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Abstract

The development of green and scalable syntheses for the preparation of size- and
shape-controlled metal nanocrystals is of high interest in many areas, including
catalysis, electrocatalysis, nanomedicine, and electronics. In this work, a new
synthetic approach based on the synergistic action of physical parameters and
reagents produces size-tunable octahedral Pt nanocrystals, without the use of
catalyst-poisoning reagents and/or difficult-to-remove coatings. The synthesis
requires sodium citrate, ascorbic acid, and fine control of the reduction rate in
aqueous environment. Pt octahedral nanocrystals with particle size as low as 7
nm and highly developed {111} facets have been achieved, as demonstrated by
transmission electron microscopy, X-ray diffraction, and electrochemical
methods. The absence of sticky molecules together with the high quality of the
surface renders these nanocrystals ideal candidates in electrocatalysis. Notably,
7 nm bismuth-decorated octahedral nanocrystals exhibit superior performance
for the electro-oxidation of formic acid in terms of both specific and mass

activities.

KeyWOl‘dS: Pt nanocrystals, shape, citrate-coated, formic acid electro-

oxidation, octahedral, green synthesis
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Introduction

The shape of nanomaterials plays an important role as it strongly modulates and
enhances specific properties, from improved selectivity and activity in catalytic
processes to tunable interaction with light and living matter.!* Even though
there are several methods available in the literature to obtain polyhedral
nanostructures, such as cubes, tetrahedrons, and octahedrons of several noble
metals,>12 there are few reports on the synthesis of shaped noble metal
nanoparticles without the use of polymers, surfactants, organic solvents and
other directing agents, which are difficult to remove after synthesis. For catalytic
Pt nanocrystals, the shape plays a fundamental role as it regulates the activity
and selectivity of the material in many processes, including catalysis and fuel
cells.’3-21 [n particular, the surface structure, i.e. the specific arrangement of the
atoms at the surface, is the key point determining and controlling the
electrocatalytic properties of the material.13 22-24

Many synthetic strategies have been proposed to obtain shaped Pt nanocrystals,
particularly focusing on wet chemical reaction methods. The main parameter is
typically the stabilization of a facet through the use of additives. Chemical
species that selectively stabilize specific facets influence the growth along
specific direction, tailoring the final shape of particle.!® 22 There is a long list of
polymers, surfactants, inorganic salts, and small organic molecules that have
been used to promote nanocrystal shape formation.!> However, the coating
remaining on the nanocrystal surface also affects the catalytic properties of the
material. In particular, it has been found that the most commonly used shape-
directing agents, i.e. PVP, tetradecyl trimethyl ammonium bromide, and
oleylamine, are detrimental to many catalytic reactions, altering the surface
properties of the material.13 162526 Different procedures have been developed to
remove completely the organic coating on the surface of the nanoparticles.
Nevertheless, most of these treatments are time-consuming, costly, do not
guarantee complete removal and, more importantly, may interfere with the

surface structure and, hence, with the catalytic properties of the nanocrystals.?”
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Moreover, a recent contribution reviews the most relevant advances dealing
with efficient surface cleaning methodologies applied to shape-controlled metal
nanoparticles, showing the challenges associated with this process. 22

On the other hand, it is well-accepted that, as the particle size decreases, the
proportion of {111} and {100} domains tends to decrease dramatically, while
low coordination sites such as edges, steps, corners and kinks become
predominant in the surface.?® Consequently, the possibility of designing few
nanometer size octahedral Pt nanocrystals with high percentage of {111} facet
percentage represents a challenge.

Here, we show a “green” synthetic procedure and a microwave-assisted scale-up
process to obtain octahedral Pt nanocrystals by using sodium citrate and
ascorbic acid in aqueous environment coupled with accurate control of the
reduction rate. Fine tuning of the size of the nanocrystal is obtained by modifying
the precursor concentration and the seed size. Nanocrystals with size as low as 7
nm and high percentage of {111} facets have been achieved. The so-prepared
nanocrystals have been physico-chemically and electrochemically characterized.
The electrocatalytic properties of these nanoparticles have been evaluated
towards the electro-oxidation of formic acid. In this regard, it is well established
that the use of some adatoms remarkably enhances the electrocatalytic
properties of the Pt substrate. In the present work, we will show that the 7 nm
octahedral nanocrystals fully decorated with bismuth adatoms clearly display
the best performance (among the different octahedral Pt nanoparticles tested) in
terms of current per unit surface area or mass in the electro-oxidation of formic
acid. These findings open the way to their possible application in practical fuel

cell devices.
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Materials and methods

Experimental details

Materials
Chloroplatinic acid hexahydrate BioXtra, L-ascorbic acid BioXtra, sodium citrate

tribasic dihydrate BioUltra, sodium borohydride, citric acid anhydrous were
bought from Merck/ Sigma-Aldrich and used as received.

Nanocrystals synthesis

Pt seed synthetic procedure

Pt seeds were synthesized by adding 55 pL of hexachloroplatinic acid aqueous
solution (0.5 M) (BioXtra grade, Sigma-Aldrich) to 90 mL of MilliQ water at
boiling temperature. After 1 min, 2.2 mL of a 35 mM sodium citrate and 3 mM
citric acid aqueous solution was added, immediately followed by a quick addition
of 1.1 mL of 22 mM aqueous solution of NaBH,, just dissolved. After 10 min the
solution was cooled to room temperature. For the synthesis of 7nm octahedral
nanocrystals, slightly smaller seeds were synthesized by adding the NaBH,
aqueous solution (44 mM) to a solution immersed in ice to slow down the
growth. The solution was sealed within a glass container and then abruptly
transferred to a silicon oil bath already at 100 °C to obtain a quick reduction of
the Ptions, and, hence, smaller seeds.

18 nm octahedral Pt nanocrystal synthetic procedure

The synthesis was performed in a sealed glass container (ACE glass pressure
reactor with Teflon cap). 3 ml of platinum nanocrystals seed (synthesized
following the protocol described in the previous paragraph) were added to 87 ml
of MilliQ water. 0.11 mL of hexachloroplatinic acid aqueous solution (0.5 M) was
added together with 1.5 ml of an aqueous solution of sodium citrate (35 mM)
and L-ascorbic acid (70 mM). The vessel was then sealed, placed in an oil bath
and brought to 105 °C in 20 minutes. The reaction was kept at these conditions
for 1 hour under magnetic stirring at moderate rate. The vessel was then
removed from the oil bath and left to cool under stirring for another hour.

10 and 7 nm octahedral Pt nanocrystals were synthesized following the protocol
presented in the previous sections. 2 nm size seeds and lower amount of
hexachloroplatinic acid hexahydrate were used to reduce the growth while
keeping the control on the synthesis.

10 nm octahedral Pt nanocrystal synthetic procedure

3 ml of platinum nanocrystals seed with average size around 2 nm were added to
87 ml of MilliQ water. 54 pL of hexachloroplatinic acid aqueous solution (0.5 M)
was added together with 1.5 ml of an aqueous solution of sodium citrate (35
mM) and L-ascorbic acid (70 mM). The vessel was then sealed, placed in an oil
bath and brought to 105 °C in 20 minutes. The reaction was kept at these
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conditions for 1 hour under magnetic stirring at moderate rate. The vessel was
then removed from the oil bath and left to cool under stirring for another hour.

7 nm octahedral Pt nanocrystal synthetic procedure

3 ml of platinum nanocrystals seeds solution with average size around 2 nm was
added to 87 ml of MilliQ water. 36 pL of hexachloroplatinic acid aqueous solution
(0.5 M) was added together with 1.5 ml of an aqueous solution of sodium citrate
(35 mM) and L-ascorbic acid (70 mM). The vessel was then sealed, placed in an
oil bath and brought to 105 °C in 20 minutes. The reaction was kept at these
conditions for 1 hour under magnetic stirring at moderate rate. The vessel was
then removed from the oil bath and left to cool under stirring for another hour.

Scale-up of nanocrystal synthesis using Flexiwave Microwave Reactor

18 nm octahedral Pt nanocrystal scale-up method

The synthesis was performed in a microwave reactor, using the multi-vessel
setup. 3 ml of platinum nanocrystals seed with average size around 3 nm
(synthesized following a previously developed protocol) were added to 87 ml of
MilliQ water. 110 pL of hexachloroplatinic acid aqueous solution (0.5 M) was
added together with 1.5 ml of an aqueous solution of sodium citrate (35 mM)
and L-ascorbic acid (70 mM). The 15 vessels were then sealed, placed within the
microwave chamber and brought to 105 °C in 20 minutes. The reaction was kept
at these conditions for 1 hour under magnetic stirring at moderate rate.

10 and 7 nm diameter shaped nanocrystals were synthesized following the
protocol presented in the previous sections. 2 nm size seeds and lower amount
of hexachloroplatinic acid solution were used to reduce the growth while
keeping the control on the synthesis.

10 nm octahedral Pt nanocrystal scale-up method

3 ml of platinum nanocrystals seed with average size around 2 nm were added to
87 ml of MilliQ water. 55 pL of hexachloroplatinic acid aqueous solution (0.5 M)
was added together with 1.5 ml of an aqueous solution of sodium citrate (35
mM) and L-ascorbic acid (70 mM). The 15 vessels were then sealed, placed
within the microwave chamber and brought to 105 °C in 20 minutes. The
reaction was kept at these conditions for 1 hour under magnetic stirring at
moderate rate.

7 nm octahedral Pt nanocrystal scale-up method

3 ml of platinum nanocrystals seed with average size around 2 nm were added to
87 ml of MilliQ water. 36 pL of hexachloroplatinic acid aqueous solution (0.5 M)
was added together with 1.5 ml of an aqueous solution of sodium citrate (35
mM) and L-ascorbic acid (70 mM). The 15 vessels were then sealed, placed
within the microwave chamber and brought to 105 °C in 20 minutes. The
reaction was kept at these conditions for 1 hour under magnetic stirring at
moderate rate.
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Transmission electron microscopy analysis

BF-TEM, HAADF-STEM and SAED analyses were carried out using a FEI Tecnai
G2 F20 TWIN microscope, with a Schottky emitter and operated at 200 kV,
Processing of SAED data was done via the PASAD plugin of Gatan Digital
Micrograph.?®

The lateral size of the nanocrystals was obtained by manual imposing a
threshold on the HAADF-STEM images followed by automatic measurement of
the Feret's diameter using the Image] software.3? For the samples Pt NC18, Pt
NC10 and Pt NC7, 100 particles were considered for the distribution. Only for the
sample Pt NC18, exhibiting particles with an anisotropic shape characterized by
more extended facets, a shape selection step was applied. In particular, particles
exhibiting a triangular projection in the HAADF-STEM images were excluded, as
they would systematically shift the distribution to higher values. The motivation
for this choice is that the parameter of interest, to be compared with the results
of WAXS analyses, is the body diameter of the NPs, which can be reliably
extracted from HAADF-STEM images only for the less anisotropic particles.
HRTEM images and STEM-EDS maps were acquired using a Cs-image corrected
JEOL JEM-2200FS TEM (Schottky emitter, operated at 200 kV), equipped with a
Bruker XFlash 5060 EDS system.

VESTA 3D visualization program was employed to draw a schematic model of a
truncated octahedral Pt nanocrystal.3!

X-ray Diffraction

X-ray Diffraction (XRD) data were collected by a D8-Discover Bruker
diffractometer, equipped with a Cu Roentgen tube (A K, 1= 1.54056 A and 1K,
,= 1.54439 A), a Gobel mirror as primary optics, an Eulerian cradle with
motorized rotation and translation movements and a scintillation detector. Data
were collected in the angular range 20= 5-130° with a step of 0.05°, with a fixe
angle of incidence of 5°.

Cleaning process for the octahedral Pt nanocrystals

The methodology used is similar to that previously employed with quasi-
spherical Pt nanocrystals also prepared in presence of citrate.3? In brief, a NaOH
pellet (~ 0.2 g) was directly added to the colloidal suspension (about 10 ml)
containing the octahedral Pt nanocrystals. The incorporation of the NaOH
induces the destabilization of the suspension and the nanocrystals precipitate.
After complete precipitation, the supernatant is discarded and the nanocrystals
were washed 3-4 times with ultra-pure water.

Electrochemical characterization

For the electrochemical measurements, a VMP3 multichannel potentiostat
(BioLogic) was employed. A three-electrode electrochemical cell working in a
NStat configuration (one counter electrode (Pt wire), one reference electrode (a
reversible hydrogen electrode (RHE) connected to the cell through a Luggin
capillary) and three working electrodes working simultaneously) was used. The
working electrodes were prepared by depositing a known aliquot of 4 pL of the
water solution containing the nanocrystals onto a glassy carbon rod (3 mm
diameter, Goodfellow). The electrode is then protected and dried under an Ar
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atmosphere until complete evaporation of the solvent. Before each experiment,
the glassy carbon collector was mechanically polished with alumina and finally
rinsed with ultra-pure water to eliminate impurities and previous nanocrystals.

The voltammetric characterization of the samples was performed in 0.5 M H,S0,.
Formic acid electrooxidation was carried out in a solution containing 0.5 M
H,S0, + 0.5 M HCOOH. All electrolyte solutions were prepared from Milli-Q®
water and Merck “p.a.” sulphuric and formic acid and Ar (Air Liquide N50)
deaerated before use. All the experiments were made at room temperature.

CO stripping experiments

CO stripping experiments were performed by bubbling CO (Air Liquide N47) in
the electrolyte (0.5 M H,S0,4) at 0.05 V for 1-2 min. The complete CO blockage of
the surface was verified by cycling the electrode between 0.05 and 0.35 V.
Subsequently, CO was removed from the solution by bubbling Ar for at least 15-
20 min. Finally, adsorbed CO was electrochemically oxidized in a single sweep.

Surface area determination

The correct determination of the electroactive surface area of the Pt nanocrystals
is very important because it allows properly comparing the intrinsic
electrocatalytic properties of the different nanocrystals. As described in previous
contribution33, the electroactive surface area of the different Pt nanocrystals can
be determined by measuring the charge involved in the so-called hydrogen UPD
region and assuming 230 uC cm for the total charge after the subtraction of the
double layer contribution.

Quantification of the {111} surface domains at the nanocrystals

As described in previous contributions343%, the quantification of the {111}
surface sites at the surface of the different octahedral Pt nanocrystals was
carried out by the irreversible adsorption of bismuth. Bi adsorption was
achieved by contacting the electrode with an acidic solution containing Bi,03 at
open circuit potential. The resulting Bi coverage can be controlled by changing
the Bi(Ill) concentration and immersion time. In the present case, maximum Bi
coverages were achieved by using Bi,O; saturated solutions and immersion
times of about 2 min. The electrode is then thoroughly rinsed with ultrapure
water before being immersed at 0.05 V in the electrochemical cell containing a
0.5 M H,S0, solution in which the Bi coverage is estimated.
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Results and discussion
Synthetic methodology
A new synthetic approach based on the synergistic interplay of physical
parameters and reagents provides shaped nanocrystals without the use of
polymeric directing agents or sticky molecules. In particular, this method
produces platinum nanocrystals with size as low as 7 nm with octahedral shape
in aqueous environment, without the use of surfactants, polymers, and other
inorganic salts, using seed-growth method. The reaction does not require a
complex setup and is performed in a closed vessel under temperature and
warming-up rate control in the presence of two easy-to-remove reagents,
namely sodium citrate and ascorbic acid (Fig. 1).
More in details, the synthesis is performed in a sealed glass container with teflon
cap. To a solution of Pt nanocrystals seed, hexachloroplatinic acid aqueous
solution was added together with sodium citrate and L-ascorbic acid solution.
The vessel was then sealed, and brought to 105 °C in well-defined time. The
reaction was kept at these conditions for 1 hour. The scale-up is obtained by
using a microwave reactor equipped with the multi-vessel setup (see SI for
experimental details).
Bright-field transmission electron microscopy (BF-TEM) and high-angle annular
dark-field scanning TEM (HAADF-STEM) images of citrate-capped Pt
nanocrystals of three different sizes, ranging from 7 to 18 (Pt NC7, Pt NC10, Pt
NC18) are shown in Fig. 2 and S1. The nanocrystals exhibit an octahedral shape.
All the samples have face-centered cubic single crystal structure, according to
selected area electron diffraction (SAED) patterns (Fig. 2G). A more detailed
investigation of the faceting of the nanocrystals was carried out by high-
resolution TEM (HRTEM) (Fig. 3). These analyses show that the most extended
facets are parallel to {111} planes, while the {100} facets are scarcely developed,
resulting in a slightly truncated octahedral shape.
A synergistic interplay of the reaction parameters, together with the presence of
sodium citrate and ascorbic acid, promotes anisotropic growth altering
reduction kinetics and, hence, resulting in kinetic growth conditions.' 3¢ In a
recent report, it has clearly established through electrochemical experiments,

Fourier Transform Infrared Spectra (FTIR) and Density Functional Theory (DFT)
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that citrate ions in aqueous solution can become simultaneously adsorbed on the
Pt(111) surface through all three dehydrogenated carboxylic groups in bidentate
configuration.3” For this reason, citrate is more favorably adsorbed on the
Pt(111) than on the other two basal planes of platinum, providing a stabilizing
effect to this crystallographic facet.

However, up to now, the aqueous synthetic protocols of Pt nanocrystals growth
employing sodium citrate were unable to produce shaped nanomaterial as the
presence of sodium citrate is a necessary but not sufficient condition. To obtain
octahedral shape, it is crucial to finely tune the reaction conditions, the precursor
concentration, and the reducing and stabilizing agents to control the growth
process and drive the reaction under kinetic control.1* 38 In detail, the control of
the temperature and heating rate in a closed container plays a crucial role in the
formation of octahedral nanocrystals (Fig. S2). The same reaction conditions in
an open reflux setup do not produce preferentially shaped nanocrystals, but

spherical flower-like nanocrystals (Fig. $3-S4). This underlines the crucial role

of the synergy of the reaction parameters in achieving the growth of polyhedrons.

At temperatures above the threshold value of 105 °C, the reaction is under pure
thermodynamic growth conditions, and platinum nanocrystals grow as spherical
nanoflowers to minimize their surface energy (Fig. S5). Moreover, the heating
rate during the warming-up phase plays a major role. Faster heating-up rate than
the one reported leads to the loss of control on the nanocrystals growth and,
hence, to the formation of flower-like nanoparticles (Fig. S6-S7). The control of
reaction temperature gradient demonstrates that slow reduction conditions are
crucial to get shaped octahedral Pt nanocrystals, as they give the shape-directing
agents enough time to interact at the particles surface, making them more
effective at producing octahedral shape. Low rate of reduction during the
warming-up phase can also promote higher precursor-to-seeds ratio, a
fundamental step in the shape formation.3°

The oxidation state of the Pt precursors and, thus, the kinetic of reduction have
also a strong effect on the nanocrystals shape. Introducing Pt(II) in the reaction
vessel changes the reaction rate and leads to the formation of flower-like

spherical nanoparticles (Fig. S8).
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Therefore, we have designed the conditions to move the reaction under kinetic
control, operating at temperature below 105 °C with reduced reduction rate and
the presence of sodium citrate and ascorbic acid as directing agents.” 12, 40-46
Impurities also play a crucial role in promoting or impairing controlled growth of
nanoparticles. Only extremely purified Pt precursors lead to the formation of
octahedral shape, whilst commonly used Pt compounds without extensive
purification lead to the formation of spherical-like shape (Fig. $9). This confirms
that slight modifications and presence of impurities have a drastic impact in the
outcome.*> We have thus defined the crucial parameters to achieve shaped
nanoparticle growth, demonstrating the synergy required between the physical
parameters and the reducing and stabilizing agents, to achieve control in the
synthesis of shaped platinum nanoparticles. L-ascorbic acid and sodium citrate
play a role in reducing the precursors and, then, in stabilizing the nanoparticles.
Although it has been reported that sodium citrate can act as directing agent in
the synthesis of preferentially shaped silver nanocrystals,*” in the case of
platinum nanocrystals this does not represent a sufficient condition.
Furthermore, from a catalytic point of view, L-ascorbic acid and sodium citrate
bind only weakly to the surface of platinum nanocrystals through their
carboxylic and hydroxyl groups. This is a major advantage, as they stabilize the
particles in solution against aggregation, but they can easily be removed by using
sodium hydroxide, as described in the SI section. In this way, clean surfaces, an
extremely relevant aspect for catalysis and fuel cells application, can be
effectively obtained. Furthermore, the synthesis has the requirements to be
defined as “green” as it uses water as solvent and biocompatible compounds, like
sodium citrate and ascorbic acid. This represents an important aspect
considering the effort devoted by the scientific community to develop synthetic
methods with low environmental impact.*®

The method proposed here is a breakthrough towards a complete control of the
experimental parameters that govern the nucleation and growth of nanoparticles.
Moreover, the absence of sticky molecules on the surface, which are difficult to
remove, represents a further advantage for catalysis and fuel cell applications.
The lab-based synthetic methodology developed for octahedral platinum

nanocrystals has been also scaled-up, by using a microwave reactor in a closed
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reaction system. A multi-vessel setup has been employed, achieving more than
half a gram of product in one hour. This represents almost a two orders of

magnitude increase compared to lab-based procedure (Fig. $10).

XRD analysis

For nanocrystalline powders with reduced domain size, a major role is played by
the surface atoms that, for extremely small nanocrystals, can even exceed the
number of bulk atoms. Surface energies generate changes in the length of the
interatomic bonds determining important strain contributions and/or surface
atoms lattice reconstruction.*® This already justifies the introduction of a size-
related lattice parameter in the Bragg equation,>® which cannot be anymore
routinely applied as for conventional micrometric polycrystalline powders. For
extremely small nanocrystals, a Debye function approach is preferable, with
respect to traditional crystallographic method, to describe correctly the XRD
patterns and derive from it the structure and microstructure of these materials.
Indeed, the Debye function 13 does not require any lattice periodicity to
calculate the diffracted intensity.

The X-ray diffraction data, collected on the samples, are shown in Fig. 4. The
atomic models, used in the Debye simulations, describe the Pt face-centered-
cubic unit cell (space group F m -3 m) and a crystalline habit of 45x45x45 (Fig.
4a), 20x20x20 (Fig. 4b) and 15x15x15 (Fig. 4c) unit cells, along the @, b and ¢
crystallographic axes, which correspond to a crystalline dimension of 18+2 nm,
8+2nm and 612 nm, respectively (Fig. S11). These results are in close agreement,
both in terms of size and shape, with the TEM analysis and further demonstrate
the reduced polydispersity in size and shape of the nanocrystals on a

significantly large amount of sample.

Electrochemical characterization and electrocatalysis

Catalyst nanoparticles supported on a substrate are extensively used in many
industrial applications of catalytic processes.>* It has been proven that the
efficient shape-controlled synthesis of nanoparticles may have strong impact in
large-scale applications.>> However, the approaches used so far to obtain

nanoparticles with controlled shapes invariably involve additives and capping
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agents*? 56 which cover the surface active sites, deteriorating the catalytic
performance?® 57 as they are surface poisons or modifiers of the catalytic
activity.>®

In the field of electro-catalysis, there is a strong need of nanoparticles free of
contaminations and preferentially shaped, as many electrocatalytic reactions of
key importance for energy storage and conversion and wastewater remediation
are highly structure-sensitive reactions. The possibility to have preferentially
oriented nanoparticles represents a major breakthrough for catalysis.? 24 59

It is well established that, for Pt surfaces, the voltammetric profile in 0.5 M H,SO,
represents a fingerprint of their particular surface structure.?® Fig. 5 (left panel)
reports the characteristic voltammetric profiles of the different octahedral Pt
nanocrystals. At first sight, the sharpness and the symmetry of the adsorption
states clearly point out the good cleanliness of the surface. In addition, all the
three profiles are very similar and show characteristic voltammetric features
associated with the presence of a well-defined (111) preferential surface
orientation. In particular, it is worth noting the presence of the symmetric
contribution at 0.5 V, a feature related to the anion adsorption on two-
dimensionally ordered {111} surface domains. Additionally, the sharp peak at
0.12 V is associated to the presence of (110) surface sites, likely steps between
{111} domains, which would be necessarily present on the surface of these small
nanocrystals. Finally, the small peak at about 0.26 V is attributed to the (100)
surface sites, both at the edges and corners between the {111} domains. It is
worth noting that these voltammetric profiles are very similar to those observed
with clean octahedral Pt nanocrystals prepared using other methodologies, that
is, prepared in the presence of other capping agents (Fig. S12). However, in
comparison with these previous findings, it is important to underline the
absence of contributions between 0.35 and 0.37 V, where the characteristic
features of two-dimensional {100} surface domains appear. This fact points out
the high quality of the present samples (in term of (111) preferential surface
structure). This voltammetric characterization, obtained from a large number of
nanocrystals, further confirms the results from TEM and XRD analyses.
Interestingly, the voltammograms of the octahedral Pt nanocrystals are very

similar to that of Pt(554) single crystal surface (Fig. 5, right panel). This Pt(554)
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surface is a combination of (111) terraces with 9 atom-width separated by
monoatomic (110) step sites. Additionally, as a comparison, the voltammetric
profile of quasi-spherical (3-4 nm) Pt nanoparticles, prepared in presence of
citrate using the methodology previously described (See SI for details about the
preparation and characterization of this sample, Fig. S13),32 is also included in
Fig. S15. As expected, the quasi-spherical Pt nanoparticles display a
voltammetric profile characteristic of a polyoriented Pt surface in which it worth
noting the absence of the signal at about 0.4-0.6 V related to the {111} surface
structure (Fig S15, right panel). To obtain quantitative information of the {111}
at the surface of the octahedral Pt nanocrystals, irreversible Bi adsorption
experiments were performed as described in previous publications3’, and
tentatively characterized by STEM EDS (Figs. S16b-c). Briefly, the charge
involved in the oxidation process, related to the presence of these irreversibly
adsorbed adatoms, can be easily correlated with the percentage of {111} surface
domains by using the relationships deduced for series of well-defined stepped
surfaces. Fig. S16a shows the electrochemical responses of the electrode after
the irreversible adsorption of Bi at maximum coverage in comparison with the
bare surface. The presence of Bi completely hinders/blocks the usual
adsorption/desorption features of the nanocrystals, and only the characteristic
surface redox process due to the adsorbed bismuth is observed at about 0.63 V.
This surface redox process is observed in all samples, although Pt NC18 display a
much higher Bi redox charge, which already indicates a higher proportion of

{111} surface domains.

Table 1 summarizes the results for the three different sets of nanocrystals (see SI

and Fig. S17 for details).

Table 1. Percentage of the {111} ordered domains determined for the different sets of nanocrystals.

Sample Pt NC7 Pt NC10 Pt NC18

{111} sites (%) 39.2+0.3 40.9 +0.3 69.3 0.3
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The Pt NC18 shows an impressive value of about 70%, which evidences the high
quality of the sample in terms of (111) surface structure. Moreover, elemental
mapping of Bi over the particles does not show clear localization of Bi over the
particles in defined regions (Figs. S16b-c). However, the value of about 40% for
the Pt NC7 is more relevant as it clearly indicates that the decrease in particle
size from 10 to 7 nm does not imply a loss of (111) character, which is clearly
important for practical applications.

For the 3-4 nm quasi-spherical Pt nanoparticles (Fig. S18), the characteristic
features associated with the adsorption of Bi on {111} domains are essentially
missing due to the absence of {111} terraces at the surface of the small Pt
nanoparticles as previously demonstrated in Fig. S15, right panel. In this regard,
it is worth mention that, due to the absence of well-defined surface domains in
which Bi can be adsorbed, the surface of the small nanoparticles is not fully
covered by the Bi atoms and, consequently, the so-called hydrogen region
remains clearly visible. A similar finding was previously observed with 4-5 nm
spherical Pt nanoparticles.3>

The oxidation of formic acid on platinum surfaces has been the subject of
innumerable contributions, not only because it is a two-electron-transfer model
reaction, but also for its potential use in direct formic acid fuel cells (DFAFCs).%°
It is widely accepted that the reaction proceeds through a dual path mechanism:
the direct oxidation path to CO, and a second pathway, which involves a
dehydration step to yield water and adsorbed CO, a poisoning intermediate,
further oxidized to CO; at high overpotentials. In addition, it is well-established
that both paths are structure-sensitive processes. It is well-known that the
Pt(100) is the most active surface, but also the most sensitive to the CO
poisoning. On the other hand, for Pt(111) surface the poisoning rate is
significantly lower, a very important property for long operation times.?3

It is also well-recognized that the dehydration step to yield CO requires an
“ensemble” of Pt surface atoms.®! Consequently, by perturbing this required
ensemble, the CO formation step can be inhibited, giving rise to an enhancement
of the overall oxidation rate. This surface perturbation can be easily achieved
with the use of adsorbed adatoms as surface modifiers. This strategy has been

widely used with Pt single crystal electrodes.®?% From these fundamental
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studies, it was reported that, on Pt(111), the adsorption of Bi enhanced about 40
times the activity of platinum surface for the direct oxidation of formic acid,
whereas the poisoning effect due to spontaneous formation of CO was almost
completely suppressed, even at a very low coverage.®?-63

From a practical point of view, the use of single crystal surfaces is not reasonable,
and nanomaterials are essential due to their much higher surface to volume ratio.
Shape-controlled Pt nanocrystals fulfill these two requirements: high surface to
volume ratio and well-defined surface structure. Previous contributions have
studied the electrocatalytic properties of different shape-controlled Pt
nanocrystals towards formic acid electro-oxidation. These studies evidenced the
same structural electrocatalytic dependence, related to the presence of facets
with (100) and (111) symmetry, as that observed with the model Pt surfaces.
Additionally, to enhance the activity and/or to overcome the poisoning effect, the
shaped Pt nanocrystals were also decorated with adatoms such as Pd 4, Bi, 654647
or Sb.°®¢ However, in these studies, the particle size of the samples (about 10 nm)
is still too large from a practical point of view. Decreasing the particle size from 9
to 2 nm resulted in enhanced activities due to the “catalytic ensemble effect”, i.e.
the lack of the Pt site ensemble requirement for the CO poisoning process.®’
Consequently, the possibility of studying the formic acid electro-oxidation on Bi
decorated, (111) preferentially oriented, 7 nm octahedral Pt nanocrystals would
strongly contribute to the next generation of advanced electrocatalysts for
energy conversion applications.

Fig. S19 shows the voltammetric responses of the different octahedral Pt
nanocrystals in a 0.5 M H,;SO4, + 0.5 M HCOOH solution. As comparison, the
response of the quasi-spherical (3-4 nm) Pt nanoparticles is also included. The
upper potential limit has been restricted to 0.9 V in all samples, to avoid surface
structure perturbations and some electrochemical dissolution in this high
potential range. As expected, their electrocatalytic response is rather similar, due
to their similar preferential surface structure. Thus, in the positive going scan,
CO from dehydration of formic acid is formed at low potentials and importantly
hinders the direct oxidation path. In this positive going scan, the activity of the
small Pt nanoparticles is slightly better because of their smaller particle size.®”

Once the CO poison is oxidized between 0.7-0.9 V, in the negative scan, between
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0.9 and 0.5V, the electrode is CO free and good oxidation currents are obtained.
Finally, from 0.55 V, current again decreases due to CO re-poisoning of the
surface. However, it is also worth noting that the 18 nm octahedral Pt
nanocrystals display a distinct behavior at high potential values in both the
negative and positive going sweep. This is due to their higher (111) character, as
deduced from previous contribution with different shape-controlled Pt

nanocrystals.®®

Fig. S20 reports the voltammograms corresponding to the formic acid electro-
oxidation obtained with the different Bi-modified octahedral Pt nanocrystals also
including the response obtained with the Bi-modified quasi-spherical Pt
nanoparticles as well as that obtained with two types of Pd nanoparticles (2-3
nm spherical Pd nanoparticles prepared in the presence of citrate [See SI for
details about the preparation and characterization of this sample, Fig. S14] and a
commercial Pd black (Alfa Aesar)) which represent the state-of-the-art for
formic acid electrooxidation. From the graphs it is clear that a huge increase in
current is obtained with the Bi decorated samples. In addition, as it is also well-
known for the Pd samples, the hysteresis between the positive and negative-
going sweep is remarkably small, thus suggesting that the dehydration rate is
slower and negligible amounts of CO are accumulated at the surface of the Bi-
modified nanocrystals during the positive going scan. However, it is worth noting
that the activity of the Bi decorated quasi-spherical Pt nanoparticles is
significantly worse that that found with the octahedral samples, thus evidencing

the important role played by the surface structure of the nanocrystals.

To analyze the response of the octahedral Pt nanocrystals under more practical
conditions, chronoamperometric measurements were recorded at different
potentials (0.3, 0.4 and 0.5 V vs RHE) for 25 minutes. Fig. S21 shows the results
obtained and Fig. 6 summarizes the findings. As expected, and independently of
the applied potential, the currents obtained with the Bi-modified samples are
much higher than those observed with the bare ones. However, the most
interesting finding is the performance of 7 nm Bi-decorated octahedral

nanocrystals that display a clear enhancement in comparison with the 10 and 18
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nm ones. This is particularly important because these results are referred to
specific activities (SA), i.e. activity normalized to the electroactive surface area
and, consequently, expressed in terms of mA cm (the electroactive surface area
of the three samples, estimated as described in the Methods section, is similar
and equal to about 0.185 + 0.03 cm?).

On the other hand, it is worth noting that a decrease in particle size, from 18 to 7
nm, directly implies an increase in the surface area to volume ratio from
approximately 0.4 to 1.0. In this way, for a similar total surface area (0.185 *
0.03 cm? in the present case), the total volume and, consequently the required
mass of Pt, is remarkably reduced by a factor of about 2.5, thus effectively

reducing the cost of the electrocatalysts.

Conclusion

We have reported a “green” synthetic procedure of octahedral Pt nanocrystals.
The synergy between sodium citrate, ascorbic acid, and fine control of the
reduction rate is the key point governing the synthesis. The method permits fine
tuning of the size of the nanomaterial and can be easily scaled-up. Nanocrystals
with size as low as 7 nm with highly developed {111} facets have been obtained.
In the electro-oxidation of formic acid, the 7 nm octahedral nanocrystals fully
decorated with bismuth displayed an enhanced performance in terms of both
specific and mass activity than those obtained with the 10 and 18 nm ones.
These findings may remarkably impact their possible application in fuel cell
technology, where the high cost of the electrocatalysts is one of the critical
aspects. For this purpose, the production of 3-5 nm octahedral Pt nanocrystals

with highly developed and clean {111} facets still represents a major challenge.
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Figure 2. TEM investigation of Pt nanocrystals with average size (a,d) 18+2 nm
(Pt NC18), (b,e) 10+2 nm (Pt NC10) and (c,f) 71 nm (Pt NC7): (a-c) BF-TEM and
SAED patterns (in the insets) and (d-e) HAADF-STEM images and histograms of
size distribution (in the insets). (g) Azimuthally integrated SAED patterns for the
Pt NC18 (green), Pt NC10 (blue) and Pt NC7 (red), compared with a powder XRD
pattern of a database Pt structure (black).
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19 Figure 3. (Left) HRTEM image of a Pt single crystal (sample Pt NC18), exhibiting
truncated octahedral shape, and (right) schematic model of a truncated
octahedral Pt nanocrystal, obtained using VESTA.3!
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Figure 4. XRD data (experimental curve in black; theoretical curve in green) of Pt
NC18 (a), Pt NC10 (b) and Pt NC7 (c) with crystalline dimension of 18+2 nm,
8+2nm and 62 nm, respectively.
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Figure 5. (Left) Cyclic voltammograms corresponding to Pt NC18 (blue), Pt NC 10
(red) and Pt NC7 (black). (Right) Cyclic voltammogram of a Pt(554) single crystal
29 electrode. Test solution: 0.5 M H,S0O,4, sweep rate 50 mV s.,
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Figure 6. Formic acid current densities and enhancement factor obtained after
25 min at different applied potentials on Bi-modified (red columns) and bare
(black columns) octahedral Pt nanocrystals. Test solution: 0.5 M H,SO4 + 0.5 M
HCOOH.
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