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ABSTRACT: Using coherent X-ray diffraction imaging
(CXDI) as an in situ tool, we determined the shape and
strain state of a platinum nanoparticle with ≈160 nm diameter
supported by a strontium titanate substrate. The experiment
was performed at a temperature of 400 K under continuous
gas flow conditions of pure Ar and Ar/CO mixtures. The
nanoparticle was preselected by scanning electron microscopy
(SEM) and postanalyzed by atomic force microscopy (AFM).
We obtain a very good agreement between the overall
nanoparticle size, shape, and defect structure as determined by
CXDI and AFM. In addition, we compare the strain state in
the nanoparticle near surface region and its bulk: For pure Ar
flow, we find a slight compressive strain in the nanoparticle bulk compared to an expansion in the near surface region. We
ascribe the latter to the presence of high index vicinal surfaces. Our analysis suggests that under mixed Ar/CO flow at 400 K
reshaping of the nanoparticle occurred. New high index facets developed, leading to a stronger lattice expansion, also
propagating into the nanoparticle bulk. Our high-resolution experiments pave the way for future CXDI experiments under
operando catalytic reaction conditions.
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■ INTRODUCTION

Oxide-supported nanoparticles (NPs) play an eminent role as
heterogeneous catalysts in exhaust gas cleaning, energy
conversion, and storage.1 A detailed understanding of catalytic
reactions is mandatory for the future development of
heterogeneous catalysts with higher activity, selectivity, and
improved lifetime. It requires an in-depth structural character-
ization of heterogeneous catalysts, representing a material with
a rather complex morphology, as they are composed of oxide-
supported metal nanoparticles. The metal nanoparticle shape is
directly related to the catalytic behavior since it defines the
possible adsorption sites, characterized by different local
geometry, and therefore the absorption energy.2−8 Another
important quantity is the nanoparticle’s internal strain field,
since it alters the adsorption probability and, thus, the activity

and selectivity of the adsorption sites.9−14 Because only a
fraction of strained surface atoms can alter the catalytic activity,
the atomic site-specific strain determination plays an important
role.15

Conventional studies provide an averaged information over
NP ensembles characterized by an intrinsic size, shape, strain,
and orientational distribution resulting from the synthesis
process, which makes the interpretation of the results often
challenging. Heterogeneous catalytic reactions often imply
atmospheric pressures and elevated temperatures, representing
an additional obstacle for atomic scale characterization.16 One
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possible way to overcome this so-called materials gap17 is the
investigation of individual nanoparticles, which was so far the
domain of transmission electron microscopy (TEM) only.18−20

However, electron microscopy suffers from a low penetration
depth, which limits the size of the nanoparticles that can be
studied. Moreover, environmental TEM exhibits a much lower
flexibility with respect to realistic conditions at atmospheric
pressures, gas mixtures, and elevated temperatures.21

A powerful method for the investigation of the structure of
individual nanoparticles is coherent X-ray diffractive imaging
(CXDI),22−24 which is intrinsically compatible with realistic
reaction conditions.25−27 Bragg CXDI allows to retrieve the
real space electron density distribution (i.e., the shape of a
coherently scattering domain) as well as the strain distribution
in the nanoparticle in three-dimensions (3D) with a spatial
resolution better than 10 nm.28−31 Here we report in situ Bragg
CXDI experiments on a single Pt NP epitaxially grown on a
SrTiO3(001) substrate (STO) with a diameter of 160 nm and
a height of 90 nm, mimicking the typical situation in a
heterogeneous catalyst. We studied the Pt nanoparticle under
an Ar/CO atmosphere at near atmospheric pressure flow
conditions and at an elevated sample temperature of 400 K. In
contrast to previous reports on Bragg CXDI studies on single
nano-objects,22−24,28−30 we preselected the nanoparticle prior
to the X-ray experiment by scanning electron microscopy
(SEM). The deposition of Pt-based markers inside the SEM
allowed us to correlate our Bragg CXDI results with a detailed
ex situ real-space analysis performed by SEM and atomic force
microscopy (AFM). We observed that the Pt NP shape is
terminated by vicinal surface facets producing long-ranged
strain fields, which are altered in a characteristic way upon CO
adsorption. Defects found in the Bragg CXDI reconstruction of
the particle shape can be directly correlated to surface
topographic features observed by AFM. Our results pave the
way for future operando experiments at elevated pressures and
temperatures on controlled, preselected single NPs using
coherent X-ray imaging techniques and open up the possibility
to address the role of local strain on the catalytic activity.

■ EXPERIMENTAL SECTION
For the nanofocus Bragg CXDI experiment, a sample with low NP
density was prepared by physical vapor deposition of Pt at 1073 K
onto a TiO2-terminated STO(001) single crystal surface under
ultrahigh-vacuum conditions (see section 1 of the Supporting
Information for more details). Afterward, the sample was annealed
in a tube furnace in air for 600 s at 1373 K to induce the formation of
NPs with a size in the range of 100 nm, suitable for CXDI
experiments.32 The ensemble of Pt NPs grew epitaxially with [001],
[110], and [111] orientation along the substrate surface normal, as
shown by grazing incidence X-ray diffraction (see Figures S1 and S2
and the discussion in section 2 of the Supporting Information). The
particle under investigation is [111] oriented perpendicular to the
substrate surface, and its in-plane reciprocal lattice [112̅] orientation
is parallel to the STO substrate in-plane [100] direction.
The Bragg CXDI experiment was performed at the European

Synchrotron Radiation Facility (ESRF), beamline ID01, at a photon
energy of 8.5 keV. A sketch of the experimental setup is presented in
Figure 1a. The X-ray beam was focused by a Fresnel zone plate to
300 nm horizontal and 150 nm vertical size (full width at half-
maximum). This resulted in a footprint of 520 nm along the beam for
the employed incident angle of 18.75°. The diffraction patterns were
recorded by a 2D MAXIPIX detector with 55 μm pixel size installed at
a sample-to-detector distance of 0.68 m. The sample was mounted in
a small flow cell equipped with a Be dome and a sample heater.33 Pure
Ar and Ar/CO mixtures were introduced by a computer controlled

gas cabinet at a constant total flow of 20 mL/min and a total pressure
of 50 mbar (see section 3 of the Supporting Information).

The typical time range for a CXDI scan was around 1 h, and the
catalytic conditions were changed typically after a few hours, taking
the stabilization and realignment into account.

Platinum-based markers were prepared by ion beam and electron
beam induced deposition (IBID and EBID) using a Pt-containing
precursor gas in a hierarchical arrangement at the DESY NanoLab34

to retrieve the position of preselected NPs during the X-ray diffraction
experiment (see Figure 1b and Figures S3−S5). Postexperimental ex
situ AFM topographic images of the Pt NP were recorded in tapping
mode in air by using an oxide-sharpened silicon probe.

To relocate the region of interest previously identified in the SEM
measurements, the sample was prealigned using the coarse Pt-based
markers visible in the optical microscope mounted on the beamline
diffractometer. After mounting the Be dome and stabilizing a
temperature of 400 K in a continuous flow of Ar gas, the fine
alignment was performed using the Pt 111 Bragg peak signal of the
epitaxial NPs (see Figure S3b) and the Pt 111 powder ring of the
nanocrystalline Pt-based markers (see Figure S3a). Both could be
separated on the 2D detector, as shown in Figure S3. We employed a
fast scan mode,35 during which the regions of interest of the 2D
detector are continuously read while two orthogonal piezo stages
raster the sample surface. The result of the map scan is given in
Figure 1c, which allowed us to relocalize the NP of interest with
respect to the fine “L”-shaped Pt-based marker (see section 4 of the
Supporting Information). The small footprint of the X-ray beam
assures that the diffraction pattern from a single nanoparticle is
observed.

Figure 1. (a) Sketch of the experimental setup: the X-ray beam is
focused by a Fresnel zone plate onto a single Pt NP. Bragg coherent
diffraction patterns are collected by a 2D detector while the sample is
exposed to a computer-controlled gas flow. (b) SEM image and (c) Pt
111 Bragg diffraction map obtained by a continuous fast-scan mode of
the areas of interest. The L-shaped Pt-based marker with four
reference points (I, II, III, IV) is used to relocate the preselected Pt
NP inside the pink square. A zoom around the Pt NP is shown in
both cases, see also section 4 of the Supporting Information.
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■ RESULTS AND DISCUSSION
We collected sets of coherent Pt 111 Bragg diffraction data at
400 K under continuous flow of 20 mL/min pure Ar and
mixtures of 4 mL/min CO with 16 mL/min Ar, respectively.
Incident angles θ of ±0.6° around the Pt 111 Bragg peak
position were employed to map the 3D reciprocal space
intensity distribution. Typical diffraction data at the Pt 111
Bragg angle (θ = 18.75°) are shown in Figure S7. The 3D
reciprocal space intensity distribution was obtained by
interpolating diffraction patterns on a regular reciprocal
space Qx, Qy, Qz grid (see Figures S8 and S9 and Movie S1
and Movie S2 for more details). Slices of the intensity
distribution in the Qy, Qz plane in Figures 2a,b clearly show

interference arising from single particle coherent diffraction.
Slight changes in the reciprocal space intensity distribution
reflect the modification of the shape and strain field of the
catalyst particle under different gas atmosphere conditions.
The real-space 3D structure of the NP, containing

information about the shape and strain field, was reconstructed
by an iterative phase retrieval approach31,36 as described in
section 5 of the Supporting Information (see also Figures S10,
S11, and S14, showing the reconstructed amplitude isosurface,
the cross-section views of the reconstructed nanoparticle, the
phase retrieval transfer function (PRTF) and the estimated
resolution under pure Ar and Ar/CO atmospheres). The
largest size of the reconstructed voxels was achieved for Ar
with a volume of 5.3 × 4.2 × 3.7 nm3 in x-, y-, and z-directions,
respectively. The reconstruction results of the NP shape and
displacement field uz(r) are shown in Figures 2c,d. Because of
the geometry of our experiment with the reciprocal space
vector H directed perpendicular to the substrate, we are
sensitive to the z-component of the displacement field uz(r).

37

The dimensions of the NP obtained from the CXDI
reconstruction vary only marginally for different reaction
conditions and are on average 145, 177, and 90 nm along the
x-, y-, and z-directions, respectively. Because for the CXDI
experiment we used hard X-rays that elastically scatter from
deeply bound atomic levels, we are not sensitive to electronic
structure modifications as, for example, charge transfer from
adsorbates to the nanoparticle or reversely. The local

displacement field uz(r) along the Pt 111 reciprocal lattice
vector was found to vary from −0.15 to +0.05 nm over the
whole NP. Upon exposure to mixed Ar/CO flow, the
displacement field gets more positive at the NP surface,
which will be discussed in more detail below.
To resolve morphological details of the Pt NP and to

confirm the reliability of the Bragg CXDI reconstruction, AFM
topography measurements were performed. For the post-X-ray
measurement SEM and AFM analysis, we switched to reducing
conditions and then cooled the sample down to room
temperature. Whereas from SEM analysis, the lateral size can
be determined with nanometer precision, AFM can provide the
NP height with nanometer resolution. In contrast, the size of a
NP reconstructed by Bragg CXDI is a measure of the
crystalline region that is contributing to the Bragg peak. A
potentially smaller apparent particle height can arise, e.g., from
interfacial dislocations originating from epitaxial strain to the
STO substrate. Subsequent to the in situ X-ray Bragg CXDI
experiment, the NP was relocated for postanalysis using AFM
relying on the Pt-based markers. We achieved an unambiguous
identification of the NP from the surrounding area as well as
the shape and size of the NP itself (see Figures S5 and S6).
The magnification in the inset of Figure 1b indicates a mean
lateral NP diameter of 165−175 nm. In Figure 3, we show the
one-to-one correspondence of the CXDI reconstruction data
and the post-AFM topography profile of the NP.

A slight asymmetry of the NP can be noted from the 2D
AFM topography shown in Figure 3a. Indeed, the top view
(x−y plane) of the CXDI reconstructed NP in Figure 3b
confirms this NP asymmetry at a very similar lateral position
and as such excludes an artifact in either of the two techniques.
At this position, the reconstructed electron density distribution
is separated into two parts by a region characterized by a lower
amplitude, shown as a gap in Figure 3b. This region originates
from a part of the sample not contributing to the 111 Bragg
reflection measured for the CXDI reconstruction. Such a
defect may arise from a twinned region of the NP, in which the
“ABC” stacking of a set of {111} type planes is reverted to
“CBA”.38,39 This hypothesis is supported by the inclination
angle of the defect direction inside the bulk NP, which is in a
good agreement with the Pt 111̅ plane orientation. Moreover,
this defect obviously protrudes as a small kink out of the top

Figure 2. Qy, Qz slices of the 3D intensity distribution shown in log-
scale of the Pt 111 Bragg reflection recorded at 400 K (a) under pure
Ar flow and (b) under mixed Ar/CO flow. (c, d) Reconstructed NP
shape and superimposed displacement field uz(r) as a color code for
pure Ar flow and mixed Ar/CO flow, respectively.

Figure 3. Comparison of (a) the AFM topography and (b) CXDI
reconstruction of the single Pt NP in the x−y plane. (c, d) To-scale
overlay of the AFM profiles in the x−z and the y−z projection (violet
lines) and the corresponding CXDI reconstructions of the NP
oriented perpendicular to the shorter and longer diameter of the NP,
respectively.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b00764
ACS Appl. Nano Mater. 2019, 2, 4818−4824

4820

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b00764


surface of the NP, which is apparent in the AFM topography
line profiles (see Figures 3c,d).
The close correspondence between the reconstructed Bragg

CXDI and the AFM topography data of the NP is most
obvious from Figures 3c,d. They contain different views of the
3D CXDI reconstruction of the NP along with an overlay of
the corresponding AFM topographic line profile extracted from
Figure 3a for both, the x- and y-direction, respectively. Along
the y-axis, the dimensions obtained by Bragg CXDI, SEM, and
AFM are 177, 165, and 230 nm and, therefore, agree well when
considering the lateral broadening arising from the convolution
of the NP and the tip of the AFM. Along the x-axis, the Bragg
CXDI dimension of the NP of 145 nm is shorter as compared
to 175 nm obtained by SEM and 250 nm by AFM. We assign
the reduced Bragg CXDI NP size to a missing part in the
electron density reconstruction on the left side of the particle,
likely to additional twin formation. Along the z-axis, the Bragg
CXDI and AFM dimensions are 90 and 100 nm, respectively,
being again in close agreement. Therefore, we conclude that
the AFM and SEM postanalysis validates the Bragg CXDI
reconstruction and allows for a one-to-one correlation between
the different methods.
Next, we will discuss the variation of the strain field in

reaction to the mixed Ar/CO flow exposure. Because of the
geometry of our experiment, we are sensitive to the z-
component εzz(r) of the strain tensor εij(r) that is defined as

ε =
∂

∂
r

ru
z

( )
( )

zz
z

(1)

We point out that this strain tensor component depends on a
position r inside the particle. The color code in Figures 4a,b
indicates the local distribution of the εzz component of the 3D
strain field on the contour of the Bragg CXDI reconstructed Pt
NP surface under Ar and Ar/CO flow, respectively.
The color distribution indicates that εzz is locally varying on

the NP surface and changes when switching from an Ar to

Ar/CO atmosphere. Locally, the absolute strain values on the
NP surface are higher under Ar/CO than under an Ar
atmosphere, ranging from about −0.7% of compressive strain
to about +0.7% of tensile εzz strain values (see Figures 4a,b). In
particular, we note most pronounced variations of the strain
field on curved surface areas as compared to flat Pt facet
terraces.
To quantitatively characterize the mean strain fields under

inert Ar and Ar/CO atmosphere, we determined histograms of
the corresponding εzz strain field components. The resulting
histograms are shown in Figures 4c,d for the surface and the
bulk of the NP, for each of the two investigated gas
environments. The histograms were obtained by a calculation
of the strain in the bulk of the NP excluding the surface area
and of the strain in the outermost surface layer of the NP
(more details are discussed along with the three-dimensional
representation of the strain distribution shown in Figure S15).
In the NP near surface region an average strain field of −0.01%
was present under pure Ar flow. It gets shifted to a more
positive value of +0.12% under mixed Ar/CO flow, which
suggests that the CO adsorption induces an outward relaxation
of the atoms at the near surface region. The average value of
the strain field in the NP bulk under Ar atmosphere is −0.15%,
while its value is −0.02% under an Ar/CO atmosphere. We
also evaluated the standard deviation of the strain which gives
an estimate of the uncertainty of our measurements (see
Figure S13). This is in line with an overall shift of the
compressive strain field in the bulk of the NP to more positive
values, suggesting that the CO adsorption on the surface
induces also an average lattice expansion in the core of the NP.
This observation highlights the interplay between surface and
bulk elastic response under gas adsorption conditions. Finite
element modeling of a 200 nm sized Pt nanoparticle showed
that the strain state at the edges and corners can also affect the
strain state of the nanoparticle bulk.40 Because of its finite size,
changes in the strain state by an adsorption-induced surface
stress can be easier accommodated in the nanoparticle bulk as
compared to bulk single crystals and may eventually be
determined by CXDI being very sensitive to changes in the
local strain state. It is worth mentioning that at 400 K and a
CO partial pressure of 12.5 mbar the Pt NP surface is covered
with a high-density CO phase.41 Because CO is not observed
to dissociate on Pt nanoparticle surfaces, we rule out C and/or
O diffusion into the bulk.
To rationalize our observations, it is instrumental to have a

closer look at the NP shape and strain field distribution under
pure Ar and Ar/CO mixed flows in Figures 5a,b. Here, 2D
strain field slices through the center of the NP in the (111)/
(112̅) plane are plotted for pure Ar and Ar/CO flows. In both
cases, the NP is terminated at the top and at the interface by
low index (111) planes. In addition, higher index terminations
by vicinal planes can be discerned, which can be directly
assigned from a comparison with reciprocal space directions
(see Figure S12a). Vicinal surfaces are characterized by a
characteristic periodic arrangement of step and terrace sites, as
pictured in the insets of Figure 5. They represent the NP
surface termination well, since the NP shape reconstruction
exhibits distinct facets with lateral extension much larger than
the reconstruction voxel size. The vicinal (113), (551), and
(779̅) surfaces identified under Ar flow exhibit a typical terrace
length of 1−2 nm (see the insets in Figures 5a,b). Atoms at the
step edges of the vicinal surfaces exhibit strong inward
relaxations and atoms on the bottom side of the step edges

Figure 4. CXDI reconstruction results of the Pt NP under different
conditions. Visualization of the 3D strain field component εzz at a
contour level of 0.1 (a) under Ar flow and (b) under mixed Ar/CO
flow; see also Movie S3 and Movie S4. (c) Probability density of the
strain field in the NP near surface region and (d) in the bulk. The
average near surface strain field changes from −0.01% to +0.12%, and
in the bulk it changes from −0.15% to −0.02%, respectively, when
switching from pure Ar to Ar/CO flow.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b00764
ACS Appl. Nano Mater. 2019, 2, 4818−4824

4821

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_004.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00764/suppl_file/an9b00764_si_005.mp4
http://dx.doi.org/10.1021/acsanm.9b00764


are relaxed outward, both to flatten the step.42−44 Apparently,
the long-range strain fields of the step edges of the different
vicinal NP facets interact and result in a compression of the
near surface interatomic spacing by −0.02% (see Figure 4d). In
addition, the orientation of the internal twin boundary (gray
area in Figure 5, see also the schematic view inside the bottom
left circle) fits well to the (expected) [111̅] orientation.
Under Ar/CO flow at 400 K, CO adsorbs on the surface of

the NP.45 Apparently, a slight shape change of the particle took
place on the side opposite to the twin defect, with the
appearance of (221̅) and (112̅) facets. Such a shape change is
in line with previous studies reporting a high mobility of Pt
atoms on vicinal Pt surfaces as well as Pt clusters under near
ambient pressure CO exposure at room temperature.46−48 The
high coverage adsorption of CO leads to a weakening of the
bonds of the surface Pt atoms to their near surface neighbors,
resulting in an outward relaxation of a few percent of the
interlayer spacing as generally expected.49 On nanoparticles
with well-defined edges and corners compressive effects were
reported under oxygen exposure.40 The nanoparticle we have
investigated exhibits a much rounder shape composed of
vicinal surfaces, which exhibits a different relaxation behavior
upon switching from Ar to Ar/CO conditions. The near
surface region of this analyzed NP is affected by an expansion
of +0.12%, which is further transferred into the NP bulk
(change of net compression from −0.15% to −0.02%; see
Figure 4d). The high strain sensitivity of CXDI visualizes thus
nicely the influence of surface adsorbates on the near surface
and bulk NP strain state, representing an additional degree of
freedom not present for planar surfaces. CO adsorption
induced shape changes of Pt NPs were recently observed by in
situ transmission electron microscopy in a similar pressure and
temperature regime, in line with our findings.50

■ CONCLUSION
We demonstrated that preselected, single Pt NPs can be
investigated by coherent diffraction imaging at elevated
temperatures under near atmospheric pressure gas flow
conditions. The NP preselection overcomes the arbitrariness
of previous experiments in searching a suitable NP and gives
therefore access to much more systematic studies. Moreover,
they allow a correlative investigation by complementary
techniques such as atomic force and scanning electron or
scanning tunneling microscopy. As we showed, defects, such as
twin domain boundaries can be identified and artifacts in the
CXDI data reconstruction can be avoided. Our experiments
provide evidence that the interior strain state of STO
supported Pt NPs is influenced by the presence of higher
index facets at the NP surface. Upon exposure to mixed Ar/
CO flow at near atmospheric pressures our data suggest a
shape change of the Pt NP, simultaneously with the formation
of facets, which are more stable under CO rich conditions.
Accordingly, we observed a change in the NP strain state, with
a CO adsorption induced outward relaxation of the atomic
positions, being more pronounced in the near surface region of
the NP. Our results demonstrate that the NP shape can
influence the internal NP strain state, thus providing an
additional “knob” for strain state tailoring, influencing
reactivity. Future CXDI experiments will allow addressing
the shape and the strain state of individual, preselected NPs
under dynamical operando reaction conditions.
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The region marked in gray corresponds to the stacking fault region in
the Pt nanoparticle. Because of the finite voxel size of the
reconstruction, the error bar on the vicinal surface assignment is a
few degrees.
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