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ABSTRACT

Synthesizing metal nanoparticles with fine control of size, shape and surface properties is of high interest for
applications such as catalysis, nanoplasmonics, and fuel cells. In this contribution, we demonstrate that the
citrate-coated surfaces of palladium (Pd) and platinum (Pt) @Pd nanocubes with a lateral length <5 nm and
low polydispersity in shape achieve superior catalytic properties. The synthesis achieves great control of the
nanoparticle’s physico-chemical properties by using only biogenic reagents and bromide ions in water while
being fast, easy to perform and scalable. The role of the seed morphology is pivotal as Pt single crystal seeds
are necessary to achieve low polydispersity in shape and prevent nanorods formation. In addition,
electrochemical measurements demonstrate the abundancy of Pd {100} surface facets at a macroscopic level,
in line with data inferred from TEM analysis. Quantum density functional theory calculations indicate that the
kinetic origin of cubic Pd nanoshapes is facet-selective Pd reduction/deposition on Pd(111). Moreover, we
underline both from an experimental and theoretical point of view that bromide alone does not induce nanocube
formation without the synergy with formic acid. The superior performance of these highly controlled
nanoparticles to perform the catalytic reduction of 4-nitrophenol was proved: polymer-free and surfactant-free
Pd nanocubes outperform state-of-the-art materials by a factor > 6 and a commercial Pd/C catalyst by more

than one order of magnitude.
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INTRODUCTION

The precise control of the size and shape of nanoparticles is a powerful way to govern the properties of
nanomaterials and, hence, their performance in a broad range of applications like catalysis, electrocatalysis,
and nanomedicine.'~!% Indeed, for catalytic nanomaterials such as palladium (Pd) and platinum (Pt), the shape,
size and presence and nature of surface coatings regulate the catalytic activity and selectivity.!'~!> For example,
it has been demonstrated that the size and shape of Pd nanomaterials have a profound effect on several
reactions, such as carbon—carbon cross coupling, reduction of nitroarenes, CO oxidation and CO,
hydrogenation'®!8, These recent data show that the performance of a nanocatalyst can be substantially
enhanced by rational design and achieving strict control of both dimension and shape.'’' Moreover, a few
recent reports have started to elucidate the role of the surface structure achieved by shape-controlled syntheses
on the catalytic performance. Pd nanocubes with dimension above 100 nm proved as an efficient catalyst for
cross-coupling reactions and for nitrophenol reduction whilst providing greater stability and higher selectivity
with enhanced recyclability.?’ Also in the attempt to find alternatives to fossil fuels by developing viable fuel
cells, the surface structure of Pd catalysts is a critical point to achieve highly improved efficiency and market
performance requirements for direct formic acid fuel cells.?!?? Indeed, from the studies on single-crystal Pd
electrodes, the effect of surface structure has been elucidated, showing that the current density reaches a
maximum value for Pd(100).%3

Major challenges need to be overcome to develop Pd nanomaterials in a sustainable manner without the use of
high temperatures, organic solvents, dry argon, and/or expensive metal derivatives. Indeed, the development
of a direct synthesis of well-controlled Pd NPs stabilized in water will open the way to the direct use of the
catalyst at extremely low loading.>* Furthermore, the use of easy-to-remove coating enables the surface
functionalization with amphiphilic compounds for an efficient phase exchange during catalysis. Alternatively,
the use of green bio-reductants, which also act as stabilizers, has been proposed as an economical and
environmental solution but reproducibility issues and a high variability in the bio-extract composition and
consequent low catalytic activity hampered their use.?02*

In this framework, solution-phase syntheses for the formation of metal particles with sizes below 7 nm with
narrow size and shape distributions and a high yield of usable material are challenging. A limiting factor of
many synthetic protocols is the use of various surfactants, polymers, and hard templates,>>?® which can
significantly alter the properties of the material?!-*42°3! and are difficult to remove after synthesis.3> Here, we
present an eco-friendly hydrothermal synthetic method without the use of polymers and surfactants to obtain
size-tuneable Pd nanocubes with ultra-small sizes using sodium citrate, formic acid, and potassium bromide.
A key aspect of our synthesis protocol is the use of a weak reducing agent (formic acid) which, in the presence
of adsorbed bromide, performs {111} facet-selective, on-surface reduction of Pd metal ions to produce sub-
five-nanometer cube-shaped Pd nanocrystals enclosed by {100} facets. Prior experimental studies seemed to
indicate that halides**-*° can function as capping agents for promoting {100}-faceted Pd nanocrystals*¢—% and

that halides can affect Pd metal-salt reduction and, hence, influence the nanocrystal growth and shape.!2343%-
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42 However, the capping effect of halides has not been fully demonstrated for Pd nanocrystals and the
mechanism governing the synergy between halides and Pd salt reduction remains elusive. In this paper, we use
first-principles density-functional theory (DFT) to show how synergistic interactions between adsorbed
bromide and formic acid reductant can affect the shapes of Pd nanocrystals. Based on these synergistic
interactions, we synthesized ultra-small Pd nanocubes using both Pd and Pt seeds. We confirmed by
electrochemical measurements the abundancy of Pd {100} surface facets. Moreover, the use of microwave
reactor (with a multiple reaction vessels setup) allowed synthesizing more than 100 mg of nanocubes
simultaneously in less than an hour. The detailed understanding of the key synthetic parameters together with
the easy procedure to control the growth and achieve the desired properties, opens the way to a wide application
of these nanomaterials in high-demand catalytic and electrocatalytic processes.

We indeed proved the superior capability of these highly-controlled and high-quality nanoparticles by
performing the catalytic reduction of 4-nitrophenol, a reaction extensively used in organic chemistry and
industry. We evaluated the performance with nuclear magnetic resonance (NMR) and compared it with a
commercial catalyst and the data in the literature, finding that the catalytic activity of Pt@Pd nanocubes is
superior by at least a factor of 6 with respect to the best reported®* results and by more than one order of

magnitude compared to the commercial Pd/C catalyst.

EXPERIMENTAL DETAILS

Materials.

Chloroplatinic acid hexahydrate BioXtra, formic acid puriss. p.a., ACS reagent, reag. Ph. Eur., >98%,
Palladium(II) chloride 99.999%, sodium citrate tribasic dihydrate BioUltra, acetic acid puriss. p.a., ACS
reagent, reag. ISO, reag. Ph. Eur., >99.8%, nitric acid puriss. p.a., ACS reagent, reag. ISO, reag. Ph. Eur.,
>99.8%, L-ascorbic acid BioXtra, potassium bromide BioXtra, >99.0%, sodium borohydride, and citric acid
anhydrous were bought from Merck/Sigma-Aldrich. Ultrapure water with a resistivity of 18.2 MQ-cm was

used throughout the experiment.

Pd Seed Synthetic Procedure.

Pd seeds were synthesized in aqueous solution (130 mL ultrapure water) with the addition of 85 uL. of PdCl,
at 55 mM (previously dissolved in 1.1 M nitric acid solution), followed by 9.5 mL of a solution containing 33
mM sodium citrate and 2.5 mM citric acid. Then, 550 pL of freshly prepared NaBH, (at a concentration of 25
mM) were added to start the seeds formation. To achieve a fast reduction of the Pd ions and, consequently, a
small seed size, the vessel was placed into a glycerol bath already warmed-up at 107 °C. The reaction was kept
at these conditions for 12 minutes under magnetic stirring at moderate rate. At the end the vessel was removed

from the glycerol bath and left to cool under stirring for an hour.
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Pt Seed Synthetic Procedure.

50 uL hexachloroplatinic acid aqueous solution at a concentration of 0.55 M (previously prepared and stored
in the fridge) was added to 95 mL ultrapure water, already warmed-up at 90°C into a glycerol bath. After 2
min, 0.5 mL of solution containing sodium citrate at 35 mM and citric acid at 3 mM was added, immediately
followed by the addition of 2 mL of freshly prepared NaBH, (at a concentration of 11mM). After 12 minutes,

the solution was cooled to room temperature by removing it from the glycerol bath.

Pd and Pt@Pd Nanocube Synthetic Procedure.

PdCl, was previously dissolved in 1M of CH;COOH aqueous solution to reach a final concentration of 56.4
mM. 4.5 mL of Pt or Pd seeds were added in a sealed glass container (ACE glass pressure reactor with Teflon
cap) followed by 60 mL Ultrapure water with 159 pL of Pd (II) acetate (0.05M) and 1 mL of a solution
containing 0.2M formic acid, 0.34M sodium citrate, and 0.5mM L-ascorbic acid. After waiting 1 minute, 1.6
mL of 0.5 M KBr was added in the solution. The vessel was then sealed, placed in a glycerol bath already at
105°C for 3 minutes. The reaction was kept for 12 minutes under stirring at moderate rate. The solution was

then cooled to room temperature.

Transmission electron microscopy analyses.

Bright-field transmission electron microscopy (BF-TEM) imaging was carried out in a JEM-1011 microscope
(W filament) operated at 100 kV. High-resolution TEM (HR-TEM) and high-angle annular dark-field-
scanning TEM (HAADF-STEM) analyses were carried out in an image-Cs-corrected JEM-2200FS instrument,
operated at 200 kV. Due to the small size of the nanocrystals and to the fast carbon contamination build-up
upon electron-beam irradiation, regions of interest were exposed to a relatively low dose rate (=70
electrons/(A2 s)) and HRTEM images were acquired using a direct electron detection camera (K2 Summit,
Gatan), in super-resolution mode. Each HRTEM image shown here is extracted from a (140 nm)2 frame. Each
of these frames is obtained by summing a stack of aligned frames, each corresponding to a short exposure (0.2
s), with a total acquisition time of 10 s. Compositional mapping was carried out by energy-dispersive X-ray
spectroscopy (EDS) coupled with HAADF-STEM imaging, using a Bruker X-Flash 5060 silicon-drift detector
(SDD). The compositional maps reported here were obtained by integration of the La peaks of Pt and Pd.

Computational Methods

DFT total energy calculations were performed using the Vienna Ab initio Simulation Package (VASP) with
projector-augmented waves**47 and the generalized gradient approximation (GGA) by Perdew, Burke, and
Ernzerhof (PBE).*® The plane-wave basis set energy cut-off was 450 eV and Monkhorst-Pack grids were used
for Brillouin zone sampling.** To account for long-range van der Waals (vdW) interactions, the DFT-D2
method of Grimme® was used. In this method, the cut-off radius was taken to be 40.0 A, while the dispersion

coefficient and the vdW radius from Ruiz et al. were used to account for bulk screening effects.’! A (15 x 15
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x 15) k-point mesh was used to calculate the energy of bulk Pd. The calculated lattice constant was 3.95 A, in
good agreement with other theoretical calculations and slightly higher than the experimental value (3.89 A).52
33 To calculate the total energy of an isolated Pd atom, a Br atom, and COOH in the gas phase, we used a cubic

unit cell with a side length of 20 A and a single k point.

Pd surfaces were represented as periodic slabs with six layers of Pd and adsorbed Br and/or COOH on one
side of the slab. The bottom three layers of Pd were fixed to the bulk configuration. Regarding Br adsorption,
we found that Br prefers to bind to the fcc hollow sites of Pd(111) and to the four-fold hollow sites of Pd(100).
COOH binds to the Pd surface atoms via the C atom. To identify the predominant surface structures for various

chemical potentials of Br and COOH on Pd(100) and Pd(111), the surface energy was calculated using

Bulk
Epq — r—coon — NpdEpd ™ — Npritgr— — Ncoontcoon

_ fixed
¥YPd — Br— COOH = A Yrd €Y
surf

where Epq_ pr— coon is the energy of a Pd slab with absorbed Br and COOH, Npq and E gﬁlk represent the
number of Pd atoms in the Pd slab and the DFT bulk energy per Pd atom, Ng, is the number of absorbed Br
atoms, up,— is the chemical potential of solution phase Br-, N¢ooy is the number of absorbed COOH atoms,
Ucoown 1s the chemical potential of COOH, and Agyf is the surface area of a Pd slab. Since absorbed species are
adsorbed on only one side of the Pd slab, we subtracted Y54 — the surface energy of a bare Pd surface slab

with atoms fixed at the bulk coordinates.

We carried out convergence tests for the surface energy of 1/4 monolayer (ML) Br on Pd(100). Here, one ML
occurs when the ratio of adsorbed species to Pd surface atoms is unity. Convergence tests were performed to
test the vacuum spacing, cut-off energy, and k-point mesh using a (2x2) unit cell. The results of these
calculations are shown in Table S2. To find an optimal k-point mesh for other unit cells, we performed
convergence tests using the same the cut-off energy and vacuum spacing as the optimal values in Table S2.
The corresponding optimal k-point meshes used for other unit cell sizes are listed in Table S2. All structures
were relaxed until the force acting on all atoms was smaller than 0.01 eV/A with an energy convergence

criterion of 10 eV.
Deposition of Pd nanocubes on carbon

10 mg of Vulcan XC72R carbon black (Carbon Corp) were added to 20 mL of ultrapure water under moderate
stirring condition. Magnetic stirring and ultrasonic bath immersion were alternated for 2.5 h in order to achieve
a dispersion of the material in water. After having achieved a black homogenous suspension, Pd NPs solution
(at 0.2mg/ml) was added with a loading of 20% w/w and the solution was sonicated for another 20 minutes.
After achieving a well-dispersed Pd NPs and Vulcan carbon black solution, NaOH in pellets (around 0.4 g)
were added to favor the detachment of citrate from the nanoparticles surface and, hence, the destabilization
and consequent precipitation of the composite material overnight. Then, the material was washed at least 5

times with ultrapure water.



Page 7 of 27 Nanoscale

Electrochemical characterization

The electrochemical characterization of the Pd-nanocubes and the 10 % Pd/C commercial catalyst used as a
benchmark was carried out using thin-film rotating disk electrode (RDE) voltammetry.>° Inks of the carbon-
supported catalysts were prepared by mixing a weighed amount of the powders in a 70:30 volume mixture of
ultrapure water (18.2 MQ-cm, ELGA Purelab Ultra) and isopropanol (Sigma-Aldrich, HPLC grade, 99.9 %),
as well as the amount of Nafion perfluorinated resin solution (Sigma-Aldrich, 5 %) necessary to yield a Nafion-
to-carbon mass ratio of 0.3. To prepare electrodes with Pd loadings of 10 pgps-cm?, the catalyst/solvent
mixture was carefully sonicated for one minute, and a drop of 8§ pL. was cast onto a mirror-polished 5 mm
diameter glassy carbon disk (HTW Hochtemperatur-Werkstoffe) inserted in a PTFE RDE tip (E5TQ, Pine
Research) and dried under a N,-flow. Electrodes of the unsupported Pd nanocubes were prepared by diluting
the aqueous solution in which the nanocubes were dispersed with ultrapure water to yield a Pd-loading of

25ugpg-cm? upon drop-casting 30uL of solution on the glassy carbon disk and drying under N,-flow.

The RDE tip was thereafter connected to a shaft (AFE6M, Pine Research) and a rotation controller (Pine
Research) and inserted into a custom glass cell (Schmizo AG). The counter and reference electrodes used were
a gold mesh (Advent Research Materials) and an Ag/AgCl electrode (Harvard Apparatus, LF-1) pre-calibrated
vs. the reversible hydrogen electrode (RHE), respectively. All electrodes were inserted into the potassium
phosphate electrolyte and separated using glass compartments with an integrated glass frit (Ametek G0300, 4

mm diameter).

All glassware had been previously cleaned overnight by immersion in a piranha solution consisting of one part
of H,O, (30 %, Merck EMSURE) and three parts of H,SO, (96 %, Merck Suprapure), and was thereafter

washed with and boiled in ultrapure water multiple times.

The cleaned cell was filled with a total of 50 mL of 0.5 M potassium phosphate buffer (K,HPO,/KH,PO,) or
0.1 M H,SO4 (96 %, VWR, trace analysis) electrolyte saturated with nitrogen (N,, Carbagas AG, 6.0 quality)
constantly supplied through a glass bubbler. The phosphate buffer electrolyte was freshly prepared by mixing
17.146 g of di-potassium hydrogen phosphate (K,HPO,, Merck LiChropur, anhydrous, 99.999 %) and 3.615 g
potassium dihydrogen phosphate (KH,PO,, Merck, LiChropur, anhydrous, 99.999 %) in 250 mL of ultrapure
water (18.2 MQ-cm, ELGA Purelab Ultra). The pH of the electrolyte was repeatedly measured as 7.3
(Metrohm 913 pH meter with Metrohm Unitrode 6.0258.010) when saturated with N».

Following the connection of all electrodes to the potentiostat (BioLogic, VSP-300) and the immersion of the
RDE, the commercial 10 % Pd/C catalyst was conditioned by recording ten cyclic voltammograms (CVs) at
100 mV-s™!, followed by five CVs at 50 mV-s™! and several CVs at 20 and 10 mV-s™! between 0.05 and
1.25 Vyye. In contrast, for the 20 % Pd nanocubes on carbon, the CVs at 100 and 50 mV-s! were omitted, and
the CVs at 20 and 10 mV-s*! were carried out directly in a narrower potential window of 0.05 to 0.7 Vgyg, as
to prevent the loss of the nanoparticles’ shape due to facet recontruction’’. For the same reason, the unsupported

Pd nanocubes were measured in the same potential window at 50 mV s, with no previous conditioning cycles
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being run. CO-stripping measurements on the carbon-supported materials were started after conditioning was
completed by holding the potential for 30 minutes at 0.4 Vrye with a rotation rate of 1600 rpm being applied.
During the potential hold, the previously N,-saturated solution was purged with CO for the first five minutes
and the CO was subsequently replaced with N, for 25 minutes. Thereafter, the potential was swept from 0.4 to
0.1 Vgue at 20 mV s! followed by a positive linear sweep towards 1.25 Vgyg at the same scan rate. The
measurement was completed by cycling the potential in between 0.05 and 1.25 Vgyg yielding a baseline for
the integration of the CO-oxidation peak. The thereby extracted charge was later used with a specific CO-
stripping charge of 2:205 pC-cmpy? 38, and a minimum of 3 independent measurements were performed and
their derived CO-tripping charges were averaged to calculate the electrochemical surface area (ECSA) values

reported below.
Thermogravimetric analysis

The mass of Pd nanocubes dispersed on carbon was determined via thermogravimetric analysis (TGA Q500
V20.13 Build 39). Before the analysis, the sample was lyophilized. The amount of Pd and/ or Pt on carbon
was measured comparing the results with the same quantity of a sample composed of only amorphous carbon.
To start the measurement, a ceramic crucible was previously cleaned in aqua regia and, thereafter, thoroughly
rinsed with ultrapure water and dried. Measurements were performed under air flow at a rate of 50.0 mL-min‘!,

starting from 30 °C and increasing the temperature with a rate of 10 °C/min up to 600 °C.

NMR analysis

NMR experiments were performed to test the catalytic properties of Pd nanocubes using as a model reaction
the reduction of 4-nitrophenol to 4-aminophenol. All the NMR experiments were recorded using a Bruker FT
NMR Avance III 600 MHz spectrometer equipped with a 5 mm SEF (Selective '°F, '"H Decoupling) probe with
z-gradient coil and with an automatic sample changer (SampleJet™) with temperature control. The reduction
experiments were conducted in triplicate at 25°C directly in the NMR tube in an end-point format in ultrapure
water with 10% D,O, for the lock signal. The concentrations of the different components were: 250 uM 4-
nitrophenol (Alfa Aeser, code: A14376; 5 uL of 25 mM stock solution in ultrapure water), 11.2 mM sodium
borohydride (NaBH, Aldrich, code 71320; 250 pL of 22.4 mM stock solution in ultrapure water 20% D,0,
vortexed 30 s before the addiction), 0.02 ppm Pd nanocubes (20 pL of 0.5 ppm stock suspension in ultrapure
water) or 0.04 ppm Pd/C (10 uL of 2 ppm stock suspension in ethanol-d6, the concentration in ppm refers to
Pd only) or 0.2 ppm Pd/C (10 pL of 10 ppm stock suspension in ethanol-d6, the concentration in ppm refers
to Pd only). 10 pL of ethanol-d6 were added also to the samples with 0.02 ppm Pd nanocubes in order to
perform all the reactions in the identical experimental conditions. The reactions were quenched at different
times by adding 40 mM HCI (Sigma Aldrich, code 258148, 20 uL of 1 M stock solution in ultrapure water) +
50 uM 3-propionic-2,2,3,3-d, acid (TSP, Sigma, code: 269913; 0.5 uL of 50 mM stock solution in ultrapure

water) for the '"H chemical shift reference; the samples where then vortexed for at least 60 s. The final volume
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in the NMR tube was 500 uL. 'H NMR experiments were recorded with the one-dimensional (1D) version of
the NOESY (Nuclear Overhauser Effect SpectroscopY) pulse sequence and with H,O signal presaturation. A
total of 6 scans were recorded for each spectrum, with a mixing time of 10 ms and a relaxation delay of 30 s.
The data were multiplied with an exponential window function with 0.3 Hz line broadening prior to Fourier
transformation. The absolute concentrations of 4-nitrophenol and 4-aminophenol in solution have been
obtained with high accuracy by the PULCON method>® and using dimethyl malonic acid (Sigma, code: 89151)
as external standard. The kinetics parameters (K,,, and K,,m) were evaluated as reported in Ayad A.L et

al.2019%* using the program GraphPad Prism 5.

RESULTS AND DISCUSSION

Seed-Mediated Synthesis of Pd and Pt@Pd Nanocubes

In this contribution, we report an aqueous synthesis of citrate-coated Pd nanocubes with a previously
unachieved lateral size below 6 nm (Figure 1 a, b) and a narrow size polydispersity (below 15%). Moreover,
the synthesis is highly versatile as it allows to finely tune the size of the nanomaterials ranging from 4 nm to
20 nm by simply changing the precursors concentration and the seeds’ size (Figure 1b, ¢ and S1-S7). The
method can easily produce hundreds of milligrams in less than an hour by using a microwave reactor in a
combination with multiple reaction vessels (Figure S14).

Key in the present synthesis is the use of single crystal seeds that act as templates for the subsequent growth
of the cubic nanoparticles. Seed-mediated growth decouples the growth of the nanomaterial from seed
formation, thereby allowing the selection of specific seed geometries. Studies of various nanocrystal syntheses
indicate that specific surface atomic structures of the seeds control the final shape of the nanomaterials.®® Pd
seeds with well-defined structures such as single-crystal, multiply-twinned, stacking fault-lined, etc. can be
formed by manipulating the reduction rate of Pd ions together with the other physical parameters of the
synthetic protocols.' We tested several protocols for the synthesis of Pd seeds, but most of them provided a
high polydispersity of seed morphologies (Fig. S2). This ultimately leads to high polydispersity in shape of
the nanomaterial (Fig.S7). In contrast, we were able to synthesize high-quality and highly monodisperse Pt

seeds. The average size of the single crystal Pt seeds used in this protocol is below 3 nm, as seen from BF-
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TEM (Figure 1d and S3). The single crystal quality is further shown by HR-TEM and related FFT analysis
(Figure S3d, g).

The tuning of the size of the nanocubes is achieved by changing the precursors concentration together with the
seeds sizes. However, reducing agents, KBr and seed morphology in a closed vessel are crucial aspect to be

controlled for allowing the formation of nanocubes as described in SI (S1-S13).

Figure 1. Morphological characterization by bright-field transmission electron microscopy (BF-TEM) of the
Pt@Pd nanocubes with average lateral sizes of 5 nm (a), 3.5 nm (b) or 17 nm (¢) and of the Pt seeds employed
for their growth, of around 3 nm (d). The different sizes are obtained by simply changing the precursors

concentration and the seeds size.

HR-TEM analysis on Pt@Pd nanocubes shows that each of them is a single-crystal, with an overall fast Fourier
transform that fully matches fcc Pd (ICSD 52251), as reported in Figure S4 c-d. Given the small mismatch
with the structure of fcc Pt of the cores (less than 1%) and the few percental uncertainty of this technique, it is

not possible to distinguish periodic features for the Pd shells and Pt cores. HR-TEM analysis of a single Pt@Pd
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nanocube in Figure 2 (a, b) shows that the nanocubes are enclosed by {100} surface facets, as expected for a
cuboidal shape for an fcc structure. HAADF-STEM imaging of the Pt@Pd nanocubes demonstrate the clear
presence of Pt seeds within the Pd nanocubes (as in Figure 2¢), thanks to the atomic-number-contrast, and this
is confirmed by compositional mapping (Figure 2 d-f). The Pt pyramidal seed is confined within the
nanomaterials as depicted in Figure 2g. As the heterostructure appears monocrystalline in HRTEM, without
any visible defect or strain, the Pd shell must have grown epitaxially on the pyramidal Pt seed. Thus, the Pt

seeds are embedded within the Pd nanomaterials and their mono-crystallinity dictates the quality of the final

shape-controlled nanocatalysts.

Figure 2. ) HRTEM image of one Pt@Pd nanocube in the sample, with b) FFT matching with [001]-oriented
fcc Pd (ICSD 52251). ¢) Overview HAADF-STEM image of Pt@Pd nanocubes highlighting the presence of
a high-Z pyramidal Pt core within the cubes. d) Zoom on two particles and e, f) corresponding STEM-EDS
maps for Pt (red) and Pd (green). g) Schematic model of the Pt@Pd nanocubes obtained by VESTA.2

The presence of single-crystal seeds is necessary to obtain cubic Pd nanomaterials but it is not sufficient. The
synergistic interplay of weak reducing agents, KBr and seed morphology in a closed vessel is fundamental to

favour the formation of nanocubes (Figure S4-S13, Table S1). The concentration of KBr within the reaction
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vessel needs to be finely tuned to achieve low polydispersity in shapes (Figure S8, Table S1). At concentrations
below 10 mM of KBr, nanoparticles with higher size and shape polydispersity are obtained. (Figure S9).
Likewise, if the concentration of KBr exceeds 40 mM, the synthesis becomes less controlled, with the
formation of nanomaterials highly polydisperse in shape (Figures S10). Only for KBr concentrations between
10-40 mM do nanocubes form.

Oxidative etching was controlled and limited by using a closed vessel environment. High concentration of
oxidants such as O, can reshape the seeds and favour the formation of irregular nanoparticles. In the case of
an open vessel, we observed the formation of nanoparticles that are polydisperse in shape and size, likely due
to the high excess of oxygen (Figure S11). Therefore, it is important to work in an environment in which the
amount of oxygen is controlled and kept constant.

We also note that cube formation is sensitive to the presence of formic acid and ascorbic acid, while citric acid
appears to promote colloidal stability. Ascorbic acid is present at a really low concentration (7 pM, 400
hundred times lower than formic acid), as higher concentrations lead to an excessively fast and uncontrolled
reduction of Pd(II), hampering shape formation. However, ascorbic acid is necessary to promote anisotropic
growth: in the absence of ascorbic acid the nanoparticles are highly polydisperse in shape (Figure S12). It
seems that the concentration of formic acid is the main gauge to modulate the speed of the reduction and to
achieve cubic shape. At higher concentrations of formic acid, cubes with rounded edges start to appear (Figure
S13).

A final aspect of nanocube growth is that Pd(0) deposition/Pd(II) reduction appears to occur on the surface of
the seeds. Nanocubes grow very rapidly since the peak at around 269 nm related to the presence of the Pd
precursors (hydrated species such as PdBr,(H,0),.,2") quickly disappears in the Uv-Vis spectrum (Figure S5).
This suggests an autocatalytic reduction occurring at the surface of the seeds. This is confirmed by TEM
images of nanomaterials taken before purification, that do not indicate nuclei formation during growth (Figure

S9). Results of DFT calculations, which confirm these aspects, are discussed below.

Mechanism of {100}-Faceted Growth

In considering the origins of {100}-faceted nanocube formation in the presence of the various chemical species
in the synthesis, we note the cube shapes are linked to three main factors: high concentrations of Br-, presence
of formic acid (HCOOH) as reducing agent, and Pd as an effective catalyst for formic acid decomposition. The
contribution of ascorbic has not been taken in consideration as present in tiny concentration.?>%3-% We also
take into account the likelihood that Pd reduction (deposition) occurs on the surface of growing Pd nanocrystals.
During formic acid decomposition catalyzed by bare Pd, two typical intermediates are HCOO~ (formate) and
COOH- (carboxyl). We studied the binding of both species to Br-covered Pd(111) and Pd(100) and found the
carboxyl intermediate binds more strongly to both surfaces than the formate species (see Tables S3 and S4 in
the SI). This finding is in agreement with DFT studies on bare Pd surfaces.?*¢” Thus, we hypothesize the major

reactions for formic acid decomposition are:
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HCOOH —» COOH* + H* +e- 2)
COOH* — CO;+ HY +e~ (3)

where * denotes a species adsorbed on the Pd surface. These reactions provide electrons for the reduction of

Pd(II) near the Pd surfaces.

To identify possible surface configurations of Pd(100) and Pd(111) with various solution-phase chemical
potentials for COOH (ucoon) and Br (ugr-), we used ab initio thermodynamics. This involves calculating
surface energies ¥pq — gr — coon of Pd(100) and Pd(111) with various surface coverages as a function of pcoon
and pgy- using Eq. (1). We then identified the co-adsorption structures with the lowest surface energies for
each pair of chemical potentials. In this way, we obtained a phase diagram of the predicted configurations of

the Pd surfaces as a function of ycgoy and ug,-.

Pd(111) Pd(100)
Region | Ber (ML) [Bcoon (ML)| Ber (ML) |Bcoon (ML)
35 1 0 0 0 0
2 0 0 1/4 0
3 0 0 0 1/3
4 1/4 0 1/4 0
-3.0 — @ 5 1/3 0 1/4 0
%' 6 1/3 0 1/3 0
- 7 1/3 0 1/2 0
g 8 1/3 0 1/4 1/8
z]:. 9 1/3 1/12 1/4 1/4
-2.5 — 10 1/3 1/12 1/2 0
11 0 1/3 0 1/3
12 0 1/3 1/4 0
13 0 1/3 1/3 0
14 0 1/3 1/4 1/8
-2.0 T T 15 0 1/2 1/4 1/8
2.3 -2.8 3.3 3.8 16 0 1/2 0 1/2
Mg~ (eV) 17 0 1/2 1/4 1/4
18 0 1/2 1/2 0

Figure 3. Phase diagram delineating different adsorption states on Pd surfaces as a function of the Br~ and
COOH chemical potentials. The surface coverage of Br and COOH on Pd(111) and Pd(100) for each numbered
region is listed in the table. Regions for which Pd(111) contains adsorbed COOH but Pd(100) does not are
highlighted.

Figure 3 shows our calculated phase diagram, which delineates the most favorable configurations for Br~ and
COOH adsorption on the Pd surfaces as a function of Aucooy and ugr-. We use Alcoon = Ucoon — EREDH,
where ERS0y is the energy of COOH in gas phase, for the y-axis of Figure 3. The corresponding surface

coverage of Br~ and COOH in each region of Figure 3 is listed in the adjacent table. We set an upper bound
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for the bromide chemical potential as ug.- = —2.3 eV because the formation of bulk PdBr; is expected above
this value, according to our calculation for the experimentally observed bulk structure.®® To understand
possible thermodynamic driving forces for nanocube formation, Figure S15 shows the ratio of {111} to {100}
surface energies corresponding to each region in Figure 3.

From Figure 3, we see the surfaces are devoid of COOH for sufficiently low values of Apcooy (regions 2, 4 —
7). From Figure 3, we see the surfaces are devoid of COOH for sufficiently low values of Apcpoy (regions 2,
4 —7) and the surfaces contain only adsorbed Br~in regions 4 — 7. From the surface-energy ratio map in Figure
S15, we see Wulff shapes ranging from truncated octahedra to cuboctahedra are predicted® for regions 4 — 7.
It is thus evident that bromide alone does not induce nanocube formation — a finding consistent with the present
experimental results. We note this result is not in agreement with that of Yoo et al., who found truncated cubes
could occur for sufficiently high Br- coverage in a system with just {100} and {111} facets.”” A major
difference between their study and ours is that we probed a higher coverage of Br- on Pd(111) (1/3 ML) than
they did in their study (1/4 ML). The higher Br~ coverage (1/3 ML) stabilizes Pd(111) to a greater degree than
their studied coverage of 1/4 ML, such that we do not predict cubes based on Br~ alone. From Figure S15, we

see that cubes are not predicted to be thermodynamic shapes for any combination of Br~ and COOH chemical

potentials, as Y111/ Y100 = \B is required for perfect cubes. Thus, we sought a kinetic mechanism for nanocube
formation.

Interestingly, there are five regions highlighted on Figure 3 where Pd(100) contains only adsorbed bromide
and Pd(111) contains co-adsorbed bromide and carboxyl: regions 10, 12, 13 and 18. These regions
are significant for nanocube or nanowire growth because adsorbed COOH can reduce Pd(II) ions. If COOH is
present only on Pd(111), we expect facet-selective Pd deposition to occur on Pd(111). Facet-selective Pd
deposition on Pd(111) leads to the growth of penta-twinned nanowires from decahedral seeds or nanocubes
from fcc single-crystal seeds. Thus, our DFT calculations indicate the kinetic origin of cubic Pd nanoshapes is

facet-selective Pd reduction/deposition on Pd(111).

Deposition on amorphous carbon

Pd -nanocubes were deposited on Vulcan at 20% w/w ratio and were then measured using thin-film rotating
disk electrode measurements and compared to a commercial 10% Pd/C catalyst. The facile deposition of the
nanocubes on amorphous carbon is enabled by the lack of of polymers and surfactant in the synthesis and
performed by adding sodium hydroxide at relatively high concentration, thus favoring the detachment of citrate
on the surface and, hence, the binding of the material to the carbon substrate’!. The method provides a very
well dispersed distribution of nanocrystals on the carbon substrate, which is stable for a long time without loss
of shape and/ or deterioration (Figure S16). This supported Pd catalyst is henceforth denoted as cub-Pd/C. The
TEM morphology of the pristine, as prepared cub-Pd/C is shown in Figure S16. After deposition on carbon
(grey), the Pd NPs (dark contrast) retained their cubic shape. The Pd NPs were uniformly distributed on the

carbon support and showed no apparent agglomeration. Moreover, the 20% weight fraction of these Pd NPs
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on the carbon catalyst aimed in this deposition step was proven by thermogravimetric analysis (TGA)

measurements in O, from which we derived a Pd weight percentage of 22.8% (Figure S17).

Electrochemical characterization

Pd nanocubes were deposited on amorphous carbon to increase the available surface area of the catalyst and
avoid agglomeration. The choice of amorphous carbon as the supporting material is due to its electrical
conductivity for electrochemical measurements together with its wide use as support material for catalytic
applications in organic chemistry.

To assess the macroscopic surface properties of the Pd nanocubes, the as-prepared and carbon-supported Pd-
NCs were further characterized through electrochemical measurements. Specifically, the electrochemical
hydrogen underpotential deposition (Hupd) area in cyclic voltammetry (CV) measurements on palladium
single crystals can indicate the presence of a dominating surface facet in the Pd-nanopartcicles’ surface. To
investigate these effects without the possible interference of the carbon support, CVs of the bare Pd-nanocubes
in 0.1 M sulfuric acid (H,SO,) at a scan rate of 50 mV-s'! were recorded (Figure 5a). Therein, the Hupd area
is in good agreement with previous data in the same electrolyte for cubic Pd nanoparticles of similar size 72776

as well as on Pd(100) single crystals.>”
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Figure 4. Cyclic voltammograms recorded on the unsupported nanocubes at 50 mV-s™! in N,-saturated 0.1 M
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Furthermore, Pd is well known to strongly adsorb carbon monoxide (CO) and form a monolayer that can be
thereafter oxidized yielding a charge that can be used to quantify the sample’s ECSA. To investigate these
features on the carbon-supported Pd-nanocube catalyst, such CO-stripping experiments in an RDE
configuration were performed in 0.5 M phosphate buffer (K,HPO,/KH,PO,) electrolyte, and the recorded CO-
stripping and baseline CVs are displayed in Figure 5b. Here, distinct H,,,q desorption/adsorption peaks at 0.36
and 0.34 Vgyg are found in the anodic and cathodic sweeps of the baseline CV, respectively, indicating that
one surface facet (i.e. Pd(100)) corresponds to the majority of the available surface sites for hydrogen
underpotential deposition. Moreover, the CO stripping measurements revealed a single and sharp CO-
oxidation peak at = 0.9 Vryg, whose charge was used to calculate the ECSA value of the carbon-supported Pd
nanocubes. While the CO oxidation peak position is in agreement with previous measurements on a
commercial 20 % Pd/C catalyst”’ the inferred ECSA was 65 &3 m?-gps!, whereas the theoretical surface
estimated on the basis of the Pd cubes’ facet lateral length (= 5 nm) derived from the above TEM images (as
shown in Fig. 1) is = 105 m?-gp4!. This disagreement between the measured ECSA and the theoretical value
calculated on the basis of the nanocubes’ geometry is in line with previous reports,*® and can be explained by
considering that at least one facet of the cubes (17% of the area, or 17.5 m?-gps!) is in contact with the
underlaying carbon support and that some of these cubes are slightly agglomerated on the carbon surface,
further preventing the contact of certain surface facets with the electrolyte. In summary, the electrochemical
properties of the Pd nanocubes were found to be in agreement with previous findings in the literature, and lead
us to conclude that the Pd nanocubes’ shape and abundancy of Pd {100} surface facets inferred from the above
TEM measurements are translated to the materials’ macroscopic properties assessed by these electrochemical

measurements.

Catalytic performance of Pd nanocubes

The catalytic properties of citrate-coated Pd nanocubes have been investigated to evaluate the effects in
catalysis of surface structure and the absence of polymers and surfactants at the surface and have been
compared to the data present in literature or with the widely used commercial Pd/C catalyst.?*78-80 As a model
reaction, the reduction of 4-nitrophenol (S) to 4-aminophenol (P) by Pd nanocubes or Pd/C in aqueous
environment in the presence of an excess of sodium borohydride has been chosen. NMR has been selected as
a technique as it allows the direct and absolute quantification of the compounds in solution.3!-85.86.87,24.80

The reduction in continuous way directly into the NMR tube could not be followed because of the H, released
by the reaction of borohydride with water and the consequent formation of bubbles (as described in SI and
shown in Figure S19), which induce inhomogeneity in the NMR tube. Therefore, the experiments were
performed in an end-point format, by quenching the reaction at different times with aqueous HCl in a quantity
sufficient to completely quench NaBH, (Figure S20). The quenching efficiency was further confirmed by
NMR (Figure S21).
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As shown in Figure 5a, the amount of 4-aminophenol produced by 0.02 ppm of Pd nanocubes is largely higher
than that produced by 0.2 ppm Pd/C (ppm refers to the concentration of Pd atoms) and 0.04 ppm of Pd/C (ppm
refers to the concentration of Pd atoms) in the same time. The reduction efficiency R (Figure 5 b), was

calculated using the eq. 4:

Co—C;
R =

x 100 @)

o

where Cy and C, are the initial concentration and concentration at time t of 4-nitrophenol, respectively. The
plot of R as function of the time is shown in Figure 5b and shows that the reduction efficiency of the Pd
nanocubes is much higher than that of the commercial catalyst, reaching 100% reduction after about 90
minutes. To better understand the kinetics of the different catalysts and confirm the direct dependency of the

reaction from their relative amounts, we fit the data with a pseudo-first-order kinetics model using eq. 5
Co
InG = Kappt 5)

where C, and C, are the initial concentration and concentration at time t and & is the apparent rate constant.
Under these conditions, the reaction proceeds with a K,,, of 0.041 min', 0.013 min"! and 0.003 min"! for the
0.02 ppm Pd nanocubes, the 0.2 ppm Pd/C and the 0.04 ppm Pd/C, respectively (Figure 5c). The correlation
coefficient (R?) value for the Pd nanocubes is 0.96 indicating that the reduction reaction of 4-nitrophenol by
Pd nanocubes fits the pseudo-first-order kinetics perfectly. R? for the two reactions conducted with different
amount of commercial Pd/C are 0.86 and 0.7, respectively, indicating a deviation from the pseudo-first-order

kinetics for this commercial material.

In order to compare our results with the data present in the literature, we calculated the normalized constant,
Koom» using eq. 6, that take into account the concentration of sodium borohydride and the quantity of Pd

used.
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are shown respectively in red, blue and black. (a) Plot of the concentration of 4-aminophenol over time of
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The values of K, for our reaction and for the reactions using different catalysts recently described in the
literature are reported in Table 1. It is evident that our catalyst (Pd-nanocubes) has the highest values of K,j,
and K,,m. In particular, kKo, is 6.7 times higher than the highest value reported in the literature, proving the
superior performance of Pd nanocubes thanks to the synergy between size, surface structure and the absence

of unwanted chemicals at the surface.

Table 1. Comparison of rate constants of the reduction of 4-nitrophenol, catalyzed by Pd nanocubes,
commercial Pd/C, and Pd NPs.

Catalyst NaBH; eq. | Kapp (s7Y) |  Knorm (s72,mol,g7%) Ref.
Pd-nanocubes 51 0.00068 6096726.19 this work
Pd/C 51 0.00022 200446.4 this work
Pd/C 51 0.00005 225446.4 this work
Pd-NP-B3 150 0.00060 907 020.3 24
AuNPs@vesicle 7 0.0026 768 745.4 76
Fe304@dextran/Pd 1000 0.000092 11 400.2 77
Pd nanodendrites 27.9 0.0021 681.8 78

In conclusion, the catalytic data prove that our Pd nanocubes prepared with a green and fast method are the
most active Pd-based catalysts for 4-nitrophenol reduction described so far in the literature, with very high

catalytic activity even at low loading of Pd.

CONCLUSIONS

In conclusion, we developed a fast and easy method to synthesize tuneable ultra-small Pd and Pt@Pd
nanocubes with average lateral lengths below 5 nm. The synthesis requires only green, biogenic, biocompatible,
and easy-to-remove compounds in aqueous solution. The role of the seed morphology is established, showing
that Pt single crystal seeds are preferable to Pd seeds, as far achieving low polydispersity in shape and the
absence of nanorod formation. Due to the careful design the growth process of the nanomaterial, the protocol
achieves tunability, speed, and high quality of the material. The nanocubes are enclosed by {100}, as confirmed
by HR-TEM and, macroscopically, by electrochemical characterization. A large production capability has also
been developed using a microwave reactor that can synthesize 100 mg in less than an hour in a research
laboratory setup.

The likely mechanism driving growth has been obtained by performing quantum DFT calculations that

highlight the kinetic origin of cubic shape due to the facet-selectivity of the Pd reduction/deposition
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preferentially on Pd(111). Moreover, we underlined both from an experimental and theoretical point of view
that bromide alone does not induce nanocube formation without the synergy with formic acid.

The superior capability of these highly-controlled and high-quality nanoparticles achieved by this controlled
synthesis was proved by performing the catalytic reduction of 4-nitrophenol, a reaction extensively used in
organic chemistry and in industry. Compared to a commercial catalyst and data present in the literature, these
Pd nanocubes exhibit superior catalytic activity that outperforms the state-of-the-art by at least a factor of 6

and a commercial Pd/C catalyst by more than one order of magnitude.
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