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ry Pt-based clusters grown in
a plasma multimagnetron-based gas aggregation
source: electrocatalytic evaluation towards
glycerol oxidation

W. Chamorro-Coral, *a A. Caillard,a P. Brault, a S. Baranton b

and C. Coutanceaub

Platinum (Pt), platinum–bismuth (PtBi), platinum–copper (PtCu) and platinum–bismuth–copper (PtCuBi)

clusters were grown in a gas aggregation source (GAS) equipped with three in-plane plasma magnetrons

located in a single region of the gas aggregation zone. The X-ray diffraction results have shown that

PtCu clusters form alloys as the decrease of the lattice parameter occurs when the Cu atomic content

increases. PtBi clusters do not form alloys, but the presence of secondary Bi oxide phases was detected.

Scanning transmission electron microscope mapping images revealed that simultaneously adding Bi and

Cu to Pt leads to PtCu alloyed clusters decorated with Bi or CuBi species on the surface. The

electrochemical results indicated that the shell might be composed of a metastable CuBi phase.

Electrochemical measurements have shown that the addition of Bi or Cu to the Pt clusters enhances the

catalytic activity for glycerol oxidation by decreasing the oxidation onset potential.
Introduction

The biofuel industry is an interesting alternative to the tradi-
tional fossil fuel-based one to satisfy the growing energetic
demand and mitigate the depletion of fossil reserves as well as
the release of greenhouse gases.1,2 Biofuel is produced from
vegetable oils from different varieties of palm or from colza, and
glycerol is one of the main by-products generated during bio-
diesel production (ca. 10 wt%). Raw glycerol can be used in
different industrial applications. But the high production of
biodiesel has led to an excess of glycerol decreasing its sale
price. Therefore, a conversion process of the glycerol molecule
into more value-added compounds is needed to reduce the
biofuel production costs.3 The conversion of glycerol may lead
to monoglycerides, glycerol carbonates (useful for colors,
varnishes, glues, cosmetics, and pharmaceuticals), ethers
(useful in cosmetics, food-additives, and lubricants) or acetals
and ketals (avoring agents).4,5 Glycerol oxidation is mainly
carried out using strong oxidants that are not selective, leading
to the production of undesirable molecules or to total oxidation
(CO2 formation).6,7 Heterogeneous catalysts with noble metals
have already been explored but two main challenges raised have
to be overcome: the cost and, to avoid a separation step of
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complex mixtures, the selectivity. Electrocatalytic processes are
surface reactions; therefore, the use of metallic clusters (diam-
eter < 5 nm) dispersed on a high surface carbon support can
increase the specic surface area of electrocatalytic materials
and help to drastically decrease the noble metal amount used in
electrodes. Among thesemetals, Pt has been proved to be a good
candidate due to its high activity and efficiency; however, some
of its aws are its high price, low availability, and high strategic
character. To overcome these drawbacks, the use of multime-
tallic clusters that will decrease the Pt content while maintain-
ing or even increasing the Pt performance is proposed. It has
been shown that adding bismuth to Pt clusters decreases the
glycerol oxidation onset potential and therefore the electric
energy consumption.8,9 The negative shi of the onset potential
occurs because Bi atoms promote the formation of intermediate
species that modify the glycerol oxidation mechanism. The
modication of Pt with Bi also allows improving the selectivity
by avoiding the dissociative adsorption of glycerol with C–C
bond breaking at low electrode potentials. Copper is also known
to be a good co-catalyst. The modication of Pt with Cu
enhances the catalytic activity for alcohol electro-oxidation and
also allows decreasing the oxidation onset potential.10–12

The aim of the present work is to grow multimetallic cata-
lysts based on clusters with an admixture of Pt, Bi and Cu. The
clusters were produced in a plasma-based gas aggregation
source (GAS) using a multimagnetron approach, where each
magnetron is powered independently. The multimetallic clus-
ters supported on carbon form the electrocatalytic powders that
© 2021 The Author(s). Published by the Royal Society of Chemistry
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will be tested for the electrochemical conversion of glycerol.
Production of Pt and Cu clusters by means of a GAS based on
magnetron sputtering has already been reported,13–17 while the
growth of Bi clusters with less than 100 atoms using a GAS has
only been described for pressures between 100 Pa and 2000 Pa
and using thermal evaporation as the source for the metallic
vapour.18,19 Recent reports have shown that the multimagnetron
approach is a straightforward method to modify the composi-
tion of clusters during the synthesis of trimetallic nano-
clusters.20–24 However, to our knowledge, this is the rst time
that multimetallic Pt-based clusters modied with Cu and/or Bi
have been synthesized by means of a GAS assisted by a multi-
magnetron sputtering source. The electrochemical responses of
Pt-cluster based electrodes, i.e. oxidation current density and/or
onset potential, depend on the clusters properties that could be
inuenced by the experimental parameters of synthesis.
Therefore, an objective of this work is to provide an insight
about the relationship between the composition, nano-
structure, and catalytic activity of the Pt-based clusters.

Experimental setup

Pt-based catalysts are synthesized using a GAS based on a multi-
magnetron source, allowing the production of clusters in a gas
phase with optimal size control.25 The GAS setup is based on
a commercial Nanogen 50 from Mantis Deposition Ltd and has
been modied to include three magnetrons (ONYX, 1-inch in
diameter, from Angstrom Sciences) with an independent posi-
tioning system that allows adjusting the position of each magne-
tron inside the aggregation source. Each of the Pt, Cu and Bi
targets (99.99% purity) is mounted on one of the three magne-
trons. The GAS chamber has dimensions of 30 cm length and
13 cm diameter: the distance between the three magnetrons and
the GAS outlet orice, 0.5 cm in diameter, is xed to 7 cm
(magnetrons are in an in-plane conguration). The argon ow rate
is xed to 80 sccm (standard cubic centimeter) giving a total
pressure in the aggregation chamber of 42 Pa, which allows the
gas-phase growth of clusters. By using such a device, alloyed, core–
shell and Janus nanoclusters could be obtained depending on the
experimental conditions and on the nature of the materials.20,24

The GAS is placed inside a high vacuum (HV) deposition chamber
with a lower total pressure of about 0.4 Pa for an 80 sccm Ar ow
rate (residual pressure of 10�4 Pa without argon introduction). An
MKS type 1739A controller coupled to an MKS Type 247 readout
was used to control the argon ow rate. The constant argon ow
and the pressure difference between the GAS and the HV chamber
generate a cluster beam from the GAS outlet orice. The cluster
beam passes through a quadrupole mass spectrometer (QMS,
MesoQ from Mantis Deposition Ltd) collecting only the negatively
charged clusters, which allows following in situ the cluster mass
distribution. Using this procedure at least three curves were
recorded for each deposition condition.

A mobile substrate-holder is placed in the HV deposition
chamber between the GAS and the QMS, with a distance of 9 cm
between the GAS orice and the substrate. Fig. 1 gives an overview
of the experimental setup based on the plasma multimagnetron.
The deposition rate is estimated for each pure material using
© 2021 The Author(s). Published by the Royal Society of Chemistry
a quartz crystal microbalance (QCM) attached to a mobile holder
and placed at the same distance from theGAS orice as that for the
substrate holder. When the monometallic Pt target is sputtered,
the deposition rates vary between 0.7 and 1.1 mg h�1 cm�2 in the
power range from 20 W to 30 W, whereas for Cu the deposition
rates vary from 0.1 to 0.6 mg h�1 cm�2 over the same power range
as that for Pt. The deposition rate is notmeasurable for Bi owing to
its low melting point (271.4 �C) that limits the condensation
process in the GAS18 and avoids the formation of Bi clusters. In the
case of co-sputtering of multiple targets, the composition of clus-
ters being a priori unknown, it is not possible to measure the
cluster deposition rate with the quartz crystal microbalance.

Four types of clusters are produced: pure Pt clusters, bimetallic
PtCu and PtBi clusters and trimetallic PtCuBi clusters. Magnetron
sputtering was performed in direct current (DC) mode using
a Pinnacle Plus generator (Advanced Energy) for Pt and Cu targets
and an ion generator (Materials Science, Inc.) for the Bi target. To
vary the cluster composition, the power applied on each magne-
tron (PtX, CuY and BiZ) is varied between 20W and 30W for Pt and
Cu, and between 8 and 13 W for Bi. X, Y and Z correspond to the
power applied to the respective Pt, Cu and Bi targets. Before each
set of experiments, the targets are cleaned by sputtering during at
least 5 min to obtain a stable voltage before moving the substrate
holder in the beam. The inuence of sputtering power on the
cluster growth was evaluated by recording the in situ mass distri-
bution curves measured by QMS. The curves follow a lognormal
behaviour and aer tting, the average cluster mass (Cavg-mass) is
obtained. The grid current intensity is directly related to the
number of negatively charged clusters and the area under the
curve corresponds to the sum of all the clusters of differentmasses
that come from the cluster beam, which can be interpreted as the
total mass deposited (mtotal).26

For physical characterization, clusters are deposited for
3 min onto N-type doped Si (100, p-doped) and for 3 seconds on
carbon-coated Ni or Cu TEM grids (300 mesh, SPI) depending
on the presence or the absence of Cu in the clusters. Physical
characterization includes grazing incidence X-ray diffraction
(GIXRD) performed on a Bruker diffractometer tted with a Cu
X-ray source (lK ¼ 1.5418 Å), energy-dispersive X-ray spectros-
copy (EDX) using a Bruker QUANTAX X-ray detector mounted in
a Zeiss Supra 40 scanning electron microscope and trans-
mission electron microscopy (TEM) investigations using a JEM-
ARM 200F Cold FEG TEM/STEM operating at 200 kV, equipped
with a spherical aberration (Cs) probe and image correctors
(point resolution 0.12 nm in TEM mode and 0.078 nm in STEM
mode). The experimental diffraction signals from GIXRD and
TEM are compared with calculated XRD patterns using VESTA
soware.27 Crystal structures are obtained from the Materials
Project (MP) database where each structure has a unique
identication number in the form mp-xxxx.28

The clusters used to prepare the electrodes for the electro-
chemical measurements are collected for 10 minutes in a glass
vial placed 3 cm from the cluster beam exit (Fig. 1). The resulting
clusters are then dispersed in ethanol using an ultrasonic bath.
The mass of collected clusters is obtained from the mass
difference between the vial before and aer deposition (instru-
mental error of �0.0001 g). A calculated amount of carbon
Nanoscale Adv., 2021, 3, 1730–1740 | 1731
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Fig. 1 Schematic of the adjustable multimagnetron based GAS used for the multimetallic cluster synthesis, adapted from a Mantis Nanogen 50
system.
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(Vulcan XC72 thermally treated at 400 �C under a nitrogen
atmosphere) is added to obtain a metal loading of 40 wt%.
Carbon powder and metal clusters are mixed and dispersed in
ethanol. The suspension is sonicated for at least 20 minutes to
ensure a uniform repartition of clusters on the carbon support.
The suspension mixture is then ltered on a commercial
alumina oxide membrane purchased from Sigma Aldrich (pore
size of 0.2 mm, thickness of 0.1 mm, diameter of 13 mm) and
dried. An ink of clusters/carbon powder in suspension in iso-
propanol is prepared and a 3 mL aliquot is deposited onto a 3mm
diameter glassy carbon electrode, as described elsewhere.3 The
Pt/C, PtCu/C, PtBi/C and PtCuBi/C electrodes are loaded with
0.08 � 0.01 mgPt cm

�2, 0.09 � 0.01 mgPtCu cm�2, 0.09 � 0.01
mgPtBi cm

�2 and 0.10 � 0.01 mgPtCuBi cm
�2, respectively. The

electrochemical measurements are performed in a classical
three-electrode cell with a reversible hydrogen electrode (RHE) as
the reference, Pt-based catalytic powder deposited on a glassy
carbon disk as the working electrode, and a glassy carbon plate
Fig. 2 Mass distribution curves obtained using QMS for Pt and Cu mono
clusters. Inset: area under the curve representing the total mass deposit
cluster diameters, obtained from the lognormal fitting of the cluster mas
4.9 nm for Pt and between 6.0 and 6.5 nm for Cu.

1732 | Nanoscale Adv., 2021, 3, 1730–1740
as the counter electrode. Cyclic voltammetry (CV) measurements
performed in a N2-purged 0.10 mol L�1 NaOH electrolyte are
recorded using a VersaSTAT 4 potentiostat between +0.050 and
+1.200 V vs. RHE with a scan rate of 0.050 V s�1. The electro-
catalytic activity is evaluated at a scan rate of 0.005 V s�1 in the
presence of 0.10 mol L�1 glycerol in a N2-purged 0.10 mol L�1

NaOH electrolyte at 20 �C aer correction of the metal loading to
assess mass activity. Because the accurate determination of the
onset potential is very difficult,29 it is arbitrarily and reasonably
dened in this work as the potential at which the anodic
(oxidative) current reaches 1% of the maximum current peak,
which is in the range of generally considered current values for
the onset potential determination.8,30
Results

First, the inuence of co-sputtering Pt and Cu or Bi at different
powers on the cluster mass distribution curves was analyzed.
metallic clusters grown at different sputtering powers. (a) Pt and (b) Cu
ed (mtotal). For sputtering powers between 20 W and 30 W, the mean
s distribution and assuming spherical clusters, range between 4.0 and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2a and b show the mass distribution curves of Pt and Cu
monometallic clusters determined for different sputtering
powers. The grid current intensity obtained for the Pt clusters
(Fig. 2a) is higher than that obtained for the monometallic Cu
ones (Fig. 2b). Although the sputtering yield Y (thus the ux of
sputtered atoms leaving the target) is higher for the Cu target
than for the Pt one for the same sputtering power (at 30 W, YCu
¼ 1.88, YPt ¼ 1.53, calculated using SRIM soware), more Pt
clusters than Cu clusters are formed, showing that the
condensation process is more effective for Pt atoms. Also, it is
worth noting that a shi towards lower cluster average masses
occurs in both Pt and Cu distribution curves when the sput-
tering power increases. This could be explained by a modica-
tion in the condensation process: high sputtering powers
increase the number of atoms in the vapor phase, therefore
increasing the probability of collisions, leading to the formation
of more clusters but with lower average masses. Another aspect
to consider is the area under the curves (Fig. 2, inset) which
reveals an increase of the deposited mass (mtotal) with the
sputtering power for bothmetals. This shows that an increase of
the total number of clusters leads to an overall increase ofmtotal.
It is worth noting that the Pt cluster mass increases approxi-
mately by only 15%, while that of Cu increases by ca. 80% when
the power is increased by 50% from 20 to 30 W. The mean size
of clusters can be obtained from the lognormal tting of the
cluster mass curve by assuming that clusters are spherical in
shape; the sizes range from 4.0 to 4.9 nm for Pt clusters and
from 6.0 to 6.5 nm for Cu clusters.

Aer reviewing the inuence of the sputtering power on the
average masses and mean cluster sizes of monometallic Pt and
Cu clusters, the inuence of the power applied to the Pt, Cu and
Bi targets for the formation of Pt–Cu and Pt–Cu–Bi clusters by
co-sputtering is also studied (Fig. 3). For Pt and Cu co-sputtering
(Fig. 3a), the Pt sputtering power is xed at 25 W, while the Cu
sputtering power is increased from 0W to 30W. A positive jump
of current occurs between 0 W and 15 W, but a further increase
of the Cu sputtering power leads to a slight decrease of the mass
Fig. 3 Mass distribution curves obtained from QMS for multimetallic clus
and (b) PtCuBi clusters. Inset: area under the curve representing the tot

© 2021 The Author(s). Published by the Royal Society of Chemistry
distribution intensity as well as to a weak shi towards bigger
cluster size (peak maximum at 1.2 � 105 amu for 20 W and 1.8
� 105 amu for 30 W). Considering the total mass deposited
(Fig. 3a, inset), a jump between 0 and 15 W is also observed
(increase of the area by more than 20%). For the formation of
trimetallic clusters (Fig. 3b), the Pt and Cu sputtering powers
are kept constant at 25 W and 30 W, respectively, and the Bi
target sputtering power is increased from 0 W to 12 W. From
0 W to 10 W, the mass distribution curves remain almost
unchanged except for a small but constant decrease of the mass
distribution intensity. For a sputtering power of 12 W applied at
the Bi target, the number of clusters decreases remarkably.
Regarding the mass deposited, mtotal (inset of Fig. 3b), it
increases until a sputtering power of 8 W is applied, then it
starts to decrease especially for the sputtering power of 12 W.
Finally, the results presented in Fig. 3 highlight the synergy
between Pt and Cu that leads to the increase of the cluster size
and of the deposited mass, while the addition of Bi seems to
limit the condensation and growing processes for sputtering
powers higher than 8 W.

As stated previously, the cluster composition can be varied by
modifying each magnetron sputtering power. However, factors
such as the target erosion prole and surface target composi-
tion are difficult to control under given sputtering conditions,
and continuous changes in these parameters during the
synthesis process introduce uncertainties in atomic composi-
tions. The composition of catalysts used for electrochemical
characterization was estimated by the semiquantitative EDX
method:31 (76 � 8) at% and (23 � 8) at% for Pt and Cu,
respectively, in the PtCu catalyst, (92 � 8) at% and (8 � 6) at%
for Pt and Bi, respectively, in the PtBi catalyst, and (79 � 2) at%,
(18 � 11) at% and (4 � 2 at%) for Pt, Cu and Bi, respectively, in
the PtCuBi catalyst. It is also worth saying that the overlapping
of the Si peak (from the substrate) with the Pt peak and that of
Pt peaks with Bi peaks could result in an underestimation of Pt
and/or Bi atomic compositions. The measurements were per-
formed on clusters deposited onto silicon substrates. Oxygen is
ters grown under different sputtering powers of Pt, Cu and Bi. (a) PtCu
al deposited mass (mtotal).

Nanoscale Adv., 2021, 3, 1730–1740 | 1733
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detected in all metallic clusters, but with higher contents in
those containing Cu and/or Bi, showing the high reactivity of
these metals towards the residual oxygen present in the GAS.
This can be explained by the increasing Gibbs oxidation energy
in the Pt, Bi and Cu series.32 Oxygen content was obtained by
Rutherford Backscattering Spectroscopy (not shown here) using
2 MeV alpha particles. The RBS results give a ratio of ca. 30 at%
of O but this value could be overestimated because the deposit
of clusters on the Si substrate is inhomogeneous, which makes
the RBS prole ambiguous and difficult to construe; therefore
the tting of the spectra could lead to inaccurate results.

Determination of the compositions of the multimetallic
clusters does not give any information on whether they form
mixtures of metals or alloys. Hence, crystal structures of the Pt-
based clusters have been explored. GIXRD is performed on the
clusters deposited on a Si wafer. To avoid artefacts due to
difference in mass deposited on the wafer, all diffractograms
are normalized with respect to the total area under the corre-
sponding GIXRD patterns. Fig. 4 presents the diffraction
pattern of Pt clusters with signals peaking at 39.75� and 46.23�

that correspond to the (111) and (200) diffraction planes of the
face-centered cubic (fcc) phase of Pt (mp-126 (ref. 28)), respec-
tively. The diffraction pattern of PtBi clusters displays the main
diffraction peaks corresponding to the Pt fcc phase, but broader
in shape and with lower intensities. Additionally, a broad signal
centered at 29� is assigned to overlapped diffraction signals
from phases such as Bi (mp-23152 (ref. 28)), PtBi (mp-1066078
(ref. 28)) and Bi oxide (mp-23262 (ref. 28)), which therefore
prevents correct indexation. The peak broadening can be due to
Fig. 4 Grazing incident X-ray diffractograms of Pt, PtBi, PtCu and
PtCuBi clusters and (bottom) calculated XRD patterns of Pt (mp-126
(ref. 28)), Bi (mp-23151 (ref. 28)), Cu (mp-30 (ref. 28)), PtBi (mp-
1066078 (ref. 28)), PtCu (mp-644311 (ref. 28)) and Bi2O3 (mp-23262
(ref. 28)). Inset: zoomed-in image of the (111) diffraction peak of the Pt-
based clusters; the dashed line (orange) is a visual reference.

1734 | Nanoscale Adv., 2021, 3, 1730–1740
crystallographic domains of short coherence lengths that exist
in clusters of small sizes (diameter < 1 nm) or of poor crystal-
linity. PtCu clusters lead to the same diffraction peaks as those
for the Pt fcc phase but slightly shied towards higher values.
For the trimetallic clusters, the GIXRD pattern displays slight
shis of the diffraction peaks (compared to the pure Pt phase)
towards higher 2q values owing to the presence of the Cu atoms
and a weak signal close to 29� that is assigned to the presence of
Bi oxide phases. The inset in Fig. 4 compares the position of the
(111) diffraction peak maxima recorded for the different mono-,
bi- and tri-metallic clusters.

Changes in the crystal structure of bi- and tri-metallic clus-
ters with respect to monometallic Pt/C were followed as a func-
tion of the sputtering power by focusing on the position of the
(111) diffraction peak. Fig. 5 reveals the shi in position of the
(111) diffraction peak and the induced change of the value of
the lattice parameter, a, as a function of the ratio of the sput-
tering powers PBi/PPt (Fig. 5a) and PCu/PPt (Fig. 5b). The (111)
peak of Pt clusters is located at 39.760�, close to that of bulk Pt
(39.755�). When increasing the Bi content in clusters, the
position of the (111) peak does not change, remaining in the
measurement error bars. For the PtCu and the PtCuBi clusters,
the position of the (111) peak shis to higher 2q values, and
therefore to lower Pt lattice parameters.

Cu and Pt both crystallize in the fcc structure and the
decrease of the interatomic distances in the cell (shrinkage of
the crystal lattice) is due to the formation of a PtCu alloy as
already reported.33,34 If the Pt–Cu system followed Vegard's law,
the Cu content in PtCu clusters would be approximately 5 at%
while for the PtCuBi it would be less than 5%. These results are
below the percentage expected from EDX and RBS measure-
ments (�20 at%); these under-estimations of the Cu content by
Vegard's law are due to the fact that at the nanoscale, Vegard's
law can lead to inaccurate results.35–37 A non-uniform distribu-
tion of the atoms within the clusters leads to deviations from
Vegard's law; however, GIXRD data also fail to verify the pres-
ence of Janus-type, core–shell type or intermixed type struc-
tures.35,36 Such deviations are driven by compressive strain
forces due to differences in atom sizes and thus different unit
cell volumes (11.8 Å3 for Cu and 15.8 Å3 for Pt).

To look in more detail at the nanostructure of the clusters,
Fig. 6 presents TEM and high resolution TEM micrographs
(HRTEM) of Pt-based clusters: Pt (Fig. 6a), PtCu (Fig. 6b) and
PtCuBi (Fig. 6c). Fig. 6a – le shows mainly faceted clusters with
an average size of 5 nm which is close to that obtained from the
distribution curves of Fig. 2. The fast Fourier transformation
(FFT) pattern in Fig. 6a – right conrms the presence of (111),
(100) and (110) families of diffraction planes with distances of
0.228 � 0.003 nm, 0.198 � 0.002 nm and 0.140 � 0.001 nm,
respectively, corresponding to the values for a bulk Pt material.
For clusters that are smaller than 4 nm the shape of the
projection of faceted clusters resembles that obtained for
truncated octahedra (Fig. 6a – center), with a higher proportion
of low surface energy (111) facets (1.49 J m�2) and lower
proportions of (110) facets (1.68 J m�2 for the reconstructed
facet) and (200) facets (1.86 J m�2).38 For such small clusters,
interplanar distances of 0.224 � 0.003 nm, 0.194 � 0.002 nm
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Left axis: X-ray diffraction peak position of the (111) plane of the Pt fcc crystal lattice. Right axis: lattice parameter for (a) Pt clusters (black
square), PtBi clusters (red circles), (b) PtCu clusters (blue triangles) and PtCuBi clusters (green diamonds). The X axis corresponds to the ratio of
the powers applied on Bi or Cu magnetrons compared to the power on the Pt magnetron (Px/PPt) with x ¼ Bi, Cu.

Fig. 6 High resolution TEM micrographs (left), zoomed-in image of single clusters (center) and corresponding fast Fourier transformation
patterns (right) for (a) Pt, (b) PtCu and (c) PtCuBi clusters.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 1730–1740 | 1735
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Fig. 7 (a) HAADF-STEM and (b) STEM/EDX elemental mapping images
of Pt, Cu and Bi atom distribution in PtCuBi clusters. Enlarged STEM/
EDX elemental mapping images for (c) Pt, (d) Cu and (e) Bi atom
distribution in PtCuBi clusters.
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and 0.135 � 0.002 nm for the (111), (200) and (110) diffraction
planes, respectively, are lower than those determined for bigger
clusters, which could indicate a shrinkage of the crystal lattice
due to internal stress as observed for fcc clusters at the nano-
scopic scale due to their high surface stress.39,40

Regarding PtCu bimetallic clusters, the TEM micrograph
(Fig. 6b – le) shows highly aggregated clusters of 4.5 nm
average size, and regions with shorter coherence domains
compared to pure Pt clusters. As observed in Fig. 3, when Pt and
Cu are co-sputtered, the number of clusters formed is higher
than that for Pt sputtering alone, and this phenomenon could
be responsible for a cluster aggregation process. In agreement
with GIXRD results (Fig. 4), the crystallographic structure of
clusters does not change when their aggregation occurs as
conrmed by the FFT pattern on Fig. 6b – right showing that the
crystallographic planes correspond to those of the Pt fcc phase.
A zoomed-in image of a highly ordered region (Fig. 6b – center)
conrms the presence of the Pt crystallographic planes. The
TEMmicrograph of ternary clusters PtCuBi (Fig. 6c – le) shows
highly aggregated clusters with a lower crystal quality. Also, only
round-shaped clusters are observed. Isolated clusters can have
a size as low as 3.5 nm while aggregated clusters can reach
5.5 nm. The FFT pattern (Fig. 6c – right) shows the presence of
Pt diffraction planes, but also that of an additional region of
relatively high intensity that could be related to diffraction
planes of Bi phases (metallic, oxide or alloyed with Pt) as
observed by GIXRD in Fig. 4. A zoomed-in image of the micro-
graph (Fig. 6c – center) reveals mostly diffraction planes that
have short coherence distances, such as (110) Pt planes, con-
rming the poor crystallinity of tri-metallic clusters.

To understand the poor crystallinity of ternary clusters,
detailed nano-structural analysis is needed. EDX-STEMmaps of
ternary PtCuBi clusters are obtained. Fig. 7 shows, separately,
the HAADF-STEM image of the PtBiCu clusters (Fig. 7a), the
distribution of the three elements in the clusters (Fig. 7b) and
the distribution of each element, Pt, Cu and Bi, in the clusters
(Fig. 7c–e, respectively). On the one hand, Pt and Cu are
homogeneously distributed along each cluster, which is in
accordance with the formation of a PtCu alloy. On the other
hand, Bi is mainly distributed on the borders of the clusters and
on the grain-boundaries. This could give us the insight that
ternary PtCuBi clusters present the structure of an alloyed PtCu
core surrounded by a Bi shell. Molecular dynamic simulations
have already conrmed such a kind of core–shell structure for
the Pt–Bi system grown using a GAS, having its origins in
stronger Pt–Bi bonding energy than for Pt–Pt.8 This result agrees
with other studies where Bi atoms always decorate the Pt
surface and bond to two or three Pt atoms depending on the Bi
content.8,41–43 The MP database28 indicates that three stable
alloys can be found for the Pt–Cu system, while two stable alloys
are present for the Pt–Bi system. There are no data for binary
alloys between Cu and Bi or ternary alloys between Pt, Cu and Bi
but a metastable Cu–Bi alloy could be formed.44,45 Considering
only the stable phases, Pt will preferentially alloy with Cu (and
not with Bi) and Cu will be segregated from Bi; however the
database compounds are calculated at 0 K and 0 atm and
sputtering is a synthesis technique far-from-equilibrium.
1736 | Nanoscale Adv., 2021, 3, 1730–1740
Therefore, the presence of metastable phases cannot be
discarded.

Due to differences in the growing process, properties such as
crystallinity, lattice parameters and the nanostructure of the Pt-
based clusters slightly change depending on the formation of
mono-, bi- and tri-metallic clusters and these differences could
affect their performances as electrocatalysts. For example, atom
size differences between Pt and Cu in binary PtCu and ternary
PtCuBi materials lead to differences in electronegativity that are
responsible for d-band edge downshi,36 with a possible change
in the oxidative catalytic activity. Therefore, their electroactivity
was evaluated by cyclic voltammetry. This electrochemical
technique allows obtaining detailed information on the cluster
surfaces because only electroactive surface atoms are probed.
Fig. 8 displays the h stable cyclic voltammogram (CV) of Pt-
based electrodes recorded in a N2-purged 0.10 mol L�1 NaOH
electrolyte between +0.050 and +1.200 V vs. RHE at 0.050 V s�1.

The CVs can be differentiated between those recorded on
materials without Bi, Pt/C and PtCu/C catalysts, and those
recorded on materials containing Bi, PtBi/C and PtCuBi/C
catalysts. The Pt/C catalyst (black line) displays the typical CV
signature of polycrystalline platinum nanoparticles in alkaline
solution with the appearance of redox features related to the
underpotential H adsorption (HUPD) and desorption of adsor-
bed HUPD in the +0.050 to +0.400 V vs. RHE range, and the
features are related to platinum surface oxidation from ca.
0.600 V vs. RHE for the positive potential variation. In the
negative potential variation, the Pt surface oxides are reduced
giving rise to the reduction peak centered at ca. +0.750 V vs.
RHE.

The PtCu/C catalyst (green line) also shows H and O inter-
actions with the Pt surface. It is worth noting that no redox peak
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fifth stable cyclic voltammograms of Pt/C (black line), PtCu/C
(green line), PtBi/C (blue line) and PtCuBi/C (red line) materials
recorded between +0.050 and +1.200 V vs. RHE (v ¼ 0.050 V s�1, N2-
saturated 0.10 mol L�1 NaOH electrolyte, T ¼ 20 �C).
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related to Cu oxidation/reduction is detected, revealing the
stability of the PtCu surface alloy.46 Higher oxidation and
reduction currents in the +0.600 V vs. RHE to +1.200 V vs. RHE
range, i.e. in the potential region of Pt surface oxidation and
reduction, are recorded, which seems to indicate that Pt surface
atoms and Cu surface atoms are in strong interactions leading
to the simultaneous formation/reduction of Pt and Cu surface
oxides.

The addition of Bi to Pt and PtCu leads to two main changes
in the CVs. First, the HUPD adsorption/desorption peaks are
suppressed, as observed elsewhere,9 revealing changes in the
cluster surface. These changes come from physical alterations
such as the Pt surface covering of bismuth atoms or from
electronic perturbations at the Pt surface due to Bi–Pt interac-
tions. The second feature is the presence of additional peaks
centered at +0.530, +0.680 and +0.880 V vs. RHE for the PtBi
catalyst and at +0.580 and +0.850 V vs. RHE for the PtCuBi
catalyst, for the positive potential variation.

In the case of PtBi/C, the shape of the CV greatly resembles
that obtained on a Pt0.8Bi0.2/C catalyst prepared by a wet
chemistry method (water in oil microemulsion),8 which
contradicts the EDX analysis. The oxidation peaks located at ca.
+0.500 V, +0.700 V and +0.900 V vs. RHE in the CV of a Pt0.8Bi0.2/
C material prepared with the water in oil microemulsion8 have
been assigned to the oxidation reaction of bismuth according to
eqn (1). The existence of different redox features is related to the
level of interaction between Bi species and Pt surface atoms: the
lower the interaction between both metals, the lower the
oxidation potential of Bi.8

Bi + 6OH� # Bi2O3 + 3H2O + 6e� (1)

The fact that plasma sputtering and wet chemistry methods
lead to materials exhibiting the same electrochemical behavior
indicates that the surfaces of both catalysts have the same
structure. Therefore, the oxidation peak above +0.800 V vs. RHE
can be related to the simultaneous formation of Pt and Bi
© 2021 The Author(s). Published by the Royal Society of Chemistry
oxides, as in the cases of PtBi materials from wet chemistry
synthesis, and the signals between +0.500 and +0.800 V vs. RHE
are related to the formation of Bi oxides.9 These oxidation peaks
give rise to a main reduction peak centered at ca. +0.730 V vs.
RHE, shoulders at ca. +0.550 and ca. +0.450 V vs. RHE and
a second peak at ca. +0.280 V vs. RHE for the negative potential
variation.

In the case of the PtCuBi catalyst, only two oxidation peaks
(at +0.580 and +0.850 V vs. RHE) are observed for the positive
potential variation (instead of three for the PtBi catalyst), giving
rise to only two reduction peaks for the negative variation of
potential. The oxidation peak at higher potential is already
visible for PtCu and PtBi and could reasonably by assigned to
the simultaneous oxidation of Pt, Bi and Cu surface atoms. The
one at lower potential is certainly related to the oxidation of
species containing Bi or/and Cu atoms, according to eqn (1) and
(2).32

Cu + 2OH� # Cu2O + H2O + 2e� (2)

The existence of a unique redox feature in the low potential
region (oxidation peak at ca. +0.600 V vs. RHE and reduction
peak at ca. +0.400 V vs. RHE) for the PtCuBi/C catalyst could be
translated to a weaker interaction between the Pt and the oxide
species from Cu and Bi that could be present at the surface47

compared to that observed in the higher potential range
(oxidation peak at ca. +0.900 V vs. RHE and reduction peak at ca.
+0.700 V vs. RHE).

The GIXRD and electrochemical results conrm that in PtCu
clusters, Pt and Cu form a uniform alloy with a strong interac-
tion between Pt and Cu atoms at the surface. The electro-
chemical response of the PtBi catalyst is aligned with the
assumption that Bi atoms are on the cluster surface as observed
by STEM in Fig. 7 and decorate Pt clusters. In the case of the
PtCuBi/C catalyst, the results for both PtCu/C and PtBi/C could
indicate the possible electrochemical response of an alloyed
PtCu cluster decorated with Bi species. However, the CVs show
that a portion of the Cu atoms is on the cluster surface, and the
unique oxidation peak at 0.580 V vs. RHE represents the
formation of a structure where Bi and Cu surface atoms are also
in strong interaction. As mentioned before, the presence of
a Cu–Bi metastable phase cannot be discarded and a structure
consisting in a PtCu core decorated with amorphous Cu–Bi
could also be proposed.

The activity of the Pt-based catalysts towards the electro-
oxidation of 0.10 mol L�1 glycerol in a N2-purged 0.10 mol L�1

NaOH electrolyte is compared in Fig. 9. The metal loadings on
electrodes are in a very narrow range from 0.08 � 0.01 mgmetal

cm�2 to 0.10 mgmetal cm
�2, increasing with addition of Cu, Bi

and CuBi to Pt; therefore, the inuence of the metal loading on
the electrode will have a negligible effect compared with that of
the cluster composition. The Pt/C catalyst (black curve) leads to
an oxidation onset potential of ca. +0.400 V vs. RHE, which is
consistent with other previous studies realized on Pt/C and
PtxBi1�x materials prepared by wet chemistry.3,9,47 The addition
of Bi to Pt leads to a slight shi of the onset potential towards
a lower value and slightly higher activity between ca. +0.380 V vs.
Nanoscale Adv., 2021, 3, 1730–1740 | 1737
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Fig. 9 Polarization curves for the oxidation of 0.10 mol L�1 glycerol
recorded for Pt/C (black line), PtBi/C (blue line), PtCu/C (green line)
and PtCuBi/C (red line) materials (v¼ 0.005 V s�1, N2-saturated 0.10 M
NaOH electrolyte, T¼ 20 �C). Inset: zoomed-in image of the oxidation
potential onset region.
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RHE and ca. +0.600 V vs. RHE, as higher currents (mass activi-
ties) are recorded over this potential range. For potentials
higher than 0.700 V vs. RHE, Pt/C displays higher activity than
PtBi/C. The low increase of mass activity at low potentials and
the lower mass activity achieved at higher potentials demon-
strate that the Bi atomic ratio is relatively high, higher than 10
at%,8 in agreement with cyclic voltammetry measurements,
hindering the active platinum surface. This denitively
conrms that the estimation of the Bi atomic ratio in the clus-
ters is underestimated by EDX. In contrast, the addition of Cu to
Pt leads to a signicant shi of the onset potential towards
a lower value and to a huge increase of the mass activities in the
potential range from +0.280 V to +0.800 V vs. RHE. PtCuBi/C
leads to a lower oxidation onset potential of ca. +0.250 V vs.
RHE and to slightly higher activity in the +0.250 V to +0.600 V vs.
RHE potential range. Between +0.600 and +0.800 V vs. RHE,
PtCu becomes the best catalyst. For example, the mass activity
achieved at +0.600 V vs. RHE on the PtCu and PtCuBi/C catalysts
(ca. 55 A gmetal

�1) is twice higher than that recorded on the Pt/C
catalyst (ca. 30 A gmetal

�1). These activity values are very close to
those reported under the same experimental conditions
(0.10 mol L�1 glycerol, N2-saturated 0.10 mol L�1 NaOH elec-
trolyte, scan rate of 0.005 V s�1 and 20 �C) by Kouamé et al.8 on
Pt/C and PtBi/C catalysts prepared by wet chemistry (“water in
oil” microemulsion), i.e. between 40 and 70 A gmetal

�1. At
0.800 V vs. RHE, the Pt/C catalyst prepared using the GAS leads
to higher activity (mass activity of 120 A gmetal

�1) than that
prepared by wet chemistry (mass activity of 100 A gmetal

�1).8

These results seem to indicate that the Pt/C catalyst prepared
using the GAS is more prone to poisoning at potentials lower
than 0.700 V vs. RHE, but more active at potentials higher than
0.800 V vs. RHE than the one prepared by wet chemistry. Both
catalysts are composed of Pt NPs with a mean size of ca. 5 nm
dispersed on the same carbon support (Vulcan XC 72), with the
same metal weight loading (40 wt%) and almost the same
surface concentrations (0.100 mg cm�2 for the wet chemistry Pt/
C catalyst and 0.080 for the GAS Pt/C catalyst). Therefore, the
1738 | Nanoscale Adv., 2021, 3, 1730–1740
difference in activity is not due to the size effect or agglomera-
tion effect but rather seems to be due to the Pt surface structure
effect. Indeed, the TEM image in Fig. 5a displays faceted Pt NPs,
whereas Pt nanoparticles obtained by wet chemistry were
round-shaped,8 and it is well known that the surface structure of
Pt NPs has a huge effect on poisoning and electro-activity.48–50

Moreover, the potential range over which the PtCu/C and
PtCuBi/C catalysts are active is wider than that for Pt/C, which
can have an impact on the selectivity of the reaction with respect
to the electrode potential. Indeed, at least two oxidation
processes occur on PtCu/C and PtCuBi/C leading to the main
peak with a shoulder at lower potentials, whereas Pt/C leads
only to one oxidation peak. However, it was previously shown8,51

that the species formed during the glycerol electrooxidation on
Pt-based catalysts also depend on the electrode potential. In
alkaline media, the formations of products such as glyceralde-
hyde and dihydroxyacetone in a lower proportion are promoted
below +0.600 V vs. RHE. Above +0.700 V vs. RHE, mostly
carboxylate species such as glycerate or tartronate are
observed.52,53

The role of bismuth in the activity enhancement at low
potentials was proposed to come from the promotion of both
a geometric effect (dilution of adjacent Pt atoms) that favors
a particular adsorption mode of glycerol on Pt sites avoiding
multi-bonding and/or dissociative adsorption leading to
adsorbed CO poisoning the catalyst surface and from a strong
electronic effect between Pt and Bi that favors the desorption of
less oxidized species like glyceraldehyde and dihydroxyacetone
(DHA). But for a Bi ratio higher than 10 at%, the activity was not
signicantly improved, likely due to too high Pt surface
coverage.8

The presence of Cu in the catalyst can also modify the
oxidationmechanism at low potentials.54 It has been shown that
alloying Cu with Pt led to a downshi of the d-band
edge.33,36,55–57 This could be the origin of changes in the elec-
trochemical reactivity by favoring, at low electrode potentials,
the adsorption of hydroxyl groups on copper atoms that can be
used as extra-oxygen atoms to complete the electro-oxidation
reaction towards carboxylate (bifunctional mechanism)
according to eqn (3) (considering the only formation of
glycerate):

CH2OH–CHOH–CH2OH + 5OH� /

CH2OH–CHOH–COO� + 4H2O + 4e� (3)

This mechanism will increase the desorption rate, liberating
free Pt sites for further glycerol adsorption and increasing the
overall reaction rate.52,53,58 But in this case, the selectivity will be
towards carboxylate species even in the low potential region.
Therefore, the use of Bi as well as of Cu can improve the activity
and alter the selectivity and the oxidation rate that lead to
molecules with high added-value.52,59,60
Conclusions

Modication of the sputtering power applied to the three
metallic targets (Pt, Bi, and Cu) located in a gas aggregation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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source allows production of mono, bi and trimetallic clusters
with average sizes below 6 nm. In situ (quadrupole mass spec-
trometry) and ex situ (EDX-STEM mapping and Grazing Inci-
dence X-ray diffraction) techniques show the effect of the co-
sputtering of Pt and Cu or Bi on the growth and on the char-
acteristics of the resulting clusters. Increasing the sputtering
power enhances the total deposited mass and the number of Pt
and PtCu clusters. However, in the case of Pt and Bi co-
sputtering, the total mass deposited and the number of
produced clusters decrease for a Bi sputtering power exceeding
the limit value of 8 W. Addition of Cu leads to the formation of
a homogeneous PtCu alloy (as conrmed by GIXRD and EDX-
STEM mapping images) that decreases the Pt lattice param-
eter as a function of the sputtering power. For ternary clusters,
detailed information on the nanostructure obtained from EDX-
STEM mapping images indicated the formation of a PtCu
alloyed core surrounded by Bi atoms. However, electrochemical
characterization of the PtCuBi/C catalysts could also indicate an
additional structure such as an alloyed PtCu core decorated
with amorphous Cu–Bi species.

This structure has a deep impact on the electrochemical
response of the Pt-based clusters during the electrooxidation of
glycerol. Addition of Cu and Bi leads to a decrease of the
oxidation onset potential. The presence of Cu increases the
oxidation current in a broad range of potentials while the
presence of Bi only increases the current in a narrower potential
range. The PtCuBi/C catalyst reveals both Cu and Bi features:
higher oxidation currents and a larger oxidation potential range
that lead to the lowest onset potential in our series of Pt-based
catalysts and to the higher activity below +0.600 V vs. RHE, with
PtCu remaining the most active between +0.600 V and +0.800 V
vs. RHE. Therefore, a plasma magnetron-based gas aggregation
source can be used for tailoring Pt-based multimetallic clusters
for applications in electrocatalysis.
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P. Solǎr, A. Choukourov, D. Slav́ınská and H. Biederman,
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