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ABSTRACT: Herein, we report a facile and flexible synthesis of porous and highly faceted Porous Multifaceted Pt NPs
platinum nanoparticles (NPs) performed in the liquid phase. The synthesis is performed (

by reduction of platinum 2,4-pentantedionate in the presence of oleylamine and oleic acid ¢
in dibenzyl ether at 200 °C. The growth process was monitored by time-course

transmission electron microscopy (TEM), revealing a peculiar progressive evolution that, ORR MOR
in comparison with previous methodologies, is quite unusual. In fact, the morphology P e
evolves first through nanocubes, nanostars, and dendrites to arrive at porous multifaceted " ‘)b

NPs. This offers the possibility to selectively obtain materials with different degrees of
complexity at a different time of reaction with one synthetic approach. Moreover, fine
tuning of the reaction conditions was achieved by assessing, in dedicated experiments, the effects of temperature, surfactant
concentration, and surfactant ratio, allowing control on NPs’ dispersity and shape reproducibility. The dimensionally monodispersed
NPs have a mean diameter of 52 + 2 nm and display small regular crystallites with uniform facets exposed on the surface as evinced
by high-resolution-TEM analysis. The as-prepared multifaceted platinum NPs were tested for oxygen reduction and methanol
oxidation reactions exhibiting improved catalytic activity with respect to conventional Pt-based nanomaterials.

KEYWORDS: porous nanostructures, platinum, controlled growth, faceted surface, ORR, MOR

1. INTRODUCTION chemistry fields with applications in catalysis for the activation
of small molecules.”””* The porosity of these NPs*” can offer
great advantages as pores and channels can host a great
number of proximal active sites and enhance reactant diffusion,
increasing the overall catalytic performances compared to non-
porous NPs with the same dimensions.’ In addition, the large
surface area makes them approximable to aggregates of small
NPs but with increased stability’' and limited leaching and
sintering issues.>” Commonly, porous platinum nanostructures,
prepared by wet-chemical methods, are synthesized by various
approaches such as hard templating®~>> and soft templating
techniques,** ™ de-alloying processes,””*" and electrochem-

... ical dures.*™** Am 11 ti f
composmon,17 large surface area,’® and abundance of low 1c1at. procinl)lre; hemi long at" pAre;;ilra lon ot p c;roufi
coordination number sites.'”” In addition, defects (i.e., platinum § Dy chemucal reduction 1n the presence ot So

vacancies)20’21 and the nature of crystallographic Planeszz—zs templating agents is more convenient with respect to others

also affect the activity of heterogeneous catalysts. Therefore, because of .1ts facile scalability and cost-effectl.veness. 11.1 this
o . ) ! context, various templates have been employed in the design of

protocols aiming at obtaining platinum NPs with morphology > T T 56
control and size restraint should be preferred since they porous/dendritic. NPs such as Iyotropic liquids, ™ surfac-
provide nanocrystals with promising catalytic properties. The —
development of methodologies for structural control over size Received: December 2, 2021
and morphology aiming at enhancing selectivity and activity in Accepted:  March 23, 2022 \
tunable NPs*® has also prompted interest toward metal Published: April 1, 2022
nanomaterials in general, especially in the catalysis field.

Porous/dendritic platinum NPs, despite the lack of size
confinement, have emerged in the material science and

Transition metal nanoparticles (NPs) have emerged during the
past decades, displaying manifold potential applications in
different fields such as catalysis,l’2 nanomedicine,”* and
sensing,s_7 Among all, platinum is of great interest and widely
used because of its properties, such as high corrosion resistance
and excellent hydrogen and oxygen adsorption capacity,®
exploited mainly in homogeneous and heterogeneous
catalysis;” ™' therefore, much effort has been dedicated to
the preparation of improved platinum-based NPs. It is well
established that platinum NPs activity, as well as all metal-
based nanomaterial activity, is mainly attributed to the
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tants,**® and polymers,®” producing a variety of protocols that

have contributed to the increased interest and availability of
these metal NPs. Moreover, fine tuning of the reaction
conditions opens the possibility of introducing unique features
in the porous NP scaffold.***"*® However, despite the
increasing number of reported studies on these metals NPs,
aspects like morphology control over lattice planes exposed on
the surface and size monodispersity still remain hard to address
and are a matter of study.

Herein, we report the synthesis of dendritic multi-faceted
platinum NPs enriched in regular planes decorating the
surface. By resorting to transmission electron microscopy to
monitor the reaction course, we provide evidence of the
unprecedented growth process of these NPs. The NPs were
produced by the thermolytic reduction of platinum(II) 2,4-
pentanedionate in dibenzyl ether as a solvent in the presence of
oleylamine (OLAM) and oleic acid (OLAC) as directing and
templating agents working under an argon atmosphere,
respectively. The platinum NPs were then anchored on a
carbon support and subjected to an optimized cleaning
treatment consisting of washing steps with alkaline solution
of NaOH in methanol,* necessary to expose the surface®
without compromising the original morphology/nanostructure.
Platinum represents nowadays the benchmark material for
important electrochemical reactions, in particular, in the field
of fuel cells development, such as proton exchange membrane
fuel cells and direct methanol fuel cells, involved in automotive
and portable applications, respectively. In accordance with a
large-scale sustainability perspective, a fundamental target is to
design high-performance Pt-based electrocatalysts with the
lowest Pt consumption. Otherwise, a limitation of the Pt
loading on the electrode surface could be related to not
negligible downsides, such as strong performance losses and
reduced stability. A promising strategy to overcome these
losses is represented by the design of nanostructured low-Pt-
content electrocatalysts to optimize the electrode texture and
consequently the electrochemically active surface area (ECSA).
Here, the NPs were tested in electrocatalysis for the oxygen
reduction reaction (ORR) and the methanol oxidation reaction
(MOR) in acidic media as proof of concept of catalytic activity
for future applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Oleylamine technical grade 70% (OLAM), oleic
acid technical grade 90% (OLAC), benzyl ether 98%, ethanol 99.8%,
methanol 99.8%, isopropanol 99.9%, toluene 99.7%, acetone 99.5%,
conc. HCIO, 70%, H,SO, 99.999%, and Nafion 117 5% solution were
purchased from Sigma-Aldrich. Platinum(II) 2,4-pentanedionate
(49.6% Pt) was purchased from Chempur, and Vulcan XC72R was
supplied from Cabot. The 20% Pt on the carbon used as the standard
was bought from Alfa Aesar. Bi,O; was provided by Carlo Erba, and
GeO, was provided by Johnson, Matthey & Co. All electrochemical
experiments were performed with Milli-Q water obtained by using a
Direct-Q (Millipore) water purification system. All the glassware used
for the synthesis and deposition process of porous platinum NPs were
previously cleaned with aqua regia (HCI/HNO; = 3/1) and then
rinsed with Milli-Q water.

2.2. Synthesis of Porous Dendritic Pt NPs. Pt NPs were
prepared by a surfactant-assisted process inspired by a previous
protocol used in our group.'® In a typical synthetic procedure, a three-
necked 25 mL round-bottom flask, equipped with a stirring bar and
internal thermometer, was flame-dried under vacuum and then purged
with argon. Subsequently, 20 mg of Pt(acac), (0.05 mmol), 2 mL of
OLAM 70% (6.43 mmol), 2 mL of OLAC (7.11 mmol), and 10 mL
of benzyl ether were added under argon flow to the flask and stirred at

4711

100 °C using an oil bath for 10 min to completely dissolve the
platinum complex and remove water traces. The temperature was
then increased at 200 °C (5 °C min™"), the flask was sealed, and the
argon flow was stopped to better control the temperature. The
reaction mixture was left to stir at 400 rpm for 1 h. At reaction
completion, the flask was cooled to room temperature, ethanol was
added (15 mL), and NPs were precipitated by centrifugation at 5000
rpm for 6 min and washed with ethanol/n-hexane 3 times and
centrifuged again. Finally, the product was redispersed in n-hexane.

2.3. Deposition of Pt NPs on Carbon (Vulcan). Pt on carbon
was prepared by a deposition process in an organic solvent. Typically,
50 mg of Vulcan was dispersed in S0 mL of toluene and sonicated for
30 min, and then the dispersion was stirred vigorously. Afterward, 10
mg of Pt NPs in 10 mL of n-hexane was added dropwise under
constant stirring, and the suspension was left to stir for an additional 3
h. The as-prepared Pt/C was centrifuged at 5000 rpm for 12 min and
washed 3 times with methanol before drying in vacuum at 60 °C for
12 h.

For methanol/NaOH treatment,49 the dried catalyst was
suspended in methanol followed by 150 mg of NaOH addition.
The suspension was sonicated for 20 min until complete NaOH
dissolution, and then the catalyst was collected by centrifugation at
5000 rpm for 12 min and washed with acetone (this procedure was
repeated 3 times). The last washing step was performed with bi-
distilled water, and the catalyst was filtered before drying at 60 °C
under vacuum for 12 h.

2.4. Preparation of Sintered Pt NPs. Sintered Pt NPs on Vulcan
were prepared starting from NaOH-treated NPs. Twenty milligrams
of NaOH-treated porous Pt NPs on Vulcan was transferred to a 30
mL quartz tube reactor connected to a H,/Ar line. The catalyst was
first purged with Ar at room temperature for 30 min and then heated
at 400 °C (ramp: 5 °C min™") under 100 mL min~! H,/Ar (3% H,)
flow for 4 h.

2.5. Electrode Preparation. All the inks were prepared in a 3:1
H,0:iPrOH mixture with the addition of 0.05% (v/v) Nafion 117 5%
solution and a catalyst concentration of 5 mg mL™". The ink was
drop-casted on a polished GC-RDE in 8 uL drops till a loading of 30
pugp, cm™* was reached for every experiment and dried in air flow with
an RDE rotation rate of 700 rpm.

2.6. Electrochemical Measurements. All electrochemical
characterizations were carried out at room temperature on an Autolab
302N electrochemical workstation (Metrohm, Autolab) by using a
standard three-electrode setup. A GC rotating disk electrode (RDE
Metrohm, Autolab, geometric SA: 0.196 cm?) was used as the
working electrode. A Pt wire and a saturated calomel electrode (SCE,
KCl sat.), counter and reference electrodes, respectively, were
separated from the main chamber via bridges equipped with Vycor
frits. According to the recent literature, the use of Pt as a CE is
strictly recommended to be avoided when the electrochemical study is
referred to highlight the activity of non-precious metal-based catalysts,
in particular, Pt-free electrocatalysts in acidic media and for prolonged
measurements (HER and ORR chronoamperometric studies). In the
present case, we investigated Pt-based materials. Furthermore, the Pt
CE was carefully separated from the main cell chamber to further
minimize interferences, as proven by a crosscheck comparison with a
carbon-based CE. All the characterizations were done following the
procedures reported by Shinozaki et al.>>** To completely clean the
surface of the nanoparticles from any possible residue, 200 cycles of
CV were used at 0.5 V s~ between 0 and 1.2 V vs RHE. During this
conditioning, the hydrogen adsorption and desorption peaks became
more accentuated and symmetric until a stable response from the
material was obtained. All electrocatalytic experiments were corrected
for ohmic losses and background currents (i.e., capacitive currents).
Two parameters were chosen to compare different catalytic results,
specific activity (SA, mA cmp,"2) and mass activity (MA, mA mgp, "),
both measured at potentials of interest for the specific catalytic
reaction.

In order to evaluate the ECSA of the platinum NPs, many different
procedures can be found in the literature, resulting in high variability
in ECSA values (even in orders of magnitude).>* Here, we followed

https://doi.org/10.1021/acsanm.1c04149
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Scheme 1. Representative Synthetic Scheme for the Porous Multifaceted Platinum Nanoparticles
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Figure 1. Representative HAADF-STEM image of the Pt NPs (a); low magnification (b), dimensional analysis (c), and high magnification (d)
TEM images of the NPs; HR-TEM image of the Pt crystallite (e) and selected-area ED patterns (f).

the most straightforward procedure based on the integration of H,y4
related peaks in the CV performed at 0.1 V s™'. The ECSA was
obtained by dividing the as obtained charge with the standard value of
210 uC cm™%, normalized for the Pt NPs mass. Roughness factors
(RF) were calculated as ECSA values times the material loading:
Quep (KC) 1

ECSA = —
210 pC cm™ ~ myp,

_ Mpe
RF = ECSA X ———
SA,

geo

To better rationalize the presence of different symmetry sites on
both unsupported Pt-NPs and Pt/C electrocatalysts, we investigated
the irreversible surface adsorption of Ge and Bi as foreign
adatoms.> ™7 The adsorption of bismuth was performed in an acidic
saturated Bi,O; (0.5 M H,SO,). After the adsorption of Bi on the
electrode surface, the electrode was rinsed with ultra-pure water and
immersed at 0.05 V in the three-electrode cell setup containing a 0.5
M H,SO, electrolyte. The adsorption of Ge was performed in a
solution containing GeO, (107> mol L™") and NaOH (1 mol L™).
The working electrode was transferred to an electrochemical cell with
H,S0, (0.5 mol L™!) and immersed at 0.10 V vs RHE. The positive
sweep scans were recorded before and after the adsorption steps of Ge
and Bi in the potential range of 0.05—0.80 V at 20 mVs™". To ensure
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the adequate cleanliness of the Pt/C electrode surface, we selected a
specific protocol adopted by Aldaz and co-workers,”® suitable for
more complex systems than Pt well-defined single crystals.

2.7. Characterization. TEM analyses were performed using a
Philips EM 208 microscope operating at 100 kV and equipped with an
11 MP bottom-mounted CCD Olympus Quemesa camera. High-
resolution TEM (HR-TEM) images, selected-area electron diffraction
(SAED) patterns, and high-angle annular dark field (HAADF)
scanning TEM (STEM) were acquired by using a JEOL 2010 UHR
field emission gun microscope operated at 200 kV with a measured
spherical aberration coefficient Cs of 0.47 + 0.01 mm. The electron
dose rate was 1.5 X 107% e/sA? for regular and HR-TEM imaging.
HAADEF-STEM images were acquired using an illumination angle of
12 mrad and a collection angle of 88 < 26 < 234 mrad. Textural
properties were analyzed by N, physisorption at the liquid nitrogen
temperature using a Micrometrics ASAP 2020 automatic analyzer. All
the NPs were degassed at 50 °C for 12 h at 10 ymHg. The specific
surface area was obtained by applying the Brunauer—Emmett—Teller
(BET) method equation. Pore size distribution was determined
applying the Barrett, Joyner, and Halenda (BJH) method equation to
the desorption branch of the isotherms. H, chemisorption was
performed using a Micrometrics ASAP 2020C apparatus. A
chemisorption stoichiometry H:M = 1:1 was assumed for the
calculation of the exposed metal surface area. The materials have

https://doi.org/10.1021/acsanm.1c04149
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Figure 2. Typical TEM images representing the size and shape progression of the porous Pt NPs at 5 (a), 10 (b), 15 (c), 20 (d), 30 (e), 40 (£), SO

(g), and 60 min (h).

been degassed at 100 °C for 6 h. H, chemisorption isotherms have
been recorded in a 1—400 Torr pressure range at room temperature.
The Pt concentration in the catalyst was quantified by means of
inductively coupled plasma-optical emission spectrometry (ICP-OES)
using an Optima 8000 instrument (Perkin Elmer; Waltham, MA,
USA) with an integrated $10 autosampler. A five-point standard curve
was used for ICP-OES measurements (range: 0—10 mg L™'). The
limit of detection at an operative wavelength of 228.616 nm was 0.01
mg L. Powder X-ray diffraction (XRD) analysis was performed on
an X'Pert Philips MPD with monochromatic Cu Ka radiation (1 =
1.5406 A), and the range used was 26 = 10—120° in Bragg—Brentano
geometry with a step size of 0.0263°. The average crystallite size was
determined applying the Scherrer equation D = (k X 1)/(fcost)
where D is the mean size of the crystallite, the Scherrer constant k =
0.9354 was obtained by tabulated values for the octahedral crystallites
determined for hkl = 111, A is the X-ray wavelength expressed in A, /8
is the full width at half maximum of the first XRD peak expressed in
radians, and 6 is the Bragg angle. IR spectra were recorded in
attenuated total reflectance (ATR) mode on a Shimadzu IRAffinity-1S
spectrophotometer equipped with a QATR 10 accessory.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Porous Multi-
faceted Pt NPs. In this work, the synthesis of porous
platinum NPs was performed by a wet-chemical procedure
(Scheme 1) in dibenzyl ether, a high-boiling-point solvent, to
easily reach the metal thermal reduction temperature (for
platinum, ca. 200 °C).

Platinum 2,4-pentanedionate OLAM, OLAC, and the
solvent were first purged in argon at 100 °C for 10 min to
remove air and moisture that, at high temperatures, can
generate violent bursts. Then, the temperature was increased
up to 200 °C with a ramp of ca. 5§ °C min~"' and maintained for
60 min.

A synoptic overview of the electron microscopy character-
ization for the obtained NPs is presented in Figure 1. HAADF-
STEM and TEM images (Figure la,b, respectively) show that
the obtained dendritic NPs have remarkably uniform shape
and a narrow size distribution. Indeed, as shown in the particle

https://doi.org/10.1021/acsanm.1c04149
ACS Appl. Nano Mater. 2022, 5, 4710—-4720


https://pubs.acs.org/doi/10.1021/acsanm.1c04149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04149?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c04149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Figure 3. Representative TEM images of synthesis performed at 180 °C (a), 210 °C (b), 600 rpm (c), only OLAM as the surfactant (d), and only

OLAC (e).

size distribution histogram (Figure lc), a mean diameter of
around 52 =+ 2 nm for a set of ~400 particles is measured. The
most notable aspect of these nano-objects is the regular edges
that decorate their surface as observed in Figure 1b,d. The
high-magnification micrograph of a single particle (Figure 1d)
highlights the porous structure and abundant presence of
shaped crystallites with an average dimension of 10 + 1 nm
(Figure S1). The crystallites are well oriented and hierarchi-
cally assembled to constitute the porous NPs themselves. The
HR-TEM image of the crystallites unveils well-defined terraces
composed of uniform low-indexed planes as evinced in Figure
le. Although regular terraces dominate the surface of these
NPs, defects and steps are also observed (Figure S2). In
addition, from the SAED pattern (Figure 1f), the main
diffraction rings of the first reflections of the Pt face-centered
cubic (fcc) lattice (111), (200), and (220) planes can be
identified. The well-defined bright spots on the diffraction ring
patterns indicate the high crystallinity of the synthesized NPs.
Surface area measurements were performed on the Pt NPs to
support their potential application in catalysis. Nitrogen
adsorption/desorption isotherms (Figure S3) measured at
the liquid nitrogen temperature revealed a BET surface area of
154 m* g~!, which is consistent with previously reported
syntheses of porous Pt nanostructures in the organic phase.59
The pore size distribution of the unsupported NPs (Figure S4)
gave an average pore diameter of 35 nm that is much larger
than the voids observed in the porous Pt NPs by TEM
analyses. This result indicates that the major contribution to
the pore volume in the dried sample is related to the voids
formed by the aggregation of the porous Pt NPs, with the inner
space between the aggregated crystallites being less important.

To further understand the NP morphology and the arising of
faceted crystallites decorating the NP surface, the synthesis was
monitored at an increasing reaction time by TEM analysis. The
start of the temperature ramp from 100 to 200 °C was
arbitrarily chosen as time zero, and small aliquots (0.2 mL) of
the reaction mixture were withdrawn every 5 or 10 min and
analyzed after a quick purification step (hexane/ethanol
washing and centrifugation at 15,000 rpm). The electron
dose rate and the image acquisition conditions were properly
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set to avoid unwanted beam effects. The growth process and
morphology evolution of the Pt NPs are summarized in Figure
2. After S min of reaction time (Figure 2a), small cubic NPs
with an average size of 8 + 1 nm were observed. The
nucleation stage of porous Pt nanostructures usually involves
the formation of polycrystalline seeds or small dendrites**°*®!
due to the fast kinetically controlled reduction of the platinum
precursor. We observed this behavior when the addition of
OLAM and OLAC was performed at 120 °C and with 5 min
delay one from the other independently of the introduction
order (Figure SS). In our procedure, however, the use of
OLAM and OLAC (added simultaneously at room temper-
ature), known for their ability to be adsorbed on specific facets,
promotes the directional growth of NPs.”” In addition, the
absence of strong reducing agents, but the use of OLAM as a
reducing agent,”” can offer a thermodynamic control on the
nucleation process by minimizing the surface energy, leading to
the initial cubic-shaped NPs displayed in Figure 2a. While
primary particles may still be produced after S min, we
observed that this process is also accompanied by a
morphology change of the already produced NPs. Indeed, at
this stage, the Pt(acac), reduction continues to take place,
giving a preferential growth of the nanocubes along the (111)
axes, as highlighted by the elongated vertexes of the cubes after
10 min (Figure 2b), eventually delivering star-shaped NPs after
15 min (Figure 2c). The TEM images of the sample collected
at 20 min (Figure 2d) mark a change in the NP morphology,
with the deposition of small polycrystalline clusters on the star-
shaped NPs that quickly grow in elongated branches, giving
rise to porous dendrites. This quick change in morphology can
be related to the temperature that reaches 200 °C at this stage
and remains steady for the rest of the process. At this
temperature, the thermal platinum reduction is likely boosted,
driving the NP growth toward a kinetic control and promoting
the formation of polycrystalline nanostructures. From 30 to 40
min (Figure 2e,f), while there are no relevant changes in size
(see Figure S6 for dimensional analysis) of the Pt dendrimers,
thickening of their branches is clearly visible. This latter
process gives rise to the formation of regular facets on the NP
surface, and the overall NP morphology does not further
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change at S0 or 60 min reaction times (Figure 2gh). This
latter behavior suggests a thermodynamic control driving the
NP surface energy to its minimum. The time-course TEM
analysis in the synthesis of porous faceted Pt NPs played a
crucial role in studying the formation of present Pt NPs. As
previously established, step-by-step TEM monitoring provides
direct feedback useful in addressing the formation mechanisms
dominating the different phases of the NP preparation.”* In
agreement to what was already documented for the growth
mechanism of porous/dendritic Pt NPs, here, a continuous
seed formation followed by a fast autocatalytic aggregation-
based growth was observed.””®>%® Nevertheless, an additional
benefit concerning the narrow size distribution of the
nanoparticles was achieved. Monodispersity has been sporadi-
cally documented by previously reported synthetic method-
ologies for porous NPs,” " while a common ill-defined size
distribution is mainly reported.*>*%”°

To investigate the robustness of the synthesis, control
experiments were performed under conditions away from the
optimum. While the effect of the precursor concentration was
previously investigated, showing a correlation with size and
morphology changes,”””" we focused on different aspects that
still affect the synthesis such as the temperature, stirring rate,
and ligand molar ratio. First, a control experiment in air
confirmed the needful use of inert gas for the successful
production of multifaceted porous NPs. In fact, in an air
atmosphere, polycrystalline porous NPs were obtained (Figure
S7). When the synthesis was performed at 180 °C for 1 h, a
dark-yellow solution was obtained (Figure S8), delivering a
very low quantity of smaller dendritic NPs as reported in
Figure 3a. Although OLAM can act as a reducing agent for
metal salts at lower temperatures,’> in our procedure, the
thermally boosted reduction at 200 °C is pivotal for the
production of these NPs. On the other hand, the reaction
performed at higher temperatures (210 °C) resulted in bigger
and polydispersed NPs (Figure 3b), but terraces can still be
detected on the surface (inset of Figure 3b). Increasing the
stirring rate from 400 to 600 rpm is sufficient to modify the
ideal conditions responsible for the minimization of surface
energy and deliver polydispersed porous NPs without the
shaped features (Figure 3c). The use of exclusively OLAM or
OLAC as a surfactant resulted in large NPs with no distinct
porosity (Figure 3d) but highly enriched in regular vertexes
(inset of Figure 3d) and in densely packed aggregates of small
crystallites (Figure 3e and inset), respectively. Moreover,
screening of different OLAM/OLAC molar ratios (1/3, 1/1.5,
1.5/1, and 3/1) resulted in porous but dimensionally
polydispersed NPs (Figures S9 and S10), except OLAM/
OLAC = 1/3 that delivered small crystallites (Figure S9a) like
those produced using only OLAC as the surfactant.
Surprisingly, NPs obtained by different OLAM/OLAC molar
ratios do not display the shape uniformity and the facets
achieved under the optimized conditions. By plotting the
concentration variation of [OLAM]/[OLAM + OLAC] versus
the NP dimension, a monotonic upward trend is observed that
correlates the higher OLAM concentration to the increasing
NP dimension (Figure S11). Considering these aspects, we can
speculate a synergistic effect of OLAM and OLAC, when used
at the same molarity, in creating the right environment for the
formation of uniform and monodisperse porous multifaceted
Pt NPs. Moreover, by fine tuning the reaction conditions, it is
possible to obtain batches of homogeneous materials with
different sizes and shapes and potential different properties.
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3.2. Textural Properties. The synthesized porous Pt NPs
were deposited on a Vulcan XC72R support to obtain suitable
materials for electrocatalytic studies. The composite material
and a commercial Pt/C material used as the reference have
been characterized to relate their properties with the
electrochemical performances. Notably, the composite porous
Pt NPs/Vulcan material was prepared with a metal loading of
1S wt %, as determined by ICP-OES analysis. This value is
comparable with the nominal 20 wt % reported for the
commercial Pt/C reference material.

Textural properties of the composite porous Pt NPs/Vulcan
and the commercial Pt/C materials are very similar (Figures
S12 and S13 and Table S1), with a high surface area and pore
volume and an extended mesoporous network around 63 nm.
The most relevant differences between these two samples are a
slightly larger contribution of micropores, a relative maximum
centered around 3.6 nm in the mesopore size distribution, and
a significantly lower cumulative pore volume for the
commercial Pt/C material. As expected, the pristine Vulcan
XC72R shows a higher surface area and pore volume than the
composite porous Pt NPs/Vulcan material, considering the
higher density of Pt with respect to the carbon support.
Notably, after sintering of the composite porous Pt NPs/
Vulcan under H, at 400 °C, no significant modifications of the
textural properties are observed.

H, chemisorption experiments have been performed on the
various Pt/C materials to analyze the Pt-exposed surface area.
H, chemisorption isotherms are presented in Figure S14, and
the obtained results are summarized in Table S2. The
composite porous Pt NPs/Vulcan chemisorbed a remarkably
lower amount of H, with respect to the commercial Pt/C
material. As a consequence, metal dispersion and exposed
surface areas (reported irrespectively of the mass of the catalyst
or to the mass of Pt) are lower, and the apparent metal particle
size is larger for the composite porous Pt/Vulcan material. It is
straightforward to note that, in the composite porous Pt/
Vulcan material, the exposed metal surface area reported with
respect to the mass of Pt is 18.1 m? g, ™", which is very close to
the value of 15.4 m* g~' measured by N, physisorption on the
pristine porous Pt NPs, even considering the intrinsic
systematic errors of the two different techniques. Moreover,
powder XRD analysis of the composite porous Pt/Vulcan
material (Figure S15) showed the typical reflection of metal Pt
(JCPDS 04-0802), together with a very broad reflection
around 26° due to the crystalline graphitic portion of Vulcan
XC72R. The peak broadening of the (111) reflection of Pt is
compatible with an average crystallite size of 11 nm, the same
measured for the pristine porous Pt NPs. This result suggests
that the porous nature of the Pt NPs is preserved during the
various steps involved in the preparation of the composite
porous Pt NPs/Vulcan (deposition protected porous Pt NPs
and washing removed organic ligands). Notably, after the
sintering treatment in H, at 400 °C, the exposed metal surface
area drastically decreased, confirming the deep sintering on the
Pt nanoparticles.

Furthermore, the morphology of the various Pt/C samples
was analyzed by TEM. A representative TEM image of the
commercial Pt/C sample (Figure S16) shows the presence of
highly dispersed Pt nanoparticles, with a mean diameter of 3—4
nm. On the other hand, TEM images of the composite porous
Pt/Vulcan material (Figure S17) shows the presence of the
porous Pt NPs deposited on the carbonaceous support: despite
the limited contrast due to the thickness of the support around
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the porous Pt NPs, the aggregation of various Pt crystallites to
form a porous particle is clearly visible. After sintering by H,
treatment at 400 °C, TEM analysis (Figure S18) confirms the
coalescence of the Pt crystallite to form very large metal
particles with spherical shapes. All the results obtained by
TEM analysis of the supported Pt/C materials, investigated in
electrocatalytic tests, are fully in agreement with the H,
chemisorption results.

3.3. Electrocatalytic Investigations. The standard
thermal cleaning procedure could not be applied to the
present nanostructure Pt-based systems as they would be
subjected to structural and morphological modifications. After
electrode conditioning, all samples were therefore subjected to
cyclic voltammetries (CVs) at 0.1 V s™' to clean and
investigate the surface of the catalyst. Commonly, platinum-
based materials CVs can be divided into three areas accounting
for different contributions: the hydrogen region, the double
layer (DL) region, and the oxide region.”” The characteristic
CVs for the three materials tested are reported in Figure 4. The

0.6

0.4

0.2

0.0

-0.2

Current/ mA

0.4

—— commercial Pt/C 20%

0.6 - composite porous Pt/Vulcan 15%

—— sintered porous Pt/Vulcan 15%

-0.8 —
0.0 0.2

T T T
0.4 0.6 0.8 1.0 1.2

Potential vs RHE / V
Figure 4. CVs of commercial Pt/C (black), composite porous Pt/

Vulcan material (red), and sintered porous Pt/Vulcan material (blue)
registered at 100 mV s™! in HCIO, 0.1 M.

DL region (0.4—0.6 V vs RHE) is mainly influenced by the
carbon support: from the lower capacitive currents, we can
infer that the Vulcan XC72R has less surface area accessible to
the ions in solution than the carbon used in the commercial
Pt/C. In the hydrogen region, the CV peaks can reveal the
features of the exposed platinum surfaces. The commercial Pt/
C material shows two close peaks at 0.15 and 0.2 V vs RHE:
while the first can be related to (110) step sites, the origin of
the second peak is somewhat still debated and could arise from
(111) sites.”* Similarly, the composite porous Pt/Vulcan
shows a peak at 0.13 V and one at 0.3 V vs RHE, with (110)
and (100) step sites also present on the surface.”* The selective
adsorption measurement of foreign adatoms, such as Ge and
Bi, was used to investigate well-defined single-crystal electro-
des,>™" thin films,”* and, in a few cases, more complex Pt
nanoparticles.”” Notably, the resulting voltammetric profile of
the materials after the metal deposition is strongly affected by
the initial cleanliness of the electrode surface (usually
performed by means of electrode annealing). The higher
complexity of the unsupported Pt-NPs and Pt-NPs/C systems
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investigated in the present work with respect to the bare Pt
crystals previously investigated™ ™’ originates from the poly-
oriented nature of the NPs and from the presence of the
carbon support (Vulcan) for the composite electrocatalyst.
The resulting broad and multipeak features, characterizing the
voltammetric scans after Ge and Bi adsorption (see Figures
S19 and S20), suggest the presence of different surface sites in
addition to the (100) and (111), already detected by HR-TEM
(Figure le), even if major contributions from trace impurities
in the used reagents cannot be fully excluded.

From the area of the H desorption peaks, ECSAs and RFs
can be calculated for the three samples. As expected, the
commercial Pt/C material shows the highest electrochemical
surface areas due to the very low dimensions of the Pt
nanoparticles. The ECSA for the composite porous Pt NPs/
Vulcan is one-half than that of the commercial reference
material. After sintering, only 25% of ECSA is retained (Table
1). These results are in good agreement with the trend

Table 1. ECSAs and RFs of the Investigated Catalysts

ECSA (m® g™) RF
commercial Pt/C 6.3 1.9
composite porous Pt NPs/Vulcan 2.9 0.87
sintered porous Pt NPs/Vulcan 0.71 0.21

observed for the exposed metal surface area measured by H,
chemisorption. The large difference between the values of
metal surface area from electrochemical measurements and H,
chemisorption can be clearly related to the differences in the
techniques: H, chemisorption counts for all the exposed
surface Pt atoms, while the ECSA takes into account only the
atoms that can be reached by diffusion of electrons in the
overall assembly of the electrode. Moreover, the cathodic and
anodic sweeps of the composite porous Pt NPs/Vulcan
material show very good symmetry in the hydrogen region.
This indicates high reversibility of the phenomena due to the
clean surface that was confirmed by IR analysis of the pre- and
post-treated catalyst with NaOH (Figure $21).%

3.3.1. Oxygen Reduction Reaction (ORR). ORR catalytic
activities of the different Pt-C composites were investigated via
linear sweep voltammetry (LSV) in acidic electrolyte (0.1 M
HCIO,) saturated with pure O, from 0.1 to 1.1 V vs RHE at a
scan rate of 10 mV s™" (Figure 6). Catalyst loading varied for
the different materials between 153 (for commercial Pt/C) and
187 pug cm > (for composite porous and sintered Pt NPs/
Vulcan), corresponding to a fixed loading of ~30 ugp, cm™.
The LSV results obtained for ORR in HCIO, 0.1 M for the
investigated materials are presented in Figure S, while Figure 6
summarizes the MAs, normalized with respect to the mass of
Pt, and SAs, normalized with respect to the ECSA of each
material. The comparison of the obtained results highlights the
importance of porosity of the Pt NPs in our material. The
sweeps of commercial Pt/C and composite porous Pt NPs/
Vulcan are very similar, showing higher activities per unit area
for the porous nanoparticles. The composite porous Pt NPs/
Vulcan shows comparable MA with respect to the commercial
Pt/C material, but, having a lower ECSA, its SA is much higher
than that of the reference material. Overall, the material
displays higher MA and SA for ORR, compared to other
porous or non-porous Pt-based nanomaterials from the
literature.*"”® At the same time, the sintered Pt NPs/Vulcan
shows a very low MA, while the SA is closer to that of the
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Figure S. LSVs for commercial Pt/C (black), composite porous Pt/
Vulcan material (red), and sintered porous Pt/Vulcan material (blue)
registered at 10 mV s~ from 0.1 to 1.1 V in 0.1 M HCIO, solution at
1600 rpm. Visualized potentials are corrected for pH and ohmic
losses.

reference commercial Pt/C. The peculiar performance of the
composite porous Pt NPs/Vulcan expressed in terms of SA
could arise from the well-defined morphology of the Pt
crystallites.

3.3.2. Methanol Oxidation Reaction (MOR). MOR catalytic
activities of the different Pt/C composites were investigated via
CV in an acidic electrolyte (MeOH 10 vol % in 0.1 M HCIO,,)
in Ar between 0.4 and 1.4 V vs RHE at a scan rate of 50 mV
s~' (Figure 7), while normalized activities (MA and SA) are
presented in Figure 8. The platinum loading was fixed at ~30
Ugp. cm~> The MOR behavior of the three materials is similar
to the case of ORR. Specific activities calculated on the forward
scan for the non-porous materials (commercial Pt/C and
composite sintered Pt/Vulcan) are comparable, while the
porous nature and exposed facets in the composite porous Pt/
Vulcan sample result in better performance of the electro-
catalyst. Again, mass activities do not show a significant
difference between the commercial Pt/C and composite
porous Pt/Vulcan, pointing to a balancing effect between the
lower ECSA and higher specific activity. Due to different ways
of setting up the MOR experiments, it is difficult to compare
results with the literature. Where a comparison is possible, our
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Figure 7. CVs of commercial Pt/C (black), composite porous Pt/
Vulcan material (red), and sintered porous Pt/Vulcan material (blue)
registered at 50 mV s™" in a 10% vol MeOH sol. in 0.1 M HCIO, from
0.1 to 1.5 V. Visualized potentials are corrected for pH and ohmic
losses.

material displays higher mass and specific activities toward
MOR with res;)ect to other porous and non-porous Pt-based
nanomaterials.”***”

4. CONCLUSIONS

A straightforward and rapid synthesis was developed for the
preparation of porous multifaceted Pt NPs. The reaction was
performed in the presence of OLAM and OLAC that showed
to be crucial to achieve the complex architecture of the NPs.
Reduction of the precursor was promoted by the high
temperature and the presence of OLAM, without the use of
a strong reducing agent. The as-prepared NPs were very
uniform in shape and strikingly monodisperse with a good
grade of porosity. The growth mechanism displayed an unusual
morphological transition of the NP shape never observed
before. Finally, the resultant NPs were electrochemically active
toward the reduction of molecular oxygen and the oxidation of
methanol with higher MAs and SAs than the commercial Pt/C
standard. In general, the normalized activities show a trend in
both MOR and ORR, favoring our porous platinum NP with
respect to the commercial standard.
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