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Bulk Au is very inert but Au nanoparticles less than 5 nm in size have been found to be catalytically active for
several reactions, in particular for low-temperature oxidation of CO. Using high-energy X-ray diffraction
coupled with atomic pair distribution function analysis and computer simulations we determine the
structure of 3 nm and 10 nm Au particles supported on titania and silica as typical representatives of
reducible and irreducible supports, respectively. We find that the synthesis protocol adopted in our work

affects strongly and differently the structure of the Au nanoparticles on the different supports. This leads
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Introduction

The use of nanoparticles (NPs) in catalysis allows for a
substantial contact between the nanoparticles’ surface area and
the surrounding gas or liquid phase thus ensuring an effective
use of the catalysts. The increased surface area is, however, not
the only reason for good catalytic activity. Particles confined to
nanoscale dimensions may further increase the catalytic activity
due to interactions with the support,’ induced atomic-level
strain®® and the presence of particular atomic configurations
at the NP surface.” Preparation conditions may also have a
profound effect on the NP catalytic activity.>* A typical example
is Au. While bulk gold is very inert chemically supported Au NPs
catalyze various reactions, in particular low-temperature
oxidation of CO."”™ An example is presented in Fig. 1. As can
be seen in the figure, Au particles less than 5 nm in size show a
very good catalytic activity. On the other hand, Au particles
larger than 5 nm in size show low activity for oxidation of CO.
The experimental observations triggered numerous studies
aimed at understanding and so getting control over this nano-
scale effect. Several explanations have been put forward
including quantum size confinement effects,>*"” charge
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current theoretical predictions and found to be in good accord with them.

transfer to and from the support,”*?° presence of tensile
strain®>** and of low-coordinated atoms at the Au NP
surface.>*** In reality it is very likely that some of these factors
act simultaneously* rendering Au NP catalyzed oxidation of CO
avery complex process. In our paper we concentrate on studying
two of these factors, that is the influence of given preparation
conditions and support type on the Au NP atomic-scale struc-
ture, in particular that in the vicinity of the NP surface, and,
hence, on the dependence of the catalytic activity of Au NPs on
their size. For that purpose we study 3 nm and 10 nm Au
particles that, according to the data in Fig. 1, should show
greatly enhanced and low activity for CO oxidation, respectively.
The particles are supported on silica (SiO,) and titania (TiO,) as
typical representatives of irreducible and reducible supports,
respectively. We determine the atomic-scale structure of the
NPs employing high-energy X-ray diffraction (XRD) coupled
with atomic pair distribution function (PDF) analysis and
computer simulations. We find clear structural differences
between the Au/TiO, and Au/SiO, NPs of different sizes, in
particular in the degree of atomic ordering, atomic-level strain
and type of low-coordinated atoms at the NP surface. The
structural differences translate into different dependences of
the catalytic activity of Au/SiO, and Au/TiO, NPs on their size.
We offer an explanation for the observed differences by
comparing our results with current theoretical predictions.
Note, by comparing structural results obtained by NP assembly-
averaging experimental techniques, such as XRD, to NP
assembly-averaged properties, such as catalytic activity, we put
structure-property relationship exploration on the same
footing. Furthermore, by generating structure models featuring
NPs of real size, i.e. with a size of 3 nm and 10 nm, real shape
(that is spherical in our case) and free surface, i.e. surface that
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Fig. 1 Reported catalytic activities of Au NPs for CO oxidation as a
function of Au particle size. Data are taken at 0 °C. The supports are
indicated as follows: down triangle — Fe,Os, square — AlOs, up
triangles — SiO, and circles — TiO,. The broken line fitted to the data
scales with the calculated number of atoms located at the corners
(coordination number of six) of NPs with the shape of a truncated
octahedron (adapted from ref. 5).

has not been constrained to be necessarily made of regular
atomic planes, we take into account the fact that real NPs less
than 10 nm in size can show various structural characteristics.*
Thus we avoid the limitations of current theory® and other
experimental approaches® that concentrate either on Au clus-
ters of a few tens of atoms or on fairly small Au NPs that are
terminated with a particular set of regular atomic planes.
Nevertheless, our experimental results are in good accord with
current theoretical predictions>*” that a reasonable way to
understand the catalytic activity of Au NPs is to relate it to the
type and number of low-coordinated atoms at the NP surface.

Experimental
Sample preparation and characterization

The preparation of Au NPs involved the use of hydrogen tetra-
chloroaurate(m) hydrate (HAuCl,, 99%), decanethiol (DT, 96%),
tetraoctylammonium bromide (TOABr, 99%) and sodium
borohydride (99%). All chemicals were obtained from Aldrich.
DT-capped gold NPs were synthesized using a standard two-
phase protocol.”® Briefly, AuCl,” was first transferred from
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aqueous solution (10 mM) to toluene by TOABr (36 mM). DT was
then added at a 2 : 1 mole ratio of DT to Au, which was followed
by addition of an excess (12 times) of aqueous NaBH,,
producing a dark-brown solution of DT-capped Au NPs with a
size of ~2 nm. The solution was subjected to solvent removal in
a rotary evaporator, followed by multiple cleaning steps using
ethanol and acetone. Gold NPs of a larger size were obtained
from the 2 nm sized Au particles by a thermally activated pro-
cessing route, details of which are described in our previous
reports.”>*-** Briefly, a concentrated solution of the 2 nm sized Au
particles was heated to a temperature of 140 °C, at which the
NPs undergo desorption/redeposition, coalescence and aggre-
gative growth in size. The resulting ~7 nm sized Au particles
were subjected to subsequent cleaning in ethanol to ensure a
complete removal of the solvent and byproducts. After cleaning,
the Au nanoparticles were suspended in hexane.

For the preparation of silica and titania supported NP cata-
lysts, we employed a procedure involving suspension of a
controlled amount of silica or titania in hexane solution con-
taining a certain concentration of gold NPs overnight. The
resulted powder was collected and dried under N,. More details
of this preparation protocol are described in our previous
report.*

The supported catalysts were further treated in a quartz tube
furnace. In particular, the supported NPs were first heated at
260 °C in 15 vol.% O, (oxidative atmosphere) for 30 min for
removing their organic shells, and then treated at 400 °C in 15
vol.% H, (reducing atmosphere) for 60 min. The weight load-
ings were about 5% for both silica and titania supported NPs.
After the thermal treatment, the NP size increased further due
to NP sintering. The actual size of the “smaller” and “larger”
NPs was determined by TEM experiments described below. Note
our synthesis protocol differs considerably from other reported
protocols that are typically based on conventional co-
precipitation or impregnation methods. For example, a typical
conventional method for preparation of titania supported Au
NPs involves an addition of an aqueous mixture of HAuCl, and a
nitrate of titania to an aqueous solution of Na,CO;. The co-
precipitate is washed, dried under vacuum overnight and then
calcined in air at 400 °C.* A typical conventional method for
preparation of silica supported Au NPs involves deposition—
precipitation in a HAuCl, solution containing gold at a
controlled atomic ratio followed by calcination at 300 °C.**

The size and morphology of the Au NPs studied here were
determined by transmission electron microscopy (TEM). For the
TEM measurements the NP samples were diluted in hexane and
drop cast onto carbon-coated copper grids followed by solvent
evaporation in air at room temperature. TEM work was done at
the Center for Advanced Microscopy, Michigan State University
using a JEM-2200FS microscope operated at 200 kv. Fig. S17
shows a representative set of TEM images for the respective Au
NPs. Based on the TEM data, the extra thermal treatments in
oxidative and reducing atmospheres carried out as a part of our
preparation method increased the size of as synthesized
“smaller” particles from ~2 nm to 3.4 &+ 1.0 nm and that of the
“larger” particles from ~7 nm to 10 + 2 nm. These thermally
processed catalysts are labeled as “3 nm” and “10 nm” in this
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report. TEM data also showed that the 3 nm and 10 nm Au
particles are largely spherical in shape.

Catalytic property measurements

The catalytic activity for CO oxidation was measured using a
custom-built reaction system, which includes a temperature-
controlled reactor, gas flow/mixing/injection controllers, an
online gas chromatograph (Shimadzu GC 8A) equipped with 5 A
molecular sieve, Porapak Q packed columns and a thermal
conductivity detector. The CO was 1 vol.% balanced by N,, O,
was 20 vol.% balanced by N, and H, was 15 vol.% balanced by
N,. The catalytic data for the Au NPs on different supports are
summarized in Table S1f in terms of Ty, which is the
temperature at which 50% CO conversion is achieved. Fig. S2}
shows a representative set of CO conversion and oxidation rate
data for Au/TiO, catalysts. Fig. 2 shows turn over frequency
(TOF) data for both Au/TiO, and Au/SiO, catalysts studied here.
TOF data for Au/TiO, NPs were obtained at 50 °C while that for
Au/SiO, NPs at 160 °C. The reason was that, in line with
previous studies (e.g. see Fig. 1), Au/SiO, NPs showed little to no
activity at temperatures close to room temperature (see Table
S1t). Also shown in Table S1T are Ty, data for NPs that have
been subjected to different types of post-synthesis thermal
treatment, including freshly prepared NPs (i.e. NPs that have
been O,-H, treated followed by air exposure), O,-alone treated
NPs and H,-alone treated samples. Significant dependence of
the catalytic activity on the particular post-synthesis treatment
is observed. The activity increases in the order of freshly
prepared NPs < O,-treated NPs < H,-treated NPs. A similar result
was reported recently for Au/SiO, prepared by an impregnation
method.* In a previous report the H,-treated (500 °C) catalyst
was found to exhibit a higher activity than the catalyst treated in
He, (500 °C)** which in turn showed an activity better than that
of the catalyst treated in O, (500 °C). Therefore, we concentrated
on the Hj-treated Au NPs and compared their structural char-
acteristics to the respective catalytic activity. The structural
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Fig. 2 TOF for Au NPs supported on silica (bars in black) and titania
(bars in cyan). Data for Au/TiO, and Au/SiO, NPs were taken at 50 °C
and 160 °C, respectively.
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characteristics were obtained by high-energy XRD experiments
coupled with atomic PDFs analysis and computer simulations
described below.

High-energy XRD experiments and atomic PDF derivation

High-energy XRD experiments were carried out at the 11-ID-C
beamline of the Advanced Photon Source at the Argonne
National Laboratory. All NPs were measured with X-rays of
energy 115 keV (1 = 1080 A). For the measurements the samples
were put in glass capillaries. The respective XRD patterns are
given in Fig. S3.f XRD data up to wavevectors of 25 A™* were
collected and corrected for detector dead time, sample
absorption and background scattering. The so-corrected XRD
data were reduced to structure factors defined as

Sta) =1+ [I"(@) = S clh@l] /| X as@ . @)

where ¢; and fi(g) are the atomic concentration and X-ray scat-
tering factor respectively for species of type i, that is Au in our
case. The structure factors were Fourier transformed into
atomic PDFs as follows:

2
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Fig. 3 Experimental (symbols) and model (line in red) atomic PDFs for
Au NPs supported on titania (a) and silica (b). Experimental and model
PDFs for a polycrystalline Au standard are also given in (b). Model fits
are based on a fcc lattice. Refined lattice parameters, a, and first
neighbor Au—Au distances are given by each dataset.
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q[S(q) — Usin(gr)dq, (2)

ma
G(r) = 2 J

=0

where g is the magnitude of the wavevector (¢ = 4w sin 6/2), 26
is the angle between the incoming and outgoing X-rays and A is
the wavelength of the X-rays used. The so-derived atomic PDFs
are shown in Fig. 3. High-energy XRD and atomic PDFs have
already proven to be very efficient in studying the atomic-scale
structure of nanosized materials, including metallic NPs.3*3¢

Results and discussion

As can be seen in Fig. S31 the Au NPs studied here show rather
diffuse XRD patterns, which is a picture typical for nanosized
materials. The rather diffuse XRD patterns render traditional
crystallography based structure analysis hardly applicable. As
and others® have repeatedly shown the task is greatly
simplified if not the diffuse XRD patterns but their Fourier
transforms, the so-called atomic PDFs, are considered instead.
In brief, the frequently used atomic PDF G(r) peaks at distances

We36—40
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structure of real NPs but is useful since it allows us (i) to verify

the type of their atomic ordering and (ii) to obtain a set of
structural parameters (e.g., lattice parameters) that may be used

to distinguish between different NPs. The calculations were
done with the help of the program PDFgui.** Data from litera-
ture sources for the face-centered cubic (fcc)-type lattice occur-
ring with bulk Au were used as starting values in the NP
structure modeling.

As can be seen in Fig. 3 the experimental atomic PDFs are
reasonably well approximated by a model featuring a fce-type
atomic arrangement. The data for the fcc lattice parameters
and for the first Au-Au neighbor distances extracted from the
position of the first PDF peaks indicate a shrinking of the
interatomic distances with diminishing NP size. In particular,
the first Au-Au interatomic distance in titania supported Au NPs
shrinks from 2.86 A to 2.82 A when the size of the particles

diminishes from 10 nm to 3 nm. That distance changes from
2.87 Ato 2.84 A in the case of silica supported NPs. For reference
the first Au-Au neighbor distance in bulk Au is at about 2.88 A.
Comparing the shape of the experimental PDFs for Au/SiO, and
Au/TiO, NPs reveals not only a different degree of shrinking of
the interatomic distances but also a different degree of

separating pairs of atoms while the areas under the PDF peaks
are proportional to the number of atomic pairs at those
distances. In this respect G(r) resembles the so-called Patterson
function that is widely applied in traditional X-ray crystallog-
raphy. However, while the Patterson function peaks at inter-
atomic distances within the unit cell of a crystal, G(r) does not
imply any lattice periodicity and so reflects all interatomic
distances occurring in the studied material. This allows for a
convenient testing and refining of structure models for finite
size materials, such as 3 nm and 10 nm particles, whose
structure may not necessarily be well described in terms of
infinite periodic lattices used for their bulk counterparts.

An inspection of the data in Fig. 3 shows that all experi-

mental PDFs have well-defined peaks with distances of a few nm
reflecting the presence of well-defined local atomic ordering.
The peaks decay to zero faster than those in the PDF for a
standard Au sample which extends to high interatomic
distances as it should be with a polycrystalline material. The
real space distance at which the NP PDFs decay to zero is
commensurate to the so-called length of structural coherence.
With the 3 nm and 10 nm particles studied here this length
appears shorter than the respective NP size indicating the
presence of substantial structural distortions. Such distortions
are typical for NPs in the 10 nm size domain and are usually due
to finite size and surface relaxation effects.

To gain a better insight into the NPs’ structure we employed
two distinct types of modeling approaches. At first the experi-
mental PDF data were approached with models based on crys-
talline lattices. In this type of modeling a PDF for an infinite
crystalline lattice is first computed. Then each of the coordi-
nation spheres of the perfect lattice is broadened by a convo-
lution with a Gaussian function to take into account the

presence of thermal (Debye-Waller type) and static local atomic

displacements in NPs. At the same time the computed PDF is
multiplied by a particle shape (spherical in our case) dependent
function which is zero for distances longer than the size of the
NPs being modeled. It is a simplistic approximation to the

This journal is © The Royal Society of Chemistry 2014
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with the titania supported Au NPs indicating substantial titania

support—Au NP interactions.
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smearing of the respective PDF peaks. As the data in Fig. 4 show,
the full width at half maximum (FWHM) of the first PDF peaks
is different for the Au samples deposited on different supports.
The FWHM is larger with the titania supported NPs indicating
stronger NP-support interactions leading to a larger degree of
structural distortions. Obviously, given the same preparation
conditions, different supports interact differently with the Au
NPs deposited on their surface and so the respective NP atomic-
scale structures are modified to a different extent. To determine
how exactly the underlying fcc-type structure is modified with
the different NPs studied here we employed reverse Monte Carlo
simulations® that allow us to reveal structural features
extending beyond a single unit cell of the fcc lattice.

Finite size atomic configurations cut out of a perfect fcc
lattice were used to start the reverse Monte Carlo simulations.
The configurations were spherical in shape and with diameters
of about 3 nm (~1200 atoms) and 10 nm (~31 000 atoms) ie.
with a size and shape similar to those of the NPs studied here.
In the simulations the position of each atom from the model
atomic configurations was adjusted as to minimize the differ-
ence between the RMC model and experimental PDF data. Also,
atoms were constrained (i) not to come closer than pre-selected
distances of closest approach and (ii) to maintain as maximal
(i.e. as close to 12) as possible coordination numbers. The first
constraint reflects the fact that metal atoms in Au do not
approach each other closer than the sum of the respective
atomic radii. The second constraint takes into account the close
packing nature of the fcc-type atomic ordering in the Au NPs
studied here. At the same time the energy of the RMC
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Fig.5 RMC constructed atomic configurations for 3 nmand 10 nm Au
particles supported on silica and titania. Reflecting the experimental
PDF data the structural disorder with the titania supported NPs is visibly
stronger (e.g. compare the respective 3 nm particles’ models) implying
stronger Au NP—titania support interactions.

536 | Nanoscale, 2014, 6, 532-538

Paper

configurations was optimized by minimizing pair-wise (Lenard-
Jones type) potentials for Au taken from literature sources.** The
simulations were done with the help of a new version of the
program RMC++* expanding on our recent work.**® The
reverse Monte Carlo simulations refined structure models are
shown in Fig. 5. The atomic PDFs computed from them repro-
duce the experimental PDFs in very good detail as the data in
Fig. S41 show. Several structural characteristics such as degree
and distribution of the structural disorder across the Au NPs,
bond angle distributions, etc. can be assessed from the RMC
constructed model atomic configurations. Here we concen-
trated on assessing the type of atomic configurations, i.e. first
coordination numbers (CNs), for the atoms at the NPs’ top
surface layer since it is this layer that is most important for
catalytic reactions. Results are presented in Fig. 6. Surface
atoms at the larger size, i.e. 10 nm, particles presumably have
8-9 first neighbors indicative of close packed, planar-type NP
surfaces. With diminishing the NP size to 3 nm a substantial
number of surface atoms with 7 and 6 first neighbors emerges
indicating the appearance of a substantial number of edges/
terraces and corners at the NP surface (see Fig. 1 in ref. 4
where the relationship between the geometry of surface atomic
configurations and first atomic CNs is very clearly shown). With
the 3 nm/TiO, NPs, however, a substantial number of 3, 4 and
5-fold coordinated atoms also appears indicating surface
atomic configurations characteristic for extremely sharp
corners. The number of such atomic configurations with the 3
nm Au/SiO, NPs is almost negligible (see Fig. 6). Theory
predicts*>*” and experiment**** has shown that the catalytic
activity of Au NPs for low-temperature oxidation of CO depends
strongly on the presence of low-coordinated, in particular 7-fold
(sitting on surface edges/terraces) and 6-fold (sitting on regular
surface corners i.e. corners that are not extremely sharp) coor-
dinated atoms. The reason is that atoms from closely packed
atomic surfaces, i.e. atoms with first CN of 8 and 9, bind oxygen
and CO very weakly (see Fig. 5a in ref. 4) resulting in almost
negligible rates of the CO oxidation reaction. On the other hand,
both the oxygen and CO absorption energies are lowered by
almost 0.5 eV, corresponding to stronger binding, for surface
atoms with CNs of 7 and 6 resulting in higher rates of the CO
oxidation reaction. This may well explain our catalytic data for
Au/SiO, NPs. The number of 6 and 7-fold coordinated surface
atoms in 3 nm silica supported particles is much larger than
that in 10 nm particles (see Fig. 6) and so the former show an
albeit moderately yet clearly higher CO oxidation rate than the
latter (see Table S1 and Fig. 3). The situation with 3 nm titania
supported Au particles is quite different. They have a substan-
tial number of 3, 4 and 5-fold coordinated surface atoms at
which the binding energies of oxygen and CO are lowered by ~1
eV (see Fig. 5a in ref. 4) resulting in a considerably higher
reactivity of those atoms. Too high a reactivity of surface atoms
may impede the CO oxidation reaction by blocking the respec-
tive atomic sites with strongly absorbed reaction intermediates.
Furthermore, 3 nm Au/TiO, particles are under considerable
compressive strain indicated by the shortest Au-Au distance of
2.82 A among all other NPs studied here. Studies have shown
that Au NP catalyzed CO oxidation is promoted by tensile and
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not compressive strain.>** This may give a plausible explanation
of our catalytic data for 3 nm Au/TiO, NPs. The presence of a
substantial number of very low-coordinated (3, 4 and 5-fold
coordinated), highly reactive surface atoms and the consider-
able compressive strain may impede the CO oxidation reaction
masking the size dependence shown in Fig. 1. Furthermore,
studies have shown that the CO oxidation reaction on titania
supported Au NPs occurs at dual sites - sites at the NP surface
and sites at the Au particle-TiO, perimeter zone.** Sites at the
perimeter zone for Au NPs on irreducible supports like silica are
not active, which may well explain the intrinsically lower cata-
lytic activity of Au/SiO, NPs compared to that of Au/TiO, NPs
(see Table S1t and Fig. 2). With quite a few atomic sites at the
surface of 3 nm Au/TiO, particles likely blocked what remains as
a main driving force of the CO oxidation reaction are the sites at
the TiO,-Au perimeter zone. Larger (i.e. 10 nm) Au NPs, though
having a considerably smaller number of 6- and 7-fold coordi-
nated surface atoms (see Fig. 6), may have a more significant
contribution from the perimeter zone sites and so show higher,
than in the case of 3 nm particles, rates of the CO oxidation
reaction as our data in Fig. 2, Table S1 and Fig. S21 show.

Conclusion

The obvious difference in molecular capping and in thermal
treatment applied in our synthesis method from traditional co-
precipitation or impregnation methods results in distinct
dependences of the rate of low-temperature CO oxidation
reaction on the size of Au/SiO, and Au/TiO, NPs. For Au/SiO,
NPs the catalytic activity increases with diminishing particle
size in line with the previous findings. For Au/TiO, NPs the
catalytic activity diminishes with diminishing particle sizes (see
Fig. 2) which is at odds with the previous findings (see Fig. 1).
The reason for the odd behavior of Au/TiO, NPs is very likely due
to the fact that our synthesis method involves removal of the
molecules capping the NP surface at rather high temperatures
first in oxidizing and then in reducing atmospheres. This
increases the Au NP-reducible titania support interactions as
the experimental PDFs indicate (see Fig. 4) rendering Au parti-
cles less than 5 nm in size rather compressed, structurally
disordered and with a significant number of very low-
coordinated surface atoms, ie. with a coarser surface that
does not necessarily promote the low-temperature oxidation of
CO. Indeed our recent studies showed that metallic particles 5
nm or less in size may undergo a substantial surface recon-
struction when thermally treated consecutively in oxidizing and
reducing atmospheres.>* This is very likely what we observe with
3 nm Au/TiO, particles that show a reduced catalytic activity
when compared to 10 nm Au/TiO, particles. A much smaller
degree of structural distortions is observed with 3 nm Au
particles on SiO, support and so they show a better catalytic
activity for low-temperature CO oxidation than 10 nm Au/SiO,
NPs. The result demonstrates well the importance of synthesis
details and support type in determining fine features in the
atomic-scale structure of Au particles less than 10 nm in size
and, hence, influencing their catalytic behavior. Note, the
findings of our work, in particular the catalytic data in Fig. 2,
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Fig. 6 Distribution of the nearest atomic neighbors for the top surface
layer of 3 nm and 10 nm Au particles supported on silica and titania.
The distributions are extracted from the RMC constructed models
shown in Fig. 5.

would not have been possible to be given the plausible expla-
nation put forward here without building realistic models for
the studied Au NPs based on reverse Monte Carlo simulations
guided by experimental atomic PDF data. The approach allows
more precise determination of the NP atomic-scale structure,
including the type and relative abundance of surface atomic
sites in NPs (see Fig. 6), than the widely applied NP structure
approximations based on preconceived polyhedra terminated
with regular atomic planes. As such it deserves to be applied
more often than now in catalysis research, in particular when
more precise structural information for real NP catalysts is
needed.
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