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The chemical properties of materials are dependent on dynamic changes in their three-dimensional (3D)
structure as well as on the reactive environment. We report an in situ 3D imaging study of defect
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Accepted 14th June 2019 dynamics of a single gold nanocrystal. Our findings offer an insight into its dynamic nanostructure and
unravel the formation of a nanotwin network under CO oxidation conditions. In situ/operando defect

DO 10.1039/c9na00231f dynamics imaging paves the way to elucidate chemical processes at the single nano-object level
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Introduction

Metal nanoparticles used in heterogeneous catalysis present
a large number of low-coordinated atoms where reactant
adsorption and product desorption take place. These active
sites are localised at corners, edges and surface defects."” The
reactivity of the catalysts is tuned by the inherently strained
surface structure,>* which is highly dynamic under reaction
conditions.®” The improvement of chemical processes can be
achieved through fine understanding of the evolution of strain
and the formation of defects in both the surface and the inner
core structure of the nanomaterials. Moreover, reaction condi-
tions affect the behaviour of catalysts and their performance. In
situ/operando studies under relevant and controlled environ-
mental conditions must be performed.*'® However, in situ
three-dimensional imaging techniques enabling nanometer-
resolution and strain determination simultaneously are lack-
ing. To date, strain and defect information at the nanoscale are
accurately obtained by electron microscopy'"** with restrictions
to reduced pressures due to the short penetration depth of
electrons, preventing operando characterisation. On the other
hand, powder X-ray diffraction in the hard X-ray regime enables
the obtaining of strain structure data under operando
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conditions but on a large assembly of particles, yielding solely
averaged information. The availability of coherent hard X-rays
from synchrotron light sources opens new opportunities for
imaging studies of nanomaterials,"*** where Bragg coherent X-
ray diffraction imaging (Bragg CDI) can reveal the strain
distribution of single micro- and nano-sized objects in three
dimensions and under operando conditions.*>**

Here, we investigate a model gold sample under CO oxida-
tion reaction conditions at ambient pressure. Besides often
being considered as a prototypical reaction to study the
fundamental concepts of heterogeneous catalysis, this reaction
is also of high environmental and societal importance.? We use
in situ Bragg X-ray coherent diffraction to unveil the defect
dynamics and facetting process occurring on 120 nm gold (Au)
nanoparticles supported on titanium dioxide (TiO,). Although
smaller gold nanoparticles are of greater interest in catalysis
due to their catalytic performance at low temperature,” the gold
nanocrystal studied here presents both bulk and surface char-
acteristics with defect sites, corners and edges with low-
coordinated atoms, similarly to smaller nanoparticles. Thus,
our system can be considered as a model testing ground for
surface restructuration that occurs under the industrially rele-
vant reaction conditions used in this work. We describe the
adsorbate-induced surface transformation, quantify the surface
stress and further show that nanotwin formation plays a crucial
role in the nanocrystal deformation mechanisms and correlates
with the catalytic properties.

Experimental section
Sample preparation

The monodisperse gold nanoparticles (AuNPs) were prepared
following the seeded-growth method.** The seed nanoparticles
were synthesised using the citrate reduction protocol. 0.5 mL of
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a 1% (w/v) gold chloride solution in 50 mL of Milli-Q water was
boiled up to 100 °C. A 1% (w/v) sodium citrate solution was
added and the temperature maintained for five minutes under
vigorous stirring. The seed and AuNP morphology and size were
checked by scanning electron microscopy (Fig. S11) and small
angle X-ray scattering measurements (Fig. S21). 50 mL of the
AuNP colloidal dispersion was mixed with 100 mg of TiO,
powder support and acidified with sulphuric acid to pH = 1.
The theoretical loading of gold is 1 wt%. The mixture was stir-
red for 2 h at room temperature (RT), centrifuged and washed
until the supernatant became neutral. The powder was dried at
120 °C for 6 h, calcined at 300 °C for 3 h and treated under a flux
of pure H, at 400 °C for 1 h.

Bragg coherent X-ray diffraction imaging

The X-ray imaging experiments were performed at beamline 34-
ID-C of the Advanced Photon Source, USA. A 9 keV focussed
coherent X-ray beam (500 x 500 nm?*) was shined on isolated
gold nanocrystals loaded in the operando cell. The same nano-
particle was measured in air at RT and 400 °C and then under
reaction conditions at RT, 200 and 400 °C. A heating ramp of
3 °C min~" was used to reach isothermal conditions for data
acquisition. Under reaction conditions, a CO/O, gas mixture
(CO: 0y, 0.5% : 3.7%) was used with a total gas flow of 19.5
mL min~ ..

The coherent diffraction patterns, (111) Bragg conditions,
were collected with a Timepix detector, with 55 x 55 um? pixel
sizes, placed 500 mm away from the sample. The 3D diffraction
data were acquired as rocking curves with an angular step of
0.02° and 61 frames of 5 second exposure, with 10 repetitions.

For the reconstruction, the phase retrieval was initiated with
20 error-reduction (ER) iterations,> followed by 180 iterations of
the hybrid input-output (HIO) algorithm,* using a guided
approach.®® 2220 iterations were used for the reconstruction.
The support constraint was refined using the shrink-wrap
method and partial coherence was also taken into account.””
The 3D Bragg electron density and the 3D lattice displacement
field projected along the [111] Q-vector were obtained by
reconstructing the 3D diffraction data. Paraview (http://
www.paraview.org) was used to visualise the reconstructions
in 2D and 3D.

Results and discussion

Coherent X-ray diffraction patterns were measured around the
(111) Bragg peak of a single nanocrystal, leading to a three-
dimensional Bragg peak (Fig. 1a). Applying iterative phase
retrieval for coherent diffraction imaging,*® we reconstruct the
three-dimensional (3D) Bragg electron density and lattice
displacement field of the Au nanocrystal (Fig. 1b and c) with
a spatial resolution close to 12 nm (Fig. S3). The amplitude of
the image obtained by Bragg CDI represents the electron
density of the sample. The phase ¢(r) corresponds to the
projection of the displacement of the crystal lattice u(r), pro-
jected on the scattering vector Q of the measured Bragg
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Fig.1 (a) 3D diffraction pattern obtained by rocking scans around the
(111) Bragg peak of a 120 nm Au/TiO, nanoparticle in air at RT. The
corresponding 3D reconstruction with a 30% isosurface seen from (b)
top and (c) side views scaled with the phase. The facet orientations are
shown.

diffraction peak, ¢(r) = Qu(r).** The presence of strains within
a crystal is indicated by phase changes in the complex image.

Fig. S4at shows the 3D reconstruction of the Au nanocrystal
in air at room temperature. The latter exhibits a truncated
octahedral shape, with (100) and (111) facets (Fig. 1b and c).
Upon CO/O, flow, the 3D reconstructions reveal the adsorbate-
induced surface transformations occurring on the Au nano-
crystal surface. While the pristine gold nanocrystal reconstruc-
tion (RT, air) exhibits a facetted morphology (in agreement with
STEM images, Fig. S1}), it becomes smooth and rounded in
a CO/O, environment at RT (Fig. S4bf). These changes in
surface morphology are in agreement with those observed
under different environments for smaller nanoparticles.”**°
This indicates that the presence of O, and CO gas molecules
induces strong interactions between adsorbates and the surface
atoms.

The phase shifts of the gold nanocrystal, in air and CO/O,,
are displayed as cross-sectional views in Fig. 2a (surrounded by
an orange rectangle). A distinct phase redistribution is observed
between the two gas environments: the reactive gas mixture CO/
0O, induces a lattice displacement resulting in a smoother phase
structure, evidencing the annihilation of several nanocrystal
defects. The 3D strain distribution of the entire volume along
the measurement direction was obtained by taking the deriva-
tive of the displacement field resulting from algorithmic phase
reconstruction and is defined as duy11(7)/0x111, where u;44(7) is
the displacement field. Fig. 2b and c display the 3D strain
distribution of the nanocrystal and the cross sections of the
strain field along [111], respectively. As for the phase distribu-
tion, the strain changes with the gas environment. Its highest
values are concentrated at the periphery of the nanoparticle. We
observe that a mean surface compressive to tensile strain swap
occurs upon flowing the CO/O, gas mixture on the gold nano-
crystal surface. The average surface strain in air equals to —1.7
x 10~* and becomes tensile with a mean value of 1.1 x 107>
under CO/O,.

This pattern of displacement observed on the surface of the
nanocrystal under CO/O, can be attributed to the decrease of
the surface stress, due to the annihilation of point defects. The
surface stress o can be estimated (ESIf) using the Young-
Laplace equation.®' At the position indicated by the grey arrow

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Distribution of the phase and strain field projected along the (111) direction of the same Au/TiO, nanoparticle in air, at RT and 400 °C and
under CO/O, at RT, 200 °C and 400 °C. Particle cross sections of the inner structure of the nanoparticle corresponding to the atomic
displacement (a) and the strain field projected along (111) (c). (b) 3D strain distribution of the strain field projected along (111) from the top view.
While the green gradient illustrates the increase of catalytic activity with temperature, the orange rectangle emphasises the RT conditions and the
grey background the state at 400 °C in air. In the inset, the green surface indicates the position of the cross section presented in (a) and (c) and the
black arrow the orientation of the [111] Q-vector. The dashed black line in (a) shows the position of the line scan presented in Fig. 4. Animations
showing the 3D reconstructed Bragg electron density and all cross sections along two axes of the gold nanocrystal, under CO/O, at RT and

400 °C, are available in ESI Movies S1 and S2.

in Fig. 2b, the surface stress of the nanocrystal in air is 2.4 +
0.3 N'm*, typical of tensile surface stress of metals in the range
of 2 N m™'.3%32 On the other hand, the surface stress at the same
position under CO/O, turns out to be compressive and equals to
—1.7 £ 0.1 N m ™. The adsorbate-induced surface stress on the
gold nanocrystal leads to a compressive stress change at RT of
—4.1 N m ', resulting in the inward displacement of the curved
regions. The nanocrystal surface modification is directly influ-
enced by the surface stress, modifying the proportion of under-
coordinated sites and tuning the catalytic performance of the
nanocrystals. Although effects induced by the presence of the
support cannot be excluded, considering the size of the nano-
particle, the metal-support interface is negligible in compar-
ison with the total Au surface.

Moreover, we succeeded in capturing in situ the surface
restructuration of the same nanoparticle under CO/O, at 200 °C
and 400 °C. Though gold particles that are of interest for
catalysis are smaller, we observed moderate catalytic activity
(Fig. S51) for our model sample loaded inside our in situ
imaging cell.®® The catalyst presents an increased activity at
400 °C compared to 200 °C, and none at RT. Fig. 2b shows the
three-dimensional strain field distribution of the same nano-
crystal at 200 and 400 °C under CO/O,, revealing the nanocrystal
surface dynamics. It is worth mentioning that 200 °C is higher

This journal is © The Royal Society of Chemistry 2019

than the Hiittig temperature (Ty = 127 °C), above which the
mobility of surface atoms becomes significant and 400 °C is
slightly above the Tammann temperature (T = 327 °C), above
which the mobility of the crystal lattice becomes significant and
solid-state diffusion takes place.** At the highest temperature,
we evidenced the reconstitution of sharper edges and corners.
As previously stated, nanocrystal corners and edges are regions
of low-coordinated atoms and the location of the active sites. A
direct correlation between the surface modifications of the
nanocrystal and its functional properties is uniquely unveiled
here.

Furthermore, under working conditions, the surface modi-
fications are also accompanied by a one-fold increase of the
average surface strain, reaching 1.35 x 10~* and with corner
regions of surface stress >6 N m ™. This is in agreement with “d-
band center theory”.** The increase of tensile strain strengthens
the metal-adsorbate bond by shifting the d-band center toward
the Fermi level and leads to improved catalytic activity. At the
same time, strong lattice dynamics in the core structure of the
nanocrystal, along with anisotropic strain patterns, are
observed (Fig. 2). The temperature increase up to 200 °C is
accompanied by a phase reorganisation with highly distorted
lattice regions (Fig. 3) localised and concentrated at the surface
of three edges of the nanoparticle. Edges and steps on the

Nanoscale Adv., 2019, 1, 3009-3014 | 3011
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Fig. 3 Distribution of the maximum phase shift [0.4-1.1 rad] of the
same Au/TiO, nanoparticle under CO/O, at 200 °C and 400 °C from
the bottom view. The crystal at 200 °C shows highly distorted areas
concentrated at the surface of three edges. At 400 °C, a complex
network is present with highly distorted areas crossing the entire
volume of the crystal and connecting the three regions highlighted at
200 °C.

surface of the nanoparticle, rather than the facets, are known to
be preferential sites for CO molecule adsorption.*® It is worth
mentioning that 200 °C corresponds to a temperature just
below the onset temperature of the conversion of CO into CO,
for this sample (Fig. S57), confirming that the lattice reorgan-
isation is a driven force building the active sites. At 400 °C,
a network of highly distorted lattices connects those three edges
(Fig. 3).

The phase evolution between the nanocrystal at RT and its
active state at 400 °C is emphasised in the line scan (Fig. 4), the
latter exhibiting an oscillatory behaviour. Each phase oscilla-
tion corresponds to an atomically defective domain, spanning
across the nanocrystal and forming a network of parallel stripes
with strained interfaces. These defects enable accommodation
of the tensile strain which builds up within the nanocrystal and
is attributed to a nanotwin network. Indeed, twin domains are
planar defects comprising at least two adjacent stacking faults.

0,8

0,6

0,4 +

0,2 +

Phase (rad)

0,0 +

|—RT,co
——400°C, CO

— T 7T T T 7
45 30 -15 0 15 30 45

Position from the center (nm)

Fig. 4 Line scans of the phase at RT (black) and 400 °C (red) under
CO/0O5. The line scan corresponds to the values of the position of the
dashed line shown (for 400 °C) in Fig. 2a.
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They occur when a stacking sequence of planes share one of
these planes and follow a mirrored packing order.*® Twin
domains should be “invisible” in the retrieved Bragg electron
density maps since the twin crystal does not satisfy the Bragg
condition.* The phase offset between the parent crystals should
be proportional to the twin width, although the twin boundary
interfaces as well as the strain contribute to the phase varia-
tions, explaining the lower phase offset observed here. The
nanotwins cannot be faithfully reconstructed since they are
smaller than the resolution achieved here, but the network and
its positions are indeed resolved to a much higher precision
(Fig. S6t). It is important to note that this complex phase
structure is not observed at 400 °C in air (Fig. 2, grey back-
ground and line scan Fig. S71), emphasising that the defect
formation is not solely induced and controlled by the
temperature.

Therefore the nanotwins play a crucial role in the deforma-
tion mechanism, facetting process and catalytic behaviour of
the gold nanocrystals. The large positive surface stress is the
trigger to the surface reconstruction through a glide motion.
According to dislocation theory,*” glide motion is performed by
the movement of a dislocation or the formation of two partial
dislocations (Shockley partials), the latter being energetically
more favourable than a single dislocation in the case of FCC
metals. When surface stress is applied, Shockley partial dislo-
cations are emitted, leading to twin nucleation which propa-
gates across the nanocrystal. In fact, the highly distorted
regions observed at 200 °C (Fig. 3) are likely the nucleation sites
of the Shockley partials leading to the twin nucleation which
propagates across the core of the nanocrystal between 200 and
400 °C.

Conclusions

This work reports the first in situ 3D imaging of strain on a gold
supported nanoparticle under CO oxidation conditions. We use
Bragg CDI to image a gold nanocrystal at ambient pressure and
reach a spatial resolution of 12 nm, which is not attainable with
other techniques. We observe and quantify the adsorbate-
induced surface stress on the gold nanocrystal leading to
surface restructuration. Furthermore, the present study reveals
the role of the nanotwin network in the deformation of the gold
nanostructure and sheds further light on the defect dynamics
responsible for its chemical properties. Considering the size of
the nanoparticle, the metal-support interface is negligible in
comparison with the total gold surface, but the effects of the
support on the defective domains would deserve further
investigation.

With the advent of upgraded and fourth-generation
synchrotron sources based on a multi-bend achromat lattice
like the SIRIUS facility,* the coherent flux available in the hard-
X-ray regime can be expected to increase by two orders of
magnitude in the near future.** This will directly reduce the
total data acquisition time, and enable performing time-
resolved operando imaging and reaching close to atomic reso-
lution.* Improving the time-resolution will allow a more
detailed analysis of the transient states and could potentially

This journal is © The Royal Society of Chemistry 2019
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help to improve real world catalysts through a more compre-
hensive description of the mechanism of defect formation
correlated with the active sites.
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