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A comparative X-ray powder diffraction study on poly(N-vinyl pyrrolidone) (PVP)-stabilized palladium and
gold nanoparticles and bimetallic Pd—Au nanoparticles (both types of core—shell nanostructures) was
performed. The average diameter of Au and Pd nanoparticles was 5 to 6 nm. The two types of core-
shell particles had a core diameter of 5 to 6 nm and an overall diameter of 7 to 8 nm, ie. a shell
thickness of 1 to 2 nm. X-ray powder diffraction on a laboratory instrument was able to distinguish
between a physical mixture of gold and palladium nanoparticles and bimetallic core—shell nanoparticles.
It was also possible to separate the core from the shell in both kinds of bimetallic core-shell
nanoparticles due to the different domain size and because it was known which metal was in the core
and which was in the shell. The spherical particles were synthesized by reduction with glucose in
aqueous media. After purification by multiple centrifugation steps, the particles were characterized with
respect to their structural, colloid-chemical, and spectroscopic properties, i.e. particle size, morphology,

Received Sth July 2019 and internal elemental distribution. Dynamic light scattering (DLS), differential centrifugal sedimentation
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(DCS), atomic absorption spectroscopy (AAS), ultraviolet-visible spectroscopy (UV-vis), high-angle

DOI: 10.1039/c9ra05117a annular dark field imaging (HAADF), and energy-dispersed X-ray spectroscopy (EDX) were applied for
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Introduction

Nanoparticles of noble metals constitute an important area of
research due to their many applications in imaging, biomedi-
cine, and heterogeneous catalysis."” Their application spec-
trum is enhanced in bimetallic nanoparticles where two or
more metals are present in the same nanoparticle. For instance,
the catalytic activity of nanoparticles depends on the nature of
the particle surface, both chemically and electronically, which
can be varied by alloying two metals.'**> The optical properties
of nanoparticles (e.g. surface plasmon resonance bands) are
adjustable by the presence of two metals.***"** In the biomedical
area, the release of antibacterial silver from nanoparticles can
be fine-tuned by alloying with other metals.'*® For their char-
acterization, a range of techniques is usually applied, with
dynamic light scattering and electron microscopy being the
most prominent.”>* If bimetallic nanoparticles are considered,
the question of the internal distribution of the metals inside
each nanoparticle arises.'®**?* This is typically addressed by
EDX and similar techniques where the elemental distribution
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inside a number of nanoparticles is measured. However, this
analysis can only be performed for a small number of nano-
particles. Another question of interest is the inner domain
structure, i.e. the crystallographic nature of a particle. A particle
could be single-crystalline, but more often it consists of several
domains, a phenomenon known as twinning. Integral methods
for particle size determination (like dynamic light scattering or
centrifugation techniques) do not provide information on the
internal structure of a particle.

X-ray powder diffraction is a well-established method to
analyse crystalline solids. Moderate amounts of material are
needed (a few mg), and it gives averaged information about
millions or billions of particles, depending on the particles size.
The application to nanoparticles is often difficult due to broad
diffraction peaks, caused by small crystalline domains and
strong peak broadening, making the data interpretation
sometimes complicated.**¢ Of course, X-ray powder diffraction
does not distinguish between two domains present in the same
particle and two different single-domain particles that lie
adjacent in a sample.

In the following, we demonstrate how core-shell systems can
be quantitatively distinguished and analysed by powder
diffraction on a laboratory instrument. As example, we chose
the catalytically relevant system gold/palladium. Bimetallic
palladium-gold nanoparticles (Pd-Au) are of considerable
interest in heterogeneous -catalysis, e.g. for various redox

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Dynamic light scattering (DLS) data of palladium seeds (A), gold seeds (B), Pd—Au core—shell nanoparticles (C), and Au—Pd core—shell

nanoparticles (D). The particle size distributions were analysed by a log-normal fit.
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Fig. 2 Differential centrifugal sedimentation (DCS) data of palladium seeds (A), gold seeds (B), Pd—Au core—shell nanoparticles (C), and Au—Pd

core-shell nanoparticles (D). The particle size distributions were analyzed by a log-normal fit.
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Fig. 3 HAADF-STEM images and elemental mapping by EDX analysis of Au—Pd (top) and Pd—Au core—shell nanoparticles (bottom).

reactions. This is mainly ascribed to the modulation of the
properties of palladium by alloying it with gold, both electron-
ically and structurally (see Zhang et al. for a comprehensive

review about synthesis and properties of Pd/Au bimetallic
nanoparticles).*® Only rarely, X-ray powder diffraction has been
applied to such systems in closer detail.*’~** Here, well-defined

Table1 Composition and size distribution data of all prepared nanoparticles. They were all well dispersible in water. All particles were surface-

functionalized with PVP. Standard deviations of the last digits are given in parentheses

Analytical Pd seeds + Au-Pd Pd-Au
method Pd seeds Au seeds Au seeds (physical mixture 1: 1 =n:n) (core-shell) (core-shell)
Diameter/nm DLS* 6.7(12) 5.3(20) — 18.3(55) 8.2(19)
PDI (DLS) 0.16 0.48 — 0.43 0.21
DCS® 5.1(15) 4.7(15) — 6.9(19) 6.7(23)
TEM 5.4(12) 5.8(13) — 8.7(12) 8.9(11)
Pd : Au ratio/at% AAS — — 49 :51 57:43 68 :32
XRD — — 44 : 56 63 :37 26:74

“ Particle size distribution by number.
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Fig. 4 UV-vis spectra of Pd seeds (5-6 nm), Au seeds (5-6 nm),
a physical mixture of Au and Pd seeds (1 : 1 =n : n), and bimetallic Au—
Pd and Pd—Au (core-shell) nanoparticles. The surface plasmon reso-
nance of gold is visible for all systems where gold is at the particle
surface (maximum at about 520 nm).

samples with high monodispersity were prepared to exclude the
effects of impurities and larger crystals. We will show that X-ray
powder diffraction is well suited to distinguish between
different systems, making it suitable for a rapid analysis of
many nanoparticles in the same experiment.

Results and discussion

First, we prepared gold and palladium nanoparticles with
a diameter of about 5 nm*® that were then used as seeds (i.e.
cores) for the following synthesis of bimetallic core-shell
nanoparticles as described earlier.** The core-shell nano-
particles Pd-Au and Au-Pd were then prepared by reduction
of the second metal, using a modified seeded growth
approach.'®**** The presence of the reducing agent glucose
prevented the galvanic replacement of the palladium seeds
by the gold ions that would have led to a hollow gold
nanoshell.*> The colloidal stabilization was accomplished
by an external layer of PVP in all cases. The dispersed
particles were analysed by dynamic light scattering (DLS),
differential centrifugal sedimentation (DCS), and trans-
mission electron microscopy (TEM) (Fig. 1-3). The diameter
of the seeds was 5 to 6 nm, and the diameter of the core—
shell particles was 7 to 8 nm, indicating a thickness of the
outer metal shell of about 1 to 2 nm. The fact that the
hydrodynamic diameter from DCS and from DLS was
comparable with the size of the metallic core as determined
by TEM confirms the well-dispersed state of the particles in
water without relevant agglomeration.*® The only exception
were Au-Pd nanoparticles that showed some degree of
agglomeration as shown in DLS (hydrodynamic diameter 18
nm).

Note that the particle diameter from DCS is systematically
smaller than that determined by dynamic light scattering. This
is due to the polymer shell around the particles that decreases
the effective density of the particles. Consequently, the

This journal is © The Royal Society of Chemistry 2019
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sedimentation time is higher, leading to an apparently smaller
particle size.** Elemental analysis of the bimetallic nano-
particles was performed by atomic absorption spectroscopy
(AAS) after dissolution in aqua regia. All characterization data
are comprised in Table 1.

The gold and palladium seeds were further analysed by high-
resolution electron microscopy (HAADF-STEM), showing
spherical polycrystalline nanoparticles (see ref. 40 for corre-
sponding images). Both types of core-shell nanoparticles had
an almost spherical shape with a diameter in good agreement
with the DLS and DCS results. Energy-dispersive X-ray spec-
troscopy (EDX) showed the expected core-shell structure of the
nanoparticles in both cases (Fig. 3). The poorly pronounced
boundary between the core and the shell indicates some alloy-
ing at the interface which had probably occurred during the
synthesis by the interaction of metal seeds and ions of the shell
metal. The core had a diameter of 5-6 nm as in the seeds, the
outer metal layer had a thickness of 1-2 nm, again in good
agreement with the data from DLS and DCS.

Pure gold seeds showed the typical surface plasmon reso-
nance (SPR) absorption with an absorption maximum around
520 nm, also in a physical mixture with palladium seeds.** As
expected for the outer layer of palladium metal, palladium
seeds and Au-Pd core-shell nanoparticles showed no distinct
absorption in the visible range.* Clearly, palladium prevented
the SPR of gold, confirming a dense layer of palladium metal
around the gold core. After the addition of a gold layer to the
surface of the palladium seeds to form Pd-Au core-shell
nanoparticles, the SPR absorption band of gold was observed.
Thus, the TEM-EDX results of the bimetallic core-shell nano-
particles are well supported by their optical properties (Fig. 4).

After the comprehensive structural characterization of the
gold and palladium seeds and the two kinds of bimetallic core-
shell nanoparticles, the applicability of X-ray powder diffraction
to analyse the structure of such systems was investigated. Fig. 5
shows the X-ray powder diffractograms of the gold and palla-
dium seeds. Both metals crystallize in the fcc lattice (space
group Fm3m) but with different lattice constants: a(Pd) =
3.89019 A and a(Au) = 4.0786 A.* The diffraction peaks were
very broad due to the small particle size.*® Table 2 gives the
lattice parameter and the crystallite sizes as computed by Riet-
veld refinement.

Next, a heterogeneous mixture of gold and palladium seeds
(1 : 1) was analysed by X-ray powder diffraction (Fig. 6). Despite
the strong peak broadening, the major (111) peak was clearly
split, indicating the presence of both metals as separate phases.
Rietveld refinement permitted a quantitative phase analysis and
a clear separation of both metal phases, including the deter-
mination of the lattice parameter a and the individual crystallite
size for both metals (Table 2).

Then, both types of core-shell nanoparticles were studied by
X-ray powder diffraction (Fig. 7). Gold and palladium form an
unlimited row of mixed crystals,"*® ie. an averaged lattice
parameter a would be expected for fully alloyed nanoparticles.
In accordance with the TEM images, Rietveld refinement
showed that both metals were present as separate phases. The
core metal showed more narrow diffraction peaks than the shell

RSC Adv., 2019, 9, 26628-26636 | 26631
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Fig. 5 X-ray powder diffraction pattern and Rietveld refinement of Au seeds (5—6 nm), showing the baseline-corrected fit of nanocrystalline fcc
gold metal (top), and of Pd seeds (5-6 nm), showing the baseline-corrected fit of nanocrystalline fcc palladium metal (bottom). Note the broad

diffraction peaks due to the small crystalline domains.

metal, in good agreement with a core diameter of 5-6 nm and
a shell thickness of 1-2 nm. All quantitative results from Riet-
veld refinement are summarized in Table 2.

The lattice parameter of gold was not significantly decreased in
comparison to the pure gold seeds. In contrast, the palladium lattice
was expanded compared to the pure metal, indicating a partial

26632 | RSC Adv., 2019, 9, 26628-26636

alloying with gold in both cases. This was not the case for the
physical mixture of gold and palladium nanoparticles. The crystal-
lite size as computed from the peak width showed the same trend:
the core consists of bigger domains (but is probably still twinned),
and the shell consists of smaller domains. The fact that the deter-
mined crystallite size does not fully match the core and shell

This journal is © The Royal Society of Chemistry 2019
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Table 2 Results of Rietveld refinement from X-ray powder diffraction analysis (Rietveld refinement). a(Pd) = 3.89019 A, a(Au) = 4.0786 A*

Standard deviations of the last digit are given in parentheses

Measured lattice parameter a/A

Measured crystal size/nm

Sample Au Pd Au Pd

Au seeds 4.063(1) — 3.0(1) (core) —

Pd seeds — 3.900(2) — 2.6(1) (core)

Au + Pd physical mixture 4.073(3) 3.906(2) 3.3(1) (core) 5.8(3) (core)

Au-Pd core-shell 4.07(1) 3.99(8) 5.9(2) (core) 1.9(8) (shell)

Pd-Au core-shell 4.05(2) 3.97(1) 3.7(4) (shell) 6.7(6) (core)
Au+Pd signals and lead to wrong conclusions. Furthermore, the anal-
calculated ysis of more than one kind of bimetallic nanoparticles will only

difference to fit

intensity

30 35 40 45 50 55 60 65 70 75 80 85 90
20/°

Fig. 6 X-ray powder diffraction pattern and Rietveld refinement of
a physical mixture of Pd and Au seeds (both 5-6 nm). The dashed lines
for Au fcc and Pd fcc represent the baseline-corrected fits of these two
metals. Au and Pd are clearly distinguishable, despite the broad
diffraction peaks.

diameters from TEM can be safely ascribed to the limitations of X-
ray powder diffraction for such small particles due to twinning and
local alloying in the core-shell interface.

Conclusions

X-ray powder diffraction is able to identify the inner and outer
part of bimetallic core-shell nanoparticles of gold and palla-
dium even at a size of a few nanometres. It can be used to
discriminate between core and shell metals, provided that the
inherent structure of the nanoparticle is known. Usually, it is
known or at least suspected from the synthetic procedure which
metal is in the core and which is in the shell. Given that
knowledge, both lattice parameter and crystallite size can be
used to elucidate the internal structure. In contrast, a physical
mixture of gold and palladium nanoparticles shows the super-
position of the diffraction patterns of both metals. We conclude
that X-ray powder diffraction with a laboratory instrument is
applicable to analyze such nanoparticulate samples in a quan-
titative way, looking at many particles at the same time.
However, care must be given that the samples are indeed
homogeneous and highly monodisperse because the presence
of larger crystals would cause dominant narrow diffraction

This journal is © The Royal Society of Chemistry 2019

be possible if the diffraction peaks are well separated, i.e. if the
lattice parameters and crystal systems are sufficiently different.

Materials and methods

We used p-glucose (Baker, p.a.), poly(N-vinyl pyrrolidone) (PVP
K30, Povidone 30, Fluka, M = 40 000 g mol '), Pd(NO;), and
Na,PdCl, (both Sigma-Aldrich, p.a.). HAuCl, was prepared by
dissolution of gold in hot aqua regia, followed by removal of the
solvent to dryness and multiple dissolution and precipitation in
hydrochloric acid. Ultrapure water (Purelab ultra instrument
from ELGA, 18.2 MQ cm™ ") was used for all syntheses.

Pd nanoparticles (seeds), Au nanoparticles (seeds), and Pd-
Au core-shell nanoparticles were synthesized as described
earlier.*>*® Au-Pd core-shell nanoparticles were synthesized in
analogy to Pd-Au core-shell nanoparticles as follows: In a two-
neck round bottom flask, 600 mg (3 mmol) p-glucose and 50 mg
(0.125 pmol) PVP were dissolved in 50 mL water. The mixture
was vigorously stirred (700 rpm) and heated to 100 °C under
reflux. Then, 5 mL of an aqueous solution containing Pd**
(either as Pd(NO3), or as Na,PdCl, with no notable difference
between the two precursors; containing 5 mg or 0.05 mmol Pd)
were added and the reaction mixture was boiled at 100 °C for 1 h
under reflux. This led to dispersed palladium seeds. For the
gold shell, 5 mL of a HAuCl, solution (containing 9.85 mg or
0.05 mmol Au) were quickly added. The mixture was kept
boiling for another 5 min at 100 °C. Then, the reaction mixture
was rapidly quenched with an ice bath. The nanoparticle
dispersion was centrifuged with a Millipore spin filter (molec-
ular weight cut-off 3 kDa, remaining volume 500 pL) at
4000 rpm for 45 min. The remaining concentrated dispersion
was centrifuged twice at 66 000g (30 000 rpm) for 30 min and
redispersed in 5 mL water.

For X-ray powder diffraction, the nanoparticle dispersion
was shock-frozen with liquid nitrogen and lyophilized at
0.31 mbar and —10 °C in a Christ Alpha 2-4 LSC instrument.
The 1:1 mixture (n:n) was prepared by mixing the two
nanoparticle dispersions, followed by shock-freezing and
lyophilization. X-ray powder diffraction was performed with
a D8 Advance instrument (Bruker) in Bragg-Brentano
geometry with Cu Ka radiation (A = 1.54 A; 40 kV; 40 mA;
step size 0.01° 20, counting time 1.7 s) on a silicon single-
crystal sample holder with a crystallographic (911) plane

RSC Adv., 2019, 9, 26628-26636 | 26633
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to minimize scattering. The instrumental peak broadening
was determined with lanthanum hexaboride (LaBg) from
NIST (National Institute of Standards and Technology) as
internal standard. Rietveld refinement was performed with
the program package TOPAS 4.2 (Bruker). The standard

intensity

View Article Online

Paper

diffraction data of palladium and gold were taken from the
International Centre of Diffraction Data (ICDD), Powder
Diffraction File (PDF) cards 00-004-0784 (Au) and 00-046-
1043 (Pd).
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Fig.7 X-ray powder diffraction patterns and Rietveld refinement of Pd—

Au (top) and Au—Pd core—-shell nanoparticles (bottom). The dashed lines

for Au fcc and Pd fcc represent the baseline-corrected fits of these two metals. The core metal (Au or Pd) and the shell metal (Pd or Au) are well
distinguishable in both cases. The bigger core size (5-6 nm) leads to narrower peaks for the core metal compared to the shell metal (shell

thickness 1-2 nm).
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Dynamic light scattering for particle size analysis and zeta-
potential determination was carried out with a Malvern Zeta-
sizer Nano ZS ZEN 3600 instrument (Malvern Panalytical Ltd.;
25 °C, laser wavelength 633 nm). The scattering was monitored
at a fixed angle of 173° in backward scattering mode.

Analytical disc centrifugation was performed with a DC
24000 disc centrifuge (CPS Instruments, Inc.). The rotor speed
was set to 24 000 rpm (28 978g). Two aqueous sucrose solutions
(8 wt% and 24 wt%) formed a density gradient which was cap-
ped with 0.5 mL dodecane as a stabilizing agent. The calibration
standard was a poly(vinyl chloride) (PVC) latex in water with
a particle size of 483 nm provided by CPS Instruments. The
calibration was carried out prior to each run. Calibration and
sample volumes were both 100 pL.

Ultraviolet-visible spectroscopy (UV/vis) was performed with
a Varian Cary 300 instrument (Agilent Technologies, Inc.).
Suprasil® micro quartz cuvettes with a sample volume of 750 pL
were used after background correction.

Atomic absorption spectrometry was carried out with
a Thermo Electron M-Series instrument (ThermoFisher Scien-
tific) according to DIN EN ISO/IEC 17025:2005. Before the
measurement, the nanoparticles were dissolved in aqua regia.

Scanning transmission electron microscopy (STEM) was
performed with a FEI Titan microscope, equipped with a Cs-
probe corrector (CEOS Company) and a high-angle annular
dark field (HAADF) detector, operated at 200 kV. Z-contrast
conditions were achieved with a probe semi-angle of 25 mrad
and an inner collection angle of the detector of 70 mrad.
Elemental mapping using energy-dispersive X-ray spectroscopy
(EDX) was conducted on a probe-corrected FEI Titan 80-300
ChemiSTEM electron microscope, equipped with four
symmetrical SDD detectors.**>
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