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Nanoporous (np) gold is a promising catalyst material for selective oxidation reactions. Especially the
addition of oxide deposits like ceria (CeO,) promises enhanced morphological stability for high
temperature applications. Describing such temperature induced morphological changes in porous
materials is challenging. Here, X-ray nanoanalysis is particularly promising due to the high penetration
depth that allows studying of the bulk properties with high spatial sensitivity. We applied soft X-ray small
angle scattering (SAXS) to determine temperature induced structural changes in nanoporous gold
catalysts. The results show that CeO, deposits enhance the temperature stability of the nanoporous gold
catalyst. Moreover, we demonstrate the ability of soft X-rays to selectively provide structural information
on the stabilizing cerium oxide deposits via resonant, anomalous SAXS (ASAXS) measurements at the
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1. Introduction

The catalytic activity of metallic nanoparticles strongly depends
on their size and shape as this determines the availability of
reactive sites. Similarly, the catalytic activity of nanoporous gold
(np-Au), which exhibits a 3D sponge like structure with ligaments
and pores in the range of a few tens of nanometers, also depends
on the size of the ligaments."”” Among applications in sensing**
or as a biomaterial interface,* it is used in catalysis.»>>® While the
catalyst shows interesting performance at temperatures below
100 °C, challenges arise in application at elevated temperatures
due to coarsening of the material.”™ Such structural reorgani-
zations can be prevented by the deposition of metal oxide
nanoparticles on the gold matrix and the thermal stability can be
increased" up to 600 °C," but the origin of the stabilizing effect
at the atomic level is still under discussion. Besides stabilization
of the ligaments, the combination of metal oxides and the
metallic host results in a bifunctional catalyst, where both part-
ners provide their unique catalytic activity. Of course, the
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cerium M-edge, revealing no growth of the ceria particles.

resulting performance strongly depends on the size of the gold
ligaments as well as that of the metal oxide particles as this
determines the interphase and reaction.’*™® Due to the small size
of the structures and the necessity to probe a sufficiently large
volume of the catalysts, just few methods are suitable for their
analysis. The current knowledge about the catalyst materials was
gained predominantly by Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM) as they provide the
necessary spatial resolution of few nanometers or even below.
Such an analysis required measurement of a large number of
objects which is very time consuming. Furthermore, using elec-
tron microscopy, the analysis is usually restricted to the surface or
to very thin specimens under vacuum conditions. Scattering
techniques are in turn capable to provide information on
a sufficiently large sample volume with the desired sensitivity and
to allow in situ measurements,® similar to X-ray microscopy.” In
contrast to direct imaging techniques, Small Angle X-ray Scat-
tering (SAXS) allows structural studies on the nanometer scale
and provides information in the size range between 1 nm and
100 nm, which is the relevant range for catalyst materials.
Although SAXS does not provide images, it captures information
of structure sizes averaged over many objects and can therefore
be used as a complementary method to conventional imaging
techniques. In particular, properties like size, shape and surface
contribution can be obtained by SAXS, which can be used in
many different applications like in catalysis,” protein
research,'?® biology,”** and polymer chemistry.**

In addition to conventional SAXS, Anomalous Small Angle
X-ray Scattering (ASAXS) exploits the energy dependence of the
scattering cross section. Therefore, the scattering signal is

This journal is © The Royal Society of Chemistry 2017
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measured at two energies, one below and one close to the
absorption edge of a selected element. The drop of the
scattering cross section at the absorption edge allows to isolate
the scattering contribution of structures rich in the addressed
element, as the one of the matrix remains unchanged.>® Thus,
ASAXS allows to determine size and shape of small structures
within a structured matrix material.>**” The energy of the X-rays
need to be tuned to the absorption edge of the element of
interest. For cerium we selected the M-edge as it provides high
contrast. The used soft X-ray range requires a dedicated sample
environment like the holographic X-ray scattering chamber
HORST?® used for the current experiment.

In this experiment, we investigated structural changes of the
well characterized nanoporous gold catalyst np-Au*”* and
np-Au with ceria deposits (CeO,/np-Au)*>*7*° after different
annealing treatments. This is a so-called “inverse catalyst”
system as the metal oxide is deposited on the noble metal. The
morphological changes of the catalyst after heating as well as
the size of ceria nanoparticles were determined by resonant and
non-resonant SAXS in the soft X-ray energy range. In addition to
the statistical analysis provided by SAXS, the application of
ASAXS allowed studying not only the influence of CeO, on the
coarsening of np-Au, but also following the structure of CeO,
during the heating treatment. This information is important as
the Au/CeO, interface is often responsible for the catalytic
activity, i.e. the oxygen activation or oxidation ability.

2. Experimental
2.1 Sample preparation

Np-Au films (=100 nm thickness) were prepared by dealloying of
AgAu alloy leaves (American White Gold, Au 35.4 at% and Ag 64.6
at%, 12 karat, Noris Blattgold) using concentrated nitric acid
(Sigma Aldrich, puriss p.a., =65 wt%). The floating films were
transferred onto deionized water for a 30 min rinsing step and
finally transferred onto copper TEM grids (100 mesh). The CeO,/
np-Au was prepared by impregnation of the np-Au on the copper
TEM grid with 10 pl of an ethanolic solution of cerium nitrate
(Ce(NO;);, 1 mol I77). After air-drying for at least 30 min, the sample
was calcined at 250 °C for two hours to obtain the oxide* (for
preparation details see Shi et al.*®). To study the effect of structural
changes at elevated temperatures, both samples were annealed at
the desired temperature of 520 °C for 30 minutes ex situ applying
a heating ramp of 10 °C min™" in a static air furnace. Scanning
transmission electron microscopy on reference samples was per-
formed using a FEI Titan 80-300 image aberration corrected elec-
tron microscope operated at 300 kV, applying a Fischione model
3000 High Angle Annular Dark Field (HAADF) STEM detector.

2.2 SAXS and ASAXS measurements

SAXS and ASAXS measurements were performed at the U49-2
PGM-1 (ref. 31) beamline at the BESSY II synchrotron radiation
source of the Helmholtz-Zentrum Berlin (HZB). The measure-
ments were performed using the vacuum chamber HORST.
HORST is a multi-purpose vacuum chamber developed for soft X-
ray scattering experiments at synchrotrons and free electron
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lasers. The HORST chamber was used for holography with
pinholes®**® and zone plates®* and enabled ptychographic
imaging of biological systems with photons in the water
window***” or coherent diffraction imaging of biological samples
at free-electron lasers.® Multiple translation stages allowed
precise sample positioning and the holographic image obtained
from a 2 um pinhole illumination of the sample was used to select
the region of interest. For the SAXS/ASAXS experiment, the illu-
mination was switched to the KB focus of the beamline with
a focus size of 100 pm x 80 um. The resulting diffraction pattern
was recorded by a CCD detector (back-illuminated Andor DX436,
2048 x 2048 pixels, 13.5 um pixel size, Peltier cooled to —60 °C),
placed 18 cm downstream from the sample. SAXS measurements
of the pure np-Au sample were performed at a photon energy of
905 eV. The ASAXS measurements to selectively analyze the
cerium oxide nanoparticles was performed at two different ener-
gies near the cerium M-edge at E; = 905 eV and E, = 870 eV (ESI
Fig. S11). All measurements were performed at room temperature.

2.3 Data analysis

The collected scattering intensities were radially averaged using
the IRENA macros® for Igor Pro (Wavemetrics, Portland, USA).

4
The scattering vector g was calculated as g = 77: sin(f), with A

being the X-ray wavelength and # half of the scattering angle. In
case of ASAXS measurements, the intensities were normalized
to the dominant Au scattering peak of the gold matrix
(0.01 A™"). The contribution of the cerium oxide nanoparticles
was obtained by subtracting the normalized intensities at the
cerium M-edge (905-870 eV), as depicted in the ESI Fig. S2.T A
generalized Indirect Fourier Transform (IFT)***' was used to
evaluate the small angle scattering data. SAXS intensities were
analyzed in the g-range between 0.006 A~ and 0.04 A~" and the
ASAXS intensities between 0.02 A™' and 0.04 A~*. To obtain
structural information, the 3D structure of the np-Au was
modeled as an ensemble of particles. To be able to describe the
ligament structure as series of these particles, a Hard-Sphere-
Potential (HSP)*>** was introduced as structure factor S(q):

1
241G(qRus)
1+ —F——=
(qRus)

where 7 is the volume fraction, and Ryg is the effective hard-
sphere radius. The detailed expression of the function G(qRys)
was described by Pedersen.*” The result of the IFT is the pair-
distance-distribution function p(r), which describes the occur-
rence of distances between pairs of points in real space. Details
on the particle shape and mean size can be extracted from the
p(r) function of the obtained model. The radius of gyration (Ry)
yields information on the spatial extension without assuming
a particle shapes:

S(q) =

RSC Adv., 2017, 7, 45344-45350 | 45345
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In the case of spherical particles, the particle radius R can be

5
calculated as: R = \/;Rg.“

3. Results and discussion
3.1 Nanoporous gold

Nanoporous gold (np-Au) catalysts show exceptional activity at
low temperature applications,* but are known to be susceptible
to coarsening at temperatures above 100 °C.”** To analyze such
structural transitions with soft X-ray SAXS, the np-Au samples
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Fig.1 SAXS data of a pure np-Au sample (red dots) as prepared (a) and
after (b) annealing at 520 °C. Both measurements were conducted at
a photon energy of 905 eV. A generalized indirect Fourier transform
yields the corresponding p(r) function. After annealing the peak at
0.01 A~* is shifted to lower qg-values, which is in accordance with
increasing size of the particles representing the ligament structure as
indicated in (c) and (d). (c) Scanning Transmission Electron Microscopy
of High Angle Annular Dark Field (STEM-HAADF) image of a np-Au, the
scale bar has a length of 100 nm. (d) Schematic representation of the
model containing chains of particles to approximate the realistic 3D
ligament structure of the np-Au sample.
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were investigated before and after annealing at 520 °C (Fig. 1(a)
and (b)). The SAXS signal was measured in the range from
0.006 A~* to 0.04 A~ ' which is sensitive to structure sizes
between 150 A and 1050 A. Before annealing, the most prom-
inent feature in the scattering curves is a maximum at around
0.01 A~' which evolves into a Porod decay towards higher
scattering angles (Fig. 1(a)). A heat treatment leads to a decrease
in intensity and a shift of this peak to lower g-values indicating
a coarsening of the catalyst material (Fig. 1(b)).

As a direct inversion of the SAXS data into real space is
impossible due to the missing phase information, the estab-
lished method is to develop a model of the investigated material
with a set of variable parameters which are adjusted to fit the
experimental data. Such a model allows to draw more detailed,
quantitative conclusions even about complex materials.**® In
Fig. 1(c), a typical ligament of a np-Au sample is shown. The
visual impression of the gold network suggests to model the
ligament network as chain of interconnected particles, like
presented in Fig. 1(d). The averaged diameter of the np-Au was
analyzed in detail by Shi et al.*® and sizes in the order of 40 nm
are reported, a size range covered by the g-range of the SAXS
signal.

The experimental scattering data was modeled as a virtual
particle ensemble by using the generalized Indirect Fourier
Transform (IFT) method described by Glatter.**” The IFT
analysis provides a distance distribution function p(r) with real
space information on structure and size of the particle
ensemble. The proximity of the virtual particles in the catalyst
ligament creates additional forward scattering much alike
a high concentration particle solution. This interaction can be
considered by a hard-sphere potential addition to the IFT as
described by Pedersen.*” The model yields a comprehensive
information about the catalyst: first, the distance distribution
function p(r), which allows to conclude on the shape of the
virtual particles forming the catalyst and to obtain their radius
of gyration (R,). Second, the hard sphere interaction radius of
the virtual nanoparticles in the gold ligament. The HSR
describes the distance of the individual gold nanoparticles
inside the catalyst ligament (ESI Fig. S51). Third, we obtain the
volume fraction (VF) of the gold nanoparticles of a specific size
inside the scattering volume. All quantities were obtained by
iterative optimization until the model was a sufficient repre-
sentation of the scattering data.

The results of modeling the SAXS curves of the np-Au catalyst
before and after annealing at 520 °C are shown in Fig. 1. The red
dots show the experimental data, while the solid lines in panels
Fig. 1(a) and (b) display the modeled data. From the shape of
the distance distribution function p(r) we conclude* that the
geometry of the virtual particles is most suitably represented as
spherical building blocks that form the ligaments. For spherical
particles, the radius of gyration can be converted to an average
radius (R) of the particle ensemble: 204 A before and 332 A after
heating (Table 1). As shown in the size distribution graph in
Fig. 1(a) and (b), the distribution of particle sizes became
broader after annealing. Both effects can be interpreted as
a coarsening of the material, i.e. an increase in the average
ligament diameter and in polydispersity of the gold ligaments.

This journal is © The Royal Society of Chemistry 2017
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Table1 Results of modeling the np-Au based catalysts as ensemble of spherical units. The pair distance distribution function yields the radius of
gyration (Rg). Since the p(r) function reveals mostly spherical objects, we can convert the Ry to a radius R assuming a spherical shape

Nanoporous catalyst sample Ry [A] R[A] Volume fraction (VF) Fig.
Au 158.1 £ 0.5 204.1 £ 0.1 0.225 £+ 0.3 1(a)
Au, annealed at 520 °C 256 + 0.8 331.6 £ 0.1 0.08 + 0.3 1(b)
Au + CeO, 155.4 £ 0.7 200.6 + 0.1 0.265 £ 0.05 2(a)
Au + CeO, annealed at 520 °C 159.4 + 0.8 205.2 £ 0.1 0.225 £+ 0.3 2(b)
Only CeO, 78.7 £ 5.7 101.6 £ 0.9 0.3 £04 3(a)
Only CeO,, annealed at 520 °C 78.7 + 1.8 101.6 + 0.2 0.17 £ 0.2 3(b)

Our model indicates that the volume fraction of the np-Au in
the above determined size range decreased from 0.225 to 0.08.
To understand this drastic decrease, it is important to be
reminded that the size range in which our experiment is
sensitive ranges from 150 A to 1050 A. This implies, that
structures with a radius larger than 1050 A cannot be detected
and appear as a virtual loss of material. Hence the decrease in
volume contribution of the particle ensemble from 0.225 to 0.08
points to a loss of structures in the detectable size range due to
coarsening of the pure np-Au material. This interpretation
would be in line with the general notion that a coarsening of the
gold structure occurs and the average radius of the remaining
scatterers increased by = 60% from 204 A to 332 A (which would
correspond to a ligament diameter increase from 40 nm to 66
nm). The obtained values for the diameter of the gold ligaments
matches very well with the SEM data from literature discussed
above.

3.2 Nanoporous gold with CeO, deposits

In previous studies, it was found that ceria particles deposited
on the np-Au surface are capable to stabilize the np-Au liga-
ments at higher temperatures and the interface between np-Au
and CeO, was found to be crucial leading to enhanced catalytic
activity.” Since the melting point of CeO, is 2400 °C, the Huttig-
temperature needed for surface recrystallization and coarsening
is about 630 °C." The CeO,/np-Au sample was studied by SAXS
at an energy of 905 eV, just above the cerium absorption edge,
before and after annealing at 520 °C, which is represented in
Fig. 2. The same IFT analysis as for the pure np-Au sample
described above was applied (Fig. 1 and 2) and the addition of
CeO, did not impact the position of the Au scattering peak (ESI
Fig. S371).

As it was shown by Shi et al.*® on the same sample system, the
annealing did not lead to a coarsening of the catalyst, revealing
the stabilizing effect of the ceria. Moreover, it was shown in SEM
measurements that the averaged ligament size of np-Au is in the
order of 40 nm." Further analysis by TEM and EDX reveal
a porous np-Au substrate covered by CeO, deposits.*>*® In our
SAXS experiment, the scattering peak remained at the same
position and the p(r) function shows that both, size and shape
of the gold ligaments remained constant. Using the spherical
shape of the p(r) function, the average radius R of the particles
forming the model ligament did not change (200 A before and
205 A after annealing, Table 1). Thus, SAXS indicates that the
average ligament diameter remains at =40 nm.

This journal is © The Royal Society of Chemistry 2017

3.3 ASAXS analysis of CeO,/np-Au

The deposition of ceria particles on the np-Au was found to
stabilize the np-Au ligaments during thermal annealing as it is
obvious from the SAXS data presented in Fig. 2. However, the
question whether the CeO, nanoparticles present as deposits on
the nanoporous gold are changed during thermal treatment
remains. Previous reports on the annealing of TiO,/np-Au
showed a strong dependence of the catalytic activity on the
thermal treatment and a fast decrease in activity with the onset
of oxide particle growth.'* ASAXS offers the unique possibility to
address single elements by comparing measurements before
and in resonance with the absorption edges of metals, i.e. at two

a ' np-Au+CeO,
IFT

=
E ]
=
g

3 0 400 800 E

riAl
0.003 0.01 0.05

Scattering angle g [A]

o

np-Au+Ce02 annealed
IFT

l(q) [a.u.]

0 400 800
r[A]

0.01

0.003
Scattering angle q [A™"]

Fig. 2 SAXS data of the CeO,/np-Au sample (a) before and (b) after
annealing at 520 °C. Both measurements were conducted at a photon
energy of 905 eV. The measured data are displayed as red dots and a fit
using a generalized IFT as a line. An inset shows the resulting p(r)
function which reveals a spherical shape. The comparison of (a) and (b)
furthermore depicts that the annealing did not alter the morphology of
the catalyst.
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different photon energies at which the scattering cross section
is selectively altered for a specific element.

The ASAXS data were recorded at E; = 905 eV and E, = 870 eV,
i.e. above and below the cerium M-edge (ESI Fig. S1f). After
subtraction of the scattering curves (I(E;) — I(E,)), the sole
contribution of the CeO, nanoparticles was obtained which is
depicted in Fig. 3. The scattering curves were normalized on the
dominating Au scattering (ESI Fig. S21). While the shape of the
dominating Au scattering was identical, a difference was found at
higher g-values. This scattering contribution corresponds solely
to the ceria nanoparticles which are of smaller size than the
np-Au structures. As it is represented in Fig. 3(a) and (b), the
differential ASAXS scattering curve exhibits two shoulders
at 0.021 A~' and 0.04 A~ which are less pronounced after
annealing (Fig. 3(b)).

To model these CeO, nanoparticles we used generalized IFT
with a hard-sphere interaction potential as described above for
the np-Au SAXS data. The p(r) functions show bimodal distri-
butions and the two average radii of gyration of the bimodal
distribution are 70 A~* and 170 A~*. The corresponding radii
amount to 90.3 A~* and 219.4 A~". This results is in agreement
with the studies performed by Shi et al.** on the same sample
system where the size of CeO, was in most cases around
10-20 nm and sometimes up to 30 nm.">*® After annealing, the
bimodal distribution of the p(r) function is retained, as shown

Q
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Fig.3 The ASAXS data of CeO, nanoparticles (dots) was obtained after
subtraction of scattering curves measured above and below the
cerium M-edge (E; = 905 eV and £, = 870 eV). The data was measured
(a) before and (b) after annealing. Modeling was performed using an
indirect Fourier transform with a hard sphere interaction potential
(line). The inset depicts the p(r) function which shows a bimodal
distribution with two average radii at 70 A and 170 A.
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in Fig. 3(b), indicating no change in the CeO, particle sizes.
However, the VF of the CeO, particles decreased from 0.3 to 0.17
which could be caused by an alloying of CeO, with the gold
phase. During the alloying the distinct sizes of the CeO, parti-
cles would vanish and become invisible for SAXS, thus resulting
in a lower VF. An alternative interpretation would be a coales-
cence of CeO, into structures so large that the scattering signal
is in a q range below the detected one. The absence of such
structures in recent electron microscopy images (Baier et al.*
and Shi et al.*®) favor the first model.

4. Summary and conclusion

In this study, SAXS and ASAXS were used to determine the sizes
of np-Au and CeO,/np-Au before and after annealing. The
average radius of nanoparticles used for modeling the np-Au
ligaments was quantified by SAXS as 200 A before the anneal-
ing treatment. After annealing, the size of pure np-Au increased
to a radius of 330 A. It was shown that the deposition of CeO,
nanoparticles successfully prevented the sample from coars-
ening, represented by the average size of the np-Au which
remained at radius ~200 A. With ASAXS it was possible to
extract the size of the deposited CeO, nanoparticles as
a bimodal distribution around 70 A and 170 A radius of gyra-
tion, which did not change after annealing. Therefore, it can be
concluded that the ceria particles are not influenced by the
annealing process and at the same time stabilize the np-Au
framework.

The beauty of the application of SAXS and ASAXS to catalyst
material is that the result is averaged across a large catalyst area
and is able to access 3D structures even under in-operando
conditions. At modern synchrotron sources the photon energy
can be easily adjusted which is extremely valuable for ASAXS.
The soft X-ray regime does not only allow to cover the M-edges
of most relevant metals, but also to use a large variety of
complementary methods like NEXAFS, X-ray fluorescence and
resonant imaging techniques.* While the sensitivity in the soft
X-ray range was proven to be very high, the experiments need to
be done in vacuum, which complicates the experimental setup.
Despite the high level of experimental complexity, the applica-
tion of ASAXS in the soft X-ray regime was shown to be
a powerful tool to study the morphology of catalysts and
nanomaterials such as to investigate two phase systems like
finely dispersed particles in a matrix. This allows further esti-
mating the Au/ceria interface in the future under in-operando
conditions and thus to correlate it directly to the catalytic
performance of this inverse Au/CeO, catalyst system.
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