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Ruthenium exhibits a high catalytic activity that is further enhanced when the material is used as nanosized
particles. The origin of the enhanced performance lies in the highly increased surface to volume ratio and,
often, to the surface/environment-driven structural relaxation taking place at the nanoscale. In this paper, we
show how high-energy X-ray diffraction, atomic pair distribution function analysis, and reverse Monte Carlo
simulations may be used to determine the 3-D structure of nanoparticle catalysts such as Ru with sizes less
than 5 nm. Ruthenium particles that are 4 nm in size are found to possess a hexagonal close packed-type
structure, similar to that found in bulk Ru. Particles that are only 2 nm in size are heavily disordered and
consist of a Ru core and a R skin due to the usage of thiol-based capping agents. This work is the first
application of an approach for determining the atomic-scale structure of nanosized catalysts based entirely on
experimental diffraction data. The new structural information is a starting point for a better understanding of
the structure-property relationship and, hence, for the design of improved nanosized catalysts, including Ru.

Introduction XANES and EXAFS provide important information about the
o ) ) ) valence state and nearest-atomic neighbor arrangement but are
Catalysis is a broad research and industry field, and its greatqt sensitive to the longer range atomic structure in materials.
economic value is not the catalysts per se but the reaction g for example, EXAFS would hardly discriminate between
chemistry they facilitate and/or eqable. For many years, researCha face centered cubic (fcc) and a hexagonal close packed (hcp)
has been directed toward the discovery of new catalysts With gy cture both occurring with metallic (zero valence state)
improved efficiency and selectivity. Recently, interest has shifted )3 oparticles and exhibiting the same number of 12 first atomic
to nanosized gatalysts since they show an improved activity dueneighbors. On the other hand, techniques such as TEM and AFM
to the greatly increased surface to volume ratio. A large number 5¢ indispensable in revealing the nanoparticle morphology (i.e.,
of atoms from a nanosized catalyst (e.g., almost any secondg;j;e and shape), but what they provide is indeed an image that
atom from a spherical particle of size-3 nm) is, however, is a projection down an axis. Hence, in general, imaging
located very close or directly at its surface, and thus directly techniques are not very sensitive to the 3-D atomic ordering
exposed to the catalyst's environment. Surface- and/or environ-jnqige nanosized particies either. Recently, it has been demon-
ment- and/or small S|ze-d_r|ven str_uctural relaxation is to be_ strated that a nontraditional approach involving high-energy
expected, and often atoms in nanosized (less than 5 nm) catalytioyrp and atomic pair distribution function (PDF) analysis may
particles end up arranged in a 3-D structure that is different e empjoyed to determine the 3-D atomic ordering in nanosized
from the one they adopt in their bulk counterparts (|.e.,_ nanosized ateriald-7 with success. Here, we apply it to Ru particles with
catalysts often do not appear as a nanosized piece of they gjze |ess than 5 nm. Bulk ruthenium and Ru-based alloys are
corresponding bulk materialf. This may have a profound effect  5y,0nq the most widely used catalysts. Nanosized Ru performs
on their structure sensitive properties, including the catalytic gy en petter in important applications such as carbon nanotube
ones. Clearly, any further progress in the field depends critically growth8 selective reduction of N®,and biomass refining
on the ability to assess the 3-D structure of nanosized catalystsye find that ruthenium particles with a mean size of 4 nm
in very good detail. exhibit a hcp-type structure, similar to that found in bulk Ru.
Traditionally, the 3-D structure of materials has been Ruthenium particles with a mean size of 2 nm are much more
determined by Bragg X-ray diffraction (XRD). Bragg XRD is,  disordered and may only be described by a nonperiodic atomic
however, not very informative in the case of nanosized materials configuration. The configuration is constructed by reverse Monte
because they act as a diffraction grating of avery limited Iength Carlo simulations based on experimenta] PDF data.
of structural coherence and, hence, produce diffraction patterns
with a few, if any, Bragg-like peaks. This has pressed scientists Experimental Procedures
to employ other structure sensitive techniques such as XANES,

EXAFS, AFM. and TEM. Spectroscopy techniques such as Sample Preparation. Several methods for the preparation

of nanosized Ru particles have been developed differing in the
. . - chemicals and stabilizing agents used to grow and prevent the
* Corresponding author. E-mail: petkov@phy.cmich.edu. agglomeration, respectively, of the primary partidi%fé7
T Central Michigan University. . ! . ' . =
* University Paris 7-Denis Diderot. Monodisperse Ru particles with a mean size of approximately
8 Argonne National Laboratory. 4 and 2 nm, and with different capping agents, were synthesized
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Figure 1. TEM images of thiol-capped 4 nm (left) and 2 nm (right) Ru patrticles.

as follows: ruthenium acetate/polyol particles of a size of 4
nm were obtained by the reduction of ruthenium trichloride in
a hot solution of sodium acetate in 1,2-propanediol. The solution
was heated with an acetate concentration of>1.0072 M at
150°C for 15 min under stirring. Resulting nanosized particles
were removed from the solution by centrifugation, washed with
ethanol, and dried in air. Thiol-capped Ru particles of a mean
size of 4 and 2 nm were prepared essentially by the same

Intensity, arb. u
G

procedure. Their size was adjusted by varying the acetate 0- - . . (a)

concentration and the reaction temperature. The particles were \'\/\«/\-""/MW'V\Q‘
further coated by dodecanethiol at room temperature. This was 40+

done by stirring a solution of dodecanethiol in toluene with the ©

primary suspension of Ru particles obtained in polyol. The 4 = %01

nm thiol-coated particles were precipitated by the addition of 5 wl (b

ethanol and recovered by centrifugation, washed with ethanol, Py

and then dried in air at 50C. The solution containing 2 nm g )

thiol-coated particles was evaporated to dryness, and the solid (@)

particles were washed with ethanol and then again dried in air 0-

at 50 °C. The presence of S atoms in the thiol-capped
nanopatrticles was confirmed by EDX spectroscopy. It was found 5 10 15 20 25 30
that the S/Ru ratio was always higher for the 2 nm than the 4 Wave vector QJA’]
nm particles. The as-obtained particles were characterized bygjgure 2. synchrotron XRD patterns (upper) and corresponding
transmission electron microscopy (TEM). Representative TEM reduced structure factors (lower) for crystalline Ru (a), 4 nm Ru/acetate
images are shown in Figure 1. As can be seen, both 4 and 2(b), 4 nm Rutthiol (c), and 2 nm Ru/thiol (d) particles.
nm ruthenium particles appear to be rounded in shape. The
actual mean diameter was found to be 3.8 and 1.7 nm, the incoming and the outgoing X-rays ahds the wavelength
respectively, for the particles called 4 and 2 nm throughout the of the radiation used. Besides, the higher flux of synchrotron
text. The particle size distribution is very narrow for the 4 nm radiation X-rays and the usage of a large area detector yielded
size particles witho/dy, = 10%. It is much broader for the 2~ XRD data of a very good statistical accuracy. Both an extended
nm particles, withy reaching 20% of the mean particle diameter. Q-range and a high statistical accuracy are a prerequisite to the
Here, o and d, are the standard deviation and mean particle success of the atomic pair distribution function (PDF) data
diameter, respectively, estimated by an image analysis of ca.analysis employed hefg?
250 patrticles.

X-ray Diffraction Measurements. High-energy XRD ex- Results
periments were carried out at the 11-tEB beamline (Advanced
Photon Source, Argonne National Laboratory) using a synchro- As can be seen in Figure 2, the XRD pattern of bulk Ru
tron radiation of energy of 90.48 keM & 0.1372 A) at room exhibits well-defined Bragg peaks, as can be expected for a long-
temperature. Dry nanopaticles, acetate/polyol-based with a mearrange ordered material. Such a pattern may be analyzed in a
size of 4 nm as well as acetate/polyol-based and further thiol- traditional (e.g., Rietveld) way. The analysis has shown that
capped with a mean size of 4 and 2 nm, were sandwichedatoms in crystalline ruthenium form a hcp-type structure. This
between Kapton foils and measured in transmission geometry.structure may be well-described in terms of a periodic lattice
Bulk Ru (from Alfa Aesar; 99.9% purity; crystallite grain size  (space groufP63/mmq with a two atom unit cell of parameters
of ~1000 nm) was also measured and used as a referencea = 2.706 A andc = 4.282 A20 The diffraction patterns of Ru
material. The scattered radiation was collected with a large areananosized particles are very diffuse in nature and are impossible
(General Electric) detector. Experimental XRD patterns are to be analyzed in the traditional way. That is why the
shown in Figure 2. Thanks to the high-energy/short wavelength experimental XRD patterns were considered in terms of the
of synchrotron radiation X-rays used, XRD data were collected corresponding total reduced structure fadt¢@) = Q[Q) —
over quite a wide region (630 A1) of reciprocal space vectors, 1] and its Fourier transformthe atomic PDFRG(r) = 4ar[p(r)
Q. Here,Q = 4 (sin 0)/4, where# is half the angle between  — po]. Here,p(r) andp are the local and average atomic number
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- biguous structure search and refinement as well. In particular,
Radial distance r{A] the experimental PDFs for 4 nm Ru nanoparticles, both treated
Figure 3. Experimental atomic PDFs (symbols) for crystalline Ru (a), and untreated with dodecanethiol, are reasonably well-ap-
4 nm Ru/acetate (b), 4 nm Ru/thiol (c), and 2 nm Ru/thiol (d) particles. nroximated by a model based on a hcp-type structure (shown
Model PDFs (solid line in red) based on the fcc (upper part) and hcp in Figure 4, right upper panel). A model based on a fcc-type
(lower part) structures are shown as well. S - :
structure (shown in Figure 4, left upper panel) is incompatible
densities, respectively, amds the radial distance. The structure  With the experimental data as the results presented in Figure 3
factor Q) is related to the coherent patco(Q), of the show. These model PDFs were calculated with the help of the
diffraction data as follows: program PDFFIT as wef? The limited length of structural
coherence in the 4 nm particles was taken into account as
E(Q) =14 [|coh(Q) — Z Ci|fi(Q)|2]/z|Ci fi(Q)|2 (1) suggested in ref 23 and implemented in refs 11 and 24. Clearly,
the extra processing and introducing of a thiol-capping layer
whereg; andf; are the atomic concentration and X-ray scattering does not affect substantially the atomic ordering in 4 nm Ru
factor, respectively, for the atomic species of tyipe'® The particles; it is of a hcp-type in both sets of 4 nm particles studied.
reduced structure factors for all ruthenium samples studied areThat atomic ordering, however, is not very perfect since the
shown in Figure 2 (lower part). The corresponding atomic PDFs length of structural coherence (measured by the real space
G(r) are shown in Figure 3. The processing of XRD data and distance~1 nm, where the experimental PDFs approach zero)
derivation ofF(Q)/G(r) values was performed with the help of is much shorter than the average nanoparticle sizé 1im)
the program RA¥! An inspection of the data presented in revealed by TEM. The reduced length of structural coherence
Figure 2 exemplifies the different way the same diffraction indicates the presence of considerable local structural distortions
features appear and, hence, are accounted for in traditional and@nd/or strain in both sets of the 4 nm Ru particles we studied.
high-energy XRD/PDF studies. Traditional XRD patterns are  Neither the fcc- nor the hcp-type structure types reproduced
dominated by strong diffraction features at low wave vectors well the experimental PDF data for 2 nm Ru particles (see Figure
and, hence, are mostly sensitive to the longer range atomic3). Besides, the first peak in the experimental PDF for 2 nm
ordering in materials. All diffraction features within a wide range patrticles is split into two components: a higlene positioned
of wave vectors, including higher order ones, appear equally at approximately 2.7 A and a lowene— at 2.3 A (see Figure
strong in theF(Q) values derived from the traditional XRD  4). The highr one reflects the first neighbor RURu atomic
patterns. This increases the sensitivity to local (shorter range)pairs in metallic Ru (zero valence state). The PDFs for all other
atomic ordering, rendering the Fourier coupi€Q)/G(r) a Ru samples studied also peak at that distance. Ther low-
quantity very well-suited to study materials of limited, including component appears at a bond distance typical for Ratomic
nanosized, structural coherence. That Ru particles are such gairs, indicating that a considerable fraction of Ru atoms in 2
material is clearly seen in Figure 3, showing their PDFs decaying nm particles is bonded to S atoms likely coming from thiol
to zero already at approximately 1 nm. In contrast, the PDF for molecules used as capping agents. Thiol-capped Ru particles
bulk/polycrystalline Ru persists to much longer interatomic with a mean size of 4 nm, however, do not seem to exhibit a
distances. The latter is very well-reproduced by a model basedconsiderable number of Rt& bonds since the corresponding
on the well-known hcp structure of crystalline Ru (see Figure PDF data do not peak at the R8 bond distance. The
3, lower panel), testifying to the fact that atomic PDFs accurately distribution of first atomic neighbor distances in thiol-capped
reflect the 3-D structure of materials. The model PDF was 4 nm Ru particles is, however, considerably broadened when
calculated with the help of the program PDFFATusing compared to that in 4 nm Ru particles that do not contain sulfur
literature data for the structure of crystalline PlRegardless (see Figure 4). The result shows that the usage of thiol-capping
of their very fast decay, the experimental PDFs for Ru agents does not always result in the formation of a substantial
nanoparticles show many sharp features and allow an unam-(i.e., detectable within the limits of experimental accuracy)
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Ru (circles), 4 nm Ru/acetate (rhombs), 4 nm Ru/thiol (squares), and _. . . .
u(ci ) . ( ) u/thiol (squ ) Figure 6. Experimental atomic PDFs (symbols) for crystalline Ru (a),

2 nm Rul/thiol (triangles) particles. Solid lines (in color) are a guide to ; ; .

the eye. Peak components are labeled with the corresponding atomic* "M Ru/acetate (b), 4 nm Ruthiol (c), and 2 nm Rulthiol (d) particles.

pairs (Ru-S and Re-Ru). quel PDFs (sqlld line in red) based on a periodic (hexagonal-type
lattice) (a) and discrete (RMC generated clusters) structured)(are

. . shown as well.
number of sulfur-containing bonds at the nanoparticle surface

as is the case with thiol-capped 2 nm particles. This may
introduce measurable local structural distortions inside nano-
particles instead, similar to the case of 4 nm thiol-capped
particles.

12000+

Discussion 3

The first-round analysis of experimental PDF data clearly 9000
showed that a detailed description of the atomic ordering in 4
nm and especially of that in 2 nm Ru nanoparticles requires us
to go beyond traditional/perfect lattice-type models. To build
structural models that incorporate the presence of a great deal
of structural disorder, we employed the reverse Monte Carlo
(RMC) modeling techniqué&27 It does not require prior
knowledge of interatomic forces and/or potentials but relies 1% B
entirely on available experimental information. This is a great T
advantage since interatomic interactions are not precisely known 4 p
or not known at all in many cases of practical interest. The RMC R i
technique involves the placing of atoms in a simulation box 30001 15
and moving them around so that the difference between the
model computed and the experimental structure-sensitive quan-
tities, the experimental PDF data in our case, becomes as small
as possible. We started with the construction of a RMC model ; :
for poncrystaIIi_ne_Ru_to obtain a set o_f refer_ence structural 040 60 -8'0 100 120 140
parameters, a distribution of bond angles in particular, that reflect Bond Angle (°)
the presence of usual thermal disorder (all XRD data were taken
at room temperature) in all samples studied. The model consistedigure 7. Distribution of bond angles in bulk Ru (solid line) and 4
of 5760 ruthenium atoms in a box with an edge of length 42 A. gm Ru/acetate (squares in red), 4 nm Rufthiol (triangles in blue), and

. g nm Ru/thiol (full circles) particles.
The long-range structural coherence in bulk ruthenium was
simulated by imposing periodic boundary conditions. Also, each 60, 90, 109.47, 120, 146.44, and 18bat are a fingerprint of
atom from the model atomic configuration was constrained to the hcp-type (ideal) structure. For reference, the bond angles in
have 12 first neighbors as in hcp bulk Ru. A minimum distance the fcc-type (ideal) structure are 60, 90, 120, and®°18bdels
of closest approach between two neighboring ruthenium atomsfor 4 nm particles consisted of 1200 ruthenium atoms in a
was set to be 2.6 A. The calculations were performed with the simulation box with an edge of length 32 A. Atoms were
help of the program RM&+-.28 As may be expected, the model removed from the vertices of the simulation box to make the
converged quickly, reproducing the experimental PDF data very model configurations rounded in shape, similar to the 4 nm Ru
well as can be seen in Figure 6. The distribution of bond angles particles we studied (see the TEM images in Figure 1). The
in the model is shown in Figure 7. The angles seen are close tocalculations were performed keeping an ample empty space
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Figure 8. RMC generated 2 nm Ru (large circles in red) particle with sulfur atoms (small circles in yellow) on its surface (left). A fragment of
RuS crystal is shown on the right.
between the model atomic configuration and the simulation box, that skin are arranged in a pattern similar to that observed in
thus mimicking the finite particle size. To take into account crystalline Rug? as the inspection of Figure 8 shows. No such
the presence of undercoordinated Ru atoms at the free nanotequirement has been enforced in the model simulations.
particle surface, only a fraction (505%) of Ru atoms in the
model configurations was required to have 12 first neighbors.
The presence of capping molecules (acetate/thiol) was not taken High-energy XRD and atomic PDF analyses provide accurate
into account since only RtRu correlations were seen in the  structure data for nanosized materials, including catalysts, since
experimental PDF data (see Figure 5). The RMC simulations the approach takes into account all components of the diffraction
for 4 nm Ru particles converged relatively fast as well and data, including Bragg-like and diffuse scattering, over an
produced the model configurations shown in Figure 3 (lower extended range of wave vectors. The data alone allow discrimi-
part). The corresponding model PDFs and bond angle distribu- nation between competing structure models (e.g., hcp vs fcc)
tions are shown in Figures 6 and 7, respectively. The bond angleand may serve as a firm basis for 3-D computer simulations.
distribution in both sets of 4 nm Ru particles is broader than Moreover, the approach/data is sensitive enough to reveal and
that in bulk Ru, reflecting the presence of a nonnegligible static quantify the presence of local structural distortions and even a
atomic disorder in the former. That disorder is stronger in the core/shell-type nanoparticle sub-structure when they occur. Note
thiol-capped particles since the two body (reflected by the PDF that the presence of a protective skin/shell may greatly affect
peaks) and three body (bond angles) atomic correlations appeathe catalytic activity/selectivity of nanosized particles. In
to be weaker by approximately +20%, as measured by the particular, our studies find that both sets of 4 nm particles studied
ratio of the widths of the corresponding distributions, when exhibit local structural distortions but yet may be described in
compared to those in the particles not treated with dodecanethiol.terms of a periodic (hcp-type) model, involving a small number
Obviously, the degree of structural perfection in nanosized of parameters (local symmetry, unit cell, and atoms within it).
particles and, hence, their properties may be fine-tuned by post-When a more accurate structural description is needed, a
preparation treatment and/or using suitable capping agents. nonperiodic atomic configuration, generated by RMC simula-
The model for the 2 nm thiol-capped Ru nanoparticle tions, for example, that reflects both the atomic order and the
consisted of 188 ruthenium atoms forming a cluster (ap- local deviations from it may/should be used. Thiol-capped
proximately 2 nm in size) positioned at the center of a simulation ruthenium particles of a size of 2 nm exhibit a great deal of
box with an edge of 20.5 A. Sulfur atoms, 250 in total, were structural disorder and a skin of sulfur atoms. A noncrystallo-
introduced sequentially close to the free surface of the Ru clustergraphic model is the only accurate way to describe their atomic-
until the PDF peak at approximately 2.3 A was well-reproduced. scale structure. Noncrystallographic models involve a greater
Distances of minimal closest approach of 2.6, 2.28, and 2.05 A number of parameters (coordinates and types of all atoms in
for Ru—Ru, Ru-S, and S-S atoms, respectively, were imposed. the model atomic configuration) than the crystallographic/
Since 2 nm Ru particles exhibit a very high degree of structural periodic-type ones but, given the current advancement of
distortion, no Rut-Ru coordination constraint was imposed; computer power, can be used to compute, understand, and
instead, the experimental PDF data were left to guide the spatialpredict properties of nanosized particles/catalysts as well.
arrangement of Ru atoms in the model. Simulations were run
with only Ru or S or both types of atoms moving around, turning . : ) .
on and off some of the constraints, until all important details in 1" USing the RMG-+ code and Milen Gateshki for help and
the experimental PDF data were well-reproduced as can be seef!Sight in atomic PDF analysis. C.D. and G.V. acknowledge
in Figure 6. The resulting model atomic configuration, which the French Ministry Qf Educat|(_)n and Research for financial
turned out to be a rather compact structure, is shown in Figure SUPPOrt (ACI Nanoscience). This work was also supported by
8. The corresponding ReRu—Ru bond angle distribution is e NSF through Grant DMR 0304391(NIRT) and by CMU
shown in Figure 7. The rather smeared experimental PDF andthrough Grant REF C602281. Use of the Advanced Photon

Ru—Ru—Ru bond angle distributions of thiol-capped 2 nm Ru  SOUrce was supported by the U.S. Department of Energy, Office
particles do not exhibit many of the characteristic features of Of Basic Energy Sciences, under Contract DE-AC02-06CH11357.
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