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The development of high-performance electrocatalysts is critical for enhancing the performance and
commercial viability of direct methanol fuel cells (DMFCs), which hold the potential to transform the
way we power portable electronics and off-grid systems. In this study, we have employed the gas-
diffusion electrocrystallization process (GDEx) at room temperature to synthesize platinum nanoclusters
(NCs), using different concentrations of polyvinylpyrrolidone (PVP) to stabilize the NPs. The morphology,
structure, and composition of the Pt NCs were characterized by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), Single-particle inductively coupled plasma-sector field mass
spectrometry (splCP-SFMS) and X-ray diffraction (XRD). Moreover, we assessed the electrocatalytic
activity of the Pt NCs for methanol oxidation in both acidic and alkaline media. TEM and SEM analyses
revealed Pt NCs of 30 nm-60, composed of much smaller primary nanoparticles with a diameter ran-
ging from 2—-4 nm. PVP played a crucial role in preventing diffusion limited aggregation of the Pt NCs.

Received 2nd May 2023, PVP-stabilized GDEx-made Pt NCs demonstrated superior electrocatalytic activity for methanol

Accepted 6th September 2023 oxidation compared to aggregated Pt NCs and commercial Pt/C, which can be attributed to the porous
DOI: 10.1039/d3ma00209h structure of the Pt NCs, resulting in a high effective surface area. This study underscores the potential of

the GDEx process as a simple and efficient strategy for synthesizing nanomaterials with remarkable
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Introduction

The growing demand for energy production and the need to
replace fossil fuels as a primary source of electric power have
prompted the scientific community to explore renewable and
green alternatives. In this context, fuel cells have emerged as
promising technologies for energy generation, offering high
energy conversion efficiency while remaining environmentally
friendly.> Direct methanol fuel cells (DMFCs) stand out as a
promising alternative to their counterparts (i.e., proton
exchange membrane fuel cells, PEMFCs) due to their cost-
effectiveness, simplified systems and high energy density.?
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catalytic activity and stability for electrochemical energy applications such as direct methanol fuel cells.

The core concept underlying DMFCs is centred on situating
the methanol oxidation reaction (MOR) at the anode and the
oxygen reduction reaction (ORR) at the cathode. At 25 °C the
thermodynamic potential of a DMFC is 1.21 V and the theore-
tical thermodynamic efficiency of converting methanol could
potentially reach up to 96.4%, this efficiency greatly surpasses
that of internal combustion engines, for example.” The biggest
promise of DMFCs lies in their potential to serve as efficient,
compact, and environmentally friendly energy sources for a
variety of portable and remote applications. Their high energy
density, low operating temperature, and ability to directly
utilize liquid methanol as fuel make them particularly suitable
for powering portable electronic devices, remote power genera-
tion, and backup power systems.” DMFCs have the potential to
revolutionize the way we power portable electronics and off-
grid systems, offering longer runtimes, quick refuelling, and
reduced environmental impact compared to conventional
batteries.” Additionally, their quiet operation and ease of use
make them attractive for military and emergency response
applications. The use of methanol as a liquid fuel, which
facilitates their transportation and storage, and their low
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temperatures operation (i.e., 40-80 °C), make them particularly
attractive for these applications.®

However, to fully realize the potential of DMFCs several
technological challenges need to be addressed, including
methanol crossover and, especially, the performance of the
electrocatalysts due to their high production costs and the
sluggish kinetics of the methanol oxidation reaction (MOR).®
The MOR involves a six-electron transfer and follow different
pathways in acidic and alkaline electrolytes. Ideally, six elec-
trons are exchanged, encompassing steps such as methanol
adsorption, dehydrogenation of carbon-containing intermedi-
ates (i.e., COH, CHO), and the generation of CO,. However, the
formation of CO, involves intricate processes, with various
pathways leading to the generation of multiple intermediaries.
Notably, one of the intermediaries, CO, restricts the rate of
methanol oxidation at the anode due to its great stability. CO
formation arises from an indirect mechanism where COH and
CHO are directly dehydrogenated.””® For DMFCs utilizing acid-
based electrolytes, the reaction are as follows ((1) and (2)):®

At the anode: CH;0H + H,0 — CO, + 6H' + 6e~ (1)

At the cathode :%Oz +6HT + 6e” — 3H,0 (2)

And for DMFCs utilizing alkaline-based electrolytes (reac-
tions (3) and (4)):

At the anode: CH30H + 60H™ — CO, + 5H,0 + 6e”  (3)

At the cathode :%Oz + 6H,O + 6e~ — 60H™ (4)

In both scenarios, the overall chemical process can be
summarized as (reaction (5)):

CHﬂH{+%Oz—eC02+2Hﬂ) (5)

Despite its cost, Pt is widely recognized as the most effective
catalyst for DMFCs. However, the CO intermediate formed
during the methanol oxidation reaction (MOR) strongly adsorbs
onto the Pt surface, blocking active sites and consequently
causing a significant decrease in activity.® In addition to
poisoning, typical Pt electrocatalysts may also experience ripen-
ing, sintering or dissolution, which contribute to a lack of long-
term stability. Furthermore, the use of carbon-based ESI{ can
lead to severe corrosion under the typical operation conditions
of DMFCs, exacerbating stability problems.” Due to these
concerns, there has been a resurgence of interest in using
unsupported Pt-based catalysts in recent years.>'° Unsupported
nanostructured Pt catalysts address the issues related to carbon
corrosion, enhancing long-term stability. Moreover, unsup-
ported Pt catalysts can form very thin catalytic layers even with
significant loadings (i.e., 2 mgp, cm 2), which reduces the
ohmic drop while providing sufficient accessible active sites
and high electrochemical surface areas (ECSAs).>'® Moreover,
the dimensional and crystalline nature of unsupported
Pt catalyst result in excellent chemical and electrochemical
stability, making them less susceptible to aggregation and
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dissolution."" Consequently, synthesis protocols have shifted
focus from reducing particle size to developing nanostructures
with specific geometries, shapes and compositions that
boast high surface area and/or specific activity, ultimately
increasing catalyst utilization." Different Pt nanostructures
with a variety of shapes and morphologies have been explored
as efficient electrocatalysts for MOR, such as nanotubes,'™"
nanowires,"*'* nanodendrites,*>"*® nanoflowers,"” nanoporous
structures,'® or nanocubes.*’

In line with these developments, we have recently reported a
method for synthesizing platinum group metal (PGM, ie., Pt,
Pd, Rh) nanoparticles (NPs), using a process called Gas Diffu-
sion Electrocrystallization (GDEx).>® In this process, the simul-
taneous electrochemical reduction of CO, and water occurs in
uncatalyzed gas-diffusion electrodes, producing H, and CO.
Both gases, particularly H,, act as reducing agents for water-
soluble noble metal ions, leading to the formation of small
metal nanoclusters.>® CO can also serve as a capping agent.”?
Furthermore, the presence of CO, stabilizes the pH, avoiding
the formation of metal (hydr)oxides.

In this work, we have used the GDEx process to synthesize
unsupported Pt nanoclusters using polyvinylpyrrolidone (PVP,
55 kDa) as a stabilizer and evaluated their electrocatalytic
activity for methanol oxidation. The synthesis was conducted
at —30 mA cm ™2, using 3.0 mM Pt** (as H,PtCl,) as the metal
precursor and different concentrations of PVP (i.e., 0.0, 0.01,
0.1 and 1.0 g L™ '). We opted for low concentrations of stabilizer
to facilitate its removal after synthesis, as clean catalysts are
necessary for electrocatalytic applications.>® The resulting cat-
alysts were Pt NCs measuring 30-60 nm in size, composed of
aggregates of smaller NPs of 2-5 nm in diameter. The electro-
chemical activity of the synthesized Pt NCs for methanol
oxidation was investigated in both acidic and alkaline media.
The GDEx-made Pt nanomaterials exhibited excellent electro-
catalytic activity for the MOR in both media and remarkable
stability in acidic media, suggesting that the Pt NCs synthesized
with the GDEx process hold potential for applications as
catalysts for DMFCs.

Experimental
Materials

Hexachloroplatinic acid (H,PtClg) solution was supplied by
Johnson-Matthey Co. Polyvinylpyrrolidone (PVP, 55000 Mm),
sodium hydroxide (NaOH), potassium hydroxide (KOH), and
sulfuric acid (H,SO,) were obtained from Sigma-Aldrich. Nafion
solution (5 wt%), sodium chloride (NaCl), and methanol
(MeOH) were purchased from VWR. Carbon dioxide (CO,)
and Argon (Ar) were obtained from Air Liquide. All chemicals
were of analytical grade and used without further purification.

Electrochemical setup

The electrochemical setup employed in the GDEx process has
been previously described.** In brief, the reactor consisted of
an EC Micro Flow Cell (ElectroCell), using a three-compartment

© 2023 The Author(s). Published by the Royal Society of Chemistry
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configuration. A PTFE-bonded cold-rolled gas diffusion elec-
trode (GDE) (VITO CORE®) was used as a cathode supported in
a titanium frame acting as a current collector.® A leak-free Ag/
AgCl reference electrode (eDAQ) was placed in the cathodic
chamber near the GDE. A platinum-coated tantalum plate
electrode (Pt 10 pum thickness) was used as an anode. This
anode generated mostly Cl, and some O,, which had a negli-
gible influence on the electrochemical (cathodic) process and
products of interest. Both, the cathodic and anodic chambers
had an exposed area of 10 cm?, a thickness of 0.4 cm, and a
total volume of 4 mL. Both compartments were separated by an
anion exchange membrane (FUMASEP® FAP-4130-PK). The
supporting electrolyte in all cases was 0.5 M NaCl. CO, was
supplied at the hydrophobic (back) side of the GDE at a flow
rate of 200 mL min~ ' with an overpressure of 20 mbar(g).

Synthesis of Pt nanoparticles using the GDEX process

A background electrolyte of 0.5 M NaCl was used to prepare all
solutions. The catholyte was prepared by mixing PVP (0 g L™,
0.01 gL %, 0.1 gL " or1.0 gL ") and H,PtCls (3 mM) with the
background electrolyte, and the pH was adjusted to 3 using
concentrated HCl or NaOH. The background electrolyte was
used as the anolyte. 100 mL of the catholyte and anolyte were
added to two 3-necked glass bottles and connected to the
electrochemical reactor using marprene tubing (Watson-
Marlow). The solutions were pumped to their respective cham-
bers at a flow rate of 100 mL min~" using a peristaltic pump
(530, Watson-Marlow). The solutions and gases were flushed
through the cell during 30 minutes before starting the experi-
ments (without electrode polarization) to ensure sufficient
wetting of the electrode. Chronopotentiometric (CP) experi-
ments were carried out in batch mode at —30 mA cm™? using
an AUTOLAB (PGSTAT302N) potentiostat. pH, charge, and
potential were monitored throughout all experiments. The pH
was measured every 5 seconds with a Metrohm 781 pH per ion
meter equipped with a Metrohm Unitrode pH electrode. To
monitor the Pt concentration in the liquid phase, aliquots of
1 mL were taken from the catholyte at different times, centri-
fuged, and analyzed with an inductively coupled plasma-optical
emission spectrometer (ICP-OES) (Varian 750 ES). The experi-
ments were run until a charge of 10000 C L™ was consumed.

The different Pt NPs suspensions were processed as follows:
for material characterization, 50 mL of the Pt NCs suspensions
were dialyzed using a dialysis membrane (VWR, 12-14 kD). This
process was repeated until no chlorides could be detected in
the solution using AgNOj; solution. For the electrocatalytic
tests, 50 mL of the Pt NCs suspensions were treated with NaOH
to remove PVP from the surface of the Pt NCs following the
protocol of Vidal-Iglesias et al.®® In brief, NaOH pellets were
added to the Pt NCs suspension until the pH was ~ 14, so that
PVP is desorbed from the particles. The suspensions turn then
unstable and the Pt NCs naturally settle.”” The supernatant was
discarded, and the Pt NCs were washed with deionized water
until the pH was ~ 7. Finally, the Pt NCs were resuspended in
deionized water. The Pt concentration in the different Pt NCs
suspensions was measured with ICP-OES after digestion with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aqua regia. All Pt NPs dispersions were kept in closed glass
vessels and stored in the dark until further processing.

Material characterization

The morphology of the Pt NPs was revealed by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). SEM images were obtained using a Philips XL30
FEG scanning electron microscope, images were taken with
secondary electrons and an acceleration voltage of 30 kV. The
samples were prepared by placing two drops of the dialyzed
suspensions on an aluminium foil mounted on a sample
holder. TEM images were recorded using JEOL JEM-2200FS
FEG high resolution transmission electron microscope (TEM/
STEM) operated at a voltage of 200 kV. Samples for analyses
were prepared by direct deposition on holey carbon supported
copper grids (200 mesh). Single-particle inductively coupled
plasma-sector field mass spectrometry (spICP-SFMS; AttoM ES,
Nu Instruments Ltd) was used to study particle size distribu-
tion. Instrumental details and operating conditions are sum-
marized in Table S1 (SI-I) (ESIt). Data acquisition and data
treatment were performed using the combination of NuAttoLab
and NuQuant software (Nu Instruments Ltd) X-ray diffraction
analysis (XRD) was used to determine the crystal structure on a
Seifert 3003 T/T diffractometer operated at a voltage of 40 kv
and a current of 40 mA with Cu Ko radiation (4 = 1.5431 A). The
data were collected in the 20°-120° (26) range with a step size of
0.05°, spending 1 s per step. Single-particle inductively coupled
plasma-sector field mass spectrometry.

Electrochemical characterization

The electrocatalytic activity of the different Pt NPs was char-
acterized using a three-electrode system on a Bio-Logic (VMP3)
multichannel potentiostat. A Pt coil (~3.6 cm®) was used as a
counter electrode, a Ag/AgCl (3 M KCl) electrode was used as a
reference electrode, and a glassy carbon electrode (GCE,
3.0 mm diameter) served as the working electrode. The GCE
was polished with Al,O3 (0.05 um) and rinsed with Millipore
Milli-Q® deionized water. The Pt NCs suspensions (treated with
NaOH) were sonicated for 30 min, and 4-10 pL of the suspen-
sions were deposited onto the GCE and left to dry at room
temperature. Following this, 5 uL of Nafion 0.5 wt% were added
on top of the GDE and let dry on air overnight to ensure catalyst
adhesion. The Pt loading was controlled to be ~60 pg cm™>.
Cyclic voltammograms (CV) were acquired with or without
1.0 M MeOH in a potential window from 0.0 V to 1.2 Vgyg in
Ar-saturated 0.5 M H,SO, or from 0.05 V to 1.45 Vxyg in Ar-
saturated 1.0 M KOH at a scan rate of 50 mV s~ until a steady
behaviour was obtained. Chronoamperometry (CA) experi-
ments were conducted by monitoring the current over a period
of 3600 s while holding the potential constant at 0.9 Vgyg in Ar-
saturated 0.5 M H,SO, or at 0.75 Vgxyg in Ar-saturated 1.0 M
KOH containing 1.0 M MeOH. The accelerated durability tests
(ADT) were carried out using CVs for 1000 cycles at 50 mV s~ *
from 0.0 V to 1.2 Vxyg in Ar-saturated 0.5 M H,SO, and 1.0 M
MeOH or from 0.05 V to 1.45 Viyg in Ar-saturated 1.0 M KOH
and 1.0 M MeOH. To convert the potentials measured against
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the Ag/AgCl electrode (Eag/agci) to values against the reversible
hydrogen electrode (RHE) (Erug) eqn (6) was used.

Erue = Eagiagar + 0.059pH + Ejgiagci (6)

where Egg/Agcl is the potential of the Ag/AgCl (KCI 3 M) electrode
vs. the reversible hydrogen electrode (0. 210 V).

Results and discussion

Synthesis and characterization of Pt nanomaterials by GDEx

In previous work, the synthesis of PGMs NPs (i.e., Pt, Pd, Rh)
using the CO,-GDEx process was introduced.”” In this work, we
focused only on the synthesis of the Pt NCs. The GDEx process
is, in general, carried out in absence of additives except for
NaCl, which acts as supporting electrolyte, and the targeted
metals ions. However, to obtain stable colloidal nanoparticle
suspensions, we need to add a stabilizing agent (i.e., polyvinyl-
pyrrilidone, PVP) to protect the Pt NPs from aggregation. The
reasoning behind selecting PVP the stabilizer arises from
several pivotal factors. First, the mechanism of the stabilization
of Pt NPs by PVP is well-established. PVP binds to Pt surfaces by
interacting with the carbonyl group or nitrogen atom in the
pyrrolidone ring of the repeating unit, which facilitates the
creation of a protective shell around the NPs. This protective
layer effectively curbs aggregation tendencies mainly by steric
hindrance, thus preserving the individuality of the NPs.
Furthermore, PVP exhibits high solubility in aqueous media,
aligning well with our synthesis conditions. Besides, unlike
stabilizers such as sodium citrate or ethylene glycol, which
possess both, stabilizing and reducing properties, PVP is char-
acterized by a weak reducing capability.>® We noted that the
solutions containing Pt ions and PVP remained stable before
the synthesis process, thereby eliminating the possibility of PVP
serving as a reducing agent. In the context of the GDEx process,
where the reducing and caping agents (H, and CO) are gener-
ated electrochemically in situ, the role of PVP is solely focused
in stabilizing the Pt NPs. Our goal was to use the minimum
amount of PVP required to stabilize the suspension to facilitate
the cleaning process afterwards. For this reason, we synthe-
sized different Pt NPs using concentrations of PVP of 0 g L™"
(Pt-PVP-0), 0.01 g L " (Pt-PVP-001), 0.1 g L™ " (Pt-PVP-01), and
1.0 g L' (Pt-PVP-1). The molar ratios of Pt to PVP were 30:1,
3:1, and 1:3, for Pt-PVP-001, Pt-PVP-01, and Pt-PVP-1,
respectively.

In Fig. 1, the evolution of pH and Pt concentration of the
different samples as a function of the volumetric charge are
shown, and the chronopotentiometric curves are shown in
Fig. S1 (ESI-I) (ESIT). A blank experiment using only the back-
ground electrolyte is added for comparison. For all experi-
ments, the variation of the pH wvs. charge is similar,
suggesting that the addition of PVP in the solution has little
impact on the electrochemical process. The reduction of CO, to
CO (reaction (7)) and of water to H, (reaction (8)) occurring at
the GDE during the synthesis process, produce OH™ ions,>’
leading to an increase in the catholyte pH, from pH 3 (starting
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Fig.1 Evolution of pH and concentration of dissolved Pt ions as a
function of the charge consumed per unit volume of catholyte, through-
out the GDEXx process with (a) Pt-PVP-0, (b) Pt-PV-001, (c) Pt-PVP-01 and
(d) Pt-PVP-1. The dashed lines indicate the pKa's of CO, equilibrium in
NaCl 0.5 M.

conditions) to 9.0-9.5 at which the pH is buffered. Further-
more, a small plateau between pH 6 and 7 is observed when Pt
ions are present in solution. The length of this plateau
increases with the concentration of PVP in the solution.

CO, + H,0 +2¢~ = CO +20H" E°=—-0.934 Vgip  (7)

2H,0 +2e~ = H, + 20H™ E°=—0.828 Vgr  (8)

From Fig. 1, it can also be seen that the concentration of Pt
in solution decreased slowly at the beginning, followed by a fast
drop, while the initially yellow solutions progressively turned
black. This behaviour agrees with what we previously
observed®® and indicates that the reduction of Pt** ions to Pt°
by H, occurs in two-steps (reactions (9) and (10)).

[PtCls]>~ + H, — [PtCLJ>~ + 2H" + 2Cl~ 9)

[PtCL,*~ + H, — Pt° + 2H" + 4Cl~ (10)

During the reduction of Pt ions, H" is formed, which reacts
with the OH™ from the reduction of CO, or H,O, explaining the
small pH plateau which is not present in the blank experiment.
The final pH is related to the dissolution of CO, in the catholyte
(reactions (11) and (12)) that reacts with OH ", resulting in the
buffering of the pH at a value close to the pK, of HCO; /CO;>~

in 0.5 M NaCl:*°
CO, + OH™ = HCO;~

(11)

(12)

pK, = 5.86*
HCO; + OH™ = CO;*” + H,0 pK, = 8.92*

*in NaCl 0.5 M.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images showing the GDEx made Pt NCs. (a) Pt-PVP-0, (b) Pt-
PVP-001, (c) Pt-PVP-01, and (d) Pt-PVP-1. Insets: Higher magnification
images of Pt-PVP-0 and Pt-PVP-001 showing the primary Pt NPs.

The physical appearance of the different Pt dispersions after
synthesis is shown in Fig. S2 (ESI-It). The agglomeration and
sedimentation of Pt-PVPO and Pt-PVP001 dispersions are
observed after the synthesis procedure is finished. For the case
of Pt-PVP-01 and Pt-PVP-1, stable dispersions were obtained,
showing that a PVP concentration as low as 0.1 g L' is
sufficient to stabilize the Pt NPs dispersions made with the
GDEX process.

The morphology, structure, and composition of the Pt NCs
were characterized using TEM, SEM, and XRD. TEM images are
shown in Fig. 2. Nanoparticles can be formed by diffusional
growth of nuclei or by a secondary growth process involving the
aggregation of these nuclei.’’ The TEM images indicate that all
GDEx made Pt nanomaterials are nanocluster structures
formed by aggregation of such primary nuclei. However, In
Pt-PVP-0 and Pt-PVP-001 the nanoclusters are closely packed
together in larger aggregates, while individual nanoclusters can
be seen in Pt-PVP-01 and Pt-PVP-1 (Fig. 2(c) and (d)). The size of
the primary NPs ranged from 2 nm to 5 nm (Fig. S3, ESI-It). Pt
nanomaterials with similar structure and composition have
been synthesized using sonoelectrochemistry'® and laser pulse
heating electrodeposition.'® Compared to these methods, GDEx
is simpler, as it does not require specialized or costly equip-
ment, and it is more easily scalable.

The formation of Pt NCs is governed by the combination of
attraction and repulsion forces, and it is affected by the pH, the
ionic strength, and the zeta potential of the solution.*" At low
zeta potential conditions, the electrostatic repulsive force
between particles is negligible and particles will aggregate once
they encounter each other, leading to the formation of an open
structure that falls under the diffusion-limited aggregation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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regime. Increasing the zeta potential leads to an increase in
the repulsive force between the particles and to a reaction-
controlled aggregation regime which results in the formation of
porous nanoclusters.’’ Under GDEx conditions, the high ionic
strength of the supporting electrolyte (NaCl 0.5 M) and the local
high pH (due to the formation of OH) create the conditions
enabling for the formation of the Pt NCs. However, once the Pt
NCs reach the bulk, in which the zeta potential is lower due to
the high ionic strength,*” they undergo diffusion-limited aggre-
gation (as observed in Pt-PVP-0). The addition of PVP to the
reaction media at a concentration of 0.1 g L™ or higher
stabilizes the Pt NCs and prevents diffusion-limited aggrega-
tion (as observed in Pt-PVP-01 and Pt-PVP-1).

The Pt NCs appeared to be spherical. To further confirm
this, samples were analysed using SEM. The SEM images in
Fig. S4 (ESII) (ESIt) confirmed the spherical nature of the
nanocluster structures. However, it should be noted that these
clusters are more defined when the concentration of PVP
during synthesis is increased. The average diameter of the Pt
NCs determined from the SEM images was 64 nm =+ 22 nm,
60 nm =+ 22 nm, 38 nm =+ 15 nm, and 43 nm =+ 18 nm, for Pt-
PVP-0, Pt-PVP-001, Pt-PVP-01, and Pt-PVP-1, respectively.

The spherical equivalent diameter of the Pt NPs in the liquid
was also determined using spICP-SFMS.** In Fig. S5 (ESI-I)
(ESIY) the particle size distribution of Pt-PVP01 and Pt-PVP1 as
obtained by spICP-SFMS is shown. Both samples have similar
spherical equivalent diameter, 41 nm + 15 nm for Pt-PVP-01,
and 40 £ 13 nm for Pt-PVP-1; it should be noted that spICP-
SFMS cannot distinguish primary Pt NPs from individual Pt
NCs. The agglomeration observed in Pt-PVP-0 and Pt-PVP-001
made them unsuitable for spICP-SFMS analysis.

The XRD pattern of the Pt NCs (Fig. S6, ESI-It) revealed that
they are crystalline in nature. The four major peaks at 39.9°,
46.3°% 67.7°, and 81.1° correspond to the (110), (200), (220), and
(311) planes of fcc Pt (PDF 00-001-1194). The broad diffraction
peaks are consistent with the nanoscale feature of the primary
Pt NPs. The average crystallite sizes were calculated using
Scherrer’s equation,® without subtracting the instrumental
broadening. The values thus obtained were 6.7 nm, 5.6 nm,
4.4 nm, and 4.3 nm for Pt-PVP-0, Pt-PVP-001, Pt-PVP-01, and Pt-
PVP-1, respectively, which are in good agreement with the TEM
measurements for the primary NPs.

We have previously demonstrated that CO in the
GDEx process is essential for the formation of small NPs.*
Additionally, the results of this work, suggests that the role of
PVP is stabilization of the Pt NCs and avoidance of their
diffusion-limited aggregation, but it does not influence the size
of the Pt NCs. To confirm this, a couple of experiments were
performed, using solutions under the same conditions as Pt-
PVP-1. In the first, the GDEx process was carried out replacing
CO, with Ar (hence only H, is formed). In the second experi-
ment, H, was bubbled through the solution for 30 min. The
SEM images of the respective products (Fig. S7, ESI-It) showed
the formation of much larger and more disperse particles,
confirming that PVP does not play a role in controlling the size
of the Pt.
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Electrocatalytic performance

To study the electrochemical properties of the Pt NPs, cyclic
voltammograms (CVs) were obtained in Ar-saturated 0.5 M
H,SO, at room temperature between —0.2 V and 1.0 V vs. Ag/
AgCl at a scan rate of 50 mV s~ ". Prior to the electrocatalytic
study the Pt NCs were subjected to a cleaning treatment to
remove PVP from the surface (Fig. S8, ESI-IIf). The CVs are
shown in Fig. 3(a). For all Pt NPs a well-defined hydrogen
adsorption-desorption region from 0.05 V to 0.350 Vgyg iS
observed, followed by the double layer region and the hydroxyl
species (OH,q) adsorption region beyond 0.7 Vgug and a OH,q
reduction peak at about 0.8 Vgyg in the reverse scan. The
voltammetric features confirm the successful removal of PVP.
For comparison, CVs of uncleaned Pt-PVP-01 and Pt-PVP-1 are
shown in Fig. S9 (ESI-IIT). The two well delineated peaks in the
hydrogen adsorption region and the three peaks in the hydro-
gen desorption region agree with the data previously reported
in the literature® and correspond to the surface adsorption
characteristics of Pt (111), Pt (100) and Pt (110) facets revealing
the polycrystalline nature of the Pt NPs.'”®
The electrochemically active surface area (ECSA) of the Pt
NPs was calculated by integrating the charge in the hydrogen
desorption region, after deduction of the double layer region.
The ECSA (m” gp, ') was estimated according to eqn (13):*”
ECSA = Q41/210 Ly, (13)

where Qg is the charge for the hydrogen desorption region
(LC em™?), 210 (LC em™?) is the charge required to oxidize a
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Fig. 3 (a) CVs of the different Pt NCs in 0.5 M H,SOy, solution at 50 mV s,

inset: CV of Pt/C. (b) and (c) mass activity and specific activity of the Pt NCs
and Pt-C recorded in 0.5 M H,SO4 + 1.0 M MeOH solution at 50 mV s,
(d) Chronoamperograms of the different materials in in 0.5 M H,SO4 + 1.0 M
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Table 1 Characteristic electrocatalytic parameters for MeOH oxidation
reaction?

ECSA Mass activity Specific activity
Material (m*>g™) (mA mg™) (mA cm™?)
Acid media (0.5 M H,SO,)
Pt-PVP-0 7.6 £0.7 71+ 2 0.94 £ 0.02
Pt-PVP-001 14.1 + 1.2 136 + 7 0.97 £ 0.05
Pt-PVP-01 33.6 £1.2 463 £ 28 1.38 £ 0.08
Pt-PVP-1 30.3 £ 1.0 341 £ 25 1.12 £+ 0.08
Pt/C 15.0 + 1.3 103 + 6 0.69 + 0.04
Alkaline media (1.0 M KOH)
Pt-PVP-0 3.6 £0.5 382 £ 18 10.8 £ 0.5
Pt-PVP-001 59+1.3 453 £ 32 7.7 £0.5
Pt-PVP-01 16.7 + 0.8 1269 + 169 7.7 £1.0
Pt-PVP-1 18.6 £ 0.4 1292 + 150 6,8 + 0.7
Pt/C 18.5 + 3.0 620 £ 22 2.8 £0.1

“ The values reported are the average and standard deviation of at least
three different measurements.

monolayer of hydrogen on a smooth polycrystalline Pt electrode
and Ly, is the Pt loading (gpc m ). The values obtained are
listed in Table 1. For comparison, commercial 20 wt% Pt/C is
also included. The low value of ECSA for Pt-PVP-0 can be
attributed to the aggregation of Pt NPs which reduces the
available surface area, similar to PVP-001 where the amount
of PVP added was not enough to prevent aggregation. Once
there is sufficient PVP to prevent aggregation, the ECSA
becomes constant (Pt-PVP-01 and Pt PVP-1) as the Pt NCs have
a similar morphology and size distribution.

The electrocatalytic activity of Pt NCs for MeOH oxidation
was evaluated by cyclic voltammetry in Ar-saturated 0.5 M
H,SO, + 1.0 M MeOH solution at 50 mV s ' between 0 V to
1.2 Vgue. The results were normalized to Pt loading and ECSA,
which were used to determine the mass activity (MA) (Fig. 3(a))
and specific activity (SA) (Fig. 3(b)), respectively. Two character-
istic oxidation peaks are present in the CVs. The first one at
~0.9 Vgug in the forward scan (if) is associated with the
oxidation of freshly chemisorbed MeOH on the Pt surface,
while the second oxidation peak at ~0.7 Vgyg in the backward
scan (i) has been traditionally associated with the oxidation of
carbonaceous species (i.e., CO) that are not completely
oxidized.*® However, recent studies suggest that i, does not
reflect the CO adsorption and poisoning, but is related to the
oxidation of MeOH on Pt-O, surfaces formed during the
forward scan.***

The MA and SA values at the i are listed in Table 1. The MA
and SA values scale with the calculated ECSA. It can be observed
that employing PVP at concentrations exceeding 0.1 g L™,
notably enhanced the mass activity, as observed with the ECSA,
attributed to the reduced agglomeration. However, normalizing
the catalytic activity with ECSA (SA) showed minimal dispari-
ties, as the available surface area is the key factor for the
catalysis of MOR. Moreover, the SA of all GDEx-made NCs
was higher than the commercial Pt/C indicating a higher
utilization of a large surface area due to the high proportion
of edges and corners of the clustered porous structure.*' The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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normalized data to the highest value.

results highlight that the key determinant for the catalytic
activity of the Pt NCs is their stabilization with an appropriate
PVP concentration, which is achieved as from 0.1 g L™ with
limited improvement on activity beyond this point. During
synthesis, the PVP polymer chains are adsorbed into the Pt
NCs providing stabilization through steric hindrance.?® Once
enough PVP is enough to stabilize the NPs, increasing the PVP
concentration might impact the stability of the Pt NCs but does
not affect the properties or the catalytic activity of the Pt NCs.*?
Table S2 (SI-III) (ESIt) shows the electrocatalytic activity for
MeOH oxidation of unsupported Pt nanomaterials reported in
literature. As can be seen, the activity of Pt-PVP-01 and Pt-PVP-1
generally matches or sometimes outperforms what has been
reported in literature.

The ratio i¢/i}, is commonly used to characterize the tolerance
to CO poisoning.®® The calculated values were 1.1, 1.3, 1.1, and
1.3 for Pt-PVP-0, Pt-PVP-001, Pt-PVP-01, and Pt-PVP-1, respec-
tively. However, as i}, is related to the oxidation of MeOH on Pt-
O, rather than the CO adsorption the ratio #/i}, results inade-
quate to assess CO tolerance.***° To evaluate short-term stabi-
lity, chronoamperometric curves (Fig. 3(d)) were recorded at
0.9 Vrug for 3600 s. A progressive decay in the initial current
with time was observed for all materials, which is characteristic
for Pt and it is related to the accumulation of CO-like inter-
mediate species on the surface of the Pt NCs.*® We used
accelerated durability tests (ADT) to characterize the stability
of the Pt-PVP-01 and Pt-PVP-1 for MeOH oxidation. These
experiments were conducted by doing 1000 CV cycles in the
same electrolyte at 50 mV s~ between 0 V to 1.2 Vgysg. Fig. 4(a)
shows the change of the MA at ir during cycling and Fig. 4(b)
shows the normalized data with respect to the highest value of
MA. Pt-PVP-01 displays high current densities and better dur-
ability by holding ~50% of the maximum activity after 1000
cycles, while Pt-PVP-1 held ~ 30% of the maximum activity. The
CVs in H,S0, 0.5 M before and after the test (Fig. S10, ESI-IIIt)
show a similar loss of the area in the hydrogen adsorption
region (~60% for Pt-PVP-01 and ~85% for Pt-PVP-1). This
behaviour is remarkable for pure Pt catalysts as the CO binding
is inherent to Pt and the blocking of active sites and hence
poisoning cannot be avoided.'® For comparison, a bimetallic
Pt-Ru nanoflower catalyst held a similar activity (~50%) after
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900 CV cycles.*®> SEM images taken of the electrode preparation
before and after the test (for Pt-PVP-01, Fig. S11, ESI-IIIf)
revealed no significant differences. This suggests that the
decline in activity is likely attributed to CO poisoning. Never-
theless, the possibilities of Pt dissolution and agglomeration of
Pt NCs cannot be ruled out.

Based on these results, it is clear that GDEx-made Pt NCs
exhibit superior catalytic properties for MeOH oxidation com-
pared to commercial Pt/C and related materials reported in the
literature, especially when their diffusion-limited aggregation is
avoided using PVP during synthesis. The aggregation of the
primary NPs into the Pt NCs provides a porous structure with a
high surface area,* increasing the number of active sites and,
hence, enhancing their catalytic activity.'®"”

The MeOH oxidation activity of the Pt NCs was also char-
acterized in 1.0 M KOH, as the kinetics of the MOR are more
favourable in alkaline media.** The results are presented in
ESIT (Fig. S12 and S13, ESI-III) and the ECSA, MA, and SA values
are reported in Table 1. All materials had higher values of MA
and SA for MeOH oxidation than in acid media, however the
calculated ECSA were smaller. It is reported than in alkaline
media, the kinetics of the hydrogen oxidation and evolution
reactions are much slower and, non-specific adsorption of
alkali metals onto Pt stepped surfaces can take place.****® This
results in a smaller area of the hydrogen desorption region than
in acidic media, hence the smaller ECSA values. Furthermore,
the Pt NCs had poor stability in alkaline media, especially
during accelerated stability tests (Fig. S13, ESI-IIIf). The
instability is caused by the dissolution of Pt during cycling
(Fig. S14, ESI-IIf). It has been reported that Pt is highly
susceptible to dissolution in alkaline media as the presence
of OH™ increases the Pt corrosion due to bulk complexation
effects. However, the dissolution rate can be controlled via non-
covalent effects.*” Hence, more work is necessary to improve
the stability of GDEx-made Pt NPs in alkaline media.

Conclusions

Gas-diffusion electrocrystallization (GDEX) is a simple, fast, and
environmentally friendly method to synthesize Pt NCs, as the
reducing agents are electrochemically produced in situ via the
reduction of CO, and H,O. The Pt NCs can be stabilized by
adding PVP in amounts as low as 0.1 g L', The GDEx-made Pt
NCs exhibit good activity for the MeOH oxidation reaction in
acidic and alkaline media, with improved stability observed in
acidic conditions. This performance makes them promising
candidates as catalysts for direct methanol fuel cells, providing
a potentially more efficient alternative to traditional catalysts.
The GDEx process can also be a useful method for making Pt
nanomaterials in combination with other noble metals (i.e., Au,
Pd, Rh, Ru), expanding its potential application areas and
enhancing its versatility. The scalability and cost-effectiveness
of the GDEx method make it an attractive approach for both
research and industrial applications, contributing to the
advancement of sustainable energy solutions.
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