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ABSTRACT: Nanoparticle growth has long been a significant challenge in nano-
technology and catalysis, but the lack of knowledge on the fundamental nanoscale aspects
of this process has made its understanding and prediction difficult, especially in a liquid
phase. In this work, we successfully used liquid-phase transmission electron microscopy
(LP-TEM) to image this process in real time at the nanometer scale, using an Au/TiO,
catalyst in the presence of NaCly,q) as a case study. In situ LP-TEM clearly showed that the
growth of Au nanoparticles occurred through a form of Ostwald ripening, whereby particles
grew or disappeared, probably via monomer transfer, without clear correlation to particle
size in contrast to predictions of classical Ostwald ripening models. In addition, the
existence of a significant fraction of inert particles that neither grew nor shrank was
observed. Furthermore, in situ transmission electron microscopy (TEM) showed that
particle shrinkage was sudden and seemed a stochastic process, while particle growth by
monomer attachment was slow and likely the rate-determining step for sintering in this
system. Identification and understanding of these individual nanoparticle events are critical for extending the accuracy and predictive
power of Ostwald ripening models for nanomaterials.

B INTRODUCTION This is often done through the analysis of transmission
electron microscopy (TEM)-derived average particle sizes and
particle size distributions (PSDs) prior to and after sintering,
resulting in several models. In the case of Ostwald ripening,
sintering is usually described using the Lifshitz—Slyozov—
Wagner (LSW) model, which predicts that the PSD is self-
similar (the shape does not change with time) with a long tail
toward smaller particle sizes, while the volume average particle
size increases linearly with time.”~” For particle migration and
coalescence, the process is usually described by some form of
the Von Smoluchowski coagulation model, where the PSD
displays a tail toward larger particles and typically fits a
lognormal distribution.*”

However, using PSDs before and after catalyst sintering
often led to discrepancies between model predictions and
experimental data. This is particularly noticeable in the case of
Ostwald ripening, where the predicted small nanoparticles are
almost never found in practice, and the reason why this was the
case is unclear.'® After OR, this then also results in a PSD that
fits a lognormal distribution, which makes it impossible to infer
the sintering mechanism from the PSDs alone.

A leap forward in solving these challenges has been made
with the introduction of environmental TEM (ETEM), which

In many fields, spanning from nanotechnology to targeted drug
delivery and catalysis, controlling and maintaining the size of
nanoparticles are considered crucial to preserve their unique
size-dependent physicochemical properties."” Unfortunately,
due to their small size and thus a high surface energy
contribution to the thermodynamic potential, a large driving
force for nanoparticle growth exists. As a result, nanoparticles
grow (sinter) rapidly, often losing the desirable size-dependent
properties in the process. This sintering is especially problem-
atic in the field of heterogeneous catalysis, where chemical
reactions are catalyzed at the particle surface. To maximize the
available surface area and thus catalyst activity, particles should
be and remain small (often <10 nm).?

Particle growth is therefore a significant challenge for
heterogeneous catalysts, and for decades, researchers have
been trying to understand underlying mechanisms and build
kinetic models that explain and predict the sintering behavior."
This sintering is commonly considered to take place by
Ostwald ripening (OR), by particle migration and coalescence,
or as a result of a combination of both mechanisms. In OR, it is
assumed that particles themselves are immobile and growth is
the result of monomer transfer from particles smaller than a
certain critical radius to particles larger than this radius. In the

case of particle migration and coalescence, the particles are Received: October 31, 2019
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To understand and model sintering behavior and kinetics,
most studies follow the behavior of an ensemble of particles.
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allows direct in situ observation of catalyst nanoparticle
sintering in a gas phase and at elevated temperature.''~"*
However, ETEM limits the studies of catalyst sintering
processes to only those that take place in a gaseous
environment and has a limited range of gas partial pressure
(typically <5 mbar) due to the high vacuum requirements."’
More recent developments in microfabrication allowed for cell-
type holders and resulted in a wider range of gas pressures and
gas types becoming available for in situ TEM.' However,
these technologies still do not allow study of liquid phase
sintering, which is a major issue in important systems such as
catalysts for (H,) polymer-electrolyte membrane fuel cells'”"*
or several biomass-to-chemical processes.'”™*"

It is not until recently that TEM imaging can also be
performed in a liquid environment.””>* The so-called liquid-
phase transmission electron microscopy (LP-TEM) is a
powerful tool that allows visualization of materials in a liquid
at a nanometer scale and has been, so far, successfully
employed in studying, e.g., biomineralization,” protein
movement over a cell membrane,®® metal nucleation and
growth,””*® electrochemical deposition and growth,”**’ and
oxide stability.”™>® LP-TEM has also been used by
Hermannsdorfer et al. to study the chemical stability of gold
colloids in different aqueous environments.”* In addition,
Woehl et al. followed the aggregation of silver particles in
situ.”® These studies, although performed on unsupported and
relatively large particles, do indicate that LP-TEM can have a
great potential for studying catalyst sintering processes taking
place in a liquid.

Studying sintering behavior in a liquid phase is particularly
important for Au-based catalysts, highly attractive catalysts for
a variety of industrial applications®® such as the conversion of
biomass to platform chemicals, which often takes place in a
harsh aqueous environment.'”*"*”** Even when immobilized
on a support, small gold nanoparticles invariably sinter rapidly
in a liquid phase, especially in the presence of chloride ions, a
common contaminant in biomass-derived feedstock.””*’ This
yields a lower specific surface area (SSA) and hence lower
activity of the catalyst over time. Despite extensive work on the
characterization of gold catalysts, our understanding of the
processes underlying this sintering is limited.*

This work therefore employs the LP-TEM technique for the
first time to study sintering of a titania-supported gold catalyst
in a liquid environment. LP-TEM provided direct evidence
that for gold nanoparticles of 3 nm number-average diameter
Ostwald ripening is the main sintering mechanism, as
predicted in a number of earlier studies; however, it also
revealed that there is only a limited particle size dependence, as
opposed to predictions and assumptions of the classical
Ostwald ripening model.*"** Furthermore, it appears that
this shrinkage is likely an activated process in which particles of
all sizes investigated (1—5 nm) may shrink rapidly once
destabilized. Particle growth, probably via monomer reattach-
ment on the other hand, was slow and likely the rate-limiting
step, while a significant fraction of particles did not change size
at all. In the presence of large (~20 nm) gold particles, the
growth of ~3 nm particles does not occur, but a similar
fraction of particles still disappears and the mobile gold species
are deposited on the large particles.

B METHODS

Catalyst Synthesis. The gold—ethylene diamine complex
salt Au(H,N—C,H,—NH,),Cl; was prepared following a
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modified method of Block and Bailar.*® In a typical synthesis,
0.25 g of HAuCl,-3H,0 (>99.9%, Sigma-Aldrich) was
dissolved in 2.5 mL of demineralized water in a glass beaker,
while stirring the liquid at 400 rpm. After 10 min of stirring,
0.15 mL of pure ethylene diamine was added dropwise to the
solution. The solution was then left to react for another 30 min
at room temperature while stirring, after which the gold
complex was precipitated by adding 30 mL of ethanol (99.8%,
Sigma-Aldrich). The suspension was subsequently left to settle
overnight, after which the liquid was removed and the
precursor was further dried under vacuum to remove the
ethanol. The powder was finally redissolved in S0 mL of Milli-
Q water, resulting in a 11 mmol/L solution of Au(H,N—
C,H,~NH,),Cl, in H,0.

A 1 wt % gold supported on a titania catalyst with unimodal
Au particle size distribution (3 nm number-average diameter)
was prepared adapting the procedure of Zhu et al."* In a typical
synthesis, 12 mL of the prepared 11 mmol/L solution of
Au(H,N-C,H,—NH,),Cl; in H,O was added to 18 mL of
Milli-Q water, followed by addition of 0.5 mL of a 1.0 mol/L
solution of NaOH (99%, Sigma-Aldrich) in Milli-Q water.
After S min of vigorous stirring at 700 rpm, 3 g of commercial
fumed TiO, powder (P25, Evonik Degussa) was dispersed in
the solution while stirring. The dispersion was then left for 2 h
at room temperature for the ionic gold precursor to adsorb on
the TiO, surface. The solid was subsequently separated by
centrifugation (10 min, 4000 rpm) and washed with 30 mL of
demineralized water thrice.

The resulting powder was then dried overnight in an oven at
60 °C, followed by 24 h of vacuum-drying at room
temperature. The resulting powder was subsequently heated
in a fluidized bed reactor for 2 h at 300 °C in N,, followed by 2
h at 400 °C in 20%0,/80%N,, using a flow of 150 mL/min
and a heating and cooling rate of 5 °C/min to reduce gold and
remove the remaining ligands.

The bimodal sample was prepared by taking a part of the
previously prepared unimodal sample followed by addition of a
Au colloidal dispersion using the following procedure: 0.1 g of
the original unimodal sample was dispersed in 10 mL of
demineralized H,O while stirring at 400 rpm. To this
suspension, 3 uL of a 1.0 mol/L HNO; in H,O solution was
added, followed by addition of 2 mL of a commercial citrate-
stabilized colloidal suspension of 20 nm gold nanoparticles (53
mg Au/L, 99% reactant free, Cytodiagnostics) for an additional
colloid loading of maximum 0.1 wt % (resulting in a 1.1 wt %
total gold loading on a titania catalyst).

After stirring for 2 h at 400 rpm, the solid was separated
from the suspension by centrifugation (S min, 4000 rpm),
followed by washing thrice with 10 mL of demineralized water
to remove the remaining ligands. The solid was subsequently
dried overnight in an oven at 60 °C, followed by drying in
vacuum for 24 h to obtain a powder.

In all of the synthesis steps, care was taken to limit the
exposure of the gold (precursor) and catalyst to light as much
as possible by covering the glassware with parafilm and
aluminum foil to prevent light-induced reduction of gold ions.
Care was also taken to prevent any contact of gold with metal
by using poly(tetrafluoroethylene) (PTFE) and glass equip-
ment.

Characterization. All samples were characterized by
powder X-ray diffraction (XRD) using a Bruker D2 Phaser
with a Co Ka; source for phase identification. Samples were
evaluated for 260 between 25 and 90°.

https://dx.doi.org/10.1021/acs.jpcc.9b 10237
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N, physisorption measurements were performed at —196 °C
(77 K) using a Micromeritics TriStar 3000 instrument. Before
the isotherm measurements, samples were dried at 250 °C in
air. Specific surface areas were calculated using the multipoint
Brunauer—Emmett—Teller (BET) method (0.05 < P/P, <
0.25).

Catalyst morphology, gold particle size, and particle
dispersion were examined with TEM using a Talos F200X
(Thermo Fischer Scientific), operated at 200 kV acceleration
voltage in both TEM and high-angle annular dark-field
(HAADF)-scanning transmission electron microscopy
(STEM) modes. The samples were dispersed in isopropanol
(Honeywell, Chromasolv, 99.9%) and deposited on a 200
mesh copper-formvar grid. Gold particle sizes were sub-
sequently determined by counting at least 250 particles
manually using Image].

Vacuum control experiments were performed by continuous
STEM scanning for 1 h using a beam current of 0.21 nA, as
determined by the electron current reaching the fluorescent
screen without a holder present. For the control experiments in
vacuum, imaging was performed using only the HAADF
detector and at a magnification of 225kX, corresponding to a
500 X 500 nm? image size, resulting in an average dose rate of
52 X 10* e7/(nm* - s). Images were collected with a pixel
dwell time of 2.4 ys, with 2048 X 2048 pixel images, and for a
total of 10 s/frame.

Ex situ sintering experiments were performed using a glass
beaker with either 20 mL of Milli-Q water or 2 mL of a 0.1
mol/L NaCl in H,O solution added to 18 mL of Milli-Q water.
The liquid was subsequently stirred and heated to 80 °C while
in contact with air. When the liquid temperature reached 80
°C, as measured by a stainless steel thermocouple in a separate
vial of water to prevent any contact between gold and stainless
steel, 30—50 mg of the catalyst was added and the glass beaker
was covered with parafilm to prevent evaporation. A drop of
the suspension was deposited on a TEM grid at regular time
intervals (30 min, 1 h, 1.5h,2h,3h,4h, 6 h, 8 h, 24 h) to be
analyzed in TEM. In the case of the sintering experiment under
N,, a round-bottom flask in an oil bath and connected to a N,
gas supply was used instead. N, was then bubbled through the
solution starting 10 min before heating.

LP-TEM Experiments. Liquid Cell Preparation. A small
and a large silicon chip with a nominally 50 nm thick silicon
nitride (SixNy) window of 20 X 550 um? (Protochips Inc.)
were cleaned in acetone and methanol according to
manufacturer instructions. Subsequently, both the large and
small chips were plasma-cleaned in an 80%Ar/20%0O, plasma
for 2 min to render the chip surface hydrophilic.

A small amount of either the unimodal or bimodal Au on the
TiO, catalyst was then dispersed in 2 mL of high-purity
isopropanol (Honeywell, Chromasolv, 99.9%) and sonicated
for at least 15 min to disperse agglomerates. A 0.5 uL droplet
of this suspension was placed on the silicon nitride layer of the
large silicon liquid cell chip and left to dry for S min. This
resulted in a sufficient amount of catalyst particles being
attached to the window of a chip and thus available for
imaging.

A small silicon chip, also containing a 20 X 550 ym® Si,N,
window and 150 nm gold spacers to separate the two chips,
was then placed in the dedicated liquid cell TEM holder
(Protochips Inc.), a 1 uL drop of water (sterile-filtered,
Bioreagent, <1 Eu/mL, <S5 ppm metal impurities, Sigma-
Aldrich) was added on top of it, and the cell was subsequently
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assembled by placing the large silicon chip containing the
sample on top. In this configuration, the sample was dispersed
on the top chip when the holder was inserted in the
microscope for optimal spatial resolution in STEM mode.*”

Imaging. Imaging was performed using Talos F200X
(Thermo Fischer Scientific), operated in scanning transmission
electron microscopy (STEM) mode at 200 kV acceleration
voltage and using both a bright-field (BF) and a high-angle
annular dark-field (HAADF) detector for imaging. The
imaging was performed with a beam current of 0.21 nA, as
determined by the screen current without a holder present in
the electron microscope and with a camera length of 125 mm.
Images were collected with a pixel dwell time of 2.4 us, with
2048 X 2048 pixel images, and for a total of 10 s/frame.
Experiments were performed at a magnification of 225kX,
corresponding to a field of view of 500 X SO0 nm? which
results in an electron dose rate of 5.2 X 10° e7/(nm? - s).

Each liquid cell experiment was performed in flow mode
using a flow of 4 yL/min to prevent the buildup of gases and
bubble formation due to electron-beam-induced water
decomposition. Before an in situ experiment was started,
either the H,O or the 10 mmol/L NaCl solution was flushed
through the holder for at least 30 min to ensure the liquid
around the sample had the desired composition. In each
experiment, the sample was continuously imaged in scanning
(S)TEM mode with a total of 360 images being acquired,
corresponding to exactly 1 h of electron beam scanning. The
10 mmol/L NaCl solution was prepared diluting a 100 mmol/
L solution by adding 2 g of the latter to 18 g of ultrapure water.
The 100 mmol/L solution was in turn prepared by dissolving
95 mg of NaCl (>99%, AkzoNobel) in 1S g of ultrapure H,0
in a clean glass vial.

Data Processing. Particle size was determined manually in
all experiments using Image] software. For the ex situ
experiments, the particle diameter was measured from
HAADF-STEM images at 640kX magnification (image size
of 175 X 175 nm?). For the in situ measurements, images were
first processed to enhance particle visibility using a Gaussian
blur filter with a sigma of 1.5, followed by using the Despeckle
function from Image], which replaces each pixel with the
median value of the 3 X 3 grid of pixels around it. Then, the
images were aligned using the “linear stack alignment with
SIFT” plugin. Ellipses were subsequently fitted manually to the
particle projections in the BF-STEM images taken at 225kX
magnification (500 X S00 nm* image size), from which the
particle diameter was calculated. Particles were measured every
10th image, corresponding to every 100 s. When a particle was
close to disappearing (typically from 1 min before disappear-
ance but earlier if significant changes could be observed
before), the size of that particle was measured every image
until disappearance, corresponding to a measurement every 10
s. Further calculations of particle area and volume were
performed assuming spherical particles. Particle size distribu-
tions were calculated from the diameter using a bin size of 1
nm, and the accompanying lognormal fit was calculated using
the lognfit function in Matlab. The average diameters reported
are all number-average diameters, calculated by summing all
measured diameters and dividing by the number of particles.

Particles were classified as growing, shrinking, or remaining
the same size by analyzing their size over time. Any particle
that disappeared during the 1 h experiment was classified as
shrinking, as no particles were found that decreased
significantly in size (defined as getting smaller than 66.7% of

https://dx.doi.org/10.1021/acs.jpcc.9b 10237
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experimentally determined third-order power law for the rate
of decrease of specific surface area (eq 1), in which a is the
specific surface area normalized with respect to the initial
specific surface area (on a scale from 0 to 1), t is the time in
min, and k is the rate constant

da
dt

= —ka®
(1)
Solving this differential equation results in the description of
a as a function of t, as shown in eq 2

1
(C + %kt)

a=
(2)

in which C is the constant of integration. Assuming a to be 1
for t = 0 (in other words, assuming that the specific surface
area is equal to the initial specific surface area when ¢ = 0), this
results in C being equal to 1. The rate constant k was
subsequently determined by fitting the measured data points
using the least-squares method in Matlab.

B RESULTS AND DISCUSSION

Au/TiO, Catalysts. To study the liquid phase growth of
gold nanoparticles supported on TiO,, two samples were
prepared, one with a unimodal and one with a bimodal particle
size distribution (PSD). The unimodal Au/TiO, catalyst
sample was synthesized using a gold—ethylene diamine
complex and titanium dioxide nanopowder (P25, Evonik) by
adapting the procedure of Zhu et al.** The bimodal Au/TiO,
sample was prepared by depositing 20 nm gold colloidal
particles on the previously prepared unimodal Au/TiO,
sample, resulting in the desired bimodal particle size
distribution.

Scanning transmission electron microscopy (STEM) images
showed that Au nanoparticles with a number-average diameter
of 3 nm, relatively narrow size distribution, and uniform
distribution across the TiO, support were present in both the
unimodal (Figure lab) and bimodal (Figure lc,d) samples.
Next to 3 nm Au particles, the bimodal sample also contained
well-dispersed 20 nm colloidal Au particles (Figure 1d). X-ray
diffraction and N, physisorption analyses of the pristine TiO,
support and the unimodal catalyst (Figure S1) indicated that
the TiO, support structure of the unimodal sample was not
altered during gold deposition. The TiO, powder still
consisted of a mixture of anatase and rutile crystallites in the
same ratio and the BET specific surface area remained 45 m*/
g. Gold loading was 0.9 wt % for the unimodal sample, as
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Figure 1. Particle size distributions (PSDs) with a lognormal fit and
representative high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of the unimodal (a, b)
and the bimodal (c, d) Au/TiO, samples, respectively. Only the small
particles (<10 nm) are included in the PSD of the bimodal sample.

determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES).

Sintering Behavior of the Unimodal Sample. Sintering
of the individual Au nanoparticles in a liquid environment was
investigated in situ using a specialized liquid-phase (LP) TEM
holder (Poseidon Select, Protochips Inc.). This system consists
of two chips with electron-transparent Si,N, windows, between
which a thin layer of liquid and the sample are sandwiched to
allow imaging while keeping the liquid separate from the high
vacuum inside the TEM column, as illustrated in Figure S2.
Using this system, it was possible to observe sintering behavior
directly at the nanoscale with high spatial and temporal
resolution.

Considering the inertness of gold in an aerated aqueous
environment, no or limited sintering and other structural
changes would be expected in the presence of water and
dissolved oxygen alone.*> However, the presence of chloride
ions is detrimental to the stability of gold nanoparticles. It
promotes sintering, both in gas and liquid phases and/or when
present on the support, due to the ability of chloride to form a
complex with gold ions, which results in the stabilization of
mobile ionic gold species.*”*’ Therefore, sintering was
investigated with LP-TEM in both water and a 10 mmol/L
solution of NaCl. In addition to these in situ experiments, ex
situ laboratory studies were performed to ensure that in situ
observations accurately represent the actual sintering behavior
in this system. For ex situ studies, 30—50 mg of catalyst was
exposed to the same water or 10 mmol/L NaCl in water
environment used in situ, and the dispersion was heated to 80
°C to accelerate sintering.

Figure 2a,b displays the resulting PSDs of the unimodal
sample based on 200—300 particles at different times in an
NaCl environment for the in situ and ex situ experiments,
respectively. Furthermore, a representative STEM image
associated with each moment in time, for which the PSD
was determined, is displayed as well, along with Movie M2
showing the real-time nanoparticle behavior during an entire in
situ experiment. As can also be observed in Figure 2, the liquid
layer limits the attainable resolution in LP-TEM to an extent
and bright-field (BF) STEM imaging mode has been found to
yield better resolution and contrast compared to high-angle

https://dx.doi.org/10.1021/acs.jpcc.9b 10237
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Figure 2. In situ and ex situ (a and b, respectively) comparison of the evolution of the particle size distributions for the Au/TiO, sample with
unimodal particle size distribution in a 10 mmol/L NaCl aqueous solution. A representative scanning transmission electron microscopy image in a
bright-field (BF) (a) or a high-angle annular dark-field (HAADF) (b) mode is shown for three different times, corresponding to the particle size
distributions displayed in the graph on the right side of the images. For in situ experiments, images were taken at the same position. The scale bar in

each image corresponds to 50 nm.

annular dark-field (HAADF) STEM.* For imaging thin
samples in vacuum (the ex situ samples) on the other hand,
HAADEFE-STEM showed better contrast.

In both the in situ and ex situ experiments, growth of the Au
nanoparticles in NaCl was observed after 1 h. In situ LP-TEM
unambiguously showed that particle growth proceeded
through Ostwald ripening, where particles did hardly move
but changed in size, most likely through monomer transfer via
the liquid phase. Particle migration and coalescence, as the
other possible sintering mechanism, could be excluded noting
that only two merging events within several hundred particles
were observed and, overall, Au particles displayed a very low
mobility on the TiO, surface. The presence of NaCl was
shown to be crucial for sintering, since in both the in situ and
ex situ experiments in water, very limited growth of Au
particles was observed (Figure S3 and Movie M1).

To exclude the possibility of primary damage by the electron
beam influencing the observed particle growth, the samples
were exposed to the same electron beam treatment in the
vacuum of the electron microscope (Figure S4). No sintering
or other alteration of the catalyst was observed, which confirms
that the presence of a liquid medium was crucial for sintering.
The support was not affected in the experiments, as the LP-
TEM experiments with the pristine P25 TiO, in H,O or a 10
mmol/L NaCl solution under the same imaging conditions
showed no changes of the TiO, structure (Figure S5).

It was found however that the sintering rate did depend on
the NaCl concentration. This is illustrated in Figure S6, where
two in situ experiments in a solution of 10 and 100 mmol/L
NaCl in H,O are compared, with sintering being significantly
faster in the latter. As 10 mmol/L NaCl yielded a more suitable
time scale to observe sintering, this concentration was used
throughout further experiments.

Importantly, PSDs derived from the in situ experiments in
10 mmol/L NaCl (Figure 2a) do display the self-similar
evolution characteristic for Ostwald ripening. However, they
also show a tail toward the right, which is in disagreement with
classical OR models and more akin to migration and
coalescence. The evolution of the PSD does however

correspond well to Ostwald ripening behavior observed in
practice.”® Clearly, direct in situ observation was crucial to
determine the growth mechanism, as PSD analysis before and
after growth could have led to the incorrect conclusion that
this is either a mix of two mechanisms or even migration and
coalescence only.

Furthermore, the PSDs derived from the in situ experiments
are in good agreement with the PSDs obtained from the
laboratory ex situ experiments (Figure 2b), although the beam
did accelerate sintering somewhat. Because of this, in situ
sintering experiments were performed at room temperature
while ex situ the sample was heated to 80 °C to accelerate
particle growth to similar time scales. The acceleration during
the in situ LP-TEM measurements likely originates from the
oxidizing *OH radical and H,0, and reducing hydrated
electron (e(,q)”) produced by the beam, as it has been
observed before that these radicals are able to accelerate
growth of gold colloids.”® Particle size measurements of
nanoparticles well outside the reach of the radicals (>5 x 0.2
um?, the latter of which is the Fick diffusion length in water for
the lifetime of these radicals) were also performed after an in
situ experiment. These particles were found to have the same
PSD as the initial PSD of the irradiated area, confirming that
the electron beam was indeed accelerating sintering somewhat
but that the overall beam effects were minor.

However, to ensure that our in situ observations were indeed
representative for ex situ behavior, an additional control
experiment was performed using liquid cell heating chips to
perform an in situ experiment at 80 °C in the presence of 10
mmol/L NaCl in H,O. Due to the electron beam and heating
combination resulting in significant acceleration of growth,
imaging of the region of interest was performed every 5 min,
with the beam being blanked in between. Even then, significant
acceleration of sintering compared to only heating or only
using the electron beam was observed. Nevertheless, as can be
observed in Figure S8, the behavior was qualitatively similar to
both the in situ and ex situ observations and the rate was quite
similar to that in the in situ experiment at room temperature
with 100 mmol/L NaClL
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Individual Au Nanoparticle Study. Although the
behavior of the assembly of particles seems to match Ostwald
ripening observations for catalysts very well,'" LP-TEM
revealed that the dynamic behavior of individual nanoparticles
is remarkably different from expectations. This is illustrated in
Figure 3, wherein the size evolution of several individual
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Figure 3. Diameter evolution over time of several particles during the
in situ study of unimodal Au/TiO, in a solution of 10 mmol/L NaCl
in H,O. Different evolution paths were observed, including shrinking/
disappearing particles (solid, red inverted triangle), particles that
remain approximately the same size (solid, blue diamond), and
particles that grow (solid, green upright triangle), with the percentage
of particles displaying each type of behavior shown in the legend.

particles over time is displayed. In most Ostwald ripening
models, it is assumed that larger particles will grow at the
expense of smaller particles, as a result of the higher specific
surface energy of particles with a more convex surface. Models
then typically predict a time-dependent critical particle
diameter d, where particles smaller than d shrink, while all
particles with a diameter larger than d are expected to grow."’

Strikingly, Figure 3 and Movie M2 actually reveal that the
size of a nanoparticle does not seem to have a large influence
on the type of behavior it displays. In our experiments, many of
the larger (3—5 nm) particles were also found to shrink, while
part of the smaller (1—3 nm) particles were seen to grow
(Movie M2) and particles of all sizes could remain stable. The
limited effect of particle size on the probability that it
disappeared is also illustrated in Figure 4. Here, each point
corresponds to the diameter of an individual particle at the
moment it starts disappearing along with the time at which it
disappears and the solid line showing the number-average

-
o

Average diameter “
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Diameter (nm)
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0 10 20 30 40 50
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Figure 4. Overview of the diameter of each measured particle at the
moment it starts disappearing, along with the corresponding time of
disappearance for the in situ experiment in 10 mmol/L NaCl
dissolved in H,O. Each point in the graph corresponds to a single
particle. The solid line corresponds to the number-average particle
diameter, and the lower and upper dashed lines correspond to D10
and D90, the size below which 10 and 90% of the particle population
lies, respectively.
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particle size over time. This figure highlights that although the
majority of particles disappearing have a size below average,
there is also a significant fraction above average size.

Besides an indifference to size, in situ data related to Figure
3 also revealed that although nanoparticles grew slowly over
time, nanoparticle shrinkage was a fast process. From Movie 2
and Figure S7, in which a few consecutive frames of a
disappearing nanoparticle are displayed, it is also clear that
nanoparticles did not detach from the support, as they
remained spherical and attached to TiO,. This, combined
with the lack of nanoparticle mobility observed and the
absence of reattaching/appearing nanoparticles, suggests that
they dissolve as monomeric ionic gold species in line with an
Ostwald ripening mechanism. This fast disappearance could
also cause discrepancies between the LSW model predictions,
which predict an asymmetric PSD skewed to smaller particles,
and experimentally determined PSDs, where these smaller
particles are almost never observed. These results indicate that
nanoparticles in this size range disappear too fast to be
observed at any given time.

Another important observation is that a meaningful fraction
of approximately 18% of nanoparticles does not seem to
change size to any significant extent, while models predict
nanoparticles to either grow or shrink.

To understand the origin of the fast disappearance and
limited influence of particle size, it is helpful to first consider
the thermodynamic properties of this system. As previously
mentioned, the formation of mobile Au** species from metallic
gold under standard conditions is highly unfavorable, but the
addition of chloride ions results in the formation of an
[AuClL]~ complex, which has a significantly lower reduction
potential®®

AT +3¢ =2 Ay; E'=150V

[AuCL]™ + 3¢ = Au+4Cl; E°=1.00V

O, + 4H' + 4¢” 2 2H,0; E’=1229V

As these are standard potentials, low gold ion concentrations
and high concentrations of oxygen, chloride ions, and
hydronium ions have to be present for the oxidation of gold
to be thermodynamically favorable. In the conditions used in
this work (pH = 7, Py, = 0.2 bar), the reduction potential of

reaction 3 is only 0.81 V though, indicating that the chemical
equilibrium should still be toward bulk metallic gold. Although
theoretical calculations indicate that water irradiated with
electrons has a small drop in pH to approximately 4.5 within
the irradiated area for the irradiation conditions used in this
work,** this pH would still have an equilibrium toward bulk
metallic gold. However, it is well known that the reduction
potential of gold ions rapidly decreases with gold particle size,
especially for nanoparticles smaller than approximately 10 nm,
as a result of the higher fraction of low-coordinated surface
atoms present.””>" Work by Ivanova et al.>” indicates that this
shift can be in excess of 0.2 V for ~4 nm particles, which
indicates that dissolution can actually be favorable for all
particles present in these samples when the concentration of
chloride ions is sufficiently high.

Some calculations on the equilibrium concentrations of the
[AuCl,]™ complex for different pH values, Cl~ concentrations,
and O, partial pressures are listed in Table S1. These values
indicate that concentrations of the complex are low but
significant for particles in this size range. The previously
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Figure S. In situ and ex situ (a and b, respectively) comparison of the evolution of the particle size distributions for the small particles (<10 nm) of
the Au/TiO, sample with bimodal particle size distribution in a 10 mmol/L NaCl in water solution. Due to the limited number of large particles
(20 nm) and the uncertainty in the bulk ratio of smaller to larger particles, the large particles were not included in these PSDs. A representative
scanning transmission electron microscopy image in bright-field (BF) (a) or high-angle annular dark-field (HAADF) (b) mode is shown for three
different times, corresponding to the particle size distributions displayed in the graph on the right side of the images. For the in situ experiments,
each image is taken at the same position. The scale bar in each image corresponds to 50 nm.

mentioned in situ experiment with 100 mmol/L NaCl in H,O
(Figure S6) also demonstrates that the concentration of
chloride ions is indeed important. Additionally, to investigate
the influence of oxygen on Ostwald ripening, we have also
performed a laboratory sintering experiment in a 10 mmol/L
NaCl solution under an inert N, atmosphere instead of air.
The results presented in Figure S9 clearly showed that the
absence of O, significantly slowed down sintering, indicating
that oxidation of gold by oxygen is crucial and [AuCl,]”
complexes are likely the mobile species.

Next to these thermodynamic aspects, we expect that the
rate of the oxidation process is affected by kinetics too. It is
likely that this dissolution occurs preferentially at defects/low-
coordinated Au atoms and is able to proceed rapidly once such
a site is available in a nanoparticle through thermal fluctuations
in the experiments. It has been shown previously that such
single events can indeed destabilize small silver nanoparticles
and likely explain the observed rapid dissolution observed in
these experiments.”** This would also explain why particles of
all sizes are dissolving, although with a bias toward smaller
particles. The preference for smaller particles is likely a
combination of their being more prone to oxidation
(thermodynamics) and the faster formation of defects
(kinetics), increasing their changes of being destabilized.

The slow growth of particles of all sizes indicates that
reattachment of gold monomers to particles is a kinetically
limited process and likely requires sites of high coordination
for attaching gold atoms. This suggests that thermodynamic
constraints are not prevailing once particles start growing and
that growth requires a surface configuration containing such
high coordination sites. In addition, Figure 3 shows a delay of
roughly 10 min before particle growth started, and according
to Figure 4, significantly more particles disappeared during
those first 10 min, indicating that a certain concentration of the
[AuCl,]” complex is necessary before growth proceeds at
measurable rates.

Another possible explanation that should be considered is
that the surface of gold is not always completely accessible as a
result of ligand coverage. However, the synthesis procedure
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includes a high-temperature calcination step that should be
sufficient to remove all of the remaining ethylene diamine
ligands and any other organic contamination. It is therefore
likely that almost all of the gold nanoparticles are completely
accessible. The limited divergence in nanoparticle shape, also
at the interface with the TiO, support, indicates that the
interaction of gold with the TiO, support is very similar for all
particles. Consequently, we expect that local differences in
nanoparticle surface chemistry and accessibility do not play a
significant role in the differences observed between the
individual nanoparticles in these Ostwald ripening experi-
ments.

The previously mentioned kinetic limitations might also
explain why a significant fraction of particles do not change size
during the experiments. Certain gold—support interactions or
facets being exposed might result in slower kinetics for either
gold oxidation or gold-ion reduction and attachment, resulting
in very limited or no change in size. Although difficult to
observe as a result of the small size, some facet formation
during growth seems to take place for part of the particles. In
the experiments with in situ heating with 10 mmol/L NaCl in
water (Figure S8) and in the in situ experiments with 100
mmol/L NaCl at room temperature (Figure S6), several
particles do have clear facets upon growth. The facet growth is
likely more visible as a result of the larger final particle size
obtained in these experiments. This facet formation during
growth is another strong indication of reattachment taking
place at specific surface structures.”* It could also be argued
that some of these particles are inside support pores and their
size is limited by the pore size.” However, several particles
that are clearly not inside a pore were also found to remain the
same size, as illustrated in Figure S10, and therefore this
explanation is not satisfactory for all particles.

Bimodal Au Particle Size Distribution. To study the
effect of the presence of significantly larger particles on
sintering, we also prepared a sample with a bimodal particle
size distribution by depositing 20 nm Au colloids on the
unimodal sample with ~3 nm Au particles. Due to their larger
size, these particles should be significantly more stable and
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attachment kinetics should be more favorable.”> When

subjecting this sample to the same conditions as those used
for the unimodal sample, in situ and ex situ experiments with
only water present again showed only limited changes in Au
particle size (Figure S11 and Movie M3).

In the presence of 10 mmol/L NaCl, the same fraction of
small (1—S5 nm) particles compared to the unimodal sample in
NaCl disappeared in the same manner (33% in both cases), by
shrinking and disappearing in less than 1 min. Although more
stable than the small particles, the 20 nm particles are still
significantly less stable than bulk gold and could therefore be
expected to dissolve as well, albeit with lower probability.>* It
was indeed observed that one of the 21 observed large particles
dissolved, which again indicates that dissolution is a stochastic
process with only a limited influence of nanoparticle size for
particles in this size range.

Surprisingly, although the same fraction of particles
disappear, the remaining small (~3 nm) particles did not
change in size significantly in both the in situ and ex situ
experiments, as Figure 5 and Movie M4 demonstrate. The 20
nm particles seemed to grow somewhat, but due to their large
volume, the change in diameter is much harder to accurately
determine compared to small particles. Assuming conservation
of gold in the field of view, the diameter of the large particles
would increase by approximately 2 nm at most when all of the
gold is deposited on these particles. In addition, the large size
also results in a more gradual change in contrast at the edges of
the particles, making it more difficult to exactly determine the
diameter of the particle. An example of this measured size
evolution of two of these larger particles is presented in Figure
S12.

Still, the lack of growth of the small particles in the bimodal
system suggests that [AuCl,]” monomer reattachment is
predominantly happening on the larger particles. It is therefore
likely that monomer reattachment is rate-limiting for Ostwald
ripening in this system, as the thermodynamic driving force is
larger for gold reattachment on the larger particles.” Diffusion
limitations are unlikely, as in the case of the in situ
experiments, typical ion diffusion lengths (~30 gm for 1 s in
water) are significantly larger than the area being irradiated by
the electron beam used to drive sintering (0.5 ym X 0.5 ym).
In the case of the ex situ experiments, vigorous stirring ensured
a homogeneous dispersion of catalyst and fast mixing through
convection. Furthermore, in the presence of diffusion
limitations, one would generally expect the formation of at
least some dendritic structures, whereas none were observed.”’

Sintering Kinetics. For catalysis, the specific surface area
(SSA) or the surface area per gram of the active material, in
this case, the gold nanoparticles, is an important factor for the
activity of the catalyst, as it determines the amount of active
sites available to catalyze a chemical reaction. Using the
obtained PSDs from the in situ experiments, this gold SSA was
determined over time for the unimodal sample in 10 mmol/L
NaCl and compared to the values obtained from the ex situ
experiments acquired at 10 minute intervals. This comparison,
presented in Figure 6, shows that this specific surface area
decreases significantly over time, both in situ and ex situ, which
would result in significant deactivation of the catalyst.

The rate of decrease in SSA through sintering is often fitted
using a power-law fit, with an experimentally observed third-
order dependence for Ostwald ripening." Realizing the short
time scale, fitting our in situ data with a third-order power law
shows quite good agreement with the measured data for the in
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Figure 6. Gold specific surface area in m?/ g with measured values
(symbols) and the fit (lines) for both the in situ and ex situ
experiments on the unimodal sample in a solution of 10 mmol/L
NaCl in H,0.

situ results. As can be observed, there is a large scatter in the ex
situ results, as it was not possible to sample the same areas of
the catalyst multiple times. This results in a larger error in the
acquired particle size distribution and therefore a larger error
in the rate constants obtained from short time experiments.
Owing to this larger error, long-term, expensive catalyst
sintering experiments are often required to accurately predict
sintering behavior.”' In situ observations could therefore aid
significantly in building more accurate Ostwald ripening
models and with great potential as a quantitative method for
predicting long-term Ostwald ripening.

The same kinetic analysis was performed for sintering of the
sample with bimodal PSD as well, but as previously mentioned,
it is challenging to observe the change in diameter of the large
particles (~20 nm). As a result, the gold mass balance in the
field of view is significantly harder to determine and therefore,
so is the specific surface area. In addition, it is very difficult to
obtain the same ratio of gold mass between small particles and
large particles in the in situ experiments as compared to the
bulk sample. In our case, approximately 30% of the gold mass
consisted of large particles at the start of the in situ
experiments, while in the bulk, this is <10%. Due to this, in
our analysis, only the surface area of the small particles was
taken into account, which does however correspond to >95%
of the overall surface area in the bulk sample. It was assumed
that the total volume of gold in the field of view was constant
and that all of the gold from the disappeared particles was
deposited on the large particles.

The result of this analysis for the decrease in SSA,
normalized with respect to the initial SSA, is displayed in
Figure 7, along with the normalized SSA of the unimodal
sample. It can be seen that the gold SSA decreased faster for
the bimodal sample than for the unimodal sample, although
the difference becomes smaller after longer times. A likely
explanation for this observation is that in the case of the
unimodal sample the amount of gold in the field of view was
found to increase with time, which yields a net faster decrease
in SSA. This increase could partially result from the fact that
some of the smallest particles could be hard to observe in the
liquid cell, resulting in more gold present at the start than
actually measured, but it is possible that some gold is
transported into the field of view from the surrounding area
in all experiments. When comparing the areas close to the
imaged area before and after each experiment, it also seems
that a few particles just outside of the irradiated area have
disappeared, indicating that there is indeed some gold entering
the field of view, as can be seen in Figure S13. This net
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Figure 7. Gold specific surface area change over time derived from in
situ experiments for the unimodal and bimodal sample in a solution of
10 mmol/L NaCl in H,O, normalized with respect to the initial
specific surface area. For the bimodal sample, three different lines are
plotted, assuming an influx of gold in the field of view of 0, 25, and
50% of the initial amount of gold. The highlighted area in between
indicates that the range of possible SSA decreases for the bimodal
sample.

transport could be the result of the reducing radicals present in
the field of view, which are a stronger and more reactive
reducing agent than water. Reduction of the ionic gold
complex in the field of view might then be slightly easier than
outside of the field of view, resulting in a slightly lower gold
concentration in the field of view and therefore net diftusive
transport. It is however not possible to determine the exact
amount of gold coming into the field of view for the in situ
experiments with the bimodal sample.

However, when assuming that an amount of gold
comparable to that in the unimodal in situ experiments is
entering the field of view and also depositing on the large
particles during the bimodal experiment, the SSA decreases a
lot faster during the bimodal experiments and the fitted
Ostwald ripening rate constant is significantly higher. This is
illustrated by the shaded area in Figure 7, where it was
assumed that an additional amount of gold entered the field of
view ranging from 0 to 50% of the initial amount of gold. This
50% increase of gold represents the maximum increase found
for all except one of the in situ experiments with the unimodal
sample.

These results do however clearly show that the specific
surface area decreases significantly faster in the sample with
bimodal particle size distribution, despite the almost
nonexistent growth of most particles. This can be explained
by the fact that a very similar fraction (~33%) of particles
disappears in both samples but that in the bimodal sample,
gold mostly redeposits on the large particles, with a negligible
contribution to the overall SSA. In the unimodal sample, gold
redeposits on other small particles, which then still have a
significant SSA to which the redeposited gold can contribute.
Hence, almost no gold is incorporated in very large particles in
the unimodal sample, resulting in a significantly slower
decrease in SSA.

These observations also provide a good explanation for a
puzzling phenomenon often observed in catalytic experiments.
It is often seen that a catalyst with a few large clusters
deactivates faster than a similar catalyst without those clusters
as a result of a decreasing specific surface area. Surprisingly
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though, investigation of the deactivated catalyst usually shows
that the individual particles in the catalyst with the large
clusters have grown significantly less than in the other catalyst,
and one would expect this catalyst to have a higher specific
surface area and therefore a higher activity.’® If a significant
fraction of the particles disappears and the metal is
incorporated in very large clusters with a negligible SSA, the
overall SSA of the catalyst is significantly lower than when all
particles grow just a little bit, which results in faster catalyst
deactivation.

B CONCLUSIONS

In conclusion, the present work offers new fundamental
insights into the mechanism of Ostwald ripening of supported
metal nanoparticles in a liquid phase and highlights the power
of liquid-phase electron microscopy for investigating such
processes in situ. An Au/TiO, catalyst was used as a case study
and dissolved Cl” ions as sintering promoters. We found that
although the behavior of the ensemble of particles agrees well
with previous work in the literature and our ex situ results, the
nanoscale mechanisms differ significantly from expectations.
Particle dissolution was sudden and seemed a stochastic
process, while particle growth, that is, monomer attachment,
was slow and likely the rate-determining step for sintering in
this system. We also observed the existence of a significant
fraction of inert particles that neither grew nor shrank.
Furthermore, gold particle size has been shown to matter
significantly less than predicted in classical Ostwald ripening
models. Clearly, investigations of sintering processes at the
individual nanoparticle level opposed to nanoparticle ensemble
are instrumental for gaining new insights into the mechanisms
involved and improving predictive power of sintering models.
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