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Reaction-Driven Migration Dynamics of Nano-Metal
Particles Unraveled by Quantitative Electron Microscopies

Bing Zhao, Fan Zhang, Deyang Gao, Gang Meng, Hua Li,* Wei Liu, and Mao Ye*

The stability of supported nano-metal catalysts holds significant importance
in both scientific and economic practice, beyond the long pursuit of enhanced
activity. While previous efforts have concentrated on augmenting the
interaction between nano-metals and carriers, in the thermodynamic
macro-perspective, to achieve optimized repression upon particle migration
coalescence and Ostwald ripening, nevertheless, the microscale kinetics of
migrating catalyst particles driven by the reaction remains unknown. In this
work, the migration of nano-copper particles is investigated during hydrogen
oxidation reaction by utilizing high spatiotemporal resolution of
environmental transmission electron microscopy. It is shown that there exists
a delicate correlation between the migration dynamics of nano-copper
particles and the evolution of asymmetrically distributed Cu and Cu,O phases
over the particle surface. It is found that the interplay of reduction and
oxidation near the surface areas filled with Cu and Cu,O phases can facilitate
the pressure gradient, which drives the migration of nano-particles. A driving
force model is therefore established which is capable of qualitatively
explaining the influences of reaction conditions such as temperature and
hydrogen-to-oxygen ratio on the reaction-driven particle migration. This work
adds a potential yet critical perspective to understanding particle migration
and thus the nano-metal catalyst particle sintering in heterogeneous catalysis.

others.[l Metal catalysts, in particular the
nano-sized metal particles, are challenged
by the deactivation and active surface di-
minishment due to particle sintering at ele-
vated temperatures.>®) Understanding the
mechanisms underlying nano-metal par-
ticle sintering, however, remains a non-
trivial task for heterogeneous catalysis.[”?

So far two mechanisms underlying
nano-metal particle sintering, i.e., Ostwald
ripening (OR)!) and particle migration
and coalescence (PMC),' have been
identified. The OR mechanism is related
to the inter diffusion of metal atoms or
molecular species and attracts a wealth
of research.''"5] Meanwhile, the studies
on PMC are relatively scarce. It is found
that the primary approach for retarding the
migration of particles involves strength-
ening the interaction between metal and
corresponding carriers.'®l A variety of
sinter-resistant catalysts have been de-
veloped following various approaches.
Several strategies, such as strong metal

1. Introduction

Metal-supported catalysts play a pivotal role in the chemical
industry!!! facilitating the production of basic chemicals via a
wide variety of processes, such as naphtha reforming, water-gas
shifting,[2l methanation,3 ammonia synthesis, and among many
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support interactions (SMSI),It38] gspatial

confinement, and geometric shielding by

embedding nanoparticles within zeolite
channels, metal-organic frameworks, and encapsulating
nanoparticles in thin films, have been proposed in real practice.
However, the intrinsic reasons dominating the migration and
coalescence of metal particles, which directly trigger particle
sintering in the aforementioned approaches, have not been
fully understood. Research related to migration dynamics has
primarily focused on charge, metal ions, or grain boundaries.

A theoretical study by Hu et al. revealed that there is a crit-
ical inter-particle distance notably impeding the metal catalyst
sintering.””! They showed that the proper interaction strength
between metal and carriers is critical for leveraging the bal-
ance between the migration behavior of nano-metals and the
transformation of individual atoms, facilitating the synthesis of
high-performance catalysts.?%] Experimental studies, in partic-
ular in situ characterizations, have manifested that the metal
catalysts could undergo substantial changes during the reac-
tion process, and their shape, size, and velocity would change
markedly from their initial to final states.?!?2] Recently Huang
et al.l?’) found that nano-copper particles demonstrate the os-
cillatory motion in the redox reaction, which is closely rele-
vant to the mutual diffusion between Cu and Cu,O phases on
the particle surface.?! They proposed that the change in the

© 2024 Wiley-VCH GmbH
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surface structure of nano-metal particles might be induced by
the interaction between metal particles and chemical reaction
gases.[2-28] However, a detailed analysis of the driving force con-
trolling the motion and thus migration of nano-metal particles,
is still absent. Since Ruska’s groundbreaking utilization of en-
vironmental transmission electron microscopy (ETEM) to inves-
tigate gas-solid interactions,[?] in situ/operando TEM has been
commonly used in capturing and documenting catalyst particle
deformation,*! fragmentation, sintering,*!) and interactions in-
volving strong metal alloys(*?! and metal supports.[*}] Meanwhile,
in situ, TEM has played a crucial role in various research ar-
eas. For example, it has been instrumental in understanding the
applications of nanostructured materials in novel devices, 3¢
studying the growth dynamics of nanocrystals,?”*%! and explor-
ing the interactions between nanocrystals and other material
interfaces.3%! In these studies, in situ TEM demonstrates its pow-
erful real-time imaging capabilities at the atomic scale, both spa-
tially and temporally. In this work we used ETEM to study the
migration dynamics of nano-copper particles under hydrogen ox-
idation reaction, intending to directly unveil the driving force
for the migration of nano-metal particles in heterogeneous cat-
alytic processes. It is shown that the high spatio-temporal re-
solved migration behaviors of metal nanoparticles can be tracked
using in situ ETEM and a driving force model can be established
to illustrate the intricate interplay between migration dynamics
and reaction-driven micro-structure evolution in heterogeneous
catalysis.

2. Results and Discussion

2.1. Particle Migration Analysis and Driving Force Model
Development

The morphological and surface phase changes of nano-copper
particles during hydrogen oxidation have been examined with
High-Resolution Transmission Electron Microscopy (HRTEM)
(Figure 1). Three characteristic crystal planes, that is Cu (200),
Cu (111), and Cu,O (220), are revealed, confirming the coexis-
tence of both metal and oxide phases on the surface of individ-
ual migrating particles (Figures 1b—d). Distribution of Cu and
Cu, O phases can be obtained through inverse fast Fourier trans-
form (IFFT) about the diffraction spots of these two phases. The
typical distribution of Cu and Cu,O phases on the surface of
catalytic particles, as illustrated in Figures le-h, coincides with
the results reported by Huang et al.[2)] Asymmetric distribution
is present even before the particles begin to migrate. During
the catalytic reaction, an uneven distribution of Cu and Cu,O
phases gradually forms on the surface of the Cu particles (Figures
Slc—e, Supporting Information), implying that there might be
an intrinsic correlation between the asymmetric distribution of
Cu and Cu,O and the particle migration. As the chemical re-
action proceeds, this uneven distribution would lead to non-
uniform gas pressure on the particle surface. We define the un-
even distribution of Cu and Cu,O as shown in Figure 1h, or the
concentrated distribution of Cu and Cu,O on opposite sides of
the particle surface along the migration direction as shown in
Figure 1i, as the asymmetric distribution. A distinctive trend,
as observed, is that Cu tends to accumulate along the particle
migration direction accompanied by a reduction of Cu,O dur-
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ing the migration process (Figure 1i; Figure S1b, Supporting
Information).

To further unveil the underlying physics, we focus on the
micro-scale analysis of the reactions near the surface, as shown
in Figure 1j. As can be seen, two main reactions will occur. One
is the oxidation reaction which will occur near the surface of the
nanoparticles filled with the Cu phase:

k
4Cu + 0,(g) = 2Cu,0 1)

Another is the reduction reaction of Cu,O that will take place
near the surface filled with Cu,O phase:

k
Cu,0+ H,(g) = 2Cu + H,0(g) @)

Note that the oxidation reaction shown in Equation (1) is a typ-
ical gas molar number reduction reaction, which results in the
change of gas pressure from P, to P,. Meanwhile, the reduction
reaction shown in Equation (2) is a constant gas molar number
reaction, and thus the gas pressure P, will remain unchanged.
The asymmetric distribution of Cu and Cu,O on the surface
of the nanoparticle, therefore, will lead to the pressure gradient
around the nanoparticle. The force imposed on the nanoparticle
can be represented as the integration of gas pressure over the en-
tire particle surface (see Equation (3)):

F:—/Pﬁds (3)

This driving force appears as soon as the reaction starts, which
will induce the migration of nanoparticles. Further, we can re-
formulate the driving force (see Equation (4)) based on a detailed
analysis (see the Supporting Information), which can distinctly
elucidate the factors influencing the driving force during the par-
ticle migration.

At .
/ Fdt = ~RTA#k,T;, [ Tc, ndS (4)
0

These factors include the reaction temperature T, the reac-
tion rate constant k,, the concentration of oxygen cy,, and the
concentration of Cu phase c,. Equation (4) shows that the driv-
ing force and thus the migration velocity of copper nanoparti-
cles, is closely linked to the consumption rate of oxygen y,,. We
further assumed that, at the equilibrium state, the consumption
rate of O, equals that of H,. Any hindrances of either the oxi-
dation or reduction reaction will lead to the change of driving
force and result in the fluctuation of the migration motion of
nanoparticles.

2.2. Statistics of the Fractions of Cu and Cu,O Phases on
Nano-Particle Surface

During particle migration, both oxidation and reduction reac-
tions occur and compete. This will lead to the continuous change
of both the metal and oxidate phases over the surface of nanopar-
ticles throughout the reaction process. We examined the evolu-
tion of phase distribution over multiple particles during the reac-
tion process using selected area electron diffraction (SAED).[40#1]
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Figure 1. Micro-structure and phase evolution on the surface of migrating Cu particles. a—d) TEM images of a nano-copper particle and enlarged HRTEM
images from the regions indicated by the red and green dashed rectangles. e-h) The phase distribution of Cu (green) and Cu,O (red) on a catalytic
particle obtained through inverse fast Fourier transform (IFFT) analysis. i) Dynamic evolved elemental mapping of a migrating Cu particle. j) Images

depicting the mechanism of the particle migration.

Figure 2a,b display the SAED images for hydrogen-to-oxygen ra-
tios, H,/0,, of 6/1 and 2/1, respectively, in which each diffrac-
tion ring corresponds to a specific crystal plane. It is shown
that, under H,/O, = 6/1, there exist five distinct crystal planes:
Cu,0 (111), Cu,0 (220), Cu (111), Cu (200), and Cu (220). When
H, /O, decreases to 2/1, the diffraction ring of Cu (200) disap-
pears (as in Figure 2b) and the intensity of Cu (111) decreases.
This suggests that the fraction of Cu will reduce greatly as hy-
drogen decreases in the reactants. Figure S8 (Supporting Infor-
mation) illustrates the differences in diffraction peak intensi-
ties of different crystal facets under various H,/O,. As the hy-
drogen content in the reaction system increases, the diffraction
intensity of the Cu crystal facets rises, while the diffraction in-
tensity of the Cu,O crystal facets decreases. This observation
supports the general conclusion that hydrogen facilitates the re-
duction of oxides. Consequently, we have confirmed the iden-
tification of crystal facets associated with different diffraction
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peaks and validated that the SAED method is effective for phase
differentiation.

As shown in Supporting Videos, most of the copper nanopar-
ticles remain static under H,/O, = 2/1. As H,/O, increases to
6/1, the migration of copper nanoparticles becomes more pro-
nounced. Hence, we first investigated the evolution of phase dis-
tribution on the surface of copper nanoparticles under reaction
temperature T = 500 °C and H,/O, = 6/1. Figure 2d illustrates
that the intensity of different diffraction peaks varies periodi-
cally over the reaction time, indicating a continuous competition
and oscillation between oxidation and reduction reactions. This
oscillation between the two reactions leads to the ongoing con-
version between Cu and Cu,O, which is the main cause of the
sustained driving force. As depicted in Figures 2¢,d, and Figure
S2 (Supporting Information), we can quantify the phase distri-
bution over the copper nanoparticles surface during the migra-
tion process via a radial profile of the diffraction patterns. The
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Figure 2. a,b) SAED images for H,/O, = 6/1 and H,/O, = 2/1. ¢,d) In situ SAED images and corresponding radial profiles during the redox reaction
with T=500 °C and H,/O, = 6/1. e) Fraction of Cu phase during the redox reaction with T =500 °C and H,/O, = 6/1.

intensity of peaks associated with different crystal planes varies
during the reaction. Of note, identical TEM imaging conditions
were retained throughout the entire in situ experiment, which
guaranteed the consistent background signals contributed by the
electron scattering of amorphous SiNx membranes of reaction
cells and therefore the reliability of phase quantification. Addi-
tionally, given that the number of particles within the field of
view is sufficiently large and the volume of Cu nanoparticles is
relatively small, we can safely disregard the oscillation effect of
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diffraction. The intensity of the diffraction peak corresponding
to Cu or Cu,O can be regarded as proportional to their respec-
tive volumes. We defined the fraction of the Cu phase on the
surface of nanoparticles by dividing the sum of the intensities
of Cu (111), Cu (200) peaks by the sum of the intensities of Cu,O
(111), Cu (111), and Cu (200) peaks, considering that these three
peaks have remarkable changes during the reaction. Figure 2e
shows that the fraction of the Cu phase oscillates during the reac-
tion which is consistent as shown in Figure 2d, implying that the
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Figure 3. a) A typical TEM image of nano-copper particles utilized for image recognition. b) The velocity distribution of migrating nanoparticles at

various temperatures with H,/O, = 6/1 (by counting ~6000 particles). The distribution of migrating nanoparticles within a velocity of 10 to 40 nm s~

is illustrated in the embedded graph. c) Radial profiles of SAED patterns at
nanoparticles exceeding 10 nm s~! and the average fraction of Cu phase on

migration of copper nanoparticles is closely related to the com-
petition between oxidation and reduction reaction. In detail, the
fraction of the Cu phase oscillates ~0.6, reflecting that there ex-
ists a long-term equilibrium of oxidation and reduction reaction
though at a specific instance, the consumption rates of H, and
0O, may not be exactly balanced.

Nevertheless, the driving force model could allow us to qual-
itatively estimate the magnitude of the driving force acting on
the copper nanoparticle during the migration once we obtained
quantitative data on the fraction of the Cu phase on the nanopar-
ticle surface.

2.3. Effects of Reaction Temperature on the Driving Force

To further understand the interplay between the reaction and the
migration of copper nanoparticles, we conducted experiments at
varying temperatures with fixed H, /O, of 6/1. We first visualized
the motion of copper nanoparticles via TEM images (see Videos
S1-S5, Supporting Information). Using image recognition tech-
nology, we obtained the migration rates of particles from succes-
sive TEM images with a time step of 0.04 s. Subsequently, we clas-
sified the normalized migration velocities!*?! of #6000 nanoparti-
cles for different time intervals, and obtained velocity distribution
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1

t = 1s under various temperatures. d) The fraction of migrating velocity of
the nanoparticles under various temperatures.

as shown in Figure 3b. Additionally, Figure S3 (Supporting Infor-
mation) shows the distribution of particle migration velocities at
different temperatures. From Figure 3b and Figure S3 (Support-
ing Information), it is evident that at T = 500 °C, the fraction of
particles within higher migration velocity becomes larger. We fur-
ther analyzed the total fraction of particles with velocities higher
than 10 nm s~! (Figure 3d), which shows a trend of initial in-
crease followed by a subsequent decrease, passing a maximum,
as temperature increases.

The driving force model, as will be shown in the following,
can be used to explain the observed trend of copper nanoparticle
migration velocity with varying temperatures. Note that the reac-
tion temperature will influence the driving force via k; and c,,
we simplified the proposed driving force model as:

FAt~ AP P, kg, (5)

The oxidation reaction of Cu involves four complex steps:
the adsorption and desorption of oxygen, the breaking of O—O
bonds, and the formation of Cu—O bonds. Since the step con-
cerning the bond breaking is endothermic and meanwhile the
step involving the bond formation is essentially exothermic, the
effect of temperature on k, can be considered negligible.

© 2024 Wiley-VCH GmbH
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Figure 4. a) Distribution of migrating velocity of nanoparticles for various H, /O, at T= 500 °C. The distribution of the migrating velocity of nanoparticles
of 10 to 40 nm s™' is illustrated in the embedded graph. b) Radial profiles of SAED patterns at t = 1s under various H,/O,. c) The evolution of the
fraction of Cu phase under various H,/O,. d) The fraction of migrating velocity of nanoparticles exceeding 10 nm s~ and the average fraction of Cu

phase on the nanoparticles under various H,/O,.

We qualitatively compared the fraction of Cu phase on the
surface of nanoparticles at different temperatures by use of the
SAED patterns depicted in Figure 2. Figure 3c and Figure S4
(Supporting Information) illustrate the radial profiles of SAED
patterns for different temperatures. From Figure 3c we observed
that, as the temperature increases, the peak intensities corre-
sponding to both Cu (111) and Cu (200) increase, and meanwhile
the peak intensity corresponding to Cu,O (111) decreases. As in-
dicated by the Arrhenius equation, differences in activation ener-
gies result in different rates of change in reaction rate constants
with temperature. Therefore, the contrasting trends observed in
the two phases with temperature are attributable to the differ-
ences in activation energies between the oxidation and reduction
reactions. Note that the peak intensity is closely related to the cor-
responding fractions of Cu phase on the surface of nanoparticles,
in Figures S5,S6 (Supporting Information) we showed the frac-
tion of Cu phase for different temperatures. In Figure 3d the av-
erage fraction of Cu phase within 0-3 s for each reaction tem-
perature (Figure 3d) is also depicted. As can be seen, the fraction
of the Cu phase reaches its maximum at T = 500 °C. Based on
Equation (5), we can argue that there are consistent trends be-
tween the fractions of the Cu phase and the migration velocities
of nanoparticles with a varying temperature. This also demon-
strates that the driving force is directly relevant to the fraction of
the Cu phase on the surface of the nanoparticle.
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2.4. Effects of H, /O, on the Driving Force

In the realm of the catalytic system, the gas composition ex-
erts a pronounced influence on the redox reaction. Practically,
we can manipulate the gas composition by adjusting the hydro-
gen or oxygen inlet flow rates. We established an environment
comprising 80% helium and 20% reaction gases and regulated
the gas composition within the system by modulating the flow
rates of hydrogen and oxygen. We acquired a series of TEM im-
ages of copper nanoparticles under various H,/O,. By use of an
image recognition algorithm, we tracked the migration trajec-
tories of each particle and obtained migration velocities. Figure
S7 (Supporting Information) illustrates the histogram of particle
migration velocity, which reaches the maximum at H,/O, = 6/1
(Figure 4a). We further conducted a statistical analysis to deter-
mine the fraction of migration velocity of nanoparticles exceed-
ing 10 nm s7! under different H,/O, (Figure 4d). It shows that
the migration velocity initially increases and then decreases as
H, /O, increases.

We further utilized the model to qualitatively understand the
effect of H, /O, on driving force. It shows that the driving force
model can be rewritten as:

F At~ RTAPk, Ty o0, (©6)
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We compared the radial profiles of SAED patterns under dif-
ferent H,/0O,, as depicted in Figures S8 (Supporting Information)
and Figure 4b. As discussed above, the sum of the intensity of Cu
(111) and Cu (200) is proportional to the fraction of Cu phase on
the nanoparticles. The fraction of the Cu phase under different
H, /O, is illustrated in Figure S9 (Supporting Information) and
Figure 4c. In Figure 4d, we showed the fraction of Cu phase av-
eraged over 0-3 s for different H,/O,. We meanwhile collected
the partial pressures of oxygen under different H,/O, which are
also presented in Figure 4d. It demonstrates that, as H, /O, in-
creases, the fraction of the Cu phase on the nanoparticle surface
increases. This can be attributed to the enhanced reduction of
the Cu,O phase in a hydrogen-rich atmosphere. The faction of
Cu phase, ¢, and the concentration of oxygen, cn,, which influ-
ence the driving force as determined through our model analy-
sis, respectively exhibit a monotonic increase and a monotonic
decrease with the increase of H,/O,. Concurrently, experimental
measurements of migration velocity show a trend of initially in-
creasing and then decreasing with a peak at H,/O, = 6/1. The
trend is related to the dynamic balance between oxidation and
reduction reactions. Specifically, we noted that since oxidation
and reduction reactions are in dynamic equilibrium, any limita-
tion on either reaction will impact the overall catalytic process. At
lower H, /O, with excessive c,, the reduction reaction of Cu,0
will be hindered. At high H, /O, and large concentrations of hy-
drogen, c, is substantial, but the oxidation rate of Cu is low due
to the limited oxygen concentration. As the H, /O, increases, the
previously limited reduction reaction gradually regains effective-
ness, and thus the oscillation between oxidation and reduction
reactions intensifies, leading to an increase in the driving force of
particle migration. However, with further increases in the H, /O,,
the oxidation reaction becomes progressively constrained, lead-
ing to a lengthening of the oscillation cycle between oxidation and
reduction reactions, and a corresponding decrease in the force
driving particle migration. As a result, a maximal migration ve-
locity could be reached. The competition between hydrogen and
oxygen ratio would constrain the overall catalytic reaction. Sup-
pose the partial pressure of oxygen increases, which would lead
to a change in gas composition (i.e., the H,/0,), the migration ve-
locity is expected to first decrease and then increase. If the H, /O,
remains constant while the total pressure of the reaction system
continues to increase, the driving force will also increase due to
the corresponding rise in ¢y, RT. In this study, we did not analyze
additional influencing parameters. By analyzing the peak driving
force, we can identify the conditions under which the catalytic
reaction is most intense. This allows us to adjust particle mi-
gration velocities by controlling the chemical environment, pro-
viding an effective approach to regulating the sintering of metal
nanoparticles.

3. Conclusion

In this study, we systematically investigated the migration dy-
namics of nano-copper particles during redox reactions through
in situ HRTEM methodology. Realtime high-resolution evidence
shows that the asymmetric distribution of Cu and Cu,O phases
on the surface of migrating nano-copper particles during catalytic
reactions, resulting from the competition between oxidation and
reduction reaction rates, is closely related to nanoparticle migra-
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tion. Specifically, the reduction and oxidation near the surface ar-
eas filled with, respectively, Cu and Cu,O phases, could facilitate
the pressure gradient around the particle which drives the migra-
tion of nano-particles.

A close analysis of the interplay between chemical reactions
and particle migration velocities suggests that a driving force
model for particle migration, which relates the migration veloc-
ity directly to the rate constants of chemical reactions k,, reaction
temperature T, average oxygen concentration cg,, and the con-
centration of copper ¢, can be established and used to qualita-
tively compare the magnitude of the driving force under different
reaction conditions.

We further examined the particle migration under various
temperatures and hydrogen-to-oxygen ratio H, /O,. We observed
that, by increasing temperature from 400 to 600 °C, the migra-
tion velocity first increases and then decreases, reaching a max-
imum at a temperature of 500 °C. A similar maximum migra-
tion velocity was also found at the H,/O, = 6/1 when H,/O,
changes from 2/1 to 10/1. By using the model, we could under-
stand the trend of the driving force with increasing temperature
and H,/0O,. This shows that the model can qualitatively capture
the physics of driving forces and thus migration under different
reaction conditions. We expect this work can add a potential yet
critical perspective to understand particle migration and thus the
nano-metal catalyst particle sintering in heterogeneous catalysis.
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