in Colombia by Altea Group from residuals of Pt and
Au mining. Such precursors are characterized by micro-Raman, ATR
FT-IR, XRD, TGA and SEM/EDS. Afterwards, two synthesis methods to
yield the Pt/C ECs for the ORR are optimized by modulating: (i) the
concentration of the precursors and the percentage of the aqueous phase
in the case of the microemulsion method; and (ii) the temperature, dwell
time and surfactant/precursor ratio in the case of the polyol method.
The resulting Pt/C ECs for the ORR are characterized by SEM,
TEM/STEM-EDS, XRD, XPS and CV-TF-RRDE and their viability is
gauged versus a state-of-the-art Pt/C commercial EC, which is used as the
benchmark.

2. Experimental
2.1. Characterization of the precursors

The vibrational features of the precursors are evaluated using a
Thermo Scientific DXR micro-Raman equipped with a 532 nm laser. The
micro-Raman spectra are collected at a laser power of 2 mW and with 80
acquisitions, each with 15 s of exposure. A Perkin-Elmer Spectrum Two
spectrometer is used with the universal attenuated total reflectance
accessory (UATR) for functional group identification. ATR FT-IR spectra
are recorded within the 4000-400 cm™! wavenumber interval.

Thermogravimetric analysis (TGA) is carried out on a TA instruments
model Q500 equipment with nitrogen/inert atmosphere at 30 mL/min
gas flow rate on platinum crucibles, with a heating rate of 10 °C/min and
a scan range from 30 up to 700 °C. X-ray diffraction is used to identify
the phases present in the samples. Data are collected from a Rigaku
MiniFlex 600 X-ray diffractometer using a Cu-K, source (A = 1.5405 A)
operated with a voltage of 40 kV and a current of 15 mA. The XRD
profiles are collected at 10° < 2 6 < 100°, with a step of 0.1° The phases
are identified by matching ICSD, COD (2014), and ICOD (1998) data-
bases with High Score Plus software (v3.0). The morphology and
elemental composition are studied by a scanning electron microscope
(SEM) Thermo Scientific Scios 2 coupled to energy-dispersive spectros-
copy (EDS). The metal content in the precursors and in the Pt/C ECs was
determined by ICP-OES after acid digestion of the samples following
EPA 3051-3052, using an iCAP PRO XP instrument from Thermo
Scientific.

2.2. Synthesis of Pt/c ECs

2.2.1. Materials

Sodium hexachloroplatinate (IV) hexahydrate, which is obtained
from Thermos Scientific (99.9 %) is used as a benchmark for micro-
RAMAN studies and EC synthesis. For the microemulsion formula-
tions, the oil phase is cyclohexane (99 %), the surfactant is hexadecyl-
trimethylammonium bromide — CTAB (98 %), 2-Butanol is used as the
co-surfactant, and Sodium tetrahydridoborate is adopted as the
reducing agent; all the chemicals are procured from Sigma-Aldrich,
Germany. Ultrapure water is used throughout the experiments as the
hydrophilic phase. The water-soluble platinum precursor labeled
"C1"and procured form Altea Group is adopted for the formulation of
microemulsions. The reactants used for the polyol synthesis are: (i)
ethylene glycol — EG (Reag. USP, pH. Eur., 99.5 % v/v for analysis),
which is procured from PanReac AppliChem; (ii) Polyvinylpyrrolidone —
PVP (My: 40.000), which is purchased from MP Biomedicals; and (iii)
the water-insoluble platinum precursors labeled "C2"and "C3" provided
by Altea Group. Vulcan™ XC-72R is used as the carbon support for both
synthetic methods and is obtained from Fuel Cell Store. The following
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chemicals are used to wash the final Pt/C ECs: (i) ACS acetone; and (ii)
ethanol absolute for analysis. Both chemicals are obtained from Merck.
The Pt/C benchmark EC is HiSPEC™ 3000; it is procured from Alfa
Aesar and has a nominal 20 wt % loading of Pt on Vulcan XC-72R. The
ink preparation for RRDE studies also includes Nafion™ D520CS
Alcohol based 1000 EW at 5 % weight (Ion Power D520) and isopropyl
alcohol (IPA) for analysis (ACS ISO reagent, purchased from Merck). All
the chemicals and materials used in this work are used as received.

2.2.2. Equivalent microemulsions synthesis

Two equivalent microemulsions are prepared to synthesize Pt/C ECs.
The first contains cyclohexane (Oil Phase), 2-butanol (Cosurfactant),
CTAB (Surfactant), and the C1 precursor dissolved in the aqueous phase.
The second contains cyclohexane (oil phase), 2-butanol (Cosurfactant),
CTAB (Surfactant), and NaBH4 (Reducing Agent) dissolved in the
aqueous phase. The CTAB with cyclohexane and 2-butanol (3:7 wt ratio)
is mixed into a glass container for both systems. Then, they are placed in
a warm bath at 55 °C, and the aqueous phase with the precursor and the
RA is added at this temperature. The RA concentration is 15 mg/mL,
while different concentrations of the precursors are evaluated to
enhance the stability of microemulsion. A microwave pretreatment of
the C1 platinum precursor is made in ammonium hydroxide at a pH of
11. Finally, both microemulsions are mixed at 55 °C, and after platinum
reduction, Vulcan XC-72R is added to the solution and stirred for one
hour at 900 rpm. The temperature dropped to 20 °C and the stirring
continued for another 12 h. Finally, to separate the Pt/C EC, the solution
is centrifuged at 6000 rpm in a Hettich EBA 20 centrifuge and washed
four times with ethanol and three times with water.

2.2.3. Ternary diagram

A ternary diagram for the C1 precursor is devised to determine the
stability area of the microemulsions. Thus, a mixture of CTAB and 2-
butanol in a 3:7 wt ratio is added to the oil phase. Then, mixtures of
Surfactant-Cosurfactant-Surfactant with weight ratios from 1:9 to 9:1
are blended in a glass test tube. A precursor solution is slowly added to
the previous mix while stirring on a mechanical stirrer at 1200 rpm at
different temperatures of 45 °C, 50 °C, and 55 °C. Finally, the aqueous
phase is incorporated dropwise into the oil phase solution until a
transparent and homogeneous dispersion is formed [27].

2.2.4. Polyol syntheses

The synthesis of Pt/C ECs is also carried out by means of a
microwave-assisted polyol route using an Anton Paar microwave reactor
Monowave 200 with an IR temperature sensor. Table 1 summarizes the
reaction parameters of the present study. To synthesize the Pt/C ECs, 25
mg of the C2 or C3 precursors are dissolved in 6 mL of water. In addition,
between 0 and 25 mg of PVP, acting as a capping agent, are dissolved
into 6 mL of EG according to the statistical Design of Experiments (DoE).
Both solutions are stirred (1000 rpm) for 10 min and mixed. 44 mg of
Vulcan XC-72R are then added and the resulting suspension is ultra-
sonicated for 10 min. The final suspension is transferred to the micro-
wave reactor, where the synthesis variables from Table S13 and
Table S15 are programmed at a constant magnetic stirring of 1200 rpm.

Table 1
Summary of the synthetic parameters explored in the DoE.
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Subsequently, the suspension is stirred at 600 rpm for 24 h. The Pt/C EC
is separated from the dispersion by washing for 30 min at 6000 rpm in a
Hettich EBA 20 centrifuge three times with acetone and four times with
water. Finally, the Pt/C EC is obtained by drying at 90 °C in a vacuum
furnace for 12 h.

2.2.5. Statistical designs

A Box-Behnken design (BBD) is carried out to identify the optimal
synthesis parameters to obtain high-performing Pt/C ECs for the ORR.
Two factors are considered in the case of microemulsions (which include
the precursor C1): (i) mass percentage of the aqueous phase; and (ii)
precursor concentration at a temperature of 55 °C. On the other hand,
three factors are considered in the case of polyols (which include either
the C2 or the C3 precursor): (i) synthesis temperature; (ii) dwell time;
and (iii) molar ratio between PVP and the (NH4),PtClg included in the
precursor. The response variable evaluated for the three precursors is
mass activity (MA). The latter is determined by the CV-TF-RRDE method
[28] at a potential of 0.85 V. Table 1 summarizes the factors and levels
for these three Design of Experiments (DoE).

2.3. Characterization of the Pt/c ECs

2.3.1. Physicochemical characterization

The vibrational features of the Pt/C ECs are evaluated using the
micro-Raman spectrometer described in Section 2.1. The morphology
and elemental composition are studied by a scanning electron micro-
scope (SEM) Thermo Scientific Scios 2 coupled to energy-dispersive
spectroscopy (EDS). High-resolution transmission electron microscopy
(HR-TEM) studies are executed with a Jeol 3010 mounting a Gatan slow-
scan 794 CCD camera. X-ray diffraction data are collected in an Antoon
Paar XRD Dynamic 500 instrumentation using a Cu LFFK, source
operated with a voltage of 40 kV and a current of 15 mA. The dif-
fractograms are fitted with the MAUD software [29]. TGA is performed
in a TA instrument Q500 thermogravimetric analyzer, from 25 °C to 700
°C under an air atmosphere and at a scan rate of 20 °C-min’. The
near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
spectra are collected using an EnviroESCA instrumentation from Specs
mounting an Al K, excitation source (hv = 1486.6 eV). The measure-
ments are carried out at a pressure of ca. 10~° mbar. The survey scans are
obtained at a pass energy of 100 eV; each step has a width of 1.0 eV and
the integration time is 0.1 s. High-resolution spectra are determined at a
pass energy of 40 eV; each step has a width of 0.1 eV and an integration
time of 0.5 s. The binding energy (BE) values are affected by an uncer-
tainty of £0.2 eV. The NAP-XPS profiles are fitted using the "Keystone"
software provided by Specs. A Shirley-type background function is used
[30]. Specs provide the sensitivity factors for integrated peak areas used
for quantification purposes. The parameters are chosen to maximize the
signal-to-noise ratio while ensuring that the samples do not undergo
degradation triggered by X-ray exposure during the measurements [31].

2.3.2. Electrochemical characterization
Electrochemical measurements for the Box-Behnken Design are
collected using the CV-TF-RRDE method [28]. First, the GC disk of the

Precursor Level Synthetic parameter
Aqueous phase Precursor concentration Temperature / °C Dwell time PVP/(NH,4),PtClg / mol/mol
/ % / mg/mL /s
C1 -1 2.65 30 N/A
0 3.2 40
1 3.75 50
C2 and C3 -1 N/A 120 150 0
0 160 375 2

200 600 4
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rotating ring-disk electrode (RRDE) was coated with: (i) a Pt loading of
20 pgpfcm_2 for C1 ECs (isopropanol, ECs, and ionomer mixture) and 15
pgpr-cm 2 for C2 and C3 ECs (7 to 3 ratio H,0: Isopropanol, ECs, and
ionomer mixture); and (ii) a 0.2 dry weight ratio between the Nafion™
D520CS ionomer and the Vulcan XC-72R used as the support in the ECs.
The resulting suspension is homogenized using an ultrasonic probe for 2
min, followed by sonication in an ultrasonic bath for 3 h. Afterwards, the
final dispersion is stirred for 24 h. Finally, a 6 pL drop of ink is deposited
onto the GC electrode to form a uniform film. A standard three-electrode
setup is used for all measurements, with the RRDE serving as the
working electrode mounted on an RRDE-3A (BAS Inc.) system. The
experimental collection efficiency of the Pt ring is measured as 0.43. The
experiments are performed with two Ametek VersaSTAT 3F potentios-
tat/galvanostats. Initially, the electrode is cycled between 0.05 and 1.05
V vs. the reversible hydrogen electrode (RHE) in 0.5 M H2SO4 at 25 °C
under pure O,, with a sweep rate of 20 mV-s~* at 1600 rpm of RRDE tip
rotation. Cycling is continued until the voltammograms become stable.
The acid solution is then discarded and replaced with a new 0.5 M HoSO4
solution to obtain the final voltammograms. The latter are collected in
the same experimental conditions described above; the production of
H20; is tracked by the ring electrode, which is polarized at 1.2 V vs.
RHE. The faradic ORR currents are determined by subtracting the vol-
tammograms recorded under O2 from those recorded under pure Ny
using the same electrode. iR correction is carried out by high-frequency
EIS. The precise RHE potential is measured before each CV-TF-RRDE
test. The counter electrode is a Pt wire. The disk currents are normal-
ized on the geometric area of the GC. The reference electrode used is
Ag/AgCl (NaCl sat.). The optimized Pt/C ECs obtained from C1, C2, and
C3 were evaluated using the CV-TF-RRDE at a loading of 15 pgPt-cm™ in
a 7:3 HyO:IPA solution with the appropriate amounts of the EC and
ionomer. The RRDE tip is mounted on WaveVortex 10 Electrode Rotator
(Pine Research Instrumentations). The collection efficiency of the Pt ring
is equal to 0.39. The experiments are performed with a Bio-Logic VSP
multichannel potentiostat/galvanostat in an acid solution of 0.1 M
HClOj4, under pure Oo, at a temperature of 25 °C and at a sweep rate of
20 mV-s ' with a Hg/HgS04/KaSO4sat) reference electrode. CO,gq
stripping measurements are performed by polarizing the electrode at 0.1
V vs. RHE for 10 min in a CO-saturated solution at T = 25 °C. Afterwards,
the cell is purged with N5 for 20 min while the working electrode po-
larization is maintained at 0.1 V vs. RHE. The CO molecules irreversibly
adsorbed on the EC active sites are stripped by linearly increasing the
working electrode’s potential from 0.1 to 1.15 V vs. RHE at 50 mV-s ..
Then, the electrode is further cycled between 0.05 and 1.15 V vs. RHE at
20 mV-s~! under pure No; the obtained profiles were subtracted from the
CO,q stripping trace to get the net stripping currents through which the
electrochemically active surface area (ECSA) is evaluated. Accelerated
ageing is carried out by cycling the RRDE tip in accordance with a
triangular wave potential profile between 0.6 and 1.0 V at a sweep rate
of 50 mV-s! under an inert atmosphere at T = 25 °C. The ORR perfor-
mance and the ECSA are then determined as discussed above. ORR
performance and ECSA are measured at the beginning of the measure-
ments and after a total of 10, 100, 1000, 3000 and 10,000 accelerated
ageing cycles [32].

3. Results and discussion
3.1. Characterization of C1, C2 and C3 precursors

The composition of the C1, C2 and C3 precursors provided by Altea
Group is determined by Raman spectroscopy, infrared spectroscopy, and
X-ray diffraction studies. Raman spectroscopy enables the identification
of complexes present in the precursors (see Fig. 1(a)). The correlative
assignment of the peaks, based on previous studies of platinum com-
plexes [33], and the use of commercial sodium hexachloroplatinate(IV)
hexahydrate spectra as a benchmark, clearly indicate that PtClZ is the
dominant complex in all the precursors. Indeed, all the spectra reveal the
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Fig. 1. Characterization of C1, C2 and C3 precursors. (a) micro-RAMAN pro-
files; (b) ATR FT-IR spectra; and (c) XRD patterns.

following modes, typical of the hexachloride complexes of PGMs: (i) v;
(A1g, ~ 344 cm™); (i) v2 (Eg, ~ 320 em™); and (iii) vs (Faq, ~ 180 cm™)
[33,34]. Moreover, the presence of the bands at 181.9 cm?! might
indicate the presence of RhCIZ and the 128.2 ¢cm™ band might be
ascribed to a skeletal vibration of [Rh(NHg)Cls]Z' complexes in both C2
and C3 impurities from the precursor preparation process [33-35].
Fig. 1(b) displays the infrared spectra of the precursors. C1 shows
three bands at 3534, 3484, and 1620 cm’?, corresponding, respectively,
to the O—H symmetric stretching, the O—H antisymmetric stretching,
and the O—H-O symmetric bending modes, indicative of the presence of
hydration water [36]. Both C2 and C3 exhibit two bands. The former is
located at 3222 cm™ and corresponds to the vs vibrational mode of the
ammonium ion; the latter is observed at 1338 cm-1 and corresponds to
the v4 vibrational mode of the same ion [37]. The EDS mapping of the
C1, C2, and C3 precursors (see Figure S1-S3 and Table S2-S4 in Sup-
porting Information) revealed the presence of impurities of other PGMs
(i.e., Rh and Ir), in agreement with micro-Raman spectroscopy results.
Fig. 1(c) shows the XRD profiles obtained for the C1, C2 and C3
precursors. The XRD profile of the C1 precursor matches that of the
Na2PtCl6-6H20 phase; this is consistent with results from Raman
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spectroscopy, FT-IR, and EDS mapping. On the other hand, the XRD
profiles of the C2 and C3 precursors match the (NH4),PtClg phase; this is
consistent with: (i) the results obtained by EDS mapping; (ii) the Raman
mode of PtClg%; and (iii) the FT-IR modes of ammonium. It is also
highlighted that the XRD profiles of chemicals comprising XCIZ" and
xc12‘ complexes, where X = Pt, Pd, Rh and Ir are quite like one another
[38-40]. Hence, it is tough to identify the presence of small impurities of
species such as of RhCI, and IrCl§" in the XRD profile of chemicals
comprising PtCl%’ anions (e.g., NayPtClg-6H20 — C1; and (NH4)2PtClg —
C2 and C3).

The complete thermogravimetric analysis (TGA) and ICP-OES anal-
ysis of the C1, C2 and C3 precursors is reported in Supplementary In-
formation (see Section S2). To achieve a semiquantitative estimate of the
purity of NayPtCle-6H20 in C1, a mass balance is solved with the ICP-
OES metal composition, which indicates the presence of 99.2 wt % of
NayPtClg-6H20. Correspondingly, NaslrClg-6H20 and NagRhClg-12H0
account for a total of 0.042 wt % (Table S6). Furthermore, C2 and C3
presented the thermal decomposition of (NHy4)2PtClg at 380 °C with
traces of (NH4)3RhClg and (NHy4),IrClg (see Figure S4) [41]. For C3, the
ICP-OES analysis shows a content of 75.43 wt % for (NH4)2PtClg and of
1.9 wt % for (NH4)2IrClg while (NH4)3RhClg accounts for 0.08 wt %
(Table S7). Finally, C3 includes 84.7 wt % of (NH4)2PtClg and <0.09 wt
% of (NH4)2IrClg and (NH4)3RhClg. Despite these results, ICP-OES likely
underestimates the content of Rh and Ir. However, the latter are likely
included in the samples as chlorometalate complexes as revealed by
micro-RAMAN (see Fig. 1(a)).

3.2. Results of the design of experiments (DoE)

3.2.1. Microemulsions including the C1 precursor

The microemulsion method is implemented to obtain Pt/C ECs
starting from the C1 precursor, which is soluble in water. Due to the
impurities present in the C1 precursor, the microemulsion method re-
quires that "stability zones" are identified modulating: (i) the concentra-
tion of the C1 precursor; and (ii) the temperature. Fig. 2 illustrates the
ternary stability diagrams for two C1 precursor concentrations and three
temperatures.

It is found that at a lower concentration of the C1 precursor the
stability zone is enlarged; however, higher amounts of surfactants,
organic phase, and co-surfactant are necessary. Higher concentrations of
the C1 precursor lead to narrower stability zones (see Fig. 2(b)). As the
temperature rises, the stability zones are enlarged irrespectively of the
concentration of the C1 precursor. It is also highlighted that the presence
of sodium ions in microemulsion raises the ionic strength. Correspond-
ingly, the equilibrium constants and the density of the aqueous phase are
raised, while the reverse micromicelle volume changes. Despite all these
issues, the systematic effort to identify experimentally the stability zones
of microemulsions including a precursor obtained from mining residues
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and thus of non-analytical grade such as C1 is successful and allows for
the preparation of Pt/C ECs.

Table S9 presents the ANOVA results for the mass activity (MA) of
Pt/C electrocatalysts (ECs) synthesized via the microemulsion method
with the C1 precursor, as shown in Fig. 3(a) and Fig. 3(b). The MA is
significantly influenced by the aqueous phase percentage and C1 pre-
cursor concentration (p < 0.05), contributing to the narrow regions
observed in the ternary diagrams. The statistical model demonstrates a
strong agreement with experimental data (R*> = 94.3 %, adjusted R? =
87.2 %), with deviations attributed to variations in the ECs film on the
RRDE tip. Fig. 2 further reveals that simultaneous increases in both
variables listed in Table 1 destabilize the microemulsion, thereby
limiting the achievable precursor concentration. Moreover, dynamic
light scattering (DLS) measurements (Figure S5) confirm that reverse
micelle volume increases with higher C1 precursor concentration.
However, excessive water content may promote crystal growth and
micelle coalescence, leading to larger particles and a reduced electro-
chemically active surface area (ECSA), thereby lowering MA in the ORR
[42,43] The Design of Experiments (DoE) identifies optimal synthesis
conditions for high-performing Pt/C ECs as 55 °C temperature, 50
mg/mL NayPtCle-6H20 concentration, and an aqueous phase mass per-
centage of 3.75 %.

3.2.2. Polyols for the C2 precursor

Pt/C ECs for the ORR were synthesized via the polyol method using
the water-insoluble C2 precursor. The analysis of variance (ANOVA) for
MA presented in Table S11 and supported by Figs. 3(c) and 3(d), iden-
tified the concentration of polyvinylpyrrolidone (PVP) and its interac-
tion with temperature as the most significant factors affecting ORR
performance. Both variables exhibited statistically substantial adverse
effects on MA (p < 0.05, 95 % confidence level), with a model fit of R? =
90 %. Furthermore, the Pareto chart in Fig. 3(c) indicates that excess
PVP reduces ORR activity. Although the C2 precursor yielded the
highest-performing ECs, its synthesis was complicated by the presence of
Rh and Ir complexes, limiting optimization flexibility compared to C1
and C3. Thermogravimetric analysis (Figures S12 and S14) revealed a
mass loss between 160 °C < T < 175 °C, attributed to residual PVP and
other organic species such as ethylene glycol, despite post-synthesis
washing (Section 2.2.4) [44]. These residues likely obstruct the active
sites of Pt nanoparticles, thereby diminishing ORR efficiency [45].
Finally, the Design of Experiments (DoE) determined the optimal syn-
thesis conditions for high-performance Pt/C ECs using the C2 precursor:
temperature of 200 °C, dwell time of 375 s, and absence of PVP in the
polyol. These findings are consistent with previous work by Karadeniz
and Ayas [46] who demonstrated that elevated temperatures during
microwave-assisted synthesis promote the formation and coalescence of
multiple Pt nuclei into complex three-dimensional structures, thereby
enhancing ORR activity.

60 mg/mL
Temperature ©
Il 55°C
W s50°C > %6
M 45°C c %
=4 [
3 ®
Y 50 ‘Og
%
¢
e
100
o o
o 25 50 75 100 o 25 50 75 100
a % Cyclohexane b % Cyclohexane

Fig. 2. Ternary diagrams displaying the concentration and temperature effects on the stability of the microemulsions including the C1 precursor. The concentration
of the C1 precursor in the microemulsion is equal to: (a) 50 mg/mL and (b) 60 mg/mL.
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Fig. 3. DoE results for the Pt/C ECs including the C1, C2 and C3 precursors. C1: (a) Pareto chart, (b) contours response; C2: (c) Pareto chart, (d) contours response;

and C3: (e) Pareto chart, (f) contours response.

3.2.3. Polyols for the C3 precursor

Table S13 presents the ANOVA analysis for the mass activity (MA) of
Pt/C ECs synthesized via the polyol method using the C3 precursor, with
Fig. 3(e) and Fig. 3(f) illustrating the performance trends. The most
significant factors influencing oxygen reduction reaction (ORR) activity
are the amount of PVP capping agent and the dwell time, both of which
show statistical significance (p < 0.05, 95 % confidence). The model’s R?
is 98.4 %, adjusted to 95.6 % due to system variability, particularly in
catalysts with higher rhodium content, which stabilize platinum distri-
bution and reduce optimization variability (Table 15). The Design of
Experiments (DoE) identifies optimal synthesis conditions as: 160 °C
temperature, 150 s dwell time, and the absence of PVP. Despite PVP’s
known role in preventing nanoparticle coalescence, localized heating
during microwave-assisted reduction enhances in situ structure and MA.
Table 2 summarizes the best-performing synthetic parameters for Pt/C
ECs derived from C1, C2, and C3 precursors.

3.3. Morphology and composition of optimized Pt/c ECs for the ORR

Fig. 4 displays SEM, HR-TEM, and STEM/EDS results of the opti-
mized Pt/C ECs for the ORR obtained from the Cl1, C2, and C3

Table 2

Optimized synthetic parameters yielding the best-performing Pt/C ECs for the ORR.

precursors. Fig. 4(a-g) refers to the optimized Pt/C EC for the ORR
synthesized from the C1 precursor, labelled hereinafter as "C1E3". SEM
pictures show small bright spots associated with the Pt nanoparticle
dispersion on the carbon support, indicating particle coalescence. Fig. 4
(b) shows that the morphology of the Pt nanoparticles, as revealed by
HR-TEM, is spherical/ellipsoidal, as typical for ECs obtained with the
microemulsion method [47]. The presence of NagRhClg impurities at the
micelles’ interface during the synthesis likely gives rise to the ellipsoidal
Pt nanoparticles. Fig. 4(c) reveals a lognormally distributed average
particle size of 5.7 + 1.7 nm, which is due to a slight aggregation of the
Pt nanoparticles. The STEM/EDS distribution of the elements displayed
in Fig. 4(d-g), and in particular the Pt map (see Fig. 4(f)) indicates Pt
agglomeration in some regions of the carbon support observed in Fig. 4
(©).

Fig. 4(h-n) and Fig. 4(o-u) refer to the optimized Pt/C ECs for the
ORR synthesized from the C2 and C3 precursors, labelled hereinafter as
"C2E9"and "C3E8", respectively. Fig. 4(i) and Fig. 4(p) confirm the
presence of spherical Pt nanoparticles in both C2E9 and C3E8, whose
average particle size is equal to 4.4 + 1.0 nm (Fig. 4(j)) and 3.8 + 1 nm
(Fig. 4(q)), respectively. However, Pt NPs of C2E9 are very distinct,
while the Pt NPs of C3E8 are somewhat attached. The STEM/EDS

Precursor Synthetic parameter
Aqueous phase / % Precursor concentration / mg/mL Temperature / °C Dwell time PVP/(NH,4),PtClg
/s / mol/mol
C1 3.75 50 N/A
Cc2 N/A 200 375 0
c3 N/A 160 150 0
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Fig. 4. Morphology and composition of optimized Pt/C ECs for the ORR. C1E3: (a) SEM; (b) HR-TEM,; (c) particle size distribution; and (d-g) STEM/EDS composition.
C2E9: (h) SEM; (i) HR-TEM,; (j) particle size distribution; and (k-n) STEM/EDS composition. C3E8: (0) SEM; (p) HR-TEM; (q) particle size distribution; and (r-u)

STEM/EDS composition.

distribution of the elements displayed in Fig. 4(k-n) and Fig. 4(r-u),
respectively, for C2E9 and C3ES8, indicates that, at a scale larger than
that probed by HR-TEM, Pt nanoparticles are well distributed on the
carbon support.

Distinctive differences between C1E3 (microemulsion) and C2E9 and
C3ES8 (polyol) Pt/C ECs for the ORR are that the latter exhibit: (i) a more
uniform distribution of the Pt nanoparticles on the carbon support; and
(ii) a smaller average particle size. This outcome is interpreted as indi-
cating that the ethylene glycol medium in the polyol facilitates a more
homogeneous nucleation of the Pt nanoparticles. Indeed, the high
boiling point of the glycol ethylene medinum enables elevated synthesis
temperatures. This promotes the controlled nucleation and growth of Pt
nanoparticles by stabilizing the Pt-Pt dimers and the Pt,Cly in-
termediates, which are crucial during the nucleation phase [48,49]. The
microemulsion method enables controlled nucleation and growth of Pt
nanoparticles within nanoscopic aqueous domains stabilized by surfac-
tants in a nonpolar medium. Reduction of Pt** by NaBHy4 occurs inside

micelle cores, initiating nucleation [50,51]. The confined micellar
environment limits particle growth, resulting in uniformly sized Pt
nanoparticles. Graphite in the oil phase interacts with micelles via hy-
drophobic and electrostatic forces, especially at defect or functionalized
sites, promoting micelle localization and Pt deposition near the graphite
surface [51]. Although graphite serves as a support and nucleation
substrate, it undergoes minimal oxidation, leading to more pronounced
nanoparticle growth and thus larger Pt particle sizes. Figures S6-S11
report additional information on the morphology of the optimized Pt/C
ECs for the ORR obtained starting from the C1, C2, and C3 precursors.

ICP-OES (see Table S16) does not reveal a significant amount of Rh
and Ir in C1E3, C2E9, and C3ES8. The small amounts of chlororhodate or
chloroiridate complexes found in the starting C1, C2, and C3 precursors
do not undergo significant reduction during the synthetic process
yielding the optimized Pt/C ECs for the ORR. This outcome is inter-
preted considering that chlororhodate and chloroiridate complexes are
both highly stable and kinetically inert [35,52]. In the case of
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microemulsions (such as that used in the synthesis of C1E3), the
reduction of chlororhodate and chloroiridate complexes requires several
concurring phenomena, including: (i) a dynamic interaction where two
reverse micelles interchange the material inside them; and (ii) the
presence of a potent reducing agent and also Hy bubbling [53] or a
different hydrocarbon phase, such as n-Hexane/Isooctane, to destabilize
the complexes and expose the metal center [54]. In the case of polyols
(such as those used in the synthesis of C2E9 and C3E8), the reduction of
chlororhodate and chloroiridate complexes cannot be achieved only by
means of the ethylene glycol medium; this is particularly the case for Rh,
as shown in the literature [55]. Indeed, chlororhodate and chloroiridate
complexes stabilize in ethylene glycol media due to the coordinating
ability of polyols. The latter favors the solubility of metal ions through
the formation of metal complexes, thus avoiding the reduction of the
Rh/Ir metal center. As a result, the reduction of Rh would require other
reducing agents (e.g., ascorbic acid and citric acid), together with the
introduction of KBr [55]. Similarly, the reduction of chloroiridate
complexes requires more potent reducing agents than ethylene glycol
such as trisodium citrate or polyethylene glycol [52].

As a conclusion, under the synthesis conditions used to obtain the
optimized Pt/C ECs for the ORR based on the C1, C2 and C3 precursors,
the chlororhodate and chloroiridate complexes found in the latter could
not be reduced and neither Rh nor Ir are introduced into the C1E3, C2E9
and C3E8 ECs.

Fig. 5 displays high-magnification HR-TEM images of the optimized
Pt/C ECs for the ORR, together with the corresponding Fast Fourier
Transform images. C1E3, C2E9 and C3E8 all reveal the usual interplanar
distances ascribed to Pt(111), Pt(200), Pt(220) and Pt(222). Thus, C1E3,
C2E9 and C3E8 all include fcc Pt nanoparticles.

Fig. 6 illustrates the x-ray diffractograms of the Pt/C benchmark and
of the optimized Pt/C ECs for the ORR. Table 3 summarizes the results of
the analysis with the MAUD software [29] of the x-ray diffractograms
displayed in Fig. 6.

The XRD results are in accordance with the outcome of the FFT
analysis of the high-magnifiction HR-TEM images displayed in Fig. 5.
The XRD profiles of the Pt/C benchmark EC and the Pt/C ECs for the
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Fig. 6. XRD profiles of the Pt/C benchmark and of the optimized Pt/C ECs for
the ORR obtained from the C1, C2 and C3 precursors.

ORR, based on the C1, C2, and C3 precursors, are very similar to one
another and display the same peaks. The latter associated to two phases:
(i) platinum nanocrystals with an fcc structure, revealing the usual
(111), (200) and (220) reflections [56]; and (ii) nanometric graphite
from the XC-72R carbon used as the support, which shows the (002) and
(101) reflections [57]. It is concluded that both the optimized micro-
emulsion and the optimized polyol synthetic approaches yield Pt/C ECs
for the ORR characterized by a very similar long-range order compared
to the Pt/C benchmark.

The survey XPS spectra of both the proposed ECs and the Pt/C
benchmark are displayed in Fig. 7(a). The profiles allowed for the
determination of the surface chemical composition, which is reported in
Table 4.

The majority component of all the ECs is C. All the ECs also include:
(i) Pt, from the platinum nanoparticles bearing the active sites; (ii) O;
and (iii) a very small amount of S, <0.5 at %, provided by the Vulcan XC-
72R used as the support (this is consistent with the results reported in
Table S16). The surface of C3E8 also includes 3.7 at % of N, likely

10 1/nm

Fig. 5. Fast Fourier Transform (FFT) analysis of high-magnification HR-TEM images. (a) HR-TEM of C1E3; (b) FFT of C1E3; (c) HR-TEM of C2E9; (d) FFT of C2E9; (e)

HR-TEM of C3ES8; and (f) FFT of C3ES.
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Table 3
Results of the analysis of the x-ray diffractograms displayed in Fig. 6.
XRD
Electrocatalyst Composition / wt % d-spacing 20 Peaks
Pt/C benchmark C: 84 357 A 24.91 C(002)
1.70 A 53.95 C(101)
Pt: 16 2.27 A 39.74 Pt(111)
1.96 A 42.22 Pt(200)
1.39A 67.43 Pt(220)
Pt/C C1E3 C: 80 3.61 A 24.61 C(002)
1.70 A 53.79 c(101)
Pt: 20 2.26 A 39.76 Pt(111)
1.96 A 46.24 Pt(200)
1.39A 67.48 Pt(220)
Pt/C C2E9 c: 81 3.61 A 24.64 C(002)
2.19A 41.09 C(101)
Pt: 19 2.26 A 39.82 Pt(111)
1.96 A 46.31 Pt(200)
1.39A 67.57 Pt(220)
Pt/C C3E8 C: 84 357 A 24.91 C(002)
1.70 A 53.95 C(101)
Pt: 16 2.27 A 39.74 Pt(111)
1.96 A 42.22 Pt(200)
1.39A 67.43 Pt(220)

deriving from the ammonium precursor used for this latter EC. It is
pointed out that the content of O increases in the order: CIE3 < C3E8 ~
Pt/C < C2EO.

The high-resolution XPS profiles of Pt 4f, C 1 s, and O 1 s undergoes
decomposition to better elucidate the chemical state of the surface atoms
of the ECs. Pt 4f exhibits a doublet (see Fig. 7(b)), whose peaks are
centered at 71.4 eV (Pt 4f;, transition) and 74.7 eV (Pt 4f5 5 transition).
Each peak comprises three components associated with Pt(0), Pt(II), and
Pt(IV) species, and their relative abundance is shown in Fig. 7(c). In
detail, the doublets ascribed to Pt(0), Pt(Il) and Pt(IV) peak at: (i) 71.4
and 74.7 eV; (ii) 72.4 and 75.7 eV; and (iii) 73.7 and 77.0 eV [58,59]. In
all the ECs, the prevalence of Pt(0) and Pt(Il) is quite similar (approxi-
mately 40-50 at %); on the other hand, the prevalence of Pt(IV) is
significantly lower (approximately 5-10 at %). Though the overall
chemical state of Pt species is relatively similar in all the ECs, the
prevalence of oxidized species (Pt(II) + Pt(IV)) rises slightly in the order:
C2E9 < C1E3 < C3E8 < Pt/C. The peak ascribed to the C 1 s transition
includes several components (see Fig. 7(d)), whose binding energy is
increased as follows: sp? < sp> < C—0 < epoxide < C = O < COOH <
-1 [60-62].

The relative abundance of such components is reported in Fig. 7(e); it
is highlighted that the n-t* peak contributes to the abundance of the sp?
species. Overall, it is found that the prevalence of oxidized carbon spe-
cies increases in the order Pt/C ~ C1E3 < C3E8 < C2E9. In particular, in
C2E9 the prevalence of highly oxidized carbon species (e.g., epoxide, C
= O and COOH) is 3-5 times larger than that of the other ECs.

Finally, the peak of the O 1 s transition can be decomposed into four
components (see Fig. 7(f)), whose binding energies are in the following
order: C = O < C—0 < O—C = O < Ads. Hy0 [63-65]. The relative
abundance of such components is displayed in Fig. 7(g). It is found that:
(i) the prevalence of the C = O species decreases in the order: C1E3 >
Pt/C > C3E8 > C2E9; and (ii) the relative abundance of the C—O species
increases as follows: C2E9 < C1E3 < C3E8 < Pt/C. Finally, C2E9 is the
only EC exhibiting a clear component ascribed to adsorbed Hy0 in the O
1 s transition.

Based on these results and the discussion of particle size growth,
Fig. 7 indicates that as graphite oxidizes during synthesis, the sp? atom
percentage decreases relative to the Pt/C benchmark. The presence of Pt
(0) species increases as C2E9 presents the lower sp2 and the higher Pt(0)
atom percentage (Fig. 7(c) and 7(e)). Furthermore, the graphite oxida-
tion for this EC appears to be associated with epoxide and C = O for-
mation, as evidenced by the C 1 s spectra and corroborated by O 1 s 0—C
= O in the graphite, which shows a higher atom percentage than the rest
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of the materials. Therefore, Pt(II) seems to be associated with the C—O
sitesas C1 sand O 1 s indicated, the highest Pt(II) content is for the C3E8
material which presented the highest C—O atomic percentage and the
lowest COOH sites. This suggests that during the reduction steps from Pt
(I) these sites anchor and isolated the Pt(II) species, thus inhibiting Pt
(0) formation. Finally, C1E3 showed higher sp? and sp® carbon, indi-
cating less oxidized carbon support than in the polyol methods. How-
ever, this might also explain the higher particle size observed, where the
anchor nanoparticles exhibit greater growth after nucleation. The lower
atomic percentage of O—C = O might indicate that these sites could be
possible anchors in the carbon structure that allow the Pt(II) to Pt(0)
reduction in the polyols method; this could be the origin of the higher
presence of Pt(II) for this EC.

3.4. Electrochemical performance

Fig. 8 and Table 5 summarize the electrochemical performance of the
optimized Pt/C ECs for the ORR obtained with the C1, C2, and C3 pre-
cursors as compared with the Pt/C benchmark. Figure S15 and Table S10
report the outcome of the DoE for the ECs prepared with the C1 pre-
cursor. The limiting current density plateau ranges from —4.25 V to
—4.81 V, with minor fluctuations between these values. Figure S16 and
Table S12 summarize the DoE results for the ECs prepared with the C2
precursor. There are differences in the limiting current values of each EC
due to slightly different mass-transport limitations at the ionomer/
electrocatalyst interfaces, associated with morphological differences,
such as nanoparticle distribution and agglomerates [66].

Besides, according to the DoE, a decrease in E(jpy(5 %)) is observed
for the ECs where PVP is introduced as the capping agent in the polyol.
This decrease is ascribed to the blocking of some Pt active sites by PVP,
which is not entirely removed by the final washing (also see Section
3.2.2.) [45]. Figure S17 and Table S14 include the DoE results for the
ECs prepared with the C3 precursor. Although these Pt/C ECs exhibit a
higher mass activity in the DoE, their performance when compared with
the best-performing Pt/C ECs is not as good as expected. This outcome
might be associated with a low ECSA, triggered by some aggregation
between the Pt nanoparticles bearing the active sites.

Furthermore, all optimized Pt/C ECs (C1, C2, C3) show lower ring
currents than the Pt/C benchmark (Fig. 8(a)), resulting in smaller
peroxide fractions and electron numbers closer to 4 (Fig. 8(b)). This
outcome is confirmed by  Koutecky-Levich  experiments
(Figures S18-S21, Table S18), which reveal a similar selectivity for the
4-electron ORR mechanism than Pt/C. The cyclic voltammograms of
C1E3, C2E9 and C3E8 in an inert atmosphere (Fig. 8(c)) reveal the usual
features of nanocomposite Pt/C ECs such as the benchmark. The ECSA
determined by CO,q stripping (Fig. 8(d), Table 5) follows the order:
C1E3 ~ C3E8 < Pt/C < C2E9, with all ECs showing CO,q stripping peaks
at ~0.85 V, suggesting similar active site chemistry and intrinsic ORR
kinetics based on SA@0.9 V [68]. The SA@0.9 V of the ECs follows the
trend: C2E9 < C1E3 ~ C3E8 < Pt/C benchmark (Table 5). Despite slight
differences, values are comparable to those reported for ORR ECs with
pure Pt nanoparticles [68], consistent with (i) similar Pt chemical states
(Fig. 7(b) and Fig. 7(c)) and (ii) absence of co-catalysts [68]. C2E9 shows
the lowest SA@0.9 V due to abundant oxygen (Table 4) and highly
oxidized carbon species (Fig. 7(d) and Fig. 7(e)), which act as electron
traps, inhibiting O: reduction. For C1E3 and C3E8, the decreased
SA@0.9 V (Table 5) is likely linked to a higher proportion of C = O and
O-C = O groups relative to C-O (Figs. 7(f), 7(g)), suggesting these
groups more effectively trap electrons, slowing ORR kinetics. The
overall performance of Pt-based ORR ECs is assessed by E(jp¢(5 %)) [69]
and MA@0.9 V [68], which correlate with ECSA (number of active sites)
and SA@0.9 V (intrinsic kinetics). Both metrics increase as: C1E3 ~
C3E8 < Pt/C =~ C2E9 (Table 5). The lower ECSA of C1E3 and C3E8 (~30
m?/gpy) limits performance despite good SA@0.9 V (~450 mA/cm?py).
Conversely, C2E9 compensates for slower kinetics with a very large
ECSA (92 m?/gpy) and more active sites than Pt/C.
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Table 4
Surface chemical composition of the ECs.

Electrocatalyst At % Surface Stoichiometry
Pt C (6] N S

Pt/C Benchmark 2.8 89.7 6.9 0.0 0.5 PtC31.502.450.18

CIE3 1.9 92.0 5.9 0.0 0.2 PtC49.403.250.11

C2E9 1.5 83.9 14.3 0.0 0.3 PtCs4.309.350.19

C3E8 34 860 6.6 37 0.4  PtCys.401.0N11S0.11

Fig. 8(f) shows CO,q stripping evolution for ECSA (Table 5). After
10,000 accelerated ageing cycles, ECSA retention exceeds 89 % across
all ECs, similarly to the benchmark (Fig. 8(g)). This indicates that
cycling, despite triggering some changes in mass activity, does not lead
to an excessive agglomeration of the Pt nanoparticles bearing the active
sites. C2E9 and C3E8 recover MA after 3000 accelerated ageing cycles

Electrochimica Acta 548 (2026) 147979

(Fig. 8(h)), while C1E3 shows 52 % MA decay, likely due to particle
coalescence from its larger initial size. Intermediate MA decay (up to 36
%) in C2E9 and C3ES8 is followed by recovery, possibly due to Pt(II)
redistribution at O-C = O sites formed during polyol synthesis, as sup-
ported by XPS. ORR diffusion-limited current is lower than the bench-
mark (Figure S22), suggesting a slightly inhibited O: transport,
especially for C1E3 post-cycling. Finally, E(jp(5 %)) [69], which is a
relevant figure of merit to gauge the kinetic behavior of the ECs, in-
dicates that in all the electrocatalysts the ORR overpotential increases
upon cycling. A final recovery at 10,000 cycles is observed in C2E9 and
C3E8 due to active sites reaccommodation and recovery as discussed
above.

The outcome of the experiments reported in this work suggests that
to maximize the ORR performance of Pt/C ECs prepared starting from
precursors obtained from mining residues it is preferred to: (i) start from
a Pt complex that is insoluble in water (e.g., the (NH4)2PtClg found in
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Table 5
Figures of merit describing the ORR performance of the optimized Pt/C ECs obtained from the C1, C2, and C3 precursor.
Electrocatalyst #Cycles MA@0.9 V MA Decay ( %) E(jpe(5 %)) ECSA ECSA Retention ( %) SA@0.9V
(mA/mgp) (m*/g) (mA/cm®)
ClE3 1 164.4 - 0.975 32.7 - 502.0
1000 185.6 -12.9 0.972 31.6 96.6 587.5
10,000 78.7 52.1 0.949 29.9 91.4 263.3
C2E9 1 273.5 - 0.971 91.5 - 323.2
1000 213.5 21.9 0.962 86.9 95.0 278.4
10,000 215.3 21.3 0.968 82.2 89.8 300.7
C3E8 1 99.1 - 0.951 30.8 - 321.8
1000 62.5 36.9 0.939 31.8 103.2 196.7
10,000 94.8 4.3 0.951 29.8 96.7 318.1
Benchmark 1 249.3 - 0.975 45.3 - 337.2
1000 226.0 9.3 0.974 39.7 87.6 348.7
10,000 167.9 32.7 0.962 37.2 82.1 276.2

C2); and (ii) oxidize the surface of the carbon support (in our case,
Vulcan XC-72R) using the polyol method assisted by a vigorous micro-
wave treatment (T = 200 °C, dwell time = 375 s) and in the absence of a
capping agent (see Table 2). These synthesis conditions likely leads to a
high density of oxidized species on the carbon support surface. Such
oxidized species then act as abundant nucleation sites for the growth of
many small, well-dispersed Pt nanoparticles, yielding a large ECSA
(corresponding to a large number of ORR active sites) at the expense of
somewhat reduced intrinsic ORR kinetics for each active site. The final
result is C2E9, a Pt/C EC for the ORR, whose overall performance
compares favorably with that of the Pt/C benchmark and is also more
selective towards the 4-electron mechanism.

4. Conclusions

This work demonstrates a sustainable approach to obtain high-
performance Pt/C electrocatalysts for the ORR by valorizing mining
residues as Pt precursors. Comprehensive characterization confirmed
high Pt content with minor PGM impurities, enabling synthesis via
microemulsion and microwave-assisted polyol methods. Using
Box-Behnken optimization to tune key synthetic parameters, we
established robust protocols to tailor particle size, dispersion, and sur-
face chemistry. These findings highlight the feasibility of converting
mining waste into advanced electrocatalysts, reducing environmental
impact while maintaining competitive performance, an essential step
toward circular economy strategies in energy-conversion technologies.

The optimized Pt/C electrocatalysts (C1E3, C2E9, C3E8) exhibit
structural and chemical features comparable to the state-of-the-art Pt/C
benchmark, including Vulcan XC-72R support, ~20 wt % Pt loading,
and similar Pt surface states (XPS). Among them, C2E9 shows compa-
rable performance, with E(jpi(5 %) = 0.971 V and MA@0.9 V = 273.5
mA/mgpy, barely surpassing the Pt/C benchmark (E(jp«(5 %) = 0.975V,
MA@0.9 V = 249.3 mA/mgp;), while C1E3 and C3E8 remain competi-
tive. These results are interpreted acknowledging that, relative to the Pt/
C benchmark, the carbon support in C2E9 is more oxidized, which favors
the formation of smaller, well-dispersed Pt nanoparticles during syn-
thesis. Consequently, with respect to the Pt/C benchmark, the ECSA of
C2E9 is larger (91.5 m?/gp¢ vs. 45.3 m>/gpy).

Furthermore, durability analysis confirms that all optimized Pt/C
electrocatalysts retain ca. 90 % of their ECSA after 10,000 accelerated
ageing cycles, demonstrating an excellent stability. The main difference
lies in mass activity decay: C1E3 shows the highest loss (52 %), while
C2E9 and C3E8 outperform the Pt/C benchmark with a lower decay and
partial recovery after 3000 accelerated ageing cycles. Notably, these
materials maintain a competitive performance even under extended
cycling, highlighting their durability and suitability for long-term
operation in practical fuel cell applications.

In conclusion, this work demonstrates that by a suitable optimization
of the synthetic parameters it is possible to use impure precursors ob-
tained from mining residues to obtain viable Pt/C ECs for the ORR,
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whose performance compares favorably with that of a state-of-the-art
commercial benchmark. In perspective, this could lead to diversifica-
tion of Pt suppliers, thereby helping curb the costs of PEMFC electrodes
and facilitating the large-scale rollout of this promising green energy
technology.
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