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Abstract

The development of effective multi-functional Pt-based nanoparticles (NPs) with enhanced
activity, stability, and reduced cost for advanced applications still remains a challenge. In this
study, Pt(acac), and Cu(OAc), metal precursors were reduced to form Pt-Cu NPs at 140 °C in
ethylene glycol and sodium borohydride that is a secondary reducing agent in the modified
polyol method. The x-ray diffraction (XRD) and Rietveld refinement analyses confirmed the
face-centered cubic PtCus structure with the space groups of Fm3m and a lattice constant of
a=b=c=3.6829 A. The average crystal size was found to be 2.76 nm by Scherrer's formula.
Scanning electron microscopy (SEM) images confirm the formation of monodisperse PtCus
NPs with an average size of 8.04 nm within a narrow range of 5-13 nm. While energy-
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dispersive x-ray spectroscopy (EDS) analysis confirmed that the composition is formed of
26% Pt and 74% Cu atoms and XRD and EDS analyses were confirmed impurity, by-products,

and oxidation free NPs formation.

1. Introduction

Platinum group metals (PGM), that are Pt, Pd, Rh, Ir,
Ru, and Os, have attracted enormous interests due to
their wide range of applications in catalysis [1], fuel
cells and metal winning electrodes [2], dental alloys
[3], and even semiconductors [4]. Among these
groups, commercially available Pt NPs provided
enhanced structural and catalytic activities for catalytic
converters in automobiles and fuel cell production
methods due to their low environmental pollution, low
operating temperatures, and high energy conversion
factor [5-7]. Today’s biggest problems of Pt catalysis
are high cost, mining difficulties, and running out of
resources. So there should be an immediate solution to
reduce the cost of Pt-based highly active catalytic
materials. Recent studies showed that loading Pt metal
with other non-precious metals such as Fe, Co, Ni, Cu,
etc. enhanced electronic and electro-catalytic
properties [8, 9] for oxygen reduction reaction (ORR),
ethanol oxidation reactions (EOR), and hydrogenation
reactions for fuel cells [10-13]. Reduction of Pt and Cu
precursors to form Pt-Cu NPs via chemical synthesis
process usually results in three different compositions
that are Pt;Cu, PtCu, and PtCus [14, 15]. These results
also showed that increasing Cu content results in a
decrease unit volume so that a more dense crystal
structure is formed. The results of the structural

analysis showed that Pt;Cu phase: Fm3m; a=3.852 A
(ICDD # 04-017-6718), PtCu phase: Fm3m; a=3.7960
A (JCPDS #48-1549), and PtCus phase: Pm3m;
a=3.692 A (ICDD #03-065-3247). Additionally
comparing methanol oxidation catalytic activities of
Pt3Cu, PtCu, and PtCus NPs (5.43, 6.96, and 8.65
mA/cm?, respectively) with commercial Pt NPs (1.14
mA/cm?) indicated that increasing Cu ratio in Pt-Cu
alloy enhanced electro-oxidation ability [14].
Therefore, PtCus alloy becomes a more interesting
material to investigate and study the structural and
morphological properties for catalytic applications.

Preparing desired pure Pt and Pt-based materials are
possible with various methods, such as magnetron
sputtering, sol-gel process, polyol process, reverse
micelles, thermal decomposition, hydrothermal routes
[16-22]. Although all these methods provide a well-
controlled composition, size, and shape, the polyol
process has been a versatile process to synthesis pure,
alloyed, core-shell Pt-based NPs with small sizes [23].
To achieve the desired composition, size, and shape in
this process, chemical ingredients, such as surfactants,
reducing, and capping agents are highly crucial to form
chemically stable and oxidation-free NPs. In the
literature, there are plenty of studies on the synthesis
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and structural analysis of PtCu-based alloys [24].
Choosing precursor, surfactant, solvent, reducing
agent, additive, annealing temperature and time
controls the morphological properties, such as particle
size, shape, and crystalline structure. There are
different PtCu nanoalloys structures, such as
nanoframes, nanowires, spherical, triangular, hexapod,
octahedral, hallow nanocages, hierarchical dendrites
branched, nanodendrites, etc. with size varies from 2.4
nm to 109 nm [24]. Among these synthesis methods
and structures, the nanoalloy size is mostly over 10 nm
and there are a few studies, which are mostly for
nanowires, reduced the nanoalloy size between 2.4 nm
to 5 nm [25, 26]. For example, stabilizing the pH level
of the mixture around 9.5-10 with strong bases, such as
NaOH or KOH, results in a decrease in the particle size
below 7 nm [27, 28]. On the other hand, sodium
borohydride (NaBH4) is a secondary reducing agent
which was provided successful results for the polyol
process of Cu, Ni, Co NPs in ethylene glycol (EG) by
slow addition of NaBH,4 produced fairly monodisperse
isotropic NPs [23]. Capping agent such as oleylamine,
oleic acid, or PVP protects the NP from oxidation and
provide long term chemical durability in time and led
to form cubic, or spherical particle formation,
respectively [29-31].
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The Pt-Cu NPs were synthesized using a modified
polyol process that has been previously employed for
various Pt alloys. In this work, low cost, structurally
stable, and oxidation-free Pt-Cu NPs was synthesized
by controlling amount of solvents, reducing agents,
and surfactants which modify the particle size,
structure, and morphology. Choosing suitable and
optimized additives ratios resulted in the formation of
PtCus NPs. Following, the structural and
morphological properties of as-prepared Pt-Cu NPs
were determined by x-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive x-ray
spectroscopy (EDS), and Rietveld refinement analyses.
The structural analysis showed that the size of PtCus
NPs was below 10 nm and free from the possible by-
products such as impurities and oxidations.

2. Experimental Method

2.1. Materials

The metal precursors of Platinum(II) acetylacetonate
(Pt(acac), >97.0%) and Copper(1]) acetate (Cu(OAc),,
>98.0%), ethylene glycol (299.8%), sodium
borohydride (NaBHs >98%), Polyvinylpyrrolidone
(PVP, M,y 40 000)), N,N-Dimethylformamide (DMF
>99.8% ), and sodium hydroxide (NaOH >98% ), were
purchased from Sigma-Aldrich. All chemicals were of
analytical grade and used without further purification.

1. PVP + NaOH
reflux, 10 min, Ar* atm

_ as0c . N

OH 2 NaBH-+DMF NaBH,+DMF
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A: 125 °C
PVP/PtCu
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3. Annealing
A: 140 °C, 1h

Figure 1. Proposed Pt-Cu NP formation mechanism showing reducing Pt(acac), and Cu(OAc), metal salts with ethylene
glycol. The process followed by adding PVP+NaOH at 30 °C under Ar gas flow and NaBHj, at 125 °C, and annealing at 140

°C for 1 h.
2.2. Synthesis of Pt—Cu NPs

The proposed Pt-Cu NP formation mechanism was
given in Figure 1, 0.77 mmol (0.3041 g) Pt(acac), and
0.77 mmol (0.1404 g) Cu(OAc), were dissolved in a
50 ml ethylene glycol (EG) and 30 ml DMF under
magnetic stirring. The mixture color was bright
turquoise. Ingredients were simultaneously added 3.09
mmol (0.1237 g) PVP as a surface agent and 23.19
mmol (0.9279 g) NaOH to stabilize the pH level in the
composition (light blue color). Ar gas was bubbled in
the fitted condenser during preparation to prevent CuO
formation. The mixture temperature started to rise and
at 125 °C (green-black color) NaBH4, which was
diluted in 50 ml DMF, was slowly injected into the

solution. To complete the synthesis, the mixture was
annealed at 140 °C for 1 h. The mixture color turned to
black which indicates all particles were reduced and
then the system cooled down to room temperature via
passing tab water around the three-necked bottom
flask. Finally, the particles were washed with ethanol
and dichloromethane and centrifuged at 9000 rpm for
10 min. The product was dried in an oven at 55 °C for
24 h and used as-prepared before the structural
analysis.

2.3. Structural characterizations

The phase structure of Pt-Cu NP was determined by a
PANalytical XRD system with Cu-Ka radiation
(A=1.54 A). To determine the structural parameters
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FullProf suite was used for Rietveld refinement
analysis. SEM images were collected at different
places to find average particle size and NP
morphology. Collecting EDS data were provided
average composition to determine the stoichiometric
ratio of Pt-Cu NP.

3. Results and Discussions

The structural analysis of the as-prepared Pt-Cu NP
was determined by XRD and Rietveld refinement
analysis and presented in Figure 2a. Four major
diffraction peaks of face-centered-cubic (fcc) of PtCus
structure (blue circles) match well with that of the
standard PtCu; alloy with the space groups of Fm3m
(JCPDS No. 35-1358). The peaks at 26=42.58°,
49.58°, 72.74°, and 88.11° were assigned to the (111),
(200), (220), and (311) reflections planes, respectively
[14, 32]. Using FullProf suite crystal structure, space
group, reflection plane, d-space, lattice parameters,
and angle of PtCus NP structure were obtained by
Rietveld refinement analysis and were summarized in
Table 1. The simulation patterns (black line), the
difference (green line), and Bragg positions (red bars)
were presented in Figure 2a. The refinement analysis
confirmed the space groups of Fm3m of fcc structure
and reflection planes for the PtCus structure. Figure 2b
shows an atomic ball model of the fcc structure of
PtCu; NP obtained by Rietveld refinement analysis.
Here the representation of Pt and Cu atoms colored in
grey and blue, respectively. The d-spaces were found
to be 2.12, 1.84, 1.30, and 1.11 A for the reflection
planes of (111), (200), (220), and (311), respectively.
The lattice constants and the unit-cell volume were

J., 42(3) (2021) 586-592

calculated as a=b=c=3.6829 A and 49.9539 A3 which
are similar to earlier findings [14]. The crystallite size
can be calculated by Scherrer's formula
Dp=KJ/(Bcosf). Here, Dp is the average crystallite
size (nm), K is Scherrer constant and varies from 0.68
to 2.08. K=0.94 for spherical crystallites with cubic
symmetry. A is the wavelength of X-rays, Cu-
Ka=1.54178 A. B is Full Width at Half Maximum
(FWHM) of XRD peak. 6 is Bragg’s angle. The
average crystal size was calculated to be 2.76 nm for
the PtCu;s structure [33]. This XRD analysis showed
that PtCu; NPs successfully synthesized with small
crystal size and free from the possible by-products such
as impurities and oxidations.

In this study, 50% Pt and 50% Cu precursors were
aimed as an entry, however, the PtCus structure was
obtained via XRD and Rietveld refinement analysis.
The chemical synthesis root of NP requires more
parameters to control the particle properties such as
annealing temperature, annealing time, pH level,
precursors, reducing agents, or capping agents. The
metal salts were mixed with EG and DMF with a mole
ratio of 350 and 100, respectively. Following, PVP and
NaOH were added at 30 °C with a mole ratio of 2 and
15, respectively. Finally, NaBH4 was slowly injected
with a mole ratio of 24 at 125 °C in 10 min in the
mixture under Ar gas atm. The reason for the formation
of PtCus NP is due to the earlier reduction stage of Cu
during the synthesis process. The formation of pure Cu
and Pt NPs dissolved in EG and used PVP and NaBH4
during the modified polyol process is mostly
developed above 100 °C and 140 °C, respectively [23].
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Figure 2. (a) X-ray diffraction profiles of PtCus NP (blue circ
Rietveld refinement analysis: calculated patterns (black line),

les) show the major peaks of [110], [100], and [111] directions.
the difference plot (green line), and Bragg positions (red bars).

(b) Atomic ball model of fcc structure of PtCus NP obtained by Rietveld refinement analysis.
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Table 1. Crystal structure, Space group, Reflection plane, d-space, Lattice parameter, and Angle of PtCus NP structure

obtained by Rietveld refinement analysis.

Crystal . Lattice o
Structure Space Group Reflection plane d-space (A) Parameter (A) Angle (°)
fec Fm3m (111), (200), (220), 311)  2.12,1.84,130,1.11  a=b=c=3.6829 a=p=y=90°
The morphology and surface structure of the as- Ndimethylformamide, oleylemine, and

prepared PtCus NP were characterized by SEM. Figure
3a and b shows a typical surface image of the NPs with
a magnification of x200000 and x400000, respectively.
Uniform particle distribution is obtained without
aggregation on the surfaces. The average particle size
was determined by SEM images and binned in 0.5 nm
as seen in Figure 3c. The average size of the NPs was
found to be dy=8.04 + 0.08 nm by fitting the histogram
as a function of particle size with the log-normal
distribution (blue line) in Figure 3d. Here, J is the log
standard deviation and dj is the median diameter of
PtCus NPs. In literature, the smallest sizes of 4.8 nm
was obtained for spherical PtCu nanoparticles with
using and  Cu(NOs),  precursors,

I Distribution

35k Lognormal Fit

15

6 R
Average Particle Size (nm)

hexadecyltrimethyl ammonium bromide agents and
annealed at 170 °C for 24 min [34]. In this study,
monodisperse ~8 nm of PtCu nanoalloy synthesis was
achieved. Crystallite size can be determined by the
peak of XRD which corresponds to the single crystal
within a polycrystalline nanoparticle or the size of the
grains of a powder sample [35]. Therefore, the
crystalline size is expected to be lower than the average
particle size of nanoparticles. In this study, we
calculated the crystal size to be 2.76 nm which is three
times smaller than the average particle size of 8.04 nm.
It can be said that there are multicrystalline formation
in an average particle.

Figure 3. SEM images analysis of PtCus NP. (a) The surface morphology of the particles with a magnification of 200000.
(b) A selected area from (b). (c) The size distribution of PtCus NPs (red bar) with the log-normal fit (blue line) and (d)

formula.
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To determine atomic composition of as-prepared Pt-Cu
NPs, EDS analysis was performed on different areas
and collected the average atomic composition
percentage. Figure 4a and b show intensity as a
function of energy plot and selected point where the
EDS data collected. The major Cu and Pt peaks
observed in the spectra as well as C and O peaks which
are mostly arise form carbon tape used to stabilize
particles and surface agents used during preparation.
The inset table collected the average atomic
composition of detected atoms in Figure 4a. The

(3)16 L Cu Pt "Element Atomic %
rl—\ CK 36.85
b OK 15.70

—_
[+
T

CuK 34.48
PtL 12.29

Cu

C Pt
Cu Pt

' 3 ; 9
Energy (KeV)

Counts (a.u.) 10

structure composition ratio was found to be 1:2.8 for
Pt:Cu via stoichiometric calculation. This PtCu, g ratio
is quite similar with findings by Rietveld refinement
analysis results. The reason of the formation of PtCus
NPs, reducing Pt** and Cu** ions in the mixture EG was
used and the Cu*" ions reduce much faster than Pt*
ions and Pt atoms surrounded by Cu atoms instead of
binding with other Cu** ions. For this structure there
are 12 Cu atom enclose a Pt atom and 4 Pt atoms bind
with a Cu atom [14].

Figure 4. (a) EDS analysis of as-prepared PtCus; NPs with major Cu and Pt as well as C and O peaks. The inset table collected
the average atomic composition of detected atoms. (b) SEM image of EDS spot on the surface.

4. Conclusion

In conclusion, bimetallic PtCus; NP was synthesized via
the modified polyol process in which EG and NaBH4
used initial and secondary reducing agents,
respectively. The particles were reduced to 140 °C
under an Argon gas environment to prevent unwanted
oxidation formation. Using PVP as a surface capping
agent also vastly improved the particle protection from
oxidation and provides chemical stability. The
structural formation of PtCus NPs was first determined
by XRD and Rietveld refinement analysis in that were
confirmed the Fm3m space group with a lattice
constant of a=b=c=3.6829 A. The crystal size of PtCus
NPs was determined by FHWM of the XRD peaks and
calculated as 2.76 nm using Scherrer's formula.
Following the average size of PtCus was 8.04 nm via
SEM images. The structural composition was found to
be 1:2.8 for Pt:Cu confirmed by EDS with oxidation
and impurity-free compositions.
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