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X-ray diffraction (XRD) studies on PtRu clusters with a range of diameters are reported. It is shown that for
clusters smaller than 5 nm, Scherrer’s formula is not adequate for the simultaneous interpretation of the
size and composition of the clusters from their diffraction patterns. The theoretically and computationally
developed approach is based on Debye’s exact formula for scattering by randomly oriented molecules
applied here to atomic models for the clusters. The novel approach interprets plausibly the same XRD
patterns that Scherrer’s formula could not. Pt;_-Ru, nano-particles are synthesized with a modified polyol
method and their size and composition are found from the interpretation of Cu K« diffraction patterns
using Debye’s formula. The obtained results are consistent with both the chemical information and with

Alloy previously reported results from other methods of investigation. Experimental profiles are shown to be

X-ray diffraction
Crystal structure

affected here by non-uniformity of particle sizes.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

In a research program about platinum-based bi-metallic parti-
cles aimed at fuel cell and other electrocatalytic-based devices, we
deal here with bi-metallic Pt-Ru catalysts that are of major interest
as anode catalysts for direct methanol and reformate fuel cells [1,2].
Significant efforts have been devoted to their theoretical under-
standing, as well as synthesis and characterization [2-10]. As no
single investigation method provides the required detailed struc-
tural information on bi-metallic nano-particles, the combination of
several analytical methods is needed. Those methods include X-ray
absorption spectroscopy (XAS) [3,4], nuclear magnetic resonance
(NMR) [5], infrared spectroscopy [6,7], X-ray photoelectron spec-
troscopy (XPS) [8] and X-ray diffraction (XRD) [9-11]. We wish here
to develop further the application of XRD because of the apparent
simplicity of its application.

Recently, a rapid and straightforward method for the synthesis
of Pt and bi-metallic Pt-Ru nano-catalysts has been developed [12].
In previous studies, mono- and bi-metallic particles of different size
(1-5nm) were synthesized [12,13]. The synthesis method was also
utilized to prepare Pt-Ru nano-particles of different nominal com-
positions (Pt _yx-Ruy)[14]. Prepared as highly dispersed colloids and

* Corresponding author. Tel.: +1 613 991 5683; fax: +1 613 941 2529.
E-mail address: olena.baranova@nrc-cnrc.gc.ca (E.A. Baranova).

stabilized by a simple organic compound, they are amenable to
structural, spectroscopic and electrochemical analysis. The struc-
ture and surface properties of these catalysts have been studied
by infrared spectroscopy of adsorbed CO [13], high-resolution
transmission electron microscopy (HRTEM), and electrochemical
measurements (CO electro-oxidation) [12,14]. We would like here
to investigate further the same nano-particles and characterize as
accurately as possible their diameters and composition, and com-
pare with our previous results. However, the diameter of these alloy
nano-particles is so small that the simultaneous characterization
of their diameter and ruthenium content presents a fundamen-
tal challenge for Scherrer’s approximate formula [15], which is the
state-of-the-art for interpretation of such patterns. In order to avoid
the basic limitations of Scherrer’s formula, we had to undertake
theoretical, computational and practical developments involving
Debye’s exact formula [16] for diffraction by finite objects made of
spherically symmetrical atoms, as detailed below.

2. Theory for interpretation of XRD patterns from Pt-Ru
nano-particles

2.1. Inadequacy of Scherrer formula for estimating the size of
nano-particles

Pt;_xRuy alloys are known to obey Vegard’s law [17-19] in the
range x =0-0.6 where the alloy is face-centered cubic (fcc). Follow-

0925-8388/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Cu Ka 20 angle at maximum peak intensity for bulk (Pt, Ru) alloys vs. Ru
composition for the alloy. (b) XRD pattern of Pt{_,-Ruyx (x=0.5) alloy nano-particles
of 2.5 nm size.

ing [20], the linear fit for the cubic cell edge a is:
a(x) =3.9231 — 0.1489x (1)

Fig. 1a accordingly plots the 26 Cu Ka Bragg angle for bulk Pt;_,Ruy
alloys as a function of the Ru atomic content x. Fig. 1b shows
simulated X-ray powder patterns for crystalline powders of inter-
mediate Pt;_yRuy, alloy composition with x=0.5, along with the h k|
indices of the diffraction peaks observed. Based on standard crys-
tallographic calculations, both composition and particle size can
then be extracted from scattering profiles for (Pt, Ru) crystalline
powders. The Ru content x can be read off in Fig. 1a by reporting
on it the peak’s Cu Ka Bragg angle 26. The particle size can then
be extracted from the full-width at half-maximum (FWHM) of any
of the diffraction peaks through the well-known Scherrer formula
[15]:

KA
~ FWHM cos@ (2)

where A is the wavelength and K'is a numerical constant with value
close to 0.88. Provided that FWHM is expressed in radians, the units
of D are those of A.

In the strategy outlined above, however, it is implicitly assumed
that neighboring peaks 111 and 200 add up in intensity in the
region where they overlap on the powder pattern. For Pt fcc mate-
rial, this assumption is essentially justified for crystallite sizes
greater than 5 nm (see Fig. 3 below and associated discussion). For
crystallites with a smaller size, the spread of measured intensi-

D

ties around reciprocal nodes becomes so large that neighboring
reflections 111 and 200 start overlapping, not just on the pow-
der pattern, but also in reciprocal space. The contributions of the
overlapping nodes add up in amplitude rather than intensity at each
point of reciprocal space. As shown in Section 4.1 below, this dis-
places the Bragg angle from the value expected from the intensity
overlap.

2.2. Modeling with Debye’s formula for scattering by randomly
oriented molecules

Debye [16] established the following simple but exact formula
for the scattering by randomly oriented molecules made of spher-
ically symmetrical atoms:

2 sin(2mr Rdmn)

FRZ=Y > JalRRR)= (3)
where F(R) is the scattering amplitude in electrons at reciprocal
length R, N is the number of atoms in the molecule, f(R) is the
scattering factor in electrons of atom m at reciprocal length R in
A-1 while dpp is the distance in A separating atoms m and n in the
molecule. This formula can then be used to compute exact scatter-
ing profiles for models of nano-particles treated like molecules.

2.3. Implementation of Debye’s formula

Pt nano-crystals with <5nm diameter contain less than 5000
atoms, and their X-ray scattering profiles are accordingly easily
amenable to calculations with present-day PCs. Materials Toolkit
[21] includes a tool to create files with Cartesian coordinates for
atoms constituting spherical or cylindrical clusters. It includes
another tool to compute the scattering pattern of finite objects with
Debye’s formula (3) above, making the following application rela-
tively straightforward. The nine-coefficient scattering factor curves
for fiy and f; were those from data in [22].

We have accordingly created a number of spherical Pt nano-
crystals centered either at a Pt atom, a tetrahedral site or an
octahedral site of the Cu fcc structure type. This was performed by
accepting only atoms whose centre is within a given radius from
the selected centre. We then calculated the scattering profile for
the cluster using Debye’s formula.

Two different routes can be taken for analysis of computation
of results, in view of comparison with experimental results. We
could reduce the experimental intensity data into values of |F|2 and
reciprocal lengths R through application of Lorentz-polarization
(LP) corrections and thermal-motion corrections, followed by use of
reciprocal lengths instead of Bragg angles. Comparison with num-
bers coming out of Debye’s formula would then be direct, but
readers would have to manipulate their data intensively before
being able to make use of the information reported here. We instead
chose to perform the opposite, namely back-correction of Debye’s
|F? values for the LP factor assuming unpolarized Cu Ko radia-
tion and Bragg-Brentano diffraction geometry. We also used Bragg
angles instead of R-values. Experimentalists can then directly com-
pare uncorrected Cu Ko raw measured data with results reported
here. The only correction left to experimentalists would then be
an optional isotropic thermal-motion correction whose magnitude
cannot be anticipated here. We of course selected the second route
because it facilitates the application of results reported below.

3. Experimental
3.1. Synthesis of the nano-particles

Synthesis of Pt and Pt-Ru nano-particles was carried out in ethylene glycol (EG)
(Anachemia, ACS grade) solutions. The particle size is varied via the synthesis solu-
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Table 1
Synthesis conditions of Pt and Pt-Ru nano-particles prepared using the co-reduction
of precursor salts method

N we-paritlte Mercl, (8) Mgycy (8) VG (mL) Cnaon (M)
Pt 0.4652 - 50 0.1-0.2
Pty 5-Rug 5 0.2326 0.1383 50 0.08-0.11
Pto.67-Rug 33 0.2326 0.0692 50 0.07
Ptg.75-Rug 25 0.2326 0.0346 50 0.065

Pto g6-Rug 14 0.2326 0.0231 50 0.055

tion pH that is adjusted using different concentrations of sodium hydroxide (EM
Science) as described in previous work [12]. Two synthesis methods were employed,
namely (i) co-reduction of mixed precursor salts and (ii) step reduction of the pre-
cursor salts.

3.1.1. Co-reduction of mixed precursor salts

Details of the synthesis of the colloidal Pt and Pt-Ru solutions of different size
using the co-reduction method are described in previous works [12,13]. In short,
metal salts of PtCly and RuClz (Alfa Aesar, 99.9% metals basis) were dissolved in
50 mL of ethylene glycol containing NaOH. The solutions were stirred for 30 min.,
subsequently heated and refluxed for 3 h at 160 °C. Dark brown solutions containing
either Pt or Pt-Ru colloids were formed rapidly (<15 min.) in this manner. Table 1
shows the synthesis conditions for mono-metallic Pt nano-particles and Pt-Ru bi-
metallic particles prepared by the co-reduction of mixed precursor salts.

3.1.2. Step reduction of precursor salts

3.1.2.1. Bi-metallic Pt/Ru particles prepared from preformed Pt colloids. Pt to Ru ratios
0f 0.67:0.33—Step 1: 0.2326 g of PtCl, (Alfa Aesar, 99.9% metal basis) were dissolved
in 25 mL of ethylene glycol containing 0.07 M NaOH. The solution was stirred for
30min at room temperature, and subsequently heated under reflux at 160°C for
1 h. A dark brown solution containing Pt colloids was formed in this manner. The
initial pH of the synthesis solution was 11, while after reflux it dropped to 7.

Step 2: 0.0692 g RuCl3 (Alfa Aesar, 99.9% metal basis) was dissolved in 25 mL
of ethylene glycol containing 0.02 M NaOH, followed by stirring for 30 min at room
temperature. The pH of the solution was 7 after complete dissolution of the precursor
salts.

Step 3: The “in step 2” prepared solution of the Ru-precursor salt was added to
the colloidal Pt solution prepared in step 1. The mixture was stirred for 30 min at
room temperature, followed by heating under reflux at 160 °C for 3 h. Dark brown
solutions of a pH of 6 containing Pt/Ru colloids were formed. The resulting solutions
containing Pt-Ru colloids are referred to as Pt( g7/Rug 33 nano-particles prepared by
the “step synthesis method with preformed Pt colloids”.

Pt to Ru ratios of 0.33:0.67—The same procedure was employed but the initial
amount of PtCl4 was 0.1166 g and the concentration of NaOH was 0.06 M, while the
amount of RuCl; was taken as 0.1383 g. The pH of the final solution was 7.

3.1.2.2. Bi-metallic Ru/Pt nano-particles prepared from preformed Ru colloids. Pt to
Ru ratios of 0.5:0.5—Step 1: 0.1383 g of RuCl3 (Alfa Aesar, 99.9% metal basis) were
dissolved in 25 mL of ethylene glycol (Anachemia, ACS grade) containing 0.1 M NaOH.
The solution was stirred for 30 min at room temperature, and then heated under
reflux at 160°C for 1 h. A dark brown solution containing Ru colloids was formed
in this manner. The initial pH of the synthesis solution was 9.5, while after reflux it
dropped to 7.

Step 2: 0.2326 g PtCl4 (Alfa Aesar, 99.9% metal basis) was dissolved in 25 mL of
ethylene glycol containing 0.06 M NaOH and stirred for 30 min at room temperature.
The pH of the solution was 7 after complete dissolution of the precursor salt.

Step 3: The “in step 2” prepared solution of the Pt-precursor salt was added to
the colloidal Ru solution prepared in step 1. The mixture was stirred for 30 min at
room temperature, followed by heating under reflux at 160 °C for 3 h. Dark brown
solutions of pH 5.5 containing Ru/Pt colloids were formed.

Pt to Ru ratios of 0.67:0.33—The same procedure as for the ratio 0.5:0.5 was
employed but the initial amount of Ru was 0.0692 g and the NaOH concentration
was 0.05 M. The resulting solutions are referred to as Ru/Pt nano-particles prepared
by the “step synthesis method with preformed Ru colloids”.

3.2. Numerical calculation of scattering profiles for Pt nano-particles

Calculations of scattering profiles for Pt clusters containing between 100 and
600 atoms were performed with Materials Toolkit [21]. Those calculations were car-
ried out as detailed in Section 2 above, with the nano-particle considered to be
a molecular object. Fig. 2 shows the results of pattern simulations calculated for
Pt nano-particle models with diameters comprised between 1 and 5.0 nm. The line
width of the two dominant peaks, corresponding to reflections Pt(11 1) and Pt(2 00)
with crystalline powders, increases continuously with smaller particle size before
merging into a single broad peak for Pt nano-crystals with diameter below 1.6 nm.

100 A

801

60

407

intensity / a.u.

20

20 [ degree

Fig. 2. Simulated XRD patterns of Pt nano-particles with various diameters as indi-
cated.

For ease of comparison between theory and experiment, we did not use the
origin of intensities as the zero height for the peak because that would have been
quite difficult to ascertain experimentally. We rather used the minimum intensity
(number of counts) between reflections 2 0 0 and 2 2 0 around 55°26 for this purpose.
Half-height and 3/4 height for the peak are accordingly defined by the maximum
peak intensity and minimum intensity defined in that way.

Comparison with experiment requires accurate location of intensity maximum
for a diffraction peak that is both not very intense and spans several degrees at 3/4
maximum. Tests with fitting third-degree polynomials over the peak top of pro-
files calculated with Debye’s formula showed that the maximum of the fitted curve
corresponded quite accurately with the 26 angle for maximum intensity calculated
with Debye’s formula. This fit was usually within a hundredth of a degree for a wide
variety of cluster diameters. This observation was verified irrespective of the exact
cutoff height of data points for the fit that we took over the top 80-90% of maximum
peak height. As the expression for the fitted cubic polynomial is very much condi-
tioned by the precise shape of the intensity decrease on both sides of the peak top,
we therefore collected experimental intensities with extra care over that peak top
by using very long counts and small angular steps.

3.3. X-ray diffraction measurements

A Scintag XDS2000 system was employed using a Cu Ko source to obtain exper-
imental XRD patterns of the dried colloids. The Bragg angle extended from 26 of 25
to 70°26 and was varied using a step size of 0.06°26, accumulating data for 60 s per
step. Samples were prepared by placing 50 pL of the colloidal solution on a low-
background single-crystal Si (510) plate (Gem Dugout), followed by drying in air
at 80°C for 1 h. The maximum-intensity peak position (26max) for the overlapping
111/200 peak was extracted from a cubic fit to the top 10-20% of the experimental
intensities around 40°26 Cu Ka Bragg angle. The full-width at 3/4 (FW3/4M) and
at half (FWHM) of the maximum height of that peak were determined assuming
the minimum intensity measured around 55°26 as the zero height, while the peak
height was the maximum intensity measured around 40°26. Table 2 summarizes the
values of 20max, FW3/4M and FWHM extracted from the experimental XRD patterns
measured for all synthesis products that were analyzed.

4. Results and discussion

We implement here Debye’s formula (Eq. (3)) for two purposes:
(i) to interpret the diffraction patterns from pure Pt and alloy
Pt;_xRuy nano-particles with fcc structure; and (ii) to extend this
information into establishing a methodology for estimating the size
and composition of fcc Pt;_y-Ruy nano-particles using only X-ray
powder diffraction.

In agreement with previous experiments [18] and ab initio work
[20], we assume the Pt;_yRuy alloy system to obey Vegard’s law
from bulk to nano-particulate material. For bulk material, it was
not possible to distinguish visually a curvature away from the
linear relationship predicted by Vegard’s law in the cubic cell
edge a versus composition graph (see Fig. 2a in Ref. [20]). From
numerical analysis of the energy versus composition graph (Fig.
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Table 2
Summary of slow scan XRD results on Pt and Pt-Ru nano-particles

Nano-particle Synthesis method pH Particle size (nm) 260max (°) FWHM (°) FW3/4M (°) Composition of PtRu alloy
(error 5-10%)

Pt 7 1.5+ 0.1 39.50 7.9 4.5

Pt Reduction in EG 6 24 +£0.1 39.57 3.9 2.2 n.a.

Pt eduction in 5 33406 39.68 31 18

Pt 45 43+03 39.76 2.7 13 Ptg7Ru;s

Ptgs-Rug s 7 14+ 04 39,61 75 46 PtsgRuzy

Pty 5-Rug 5 Co-reduction in EG 6 21+02 40.22 5.2 2.8

Pto5-Rugs 55  24+03 39.93 48 22 PtsgRu4s

Ptg,g7-Rug 33 6 18 +£0.2 39.84 7.2 38 Pt;; Ruszg

Pt .75-Rug2s Co-reduction in EG 6 20+03 39.82 5.3 2.9 PtgyRuqg

Pto.g6-Rug14 6 21 +03 39.93 5.0 3.2 Pt77Ruy3

Pto67/Rug 33 . ‘ 6 19+ 01 39.65 55 29 PtgsRu;s

Pto.33/Rug.67 Step reduction Pt+RuCls in EG 7 17 01 40.06 6.4 41 PtssRus

Rug5/Ptos . . 5.5 1.9 +£ 0.2 40.94 6.9 3.5 n.a.

Rug 33/Pto67 Step reduction Ru+PtCly in EG 6 17 %01 4028 6.7 40 na.

2b in Ref. [20]), it was also shown [20] that the energy difference
& =Upry — (Uptpt + Urury )/2 for bonds involving, respectively, Pt—-Ru,
Pt-Pt and Ru-Ru bonds is much lower than the thermal activation
energy kT at even room temperature. As this energy difference ¢ is
at the root of non-random pair distribution in binary solid-solution
alloys, it can then be concluded that Pt;_,Ruy alloys both obey Veg-
ard’s law and display random atom type distributions as closely as
could be determined.

4.1. Shift of peak position and broadening with decreasing
particle size

Figs. 3-5 report 20 Cu Ko at maximum intensity, FWHM and
full-width at 3/4 maximum values for the Pt 111/200 peak vs.
the cluster size. The values are all extracted numerically from
the results of the above simulations (Section 3.2) implementing
Debye’s formula on a series of spherical cluster models with three
distinct choices of position for their centre (Section 2.3). These
figures will be used below to extract the average particle size
(Figs. 4 and 5) and to correct the 260 maximum position for the
diffraction effects related to the nano-particles.

In Appendix A, we show that diffraction by a collection of nano-
particles of a perfect solid-solution alloy is basically that of the
average nano-particle sitting on a fairly uniform intensity back-
ground. That background gets discarded in the numerical analysis
presented here. With Vegard’s law, like here, the average nano-
particle is made of atoms with average atom radius and average

40+

degrees \ 2-theta at maximum intensity
39.9
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39.8 \ s

396 - :\ - M
395 ‘i /
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393 T T T
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Fig. 3. Cu Ka 20 angle at maximum peak intensity for Pt clusters vs. cluster diam-
eter in Angstroms. Symbols for cluster center: at Pt, diamonds; at tetrahedral site,
triangles; at octahedral site, squares.

electron density. If the Fourier transform of f(x) is F(X), the well-
known scaling property of Fourier transforms states that the Fourier
transform of f{kx) is F(X/k)/k. It follows that a small contraction in
the cubic parameter a of the alloy causes a slight commensurate
expansion of its diffraction pattern with no other change. As the
change of parameter a from pure Pt to 50/50 PtRu alloys would be
a contraction by at most 1.9%, the effect on Figs. 3-5 is therefore a
corresponding rescaling by the same value for reciprocal values and
therefore diffraction angles. This is within the spread of the data for

144
degrees
12 \g‘ 3
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8
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Fig. 4. Cu Ka full-width at half-maximum for Pt clusters vs. cluster diameter in
Angstroms. Symbols for cluster center: at Pt, diamonds; at tetrahedral site, triangles;
at octahedral site, squares.

10 :iegrees

9

p \ FW M for Pt 111

7 c\ vs cluster diameter

6 1

5 X

; \

5 Y

2 e

1 e

. ‘ ‘ . Angstroms .

0 20 40 60 80

Fig. 5. Cu Ka full-width at 3/4 maximum for Pt clusters vs. cluster diameter in
Angstroms. Symbols for cluster center: at Pt, diamonds; at tetrahedral site, triangles;
at octahedral site, squares.
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the various origins of nano-particles. Figs. 3-5 can then be used as
printed, whatever the composition of the (Pt, Ru) alloy.

4.2. Size distribution of Pt nano-particles

Experimental XRD patterns for the four Pt colloids are presented
in Fig. 6. The peaks around 40, 46 and 68°26 correspond to Pt reflec-
tions 111,200and 2 2 0, respectively. The sharp peaks at 260 values
of 27.34, 31.69, 45.45, 56.48 and 66.23°26, represent the reflections
of crystalline NaCl present as a result of the synthesis procedure
[12].

intensity / a.u.

45 55 75

26/ degree

Fig.6. Slow scan experimental (symbols)and simulated (solid line) XRD patterns for
Pt colloids of different size. (a) 1.5 nm, simulated spectrum consists of 50% of 1.4 nm
and 50% of 1.6 nm; (b) 2.4 nm, simulated pattern consists of 50% of 2.3 nm and 50% of
2.5nm particles; (c) 3.3 nm, Simulated patterns for particles of the uniform particle
size and weighted average of the uniform particle size models (50% 2.7 nm, 25% of
3.5nm and 25% of 4.0 nm). As indicated by arrow from bottom to top: model of
4.0 nm; model of 3.5 nm; model of 50% 2.7 nm, 25% of 3.5nm and 25% of 4.0 nm;
model of 2.7 nm particles. (d) 4.3 nm, simulated pattern consists of 50% 4 nm and
50% of 4.5 nm.

Precise Bragg angles for the Pt colloids (Table 2) were derived
from a third-order polynomial fit to the profile counts close to the
top of the peak as described in Section 3.2. These values are in good
agreement with those extracted numerically from the 20 Cu Ka
results of the simulations implementing Debye’s formula (Fig. 3),
and differ significantly from the 39.7645°26 value expected for bulk
Pt [23]. This shows supporting evidence that the Debye formula is
adequate for interpreting the shift in position of Bragg angles aris-
ing from the nano-size dimension of the synthesized Pt particles.

However, the widths of diffraction lines observed on the exper-
imental patterns are greater than those obtained from simulations
of clusters with uniform particle size (Fig. 2). This is demonstrated
in Fig. 6, which shows simulated XRD patterns (solid lines) obtained
by taking into account the size non-uniformity of the resulting Pt
nano-particles. This was done by performing a weighted average of
several patterns of models corresponding to different uniform par-
ticle size (indicated in the figure caption), as illustrated in Fig. 6c,
which shows simulations corresponding to 50% of 2.7 nm clusters,
25% of 3.5 nm and 25% of 4.0 nm clusters along with the models for
uniform particle size. The width of the observed diffraction lines
could not have been accounted for using simulations corresponding
to uniform particle size clusters.

4.3. Size and composition of Pt-Ru nano-particles prepared by
co-reduction synthesis

Figs. 7 and 8 show experimental XRD patterns for the Pt-Ru
colloids prepared using the co-reduction method. Two distinct
diffraction peaks around 40 and 46°20 are observed, indicating the
formation of a Pt fcc lattice for these Pt-Ru nano-particles. Again,
the sharp peaks at 260 maximum of 27.34, 31.69, 45.45, 56.48 and
66.23°20 are due to crystalline NaCl. As in the case of mono-metallic
Pt particles, the size analysis of the Pt-Ru nano-particles from the
XRD data is based on full-width at half height (FWHM) and full-
width at 3/4 height of the Pt(11 1) peak according to Figs. 4 and 5.

Fig. 7 shows XRD of Pty 5-Rug 5 colloids of three different size 1.4,
2.1, 2.4nm and corresponding interference powder-pattern simu-
lations with spherical Pt nano-crystals centered at a Pt atom. As
seen from the figure, the relation between experiment and the-
ory is satisfactory. The structure is face centered cubic (fcc) for all
three Pty 5-Rug 5 colloids prepared by co-reduction of Pt and Ru pre-
cursor salts. Fitting third-degree polynomials over the (11 1) peak
top of XRD profiles for the Pty5-Rugs colloids shows the follow-
ing 26 maximum position (20exp): 39.93, 40.22, 39.61°20 for 2.4,
2.1 and 1.4 nm particles, respectively. To extract the exact particle
composition, first we need to correct particle size for the predicted
diffraction effect. Knowing particle size from the average of the
two diameters (FWHM and FW3/4M) and using Fig. 3, we can find
Cu Ko angles corresponding to the pure Pt particles of the same
size. The difference between experimentally found 260xp values for
Pt-Ru particles and theoretical 26y, for Pt clusters from Fig. 3 will
give a correction factor (C). Therefore, the true angle (T) for a bulk
sample with the same composition as the Pt-Ru nano-particles is
T=39.7645° + C, where 39.7645° is 260 maximum of fcc (111) for
bulk Pt [23]; Cis a correction factor.

Using the found T value for the Cu Ka angles, we can read the
composition of the corresponding equivalent bulk sample off Fig. 1.
The calculations suggest that PtRu alloys of the following Pt:Ru at.%
ratios are formed: 56:44 for 2.4 nm; 58:42 for 2.1 nm and 87:13
for 1.4nm Pt-Ru particles, as also listed in Table 1. An error of
+5-10at.% is estimated for these calculations.

Furthermore, Ru appears to be fully dissolved in the Pt fcc lat-
tice, as the nominal Pt:Ru ratio is similar to the suggested Pt:Ru alloy
ratio. However, for the smaller 1.4 nm particles, the Ru is not com-
pletely dissolved in the Pt fcc lattice, as suggested by the 87:13 at.%
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Fig. 7. Slow scan experimental (symbols) and simulated (solid line) XRD patterns
for Pt-Ru particles of different size prepared by the co-reduction method. Nominal
composition is Pty 5-Rug 5. (@) 1.4 nm particle size. Simulated pattern consists of 33%
of 1.0nm, 33% of 1.5nm and 33% of 1.8 nm; (b) 2.1 nm. Simulated pattern consists
of 50% of 2.0 nm and 50% of 2.3 nm; (c) 2.4 nm. Simulated pattern consists of 33%
2.7nm, 33% of 2.3 nm and 33% of 2.0 nm.

Pt:Ru alloy ratio. Based on previous results [24], it is believed that
smaller particles are not alloyed, as alloy formation for particles of
less than 1 nm diameter is believed to be impossible due to the fact
that Pt self-surface segregates (even at low temperatures) and that
for smaller particles the majority of the atoms are surface atoms.
Fig. 8 shows experimental and simulated XRD patterns,
obtained for the Pt-Ru nano-particles of different compositions
(Ptg.s7-Rug 33, Ptg75-Rug s, Ptggs-Rug4), but similar particle size
(2.0+£0.1 nm). Table 2 shows the values for the average particle
size of the three particles calculated using full-width at half height
(FWHM) and full-width at 3/4 height (FW3/4M) of the Pt(1 1 1) peak
(Figs. 4 and 5). The position of the Pt(1 1 1) peak for all three cata-
lysts is shifted to higher 26 positions (39.84, 39.82 and 39.93°26 for
Pt0,57—RUO.33, Pt0.75 —RUO.25, PtO.SG—RUO.p;) than for the mono-metallic
Pt nano-particles of the same size (Fig. 3). Using the above described
procedure for the extraction of particle composition, we found that
PtRu alloys of the following Pt:Ru at.% ratio are formed: 71:29 for
Ptg67-Rug 33, 82:18 for Pty 75-Rug s, 77:23 for Pty gg-Rug 14, as also
listed in Table 2. Within the estimated +5-10 at.% error of these cal-

L (a)

intensity / a.u.

20 | degree

Fig. 8. Slow scan experimental (symbols) and simulated (solid line) XRD patterns
for Pt-Ru particles prepared by the co-reduction method with different nominal
Pt:Ru at. composition: (a) Ptgg7-Rug 33, particle size is 1.9 nm. Simulated pattern
consists of 33% of 2.1 nm, 33% of 1.8 nm and 33% of 1.7 nm; (b) Pty 75-Rug 25, particle
size is 2.0 nm. Simulated pattern consists of 50% of 2.3 nm and 50% of 1.7 nm; (c)
Pty g6-Rug 14, particle size is 2.1 nm. Simulated pattern consists of 70% 2.3 nm and
30% of 1.6 nm.

culations, the experimental data are in agreement with the nominal
synthesis compositions.

4.4. Pt/Ru particles prepared by step reduction starting from
preformed Pt colloids

Successive synthesis of Pt/Ru nano-particles starting from pre-
formed Pt colloids was carried out in the present work. Two
kinds of bi-metallic particles with different overall Pt to Ru ratios
(0.67:0.33 and 0.33:0.67) were synthesized first, by forming Pt
clusters and subsequently reacting with a Ru-salt solution. Suc-
cessive reduction of two metal salts is considered as one of the
most suitable methods to prepare core-shell structured bi-metallic
nano-particles [25-27]. In a core-shell structure, one metal ele-
ment forms an inner core whereas the other element surrounds
the core to form a shell. Examples of core-shell structures have
been observed in PVP-stabilized (poly(N-vinyl-2-perrolidon)) Pd-Pt
bi-metallic nano-particles, Au-Pd and Au-Pt [26-29].

Experimental and theoretical XRD patterns of Pty g7/Rug33 and
Ptg33/Rugg; colloids are shown in Fig. 9. The good agreement
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Fig.9. Slow scan experimental (symbols)and simulated (solid line) XRD patterns for
Pt-Ru particles of different composition prepared by the step synthesis, starting from
preformed Pt colloids. Note: The peak at around 60°26 is spurious and originates
in the “zero background” silicon support. (a) Pty g7/Rug 33, particle size is 1.9 nm.
Simulated pattern consists of 50% 1.8 nm and 50% of 2.0 nm; (b) Ptg 33/Rug g7, particle
size is 1.7 nm. Simulated pattern consists of 50% 1.6 nm and 50% of 1.8 nm.

between theory and experiment indicates that the final particles
are fcc alloys similar to the co-reduced Pt-Ru colloids. The 20
position of the Pt(111) peak for the Pt/Ru colloids is shifted to
higher values (39.65 and 40.06°26 for Ptg g7/Rug 33 and Ptg 33/Rug 67,
respectively), compared to the pure Pt fcc clusters of the same size
suggesting formation of a PtRu alloys. Estimated composition of the
Pt:Ru solid solutions in at.% is 85:15 for Ptg7/Rug 33 and 55:45 for
Ptg33/Rug7, as also listed in Table 2. The analyzed alloy composition
indicates that Pt-Ru bi-metallic particles are formed during the step
synthesis starting from preformed Pt colloids and not just a mixture
of single Pt and Ru phases. However, the alloy compositions differ
from the nominal 67:33 and 33:67 at. %, and this may indicate that
some amount of Ru is present as a mono-metallic phase.

The plausible interaction mechanism of preformed Pt colloids
with Ru' jons is seed-mediated deposition. According to this mech-
anism, the Pt colloids formed in the first step serve as seeds for Ru'll
ions adsorption and deposition leading to formation of Pt/Ru bi-
metallic particles. Due to the step deposition, the resulting particles
may adopt a Pt-core-Ru-shell structure [27]. Indeed, the enrich-
ment of nano-particle surface by Ru atoms was observed using IR
measurements of adsorbed CO molecules (not presented here). The
activity of the Pt/Ru particles towards CO,q4s electro-oxidation is
high and comparable to the alloyed Pt-Ru particles of the same size
and composition prepared by the co-reduction method. According
to these arguments, and the fact that Pt tends to surface segregate,
it is believed that the resulting particles are fcc alloys rather than
true core-shell structures.

4.5. Ru-Pt particles prepared by step reduction starting from
preformed Ru colloids

Fig. 10 shows slow scan X-ray diffraction patterns and cor-
responding theoretical patterns for Rugs/Ptgs and Rugssz/Ptgg7
nano-particles prepared by the step reduction of the precursor salts

intensity / a.u.

20 / degree

Fig. 10. Slow scan experimental (symbols) and simulated (solid line) XRD patterns
for Ru-Pt particles of different composition prepared by the step synthesis method,
starting from preformed Ru colloids. Note: The peak at around 60°26 is spurious and
originates in the “zero background” silicon support. (a) Rug 5 /Pty 5, particle size is
1.9 nm. Simulated pattern consists of 25% of 1.6 nm, 25% of 1.7 nm, 25% of 1.9 nm and
25% of 2.0 nm; (b) Rug 33/Ptg g7, particle size is 1.7 nm. Simulated pattern consists of
33% of 1.6 nm, 33% of 1.7 nm and 33% of 1.8 nm.

(first, by forming Ru nano-particles that are subsequently reacted
with a Pt-salt solution). It was recently demonstrated that forma-
tion of Ru/Pt particles occurs due to the difference in redox potential
of Ptand Ru[14]. When Ptions are added in the presence of Ru nano-
particles, some Ru® atoms on the nano-particles are oxidized and
reduce Pt ions to Pt? atoms. After the reduction of Pt! ions, the
oxidized Ru ions are reduced by ethylene glycol and redeposited
forming Ru/Pt nano-particles. As seen from Fig. 10, the experimen-
tal XRD patterns contain only one dominant peak at 40.94 and
40.28°26 for Rugs/Ptgs and Rug33/Ptg7, respectively. This feature
is characteristic for PtRu clusters with diameters below 1.6 nm for
which the spread of reciprocal nodes becomes so large that reflec-
tions 111 and 200 are overlapping and a single broad peak is
observed. However, the absence of the Pt (2 00) diffraction peak
cannot be explained in this way since the diameters of the resulting
particles are larger than 1.5nm. The average particle sizes esti-
mated from the XRD data for these particles are 1.9 and 1.8 nm for
the Rug 5 /Pty 5 and Rug 33/Ptg g7 colloids, respectively. These average
particle sizes are in good agreement with the particle sizes obtained
from the TEM images taking differences between the two methods
into account [14]. The shift in the 20 maxima position reveals the
formation of bi-metallic Ru/Pt particles and not single Pt and Ru
phases, while the absence of the 2 00 reflection may indicate that
the resulting particles are not fcc solid solutions and their analysis
by the method described above is not appropriate. At the same time,
they do not display the hexagonal close-packed structure expected
for a mono-metallic Ru phase with the dominant peak for the Ru
(101) plane at 44°26.

Based on the data presented above, it is concluded that the step
reduction method starting from preformed Pt colloids results in fcc
PtRu alloys. The amount of Ru dissolved in the fcc Pt differs from
the nominal composition suggesting that some of the Ru is also
present as a single Ru phase. In case of the Ru/Pt particles made by
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the step reduction method starting from preformed Ru colloids, the
XRD results suggest that fcc PtRu alloys are not present.

5. Conclusion

Through synthesis of pure-platinum nano-particles with a range
of diameters, we have demonstrated experimentally the inade-
quacy of Scherrer’s formula for the simultaneous interpretation of
their diameters and composition from their diffraction patterns.
We have accordingly developed theoretically and computationally
a novel approach based on Debye’s exact formula. We have shown
that this new approach could be used to interpret the same patterns
that Scherrer’s formula could not. We prepared a range of Pt_y-Ruy
nano-particles by the modified polyol method. From interpretation
of Cu Ka diffraction patterns in the way developed above, we reach
conclusions about their size and composition that are consistent
with both the chemical information and with previously reported
results from other methods of investigation.
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Appendix A. Diffraction by a collection of similar
nano-particles of a perfect solid-solution alloy

We assume the alloy nano-particles to have same diameter,
same composition and same basic structure. They only differ in
the random way the atoms of the alloying element are distributed
within a given nano-particle. We describe the electron density E;
in each individual nano-particle N; as the sum of an average object
A and a difference function D; specific to the nano-particle. As the
constituting atoms of the nano-particle are similar in radius and
electron density, A is a positive function with large values, while D;
is a function with fairly small negative or positive values, which are
randomly different from nano-particle to nano-particle. For a col-
lection i=1,n of nano-particles in a sample of perfect solid-solution
alloy, the distribution of D; values has zero average.

The Fourier transform F(E;) = F(A + D;) of the sum A+D; is the
sum F(A) + F(D;). The diffracted intensity I(E;) is accordingly:
I(E;) = (F(A) + F(D;)) x (F(A) + F(D;))* (A1)

where x is a multiplication and (*) denotes the complex conjugate.
This is expanded as:

I(E;) = F(A) x F(A)" + F(D;) x F(D;)*+F(A) x F(D;)* + F(D;) x F(A)*
(A.2)

The first two terms have real and positive values, and then add
up in magnitudes. The sum of the last two terms is also real, but
it can be positive, negative or zero just as well, depending on the
particular atom distribution in nano-particlei. For a collectioni=1,n
of nano-particles, the sum of the last two terms then mostly cancels
out. We can then write:

S ED =0 < FA) < FAY + 3 (FD) < FDY)
(A.3)

In other words, a collection of perfect solid-solution alloy nano-
particles diffracts as if the average part and the random part of
the electron distribution came from different objects and added
in intensity, not in amplitude. Diffraction by an object with small
and random positive or negative electron density is a small and
random intensity contribution that is different from nano-particle
to nano-particle.

Diffraction peaks from a collection of n nano-particles of
a random solid-solution alloy are then n times those of the
average nano-particle A sitting on a fairly constant intensity
background that results from the superposition of the random
intensity contribution of different nano-particles. This background
gets eliminated in the numerical procedure detailed in the
present paper. The above analysis made no use of the con-
cept of periodicity and applies to nearly identical diffracting
objects differing from one-another in a random way in their
atom distribution. The above considerations then remain appli-
cable, irrespective of whether the diffracted intensity calculation
method is Debye’s formula or a standard structure-factor cal-
culation complemented by Scherrer’s considerations for finite
objects.
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