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atmospheres and ceria on the
stability of nanoporous gold studied by
environmental electron microscopy and in situ
ptychography†
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Christian G. Schroerfi and Jan-Dierk Grunwaldt*aj

A novel complementary approach of electron microscopy/environmental TEM and in situ hard X-ray

ptychography was used to study the thermally induced coarsening of nanoporous gold under different

atmospheres, pressures and after ceria deposition. The temperature applied during ptychographic imaging was

determined by IR thermography. While using elevated temperatures (room temperature – 400 �C) and realistic

gas atmospheres (1 bar) we achieved for the first time a spatial resolution of about 20 nm during hard X-ray

ptychography. The annealing of pure and ceria stabilized nanoporous gold in different atmospheres revealed

that the conditions have a tremendous influence on the coarsening. The porous structure of the samples was

stable up to approximately 800 �C in vacuum, whereas pronounced changes and coarsening were observed

already at approximately 300 �C in oxygen containing atmospheres. A layer of ceria on the nanoporous gold

led to an improvement of the stability, but did not alleviate the influence of the gas atmosphere. Different

behaviors were observed, such as coarsening and even material loss or migration. The results suggest that

additional mechanisms beyond surface diffusion need to be considered and that microscopic studies aimed at

more realistic conditions are important to understand the behavior of such materials and catalysts.
1. Introduction

During the last few decades, nanostructures such as nano-
porous gold (np-Au) have attracted a lot of attention in various
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applications, including catalysis,1–4 sensing4–6 or as a biomate-
rial interface.7 One of the most established methods for the
fabrication of np-Au is the dealloying of a gold–silver alloy in
nitric acid.8 During dealloying, a three-dimensional sponge-like
structure is formed, which exhibits ligaments and pores sized in
the range of a few tens of nanometers (mostly about 30 nm). The
dimensions of this porous network are important for applica-
tions in catalysis, as the amount of surface defects such as kinks
and steps inuences the reactivity, and in turn depends on the
size of the ligaments.3,4 The latter can be controlled either by
varying parameters of the dealloying process directly,9 or via
post-synthetic treatment methods like annealing.10–12 During
annealing, usually a coarsening sets in, which leads to both an
increased pore size and an increased ligament size.10,13–15

Notably the coarsening is known to be dependent on the
annealing atmospheres,10,16 or on the heating power applied e.g.
during laser induced heating.11,13

Up to now, the coarsening effects of np-Au have mostly been
studied by electron microscopy, following ex situ treatment in
various atmospheres.10,11,14,17,18 According to these studies, the
observed coarsening is almost exclusively explained by surface
diffusion of gold,10,14,18,19 which is driven by minimization of
surface energy. Besides these processes, Kolluri and Demko-
wicz20 discussed the effect of volume diffusion, which plays
RSC Adv., 2016, 6, 83031–83043 | 83031
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Fig. 1 Schematic representation of the processes involved for the
sample preparation.
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a role during the collapse of neighboring ligaments, especially
in the early state of coarsening during corrosion. For nano-
porous palladium, similar mechanisms have been discussed by
Klein et al.21

Stabilization of the np-Au structures at temperatures of
several hundred degrees was achieved by the deposition of
metal oxides such as TiO2 or CeO2. These modied structures
can be used as catalysts during catalytic processes like the
water-gas shi reaction even up to 500 �C.2,22,23 However, also in
this case a clear understanding of the underlying mechanisms
is missing due to the lack of in situ studies. In addition,
although gold is oen considered as inert metal, a stabilization
has been further attributed to surface adsorbates.16 Recently,
Kuwano-Nakatani et al.24 found different coarsening behavior in
vacuum or argon, compared to nitrogen or oxygen atmosphere.
From different activation energies, it was concluded that
different coarsening mechanisms dominate depending on the
atmosphere. Lattice diffusion of gold was suggested as an
alternative mechanism in this case. Furthermore, both Kuwano-
Nakatani et al.24 and Sun et al.18 did not observe any strong
coarsening in vacuum. Kuwano-Nakatani et al.24 did not detect
any coarsening behavior at 400 �C in argon either, whereas
Chen et al.10 reported a pronounced coarsening at 600 �C.
Moreover, a stabilization of the structures could be reached by
the latter in CO atmosphere and Biener et al.16 reported
a stabilization by treatment with ozone compared to annealing
in helium.

The discussion on the dependence on the atmosphere,
which points to a strong inuence of adsorbates on the coars-
ening mechanism, shows that further studies are required to
understand the underlying mechanisms, as not all observations
can be explained by the generally proposed surface diffusion
mechanism. This is partly a consequence of the only recent
availability of techniques which enable studies of the annealing
behavior of np-Au in situ. These are required to understand the
coarsening mechanisms, especially at higher temperature in
the aforementioned atmospheres. Higher temperatures require
special equipment such as high-temperature tolerant Trans-
mission Electron Microscopy (TEM) grids or special TEM heat-
ing chips.25,26 Furthermore, to realize in situ studies with high
spatial resolution under ambient pressure, (hard) X-ray
microscopy can be advantageous.27 Scanning coherent X-ray
diffraction imaging, also known as X-ray ptychography, is
particularly suited for this purpose.28,29 Hard X-ray ptychog-
raphy under ex situ conditions offers a spatial resolution below
10 nm (ref. 30 and 31) in 2D, while a resolution around 40 nm
has been demonstrated under in situ conditions at atmospheric
pressure and elevated temperature.32 Hard X-ray ptychography
offers the possibility to track sample changes inside a reaction
chamber32,33 under realistic pressures not only for thin samples
(<100 nm), but also relatively thick samples.

In this study, the annealing behavior of 100 nm thick np-Au
was studied at temperatures up to 800 �C by complementary in
situ (E)TEM and hard X-ray ptychography. Samples were
analyzed under different atmospheres, pressures and with/
without the presence of ceria coating. In particular, an
improved in situ setup to perform X-ray ptychography with
83032 | RSC Adv., 2016, 6, 83031–83043
a spatial resolution of about 20 nm and in combination with IR
thermography for temperature determination is presented as an
integral component of these studies. Before and aer the
annealing treatment, electron microscopy was performed at the
same position on each sample, to gain a detailed and comple-
mentary insight into various effects occurring during the
annealing process of 100 nm thick np-Au and CeO2/np-Au
samples.

2. Experimental

Different samples were studied using a variety of microscopic
methods. The different steps involved in sample preparation are
summarized in Fig. 1. Detailed information about each step is
given in the following paragraphs.

2.1 Sample preparation

Approximately 100 nm thick np-Au lms 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 concen-
trated nitric acid (Sigma Aldrich, puriss p.a., $65 wt%). During
corrosion the lms were oating on the surface of the acid due
to surface tension. For rinsing, the oating lms were trans-
ferred onto deionized water for 30 min by liing them onto
a substrate such as a glass slide. Finally they were either
transferred onto a glass layer or onto a copper TEM grid (100
mesh). The samples on the glass substrate were dried and
subsequently dispersed in ethanol by carefully brushing, i.e.,
removal of small pieces from the substrate. The sample on the
TEM grid was further processed by Focused Ion Beam (FIB)
milling as described below. The CeO2/np-Au was prepared by
impregnation of the np-Au on the copper TEM grid with 10 mL of
an ethanolic solution of cerium nitrate (Ce(NO3)3, 1 mol L�1).
This journal is © The Royal Society of Chemistry 2016
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Aer drying in air for at least 30 min, the sample was calcined at
250 �C for two hours yielding the oxide (for details about the
preparation see ref. 23).

2.2 Sample preparation for in situ ptychography

The as prepared samples on the copper TEM grids were trans-
ferred to a FIB microscope. Hexagonal shaped gold frames of
approximately L � W � H ¼ 25 mm � 15 mm � 500 nm for pure
np-Au and quadratic gold frames L � W � H ¼ 13 mm � 13 mm
� 500 nm for CeO2/np-Au were used to attach the sample. The
frame was xed on the np-Au based samples by deposition of
platinum on the outside of the frame. Aerwards, the sample
was milled out and xed on a Protochips E-Chip™25,34 by plat-
inum deposition. In this way, one np-Au and one CeO2/np-Au
sample were deposited on the same E-Chip™. FIB milling was
performed using a FEI Strata dual beam FIB system (Karlsruhe
NanoMicro Facility (KNMF) at the Institute of Nanotechnology).
In parallel, another set of np-Au samples was prepared by drop
casting of an ethanolic dispersion of np-Au on either a copper
TEM grid with lacey carbon lm or on a Protochips E-Chip™.

2.3 Electron microscopy

Annealing studies were performed in conventional TEM via
heating the sample using either (a) a Gatan 652 Inconel®
heating holder (Gatan, Pleasanton) for the np-Au sample on the
TEM grid, or (b) by the Protochips Aduro heating holder (Pro-
tochips, Morrisville). TEM measurements were performed on
three different instruments: (a) Tecnai T20 G2 operating at 200
kV and in Bright Field (BF) mode for the drop casted pure np-Au
sample on a lacey carbon lm coated copper grid. (b) FEI Titan
80–300 image aberration corrected electron microscope oper-
ated at 300 kV, acquiring Scanning Transmission Electron
Microscopy (STEM) images by a Fischione model 3000 High
Angle Annular Dark Field (HAADF) STEM detector, using the
Protochips heating holder for annealing studies. This instru-
ment was used for the FIB prepared CeO2/np-Au sample on an
E-Chip™ and the STEM analysis of the samples treated by in
situ ptychography, as well as for Energy Electron Loss Spec-
troscopy (EELS) on those samples. EELS analysis was performed
at 200 �C to avoid any contamination on the sample using
a Gatan Tridiem imaging lter. (c) FEI Titan E-Cell 80–300
aberration corrected electron microscope operated at 300 kV
with a pressure of 3.2 mbar O2, acquiring images in STEM and
BF mode using the Protochips heating holder (drop casted pure
np-Au sample on an E-Chip™).

2.4 X-ray ptychography

For in situ X-ray ptychography, a dedicated in situ cell32 was used
which enables heating in a controlled gas atmosphere. A ow of
3 mL min�1 of 20% O2/He was used. Measurements were per-
formed at the cSAXS beamline of the Swiss Light Source (SLS) at
the Paul Scherrer Institute (PSI, Villigen, Switzerland) using
a photon energy of 5.72 keV. The beam was dened using
a coherently illuminated Fresnel zone plate (FZP) made of Au35

with a diameter of 170 mm and an outer-most zone width of
60 nm, corresponding a focal length of 47.03 mm at this energy.
This journal is © The Royal Society of Chemistry 2016
The FZP provided an estimated ux of 2.7 � 108 photons per s.
The samples were placed at a distance of 350 mm downstream
the focus, such that the illumination on the sample had
a diameter of about 1.3 mm. Ptychographic scans were recorded
by scanning the sample over a eld of view of 2� 2 mm2 in a grid
of about 400 points in a Fermat spiral pattern,36 with an average
step size of 100 nm. At each scanning position diffraction
patterns of 0.2 s exposure time were recorded with a Pilatus 2M
detector with 172 mm pixel size37 placed 7.255 m downstream
from the specimen. The total duration of a scan was about 3
minutes and 35 s, taking into account overhead time between
acquisitions. The scans were repeated at two detector positions
in order to record intensities at missing regions of the detector
due to module gaps. Such pairs of scans were repeated at 4
different positions covering a total eld of view of 3.5 � 3.5 mm2

with an overlapping region of 0.5 mm in between. For each pair
of scans, an estimated ux density of 8.6� 109 photons per mm2

was irradiated on the samples, from which the surface dose
deposited on the specimen can be estimated as described by
Howells et al.38 Assuming a relative density of 30% for the np-Au
samples39 (5.8 g cm�3), an estimated dose of about 3.8 � 108 Gy
was applied to the specimen.

In order to study samples at different temperatures, the
samples were heated using the resistive heating possibility of
the E-Chip™ by applying a heating power. Different tempera-
ture steps were set and the sample was kept at each temperature
for�90 minutes, in which the temperature was determined and
ptychographic datasets were acquired.

The ptychographic image reconstructions were performed
using 1000 iterations of the difference map algorithm40 followed
by 100 iterations of a maximum likelihood optimization used as
a renement step.41 All 8 scans recorded for each sample and for
each temperature step were fed simultaneously in a ptycho-
graphic reconstruction, in which a single object was recon-
structed while rening a different probe for each scan. The idea
of sharing the object in ptychographic reconstructions is
described by Dierolf.42 It has been introduced by Guizar-Sicairos
et al.43 to account for changes in the illumination probe when
scanning large eld of views, while beneting from the
robustness of reconstructing the entire region of interest in the
same ptychographic reconstruction. All reconstructions were
applied using a region of the detector of 600 � 600 pixels con-
taining the diffraction patterns, which corresponded to
a reconstructed pixel size in the images of 15.2 nm. The reso-
lution was estimated from a dataset on a CeO2/np-Au sample
acquired at room temperature. For this purpose, reconstruc-
tions were performed from 2 pairs of scans acquired at two
different positions, reconstructing for each pair a common
object with two different illumination probes. The Fourier shell
correlation of the two objects at the overlapping area, which had
a total extension of 0.5 � 2 mm2, was then computed and
compared with a threshold corresponding to the 1 bit crite-
rion,44 obtaining an estimated resolution of 20 nm.

Reconstructed images were post-processed to remove
a phase ramp and an offset which are intrinsic degrees of
freedom in ptychographic reconstructions.45 Methods devel-
oped previously for the phase ramp removal could not be
RSC Adv., 2016, 6, 83031–83043 | 83033

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra12853j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 8
/2

/2
02

5 
7:

06
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
applied because of the very small areas of air which are typically
used as a reference for constant phase.45 Instead an approach
was used in which the ramp was removed visually by checking
different ramps in steps of 0.02, which corresponds to an error
between pixels at both extremes of the image of 0.02 � 2p ¼
0.12 rad. For the phase offset correction, the largest area
without sample in the images was used and an error below 0.12
rad was estimated.

2.5 Infrared thermography

Infrared (IR) thermography was performed to determine the
temperature during in situ ptychography using an ImageIR®
8300 camera (InfraTec, Dresden) equipped with a macro
objectiveM ¼ 1.0� with a eld of view of 9.6 mm � 7.7 mm and
a pixel size of 15 mm. Furthermore, intermediate rings were
used to further improve the spatial resolution to approximately
5 mm. For the determination of the sample temperature it is
assumed that the sample was integrally attached to the Si3N4

membrane, for which an emissivity of 0.9 was assumed.46

3. Results and discussion
3.1 Combination of in situ X-ray microscopy using
ptychography and IR thermography

In order to demonstrate the improved capabilities of the hard X-
ray ptychography cell, which was presented in detail previ-
ously,32 results on both the temperature measurement and in
situ ptychography are reported. As the temperature of the
sample is very important during the measurements, IR ther-
mography was used directly during annealing treatment to
determine the temperature immediately prior to the acquisition
of in situ ptychography datasets. A typical IR thermography
image with a spatial resolution better than 10 mm is shown in
Fig. 2, with the sample compartments located in themiddle. For
determining the temperature during in situ ptychographic
measurements, which required a measurement through the
window made of Kapton® foil, the temperature was calibrated
by measuring empty chips beforehand. In this way the inuence
of the temperature determination through the 25 mm thick
Fig. 2 Left: IR thermography measurement with (through) and withou
backside of the chip. Right: IR thermography measurement of the E-Chip
membrane) through the Kapton® foil.

83034 | RSC Adv., 2016, 6, 83031–83043
Kapton® foil could successfully be estimated. Fig. 2 (le) shows
the calibration measurement from the front of the cell with and
without Kapton® foil, compared to the measurement at the
back, with the sample deposited on the silicon nitride
membrane of the E-Chip™ used in the cell. A temperature
difference of approximately 10% with and without the foil was
detected, as shown in Fig. 2. Hence, during in situ ptychography,
the temperature on the sample estimated by the IR camera
behind the Kapton® foil was corrected by an extra 10% of the
measured temperature. The thermogram in Fig. 2, which
corresponds to the sample presented in Fig. 3 at 250 �C, shows
that the sample seems to be at slightly higher temperature. As
the emissivity chosen for temperature determination was set to
the emissivity of the Si3N4 membrane, the higher temperature is
probably due to the different emissivity of the sample and the
membrane.

Fig. 3a–d shows some examples of ptychographic imaging
compared to electron microscopy. SEM images of the as-
prepared CeO2/np-Au sample acquired at RT are in good
agreement with ptychographic measurements acquired imme-
diately before the annealing experiment, as shown in Fig. 3a
and b. Furthermore the STEM image in Fig. 3d acquired aer
the annealing experiment compares well with the ptycho-
graphic image acquired during the last annealing step at 415 �C,
shown in Fig. 3c. Fig. 3e shows a Fourier Ring Correlation (FRC)
analysis which was performed on the image in Fig. 3b to derive
the spatial resolution44 (see Section 2). The intersection of the
FRC with the 1 bit threshold curve indicates a spatial resolution
of 20 nm, which is signicantly better than in previous
studies.32,33

In this study, the temperature measurement was performed
directly before the ptychographic one. A measurement during
ptychographic data acquisition was not conducted due to
geometric constraints at the beamline. However, using the same
conditions applied during in situ ptychography enabled
a precise knowledge of the temperature during the image
acquisition. Applying IR thermography with a spatial resolution
better than 10 mm offers a distinct advantage over classic
temperature sensors, which are generally only capable of
t Kapton® foil in comparison to the temperature determined at the
™ in the in situ ptychography cell at 250 �C (arrow pointing to the Si3N4

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) SEM image of the CeO2/np-Au sample studied at room temperature under vacuum conditions before the annealing treatment, (b)
ptychographic image of the same sample acquired at RT and atmospheric pressure and (c) at 415 �C, (d) STEM image under vacuum conditions at
room temperature acquired after the annealing treatment of the CeO2/np-Au sample. (c) and (d) show slightly different areas of the sample. (e)
Estimation of the image resolution in (b) by Fourier Ring Correlation (FRC).
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determining the average temperature of the heated area.11,24

Using IR thermography, imaging of the heated area can also
account for temperature inhomogeneities on the microscale,
which can occur when catalysts are studied during reactions.47,48

In contrast to the use of pre-calibrated heating chips in
vacuum,25 the direct determination of the temperature allows
its use in a gas atmosphere as well, where the calibration per-
formed in vacuum would no longer be valid. The good agree-
ment of electron microscopy and the high spatial resolution
derived by in situ ptychography clearly underlines the potential
of the latter, namely in bridging the gap between high resolu-
tion imaging under model conditions in electron microscopy
and realistic conditions.
3.2 Annealing of np-Au under different atmospheres and
pressures

To study the annealing of np-Au at elevated temperatures under
vacuum conditions, in situ heating was performed during TEM
from room temperature (RT) up to 800 �C. A sample suspended
in ethanol was prepared on a copper TEM grid by drop-casting
and heated to the desired temperature in 100 �C intervals.
Overview bright eld TEM images of the sample at different
temperatures (RT to 800 �C) are presented in Fig. 4. Due to the
thickness of the sample only the corner region was electron
transparent. However at 300 �C, a few changes including
contraction of material (marked by a red arrow in Fig. 4), were
visible in the top region. Hardly any differences could be
observed until 600 �C, while at 700 �C the rst changes became
visible in the thicker section of material as well, possibly indi-
cating a loss or migration of material. At 700 �C, this effect was
visible in a single area (indicated by the red arrow), whereas it
continued steadily during temperature increase to 800 �C.
Where the material was no longer visible, some residues with
weak contrast may have been le behind and thick areas were
formed at the same time at different positions, indicating
a coarsening of the sample and material transfer. Similar
observations were also made for areas not probed with the
This journal is © The Royal Society of Chemistry 2016
electron beam during annealing, which excludes a direct
inuence of the electron beam. EDX and EELS analysis of an
area with a similar material loss, studied on a sample on a Si3N4

membrane, revealed the presence of Si, N and O, but excluded
any trace of Au.

In Fig. 5, a zoom into the top region of the area studied in
Fig. 4 is presented, which shows that only slight changes, like
a contraction of the ligaments, can be observed at temperatures
of 200 �C (marked by red arrows in Fig. 5).

In the next step in situ annealing was carried out in the ETEM
on a np-Au sample prepared by drop casting of dispersed akes
on a Protochips E-Chip™ in an atmosphere of 3.2 mbar of O2, in
order to study the inuence of an oxygen containing atmo-
sphere. Selected images are presented in Fig. 6. By drop casting,
the akes were not placed on the thin Si3N4 windows of the E-
Chip™, but were located on thicker parts of the SiC membrane
(�100–200 nm). This results in a higher background signal for
the TEM images compared to the approximately 50 nm thick
Si3N4 membrane. Some akes deposited on the thicker part of
the heated membrane were studied during annealing, but in
comparison to the ake studied in vacuum, they were smaller
and showed bigger pores and ligaments. Similar to previous
measurements in vacuum, the sample was heated in 100 �C
intervals and no changes could be observed up to 200 �C.
Between 200 �C and 300 �C changes were detected in the
sample, which can be both seen in the overview on the le in
HAADF-STEM images, as well as in the image showing the top
right ake in higher magnication, which is depicted as BF
TEM images on the right. Both the overview and the magnied
image show that the akes start to coarsen at 300 �C, implying
the collapse of some ligaments (indicated by the red arrows)
and an increase in thickness. The latter becomes especially
visible in the HAADF-STEM images, as the transparency of the
material decreased and the contrast changed (thicker areas got
darker), which can be explained by a sintering behavior. In
contrast to measurements in vacuum, no material loss was
observed (also at higher temperatures up to 900 �C, not shown
RSC Adv., 2016, 6, 83031–83043 | 83035
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Fig. 4 BF TEM images during annealing of a pure np-Au flake drop casted on a copper TEM grid covered by lacey carbon film. Annealing studies
were performed in vacuum. Only the corners of the flake were thin enough to be electron transparent. However, at a temperature of 700 �C, the
first changes are seen in the dark area as well, which changed constantly at 800 �C.
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here), but the sample showed coarsening under oxygen as also
reported under air in the literature.10–14,17,49

In addition to the measurements performed under model
conditions, i.e. the reduced pressure in TEM, complementary
measurements were performed during in situ ptychography to
examine the inuence of pressure and oxygen at ambient
conditions. Phase contrast images from the ptychographic
measurements at a constant energy of 5.72 keV are presented
in Fig. 7. The morphological changes with respect to the
previous image at lower temperature are marked with red
arrows. Despite attempting to monitor the same area of interest
Fig. 5 Close-up of top region in Fig. 4 showing the porous structure at
right, TEM images are shown at RT, 200 �C and 300 �C, respectively, w
temperatures, slight changes of the sample occurred. At 100 �C no chan

83036 | RSC Adv., 2016, 6, 83031–83043
during the annealing treatment, a slight shi in sample posi-
tion is visible especially from RT to 275 �C, which is due to
sample dri with increasing temperature. The positions were
manually corrected between measurements to overcome this
issue and the same positions were marked by blue circles
whenever they were not obvious. At a temperature of around
300 �C, the rst changes were observed, which showed slight
loss or migration of material similar to that observed during
heating in vacuum. With increasing temperature, the loss of
material continued but with no detectable coarsening behavior.
This is also supported by quantitative comparison of the
the corner of the studied flake at different temperatures. From left to
ith increasing magnifications (top to bottom). Already at relatively low
ges were observed with respect to the measurement at RT.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 ETEM study of the in situ annealing of np-Au drop casted on an E-Chip™. Annealing treatment was performed at different temperatures
steps in an atmosphere of 3.2 mbar O2. Both HAADF-STEM images and BF TEM images were obtained for this sample.
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ligament diameter before and aer the annealing treatment
(see ESI, Fig. S1†). For comparison of the local studies per-
formed by electron microscopy with those performed during in
situ ptychography, a smaller eld of view of comparable size
from the ptychographic reconstructions is also presented (see
ESI, Fig. S2†).

To gain quantitative information on the material loss, the
normalized grayscale values which correspond to the phase shi
of X-rays aer propagation through the sample, have been esti-
mated between 275 �C and 355 �C (Fig. 8). As the phase shi
depends on the thickness of the material, the change in
Fig. 7 Phase contrast images of np-Au at different temperatures perform
SLS using a constant energy of 5.72 keV and a flow of 3 mL min�1 of 20%
position is marked by a blue circle.

This journal is © The Royal Society of Chemistry 2016
grayscale values can be related to a change in thickness. In
Fig. 8a, the area where the material loss was studied is marked
by a red box. The area in the center of the box became slightly
brighter with increasing temperature, in agreement with the
higher grayscale value. For quantitative analysis, the average
grayscale value measured in a 200 � 200 nm area located in the
center of the red box, was divided by the average grayscale value
within the non-changing area marked by the blue box. Fig. 8b
shows a steady increase in relative mean grayscale value with
increasing temperature. However, this is only true assuming that
changes in the material occur in the area used for calibration
ed in the in situ cell for X-ray ptychography at the cSAXS beamline at
O2/He. Changes are marked by red arrows, whereas the same sample

RSC Adv., 2016, 6, 83031–83043 | 83037
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Fig. 8 (a) Selected phase contrast images of np-Au at different temperatures during annealing treatment, showing a material loss. The area
where the loss starts to be visible is marked by a red box, whereas a non-changing area is marked by a blue box. (b) Plot of the relative mean
grayscale values with respect to temperature. The grayscale values were normalized by correcting the grayscale valuesmeasured in the center of
the red box by the grayscale values measured in the blue box.
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and should therefore be taken as an additional information. No
absolute calibration can be performed due to the application of
the manual phase ramp correction, (compare Section 2).

The results presented for the annealing of np-Au in different
atmospheres show that, during annealing of np-Au in vacuum
and in 20% O2/He, a material loss was observed, in contrast to
measurements in 20% O2/N2 (ref. 32) or pure O2 in the mbar
regime. Taking the high X-ray dose for the measurements per-
formed in 20% O2/He into account, the differences might be
explained by beam damage. However, the loss was also observed
in areas which were not probed by the X-ray beam, as deter-
mined by TEM aer the ptychography treatment (compare
Section 3.3). Nevertheless, systematic investigations of the
inuence of the X-ray dose should be performed in future. In
contrast to previous studies,18,24 it could be shown that np-Au
samples did not start to change in vacuum at temperatures
below 700 �C. At those high temperatures, a simultaneous
material loss and sintering were observed. Interestingly, the loss
observed during in situ ptychography in 20% O2/He at ambient
pressure started at much lower temperature than under vacuum
conditions, but at a comparable temperature to the onset of
coarsening during ETEM analysis in oxygen atmosphere. These
new ndings indicate that the atmosphere strongly inuences
the coarsening and its underlying mechanisms. Furthermore, it
shows that measurements at ambient pressure are possible if
techniques like in situ ptychography are applied. Such
measurements are considered necessary to accurately study
processes occurring under realistic (non-model) conditions.
3.3 Stabilization of np-Au by supported CeO2 – annealing of
CeO2/np-Au under different atmospheres and pressures

Next, the inuence of deposition of a CeO2 layer on the np-Au
surface was studied. Oen such an additional layer has
a stabilization effect.50,51 Hence, CeO2/np-Au samples were
83038 | RSC Adv., 2016, 6, 83031–83043
studied under vacuum conditions during in situ annealing in
TEM and at atmospheric pressure during in situ ptychography
in 20% O2/He to compare the behavior under model and real-
istic conditions. The corresponding samples were prepared by
FIB micromanipulation like the np-Au samples used for pty-
chography. Furthermore, the CeO2/np-Au sample studied
during in situ ptychography was placed next to the np-Au to
mimimize differences in temperature or atmosphere between
the CeO2-stabilized and the pure np-Au.

Ptychography was thus carried out following the same
experimental conditions as for the pure np-Au and the phase
contrast reconstructions are presented in Fig. 9. As before,
structural changes with respect to the previous image at lower
temperature are marked with red arrows. The reconstructions
obtained at RT and at 275 �C show a different part of the sample
due to a dri. Additionally, the crack in the center had a slightly
different shape at temperatures above RT. In fact, this change
already occurred before the measurement around 50 �C (not
shown here) and might be explained by decreased stress due to
enhanced temperature. Furthermore, for the measurement
performed at RT, reconstruction artifacts are visible in the
center of the crack, indicated by a noisy area in the center. A
magnied part of the top right area from 300 �C to 385 �C is
depicted in the ESI (Fig. S3†).

Similar to the unmodied pure np-Au sample a material loss
could be detected. Once the gold ligaments severed, a residue
with weak contrast was observed in the STEM images. This
residue can be attributed to CeO2 containing material for the
stabilized sample, concluded from EELS analysis shown (ESI
Fig. S4†). A coarsening could not be found (cf. Fig. S1b†). By
comparing the onset temperature when the loss appeared, it
becomes obvious that changes occur rst on the pure np-Au
sample around 300 �C (Fig. 7) whereas the rst changes for
the CeO2/np-Au sample started around 355 �C (Fig. 9). This
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra12853j


Fig. 9 Phase contrast images of CeO2/np-Au at different temperatures performed in the in situ cell for X-ray ptychography at the cSAXS
beamline at SLS using a constant energy of 5.72 keV and a flow of 3 mLmin�1 20% O2/He. Changes are marked by red arrows, whereas the same
position is marked by a blue circle.
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indicates an enhanced thermal stability due to CeO2 by about
50 �C. Furthermore, it shows that the observed effect of material
loss or migration occurs regardless of the presence of stabi-
lizing oxide, although the process starts at a slightly higher
temperature.

To study the annealing behavior of the stabilized sample
under vacuum conditions, in situ heating was performed during
TEM in a conventional microscope (vacuum conditions around
the sample). A selection of STEM images from the annealing of
CeO2/np-Au on a Protochips E-Chip™ at 840 �C are given in
Fig. 10. Note that the bright area on the bottom le corner of
Fig. 10a–d was not there before the annealing treatment, but
might result from redeposition as the electron beam was kept in
the lower le corner. Comparably to the previous experiment of
the unstabilized sample in vacuum, a material loss could be
observed. At lower temperatures, no changes could be seen. An
indication for the stabilizing effect of the CeO2 in vacuum can
be evaluated from the comparison of the onset of changes (e.g.
material loss) in the unstabilized material versus the stabilized
np-Au. For the pure np-Au sample, the onset started at 700 �C
(see Fig. 4), but continued steadily at 800 �C. In contrast, the
onset started at 840 �C for the CeO2/np-Au sample annealed in
vacuum and continued at this temperature (see Fig. 10). The
stabilization effect in vacuum is therefore comparable to the
stabilizing effect in O2/He under atmospheric pressure, where
the onset of material loss was shied to about 50 �C higher
temperatures.

Apart frommaterial loss on larger length scale, changes were
also observed on a smaller length scale. Examples of such
changes are given in Fig. 11 and seem to result from contrac-
tions of the gold ligaments, which appear similar to the
expected coarsening resulting from ligament pinch-off20,52
This journal is © The Royal Society of Chemistry 2016
(Fig. 11a and b) or sintering (Fig. 11c and d) of the np-Au
samples. The positions of the studied areas are marked with
green boxes in Fig. 10d. Interestingly, the material loss started
at one area and continued outgoing from the same area, as it
becomes visible by comparing Fig. 10a–f. Fig. 10e indicates that
not only very small ligaments pinch off, but also some neigh-
boring ligaments sever, whereas others stay stable and break off
later (Fig. 10h). Additionally, Fig. 10f–h shows (marked posi-
tions) that parts of the ligament can pinch off, while small
single isolated particles, which would be expected to be
unstable at elevated temperature, remain.

In Fig. 12, a comparison between the SEM image of the
CeO2/np-Au sample used for in situ ptychography before the
annealing (Fig. 12a), and two STEM images aer annealing
(Fig. 12b and c) are shown. The depicted area shows a position
which was not imaged by ptychography, indicating that
potential interaction of the sample by the X-ray beam did not
signicantly inuence the observed annealing behavior
resulting in material loss. Comparing Fig. 12a and b reveals
that at the marked position (red arrows) next to a cut prepared
by Ga FIB milling, one part of the gold ligaments pinched off,
while the other part was unchanged. However, some areas also
changed their structure and the original ligaments cannot be
recognized anymore, which might be explained by slight
coarsening or restructuring. Additionally to the obvious
material loss in the bottom right corner of Fig. 12b, the
remaining ligaments seem to be of the same size (cf.
Fig. S1b†), as far as conclusions can be drawn on the
comparison of SEM and STEM images. In contrast, it seems as
if the sample showed a contraction, as observed in Fig. 5
previously, which also corresponds to images shown by
Kuwano-Nakatani et al.24 These contractions suggest that the
RSC Adv., 2016, 6, 83031–83043 | 83039
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Fig. 10 STEM images on low resolution (top, 10 000� magnified) and higher resolution (bottom, 57 000� magnified) at 840 �C in vacuum,
showing the material loss. (a) Represents the sample after being heated at 840 �C for 11 minutes, (b) and (c) after 12 minutes, and (d) after 33
minutes at 840 �C. (e)–(h) were recorded within one minute directly after reaching 840 �C, indicating that material loss started immediately. Red
arrows indicate examples of areas where changes occurred in comparison to the image before. Additionally, in (d) green boxes indicate the area
for the zoomed in regions from Fig. 11.
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gold tends to be mobile at the annealing temperature, but the
ligament seems to be hindered from the usual coarsening
route, which appears to be the case for the annealing in
vacuum and in O2/He.

The most intuitive way of describing coarsening, i.e., the
displacement of atoms resulting in larger structures well below
the melting point is by diffusion. While at high temperature
diffusion can take place through the bulk, interfacial, as the
case may be, surface diffusion is the dominant mechanism at
lower temperatures.10,11,13,14,19,50 According to Peale and
Cooper,53 the presence of chemisorbed gas molecules promotes
the generation of gold adatoms and edge vacancies facilitating
surface diffusion. In case of surface contaminations, i.e.,
strongly adsorbed molecules coarsening was found to be pre-
vented or delayed.55,56 While most studies in the past performed
the annealing experiments under gas atmosphere we observe
Fig. 11 Zoomed in region (indicated by green boxes in Fig. 10d) in the STE
times and changes symbolized by a black arrow. (a) and (c) represent th
occurred immediately after 33 minutes and to (d) after 25 minutes.

83040 | RSC Adv., 2016, 6, 83031–83043
a stabilization of the material when heating in vacuum, likely
induced by a hindered formation of adatoms or vacancies at
step edges of the surface. However, at high temperatures well
above the hüttig temperature (�550 �C), changes in the material
can be observed also in vacuum (compare Fig. 4), indicating the
onset of bulk diffusion.54

At even higher temperatures close to 800 �C in the TEM loss
of the gold ligaments was observed. Reasons to consider are (a)
surface tension driven viscous ow above the melting point,13

(b) sublimation of the material or (c) mechanical loss, e.g., by
stress. The vapor pressure of gold at around 800 �C is about 10�8

mbar, rendering sublimation a viable explanation under
vacuum conditions.57 However, for the in situ ptychography,
material loss at temperatures (Treached ¼ 375 �C) far away
from the melting point, even for nanoparticulate materials,8

was observed, indicating that sublimation cannot be the only
M images on the top row of Fig. 10. The images are acquired at different
e structure derived after 11 minutes at 840 �C while the change to (b)

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 (a) SEM image of the FIB prepared CeO2/np-Au sample before the annealing with red arrows as markers for comparison, (b) STEM-
HAADF image of the prepared CeO2/np-Au sample after the annealing at the same area from (a), (c) STEM-HAADF image of the prepared CeO2/
np-Au sample after the annealing at another area showing the contraction of the gold ligaments.
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explanation for this behavior. From mechanical tests, it is
known that np-Au undergoes a ductile–brittle transition due to
microstructural changes58 and that stress enhancement is
observed at defects.59 Additionally, in a narrow ligament-
strength distribution a rupture of the weakest ligament can
initiate a catastrophic failure of the material.60 While our
experiments show that the mechanism for coarsening of the
material strongly depends on the conditions of heating (gas
atmosphere, vacuum), at this stage, the material loss in some of
the experiments cannot be unequivocally attributed to one of
the mechanisms detailed above.

Furthermore, it could be shown by the combination of ETEM
and in situ ptychography that pressure differences between the
mbar and 1 bar regime in the present study did not inuence
the onset of the changes due to annealing. Similar temperature
ranges were observed for annealing in O2 in the mbar regime
and in O2/He or O2/N2 (ref. 32) at ambient pressure. If the
samples were annealed in vacuum, which leads to a different
surface coverage, the onset of changes differed strongly
compared to the measurements in oxygen containing atmo-
sphere. While the temperature was measured locally by IR
thermography during the in situ ptychography experiments, the
temperature was controlled by a thermocouple in the TEM
heating holder (Gatan Inconel® heating holder) or by external
calibration (Protochips E-Chip™) during the TEM experiments.
As the temperature ranges are similar for the stabilized and
unstabilized sample in vacuum or in oxygen containing atmo-
sphere, respectively, it can be assumed that inaccuracies in
temperature determination could be minimized. Moreover, due
to similar temperature ranges for the different sample prepa-
ration techniques, namely FIB micromanipulation versus drop
casting, inuences of FIB preparation and possible contami-
nation introduced by Ga ion milling and Pt deposition can also
be neglected. Therefore the different behavior of the samples
studied at the various atmospheres is mainly attributed to those
atmospheres. The results show that further studies on the
This journal is © The Royal Society of Chemistry 2016
coarsening behavior of np-Au have to be performed under
realistic conditions to further unravel the underlying
mechanisms.
4. Conclusions

Combined (E)TEM and in situ X-ray ptychography measure-
ments were performed to study the thermal annealing of np-Au.
This allows exploiting the advantage of more realistic reaction
conditions in case of X-ray microscopy with the higher spatial
resolution obtainable by (E)TEM. For the rst time, the
temperature applied during in situ ptychography was precisely
determined using parallel IR thermography, which is crucial
when varying the gas atmosphere. Strikingly, we obtained an
unparalleled 20 nm resolution by in situ hard X-ray ptychog-
raphy. This demonstrates the potential for studying other
functional nanoscale materials during heating and gas
treatment.

The present study demonstrates that annealing of np-Au based
samples is strongly dependent on the gas atmosphere: np-Au was
found to be stable up to 700–800 �C in vacuum, but at higher
temperatures a material loss occurred. In contrast, coarsening
was observed in oxygen atmosphere around 200–300 �C in the
mbar regime. Notably, a similar material loss to that observed in
vacuum at ca. 800 �Cwas already found around 300 �C at ambient
pressure in O2/He atmosphere. Furthermore, the present analysis
points to the presence of additional coarseningmechanisms than
just surface diffusion. This effect may be similar to the different
growth mechanisms for metallic nanoparticles in classical cata-
lysts, such as particle migration, coalescence or Ostwald ripening
that also depend strongly on the support, contaminants/
structural promoters and the gas atmosphere. Finally, it could
be shown that np-Au and CeO2/np-Au show a comparable
behavior in the different atmospheres, but stability was improved
by the presence of CeO2, as indicated by the onset of changes
shied towards higher temperatures.
RSC Adv., 2016, 6, 83031–83043 | 83041
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The necessity of complementary techniques, as presented by
this work, shows the potential for the study of heterogeneous
catalysts under real conditions, which can be furthered by i.e.
three dimensional high-resolution structural information by
ptychographic tomography,29,61,62 or by elemental and chemical
contrast offered by X-ray absorption spectroscopy.63,64
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B. Neumann, L. Mädler, J. Biener, A. Rosenauer and
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