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Surface topology of MXene flakes induces the
selection of the sintering mechanism for supported
Pt nanoparticlesy
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Sintering of metal nanocatalysts leading to particle growth and subsequent performance deactivation is
a primary issue that hinders their practical applications. While metal-support interaction (MSI) is
considered as the critical factor which influences the sintering behavior, the underlying microscopic
mechanism and kinetics remain incompletely understood. Here, by using in situ scanning transmission
electron microscopy (STEM) and theoretical analysis, we reveal the selection rule of the sintering
mechanism for Pt nanoparticles on a two-dimensional (2D) MXene (TizC,T,) support, which relies on the
surface topology of MXene flakes. It is demonstrated that the sintering of Pt nanoparticles proceeds via
Ostwald ripening (OR) in the surface defect (such as steps and pore edges) regions of MXene flakes due

to strong MSI on the Pt/MXene interface; conversely, weak MSI between Pt nanoparticles and the planar
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Accepted 11th August 2024 surface of MXene leads to prevalent particle migration and coalescence (PMC) for sintering. Furthermore,

our quantitative analysis shows a significant divergence in sintering rates for PMC and OR processes.
These microscopic observations suggest a clear “sintering mechanism—-MSI" relationship for Pt/MXene
nanocatalysts and may shed light on the design of novel nanocatalysts.
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Introduction

Modern heterogeneous catalysts are generally noble metal (Pt,
Au, Pd, etc.) nanoparticles (NPs), or even single atoms, deco-
rated on high-surface-area supporting materials (oxides,
nitrides, carbon materials, etc.), which have found their wide
applications in chemical production, energy transition, phar-
maceuticals, and waste treatment.'® Ideally, these catalytic NPs
are supposed to maintain their size and dispersity under reac-
tive (i.e., thermal, chemical, etc.) conditions; however, sintering
of metal NPs (small NPs agglomerate into large ones) always
occurs on supports in practical catalytic scenarios, which
reduces the nanocatalysts' active sites together with their cata-
lytic performance.'®** To alleviate this sintering issue of nano-
catalysts, it is thus rather essential to microscopically extract the
mechanisms and kinetics underlying it; after decades of
investigation, it is widely accepted that sintering of metal NPs
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proceeds via either diffusion of metal atoms and/or molecules
(Ostwald ripening, OR) or particle migration and coalescence
(PMC) on supports.’**° For example, Helveg et al. have provided
in situ evidence for the OR of Pt NPs supported on Al,03;'® Asoro
et al. have reported the process of coalescence and sintering for
Pt NPs supported on high-surface-area carbon materials by
using in situ aberration-corrected scanning transmission elec-
tron microscopy (STEM).*

Furthermore, it is worth noting that supports are not totally
inert and their interaction with metal NPs (i.e., metal-support
interaction, MSI) plays a significant role in the sintering
process.**** Scientists have long realized that MSI engineering
can tune the stability of supported catalysts, despite the
underlying mechanism remaining mostly unknown. Lin et al.
have engineered the MSI between Ni and the ceria support,
which presented an appreciably higher (2-3 fold) catalytic
activity in CO, methanation with high selectivity and stability;**
Xin et al. have shown the excellent catalytic activity and long-
term stability of the Ru-MoO; catalyst in selective CO, hydro-
genation to CO through constructing strong MSI.** Recently, the
kinetic simulations by Hu and Li have finally bridged the
aforementioned OR/PMC sintering dynamics to this funda-
mental effect of MSI;*® the authors suggest that a strong/weak
MSI is respectively correlated with the OR/PMC behavior of
nanocatalysts, which should be of remarkable guidance for the
design of ultrastable nanocatalysts. Subsequently, the judicious
choice of supporting materials is adopted as an effective handle
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to tune the MSI for anti-sintering catalysts (which is now
popularized as “chemical confinement”).””**> However, the
search for a suitable support for each kind of metal NPs toward
a wide range of chemical reactions is, indeed, technically
complex and time-consuming. In this context, another inter-
esting question arises: is there any other approach to control
MSI rather than make attempts of different supports?

Pioneering studies have suggested that surface defects and
functional groups on supports are beneficial for stabilizing the
catalytic NPs against sintering. As a supporting material, defect-
rich carbon was found beneficial in promoting the dispersion of
Ni NPs, reducing the Ni particle size, and affecting the surface
charge state of Ni to form electron-deficient Ni, leading to
outstanding catalytic activity from MOF-derived Ni@C cata-
lysts.*® Electronegative terminations on the Ti;C,T, MXene
surface were also found to induce strong MSI with the Pd
catalyst, which consequently improved the chemical stability of
Pd and favorably influenced the surface electronic structure.®*
However, fundamental knowledge concerning the relationship
between these surface defects and anti-sintering mechanisms is
elusive for the community until now.

Recently, in situ (scanning) transmission electron microscopy,
(S)TEM, due to its ultra-high spatiotemporal resolution and its
ability to simulate the working environments, has been proven to
be a versatile tool for observing nanoscale dynamics on catalysts
and other nanomaterials.*** Herein, by designing in situ STEM
experiments, we reveal the selective sintering mechanism of Pt
particles induced by the surface topology of MXene flakes (as the
supporting material). Of note, two-dimensional MXene materials,
with their unique electronic structure, excellent -electrical
conductivity, abundant surface terminations and structural flexi-
bility, are emerged as a new family of supporting materials for
catalytic NPs in recent studies.”* And more importantly,
compared to normal two-dimensional supports with a smooth
surface (such as graphene), the surface of MXene is generally
enriched with steps and other defects during the preparation and
exfoliation,”*® which acts as an excellent platform as a supporting
material in this study. Consequently, the sintering behaviors of Pt
NPs on the MXene surface have been directly observed and
quantitatively analyzed by in situ STEM, in which we identify that
surface steps (or pore edges) and planar regions of MXene flakes
are responsible for different sintering mechanisms of supported
Pt NPs. Specifically, surface steps on MXene have strong MSI with
Pt NPs and then lead to the OR process of NPs, whereas Pt NPs
supported on planar MXene experience a typical PMC process due
to their relatively weak MSI. Furthermore, our experimental results
also suggest the distinct kinetics for these two processes. Our
findings regarding such complex sintering dynamics on a single
support provide a step forward in understanding the sintering
mechanisms and kinetics of supported metal NPs and may shed
light on the design of novel ultrastable MXene-based catalysts.

Results and discussion
Experimental design

To trace the atomic-scale sintering dynamics of Pt NPs on
MXene flakes in a heating environment, it is essential to
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guarantee the clean interface across Pt/MXene. Therefore, the
experimental protocol was designed as shown in Fig. 1a. Briefly,
MXene flakes were first dispersed on a heating E-chip specimen
support, which was then treated by Ar'/O*>~ bombardment
(Fig. S11 compares the STEM images of MXene flakes before
and after the plasma treatment, showing no considerable
change throughout the process)* before the dispersion of the
(NH3),Pt(NO3), precursor (see Methods for details); the
precursor would later be decomposed into Pt NPs under mild
conditions® and hence in situ produce Pt/MXene interfaces.
Prior to the in situ experiment, we have systematically examined
MXene flakes and Pt/MXene interfaces with aberration-
corrected STEM. The morphology of a random MXene flake is
shown in Fig. 1b (TEM images of more MXene flakes are also
provided in Fig. S27), which is clearly seen to be enriched with
surface defects and zigzag edges as reported elsewhere.*"*
Fig. 1c shows the HAADF (i.e., high-angle annular dark-field)
STEM image of a representative MXene flake with 0.15 nm
interplanar distances, also suggesting the existence of surface
atomic steps (highlighted by green lines) and pores (marked by
yellow and red boxes) on it. High-magnification views of the
pore/edge structures of MXene are further shown in Fig. 1d. The
selected-area electron diffraction (SAED) pattern of an isolated
MXene flake in Fig. le corresponds to its [001] zone axis,
revealing its monocrystalline nature.

Subsequently, an aberration-corrected STEM image for the
Pt/MXene interface was captured (Fig. 1f), displaying a uniform
dispersion of Pt NPs (the white particulates in the image) on the
MXene surface (the Pt formation from (NH;),Pt(NO;), is
attributed to the irradiation of the high-energy electron beam®?).
The bottom-right inset in Fig. 1f shows a detailed view of
a typical Pt particle (approximately 1 nm in size) supported on
MXene, close to those structures of Pt catalysts in previous
reports.>*** Notably, the steps/edges on MXene flakes are prac-
tically more complex than one-dimensional atomic columns,
and therefore the Pt NPs can be dispersed over the defective
regions. It should be further noted that upon loading of high-
density Pt NPs on their surface, the steps/pores can still be
identified during observation (as shown in Fig. S371); this is of
key importance for the following in situ experiments.

The elemental maps for Ti and Pt together with the HAADF
STEM image for the Pt/MXene interface are provided in Fig. 1g,
indicating the dense and synchronous distribution of Pt NPs on
MXene flakes. Moreover, the electron energy loss spectra (EELS)
for the Pt/MXene interface in selected energy regions are shown
in Fig. 1h (at room temperature and after heating to 500 °C).
The weakening of the O-K edge after heating to 500 °C reveals
the removal of T, groups from Ti;C,T, structures;* the emerged
Pt-M; edge at ~2200 eV in the right panel of Fig. 1h is a sign
for the formation of larger Pt NPs after heating to 500 °C (at
room temperature, there are almost no peaks can be observed
due to the small Pt particle size). Based on the above charac-
terization, the Pt/MXene structure is suitable for in situ obser-
vation of sintering behaviors of Pt NPs on the MXene support
(the schematic illustration for sintering of Pt NPs is shown in
Fig. 1i).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Design and characterization of the Pt/MXene interface. (a) Schematic design of the in situ STEM experiment. (b) Typical low-magnification
HADDF STEM image of a random MXene flake. (c) Magnified HAADF STEM image of a MXene flake, showing the existence of steps (marked by
green lines) and pore edges (marked by yellow and red boxes) at the surface. Top and bottom panels in (d) show high-magnification views of the
pore edge and boundary in (c), respectively. (e) SAED pattern of a MXene flake, showing its single-crystalline nature. (f) HAADF STEM image for Pt
NPs supported on MXene flakes. The bottom-right inset in (f) shows a detailed view of a Pt NP on the MXene surface. (g) EDS elemental maps for
Tiand Pt of an isolated Pt/MXene flake. (h) EELS spectra taken from a Pt/MXene flake before and after heating to 500 °C for the N-K, O-K, Ti-L, 3

and Pt—Ms edges. (i) Schematic illustration for the formation of Pt NPs on MXene flakes via heating.

Sintering dynamics of Pt NPs on MXene flakes

In order to observe the sintering dynamics of Pt NPs on the
MXene support, we heated the Pt/MXene sample from room
temperature to 800 °C inside a TEM and in situ monitored its
temperature-dependent structural behaviors. As shown in
Fig. 2a-h, the temperature-dependent in situ STEM images
suggest that the precipitation and growth of Pt NPs on MXene
flakes occurred with rising temperatures. It is noted that Pt NPs
emerged at both the planar surface and surface step sites of
MXene flakes throughout the experiment. And after heating to
800 °C, the TEM image of Pt/MXene shows a uniform distri-
bution of Pt NPs (see Fig. S4af) with good crystallinity (see
Fig. S4b and cfT for the lattice-resolved HRTEM images and their
corresponding fast Fourier transform (FFT) patterns).””

© 2024 The Author(s). Published by the Royal Society of Chemistry

To quantitatively understand the sintering behaviors of Pt
NPs on the MXene support, we analyzed the visible number and
average size of Pt NPs as a function of annealing temperature.
As shown in Fig. 2i, the particle number-temperature profile
shows the change of the number of Pt NPs on the MXene flake.
One can clearly see that the number of Pt NPs increased before
400 °C , and then dropped in the region of 400-800 °C. In
combination with the synchronized size-temperature profile of
Pt NPs (Fig. 2j), it is apparent that the sintering process of Pt
NPs on the MXene surface can be divided into two stages (as
schematically shown in Fig. 2k). The first stage of number/size
increasing before 400 °C (Stage I) is simply the precipitation
of Pt NPs, and the average particle size reached about 1.1 nm at
400 °C. Subsequently, the average size of Pt NPs further
increased to about 1.7 nm while the total number decreased to

Chem. Sci., 2024, 15, 1452114530 | 14523
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Fig. 2 Annealing behavior for Pt NPs on MXene. (a—h) In situ STEM image series showing the structural evolution of Pt NPs on a MXene flake
against rising temperature. The pore edge and surface step in (a—h) are highlighted by green and yellow dotted lines, respectively. Scale bar in (a)
also applies to (b—h). (i) Number of particles as a function of heating temperature for (a—h). (j) Average size of Pt NPs as a function of heating
temperature across (a—h). (k) Schematic illustration on the thermal-induced dynamics for supported Pt NPs.

52.3% of the peak value (Stage II), which is a sintering process
for NPs. Note that this maximum size is still within the
empirical particle size range as high-performance nanocatalysts
(<3 nm),*® implying a limited sintering effect in this system. Two
possible reasons are responsible for such a phenomenon: the
crucial one is the uniform size distribution of Pt NPs, which has
been considered as an effective strategy for achieving sinter
resistance;*® another noteworthy factor is the much stronger
MSI at the Pt/MXene interface than those of other traditional
supported catalysts (such as graphene-based systems, see
discussion below).®® One can also notice that the particle size
tended to stabilize at 300-500 °C in Fig. 2j, which can be
regarded as another sign for the transition of the above two
stages. Moreover, the particle size distribution of Pt NPs at key
temperature points has been documented to serve as an indi-
cator to identify the sintering behavior, as shown in Fig. S5,
corresponding to the two stages above. Additionally, to inves-
tigate the effect of electron beam irradiation on our in situ
experiment (which is always a serious issue in TEM observa-
tions),***> a3 series of STEM images in Fig. S61 were captured,
showing the evolution of Pt NPs on the MXene support without

14524 | Chem. Sci,, 2024, 15, 14521-14530

continuous beam irradiation; briefly, these NPs displayed
similar sintering patterns with rising temperature to those of
Fig. S5, suggesting negligible beam effect in this heating
experiment (and therefore the sintering dynamics is the
intrinsic behavior for Pt/MXene upon controlled heating).

Selection rule for the sintering mechanism of Pt NPs on
MXene flakes

Particularly, we have further compared the number of Pt NPs on
the planar surface and the steps/edges of MXene flakes during
their sintering process and found an interesting surface
topology-dependent sintering behavior. As shown in Fig. S7,7
the density of NPs was almost the same on the planar surface
and steps/edges of MXene at the beginning of sintering (400 °C),
indicating an initially uniform particle distribution on MXene
flakes. However, after heating at 800 °C, the Pt NPs on the
planar surface of MXene underwent severe sintering (sintering
ratio 53.5%). In contrast, the sintering ratio of Pt NPs on the
steps/edges was only 35.7%, which is remarkably lower than
that on the planar surface. The quantitative analysis on the
change of particle number with heating temperature again

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prompted faster sintering for Pt NPs on planar regions rather
than those on steps/edges (Fig. S7ct), which directly inspired us
to perform systematic investigation toward the mechanistic
processes on these specific sites.

To understand the sintering mechanism of Pt NPs on the
planar surface and steps/edges of the MXene support, we
further observed the atomic-scale sintering behaviors of Pt NPs
against annealing by in situ STEM. As shown in the sequential
high-resolution STEM images in Fig. 3a, the directional
migration for a pair of neighboring Pt NPs on the planar surface
of a MXene flake was observed at 600 °C (as indicated by the
pink circles), and eventually these two particles merged into
a single one; the whole process took approximately 20 min. It is
important to mention that we have repeatedly observed these
coalescence events on the planar surface of MXene flakes, even
upon heating to higher temperatures (see Fig. 3b and c for two
more events at 700 and 800 °C, respectively). Undoubtedly, this
kind of behavior is consistent with the concept of PMC as
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reported previously.” In stark contrast to the observations
above, we have further noticed another kind of sintering
behavior in which one NP grew up at the expense of another
nearby NP while their positions remained almost unchanged
(refer to Fig. 3d-f, as marked by blue circles at different
temperatures); this phenomenon is, indeed, the typical OR
mechanism. And of special attention, these Pt NPs that expe-
rienced the OR process were all supported on the steps/edges of
the MXene surface.

Furthermore, we have recorded a sequence of STEM images
in Fig. S81 to comparatively show these surface topology-
dependent sintering mechanisms at the Pt/MXene interfaces.
As indicated, two pairs of Pt NPs experienced overt PMC in the
planar region whereas another two groups of Pt NPs underwent
clear OR on the step edge of MXene during their sintering.
Across our repeated observations, no exceptional case has been
found; in alternative words, Pt NPs in the planar regions of
MXene sinter via the PMC mechanism whereas those on the
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Fig. 3 Atomic-scale sintering dynamics for Pt NPs on MXene flakes. (a—c) Three independent STEM image series showing the PMC dynamics of
Pt NPs on the planar surface of a MXene flake at (a) 600 °C (b) 700 °C and (c) 800 °C. (d—f) Three independent STEM image series showing the OR
process of Pt NPs on the steps/edges of a MXene flake at (d) 600 °C, (e) 700 °C and (f) 800 °C. (g) Schematic of the PMC and OR mechanisms
during sintering of Pt NPs affected by the surface topology of MXene flakes. (h) Plot showing the changing distance for the corresponding Pt NPs
during PMC in (a—c) as a function of time. (i) Plot showing the changing contrast ratio for the corresponding Pt NPs during OR in (d-f) as

a function of time.
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steps/edges of MXene sinter via the OR pathway. On the planar
surface of MXene flakes, the migration of Pt NPs dominates the
sintering, which results in PMC processes as well as the rapid
degradation of the nanocatalyst; yet the sintering of Pt NPs on
the steps/edges of MXene flakes mainly concerns the diffusion
of Pt atoms by either the solid-phase or gas-phase, leading to the
occurrence of OR processes. Therefore, the two kinds of
mechanisms jointly contributed to the size increase in Stage II
of Fig. 2j. In this context, the selection rule for the sintering
mechanism of Pt NPs on MXene flakes has been revealed (refer
to Fig. 3g).

One may also notice that as the temperature increases
(Fig. 3a-f), the time required for both PMC and OR processes of
Pt NPs was substantially reduced, which is because that high
temperature provides additional energy for particle migration
and/or atom diffusion of Pt NPs. And we have also found that
the PMC processes of Pt NPs are significantly faster than the OR
processes at the same temperature, which can be simply
explained by the distinct migrating media; one is NPs (in PMC)
while the other is single atoms (in OR). To explore the thorough
sintering kinetics of Pt NPs on MXene flakes, we quantitatively
analyzed the corresponding sintering behaviors in the afore-
mentioned two cases. For the PMC process, the sintering rate
here is qualitatively described as the change of distances
between two nearby Pt particles over time; the distance vs. time
profiles for three pairs of Pt NPs on the planar MXene surface at
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different temperatures are shown in Fig. 3h (the sintering rate
corresponds to the slope of the profile at every point). We found
that the slope gradually increased over time, meaning that the
rate of PMC is gradually accelerated during the sintering of two
NPs. As the distance between two NPs decreases, the van der
Waals attraction across them increases, bringing about the
increasing sintering rate for PMC.* As for the OR process, the
sintering rate here is qualitatively described as the contrast ratio
of two NPs (as OR proceeds, one NP in a pair would get smaller
while the other would get larger; accordingly, the contrast for
the former would get darker and the later would get brighter in
a STEM image), as shown in Fig. 3i (similarly, the sintering rate
also corresponds to the slope of the contrast vs. time profile at
every point). Upon this circumstance, the sintering rate of OR
displays a gradually decelerated pattern, a result of the reduced
atomic transportation rate as the atomic number of small NP
decreases over time. Additionally, the sintering kinetics for both
PMC and OR were obviously increased with the increase of
annealing temperature; as the temperature increases, the
kinetic energy of Pt atoms becomes higher, and thus the sin-
tering between these NPs correspondingly becomes faster.

Theoretical understanding on the selection of sintering
mechanisms

As mentioned earlier in the Introduction, the site-dependent
sintering mechanisms of Pt NPs should be attributed to the
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Fig. 4 Calculations on MSI between Pt NPs and different regions of MXene flakes. Models of Pt NPs adsorbed on (a) planar and (b—d) different
positions of step regions; the insets present the corresponding side-view CCD (charge depletion: cyan, charge accumulation: yellow). (e) Binding
energies of Pt NPs adsorbed on different positions of MXene flakes for (a—d). (f) Averaged distances between Pt and Ti atoms for Pt NPs adsorbed
at the specific sites of MXene flakes for (a—d). The orange line in (f) show the corresponding shortest distance between Pt and Ti atoms in the

models.
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distinct MSIs for the planar and defective regions of MXene
flakes according to the Sabatier principle.”® Consequently, we
try to understand the site-dependent MSI on the Pt/MXene
interface by density functional theory (DFT) calculations to
support the experimental findings.

As shown in Fig. 4a-d, the MSI between the Pt cluster (rep-
resented by a five-Pt atom-cluster, Pts) and MXene flakes leads
to thermally stabilized Pts clusters adsorbed at the planar or
step (Step-1, Step-2 and Step-3) sites of the MXene surface, for
which the DFT-derived adsorption energies are all negative (see
Fig. 4e). The corresponding charge density differences (CDDs)
in the insets of Fig. 4a-d (side views) and Fig. S9t (top views)
show the accumulation of charge (yellow) in the interval of the
Pt; cluster and MXene support, implying that the charge
transfer on the steps of the Pts/MXene interface enhances MSI.
It is notable that the Pt; cluster in the step regions undergoes
charge transfer with more atomic sites of the MXene steps,
whereas the Pt; cluster in the planar region only exhibits charge
transfer with underlined Ti atoms on the surface of MXene. It is
also evident that the CDD of Pt; adsorbed at the planar surface
mainly involves three Pt atoms close to the plane, whereas those
at the steps have four or even five atoms involved. In short, it is
thus inferred that more significant charge transfer at the step
sites leads to a stronger MSI between the Pt cluster and MXene
support.

Moreover, the adsorption energies of the Pt; cluster at planar
and step sites were evaluated by DFT calculation, which are
—1.70, —2.04, —2.42 and —3.02 eV, respectively (Fig. 4e), which
quantitatively demonstrate a stronger MSI for Pt clusters on the
step sites of MXene than that on the planar surface. Besides, the
averaged atomic distances (shorter than 5 A) between Pt and Ti
atoms (Rp_r;) for these models and the corresponding shortest
distances (orange line) are shown in Fig. 4f. Although the
averaged Rp.r; shows no significant difference for these
models, a slightly shorter averaged Rp._r; could be seen for Step-
2 and Step-3. Moreover, the shortest Rp._1; of Step-3 is much
smaller than that of the plane, inferring a stronger MSI between
the Pt cluster and MXenes. In addition, the number of Pt-Ti
bonds with Rp,_p; shorter than 5.5 A is more for the step models
(more than 16) than that on the planar model (13) (Fig. S107),
further indicating that the steps of MXene have provided
a stronger MSI with Pt even from a slightly long distance. In
a thorough consideration of experimental observations and
DFT results, the Pt; cluster on the planar site of MXene flakes
possesses a relatively high adsorption energy yet a weak MSI,
and thus the Pt NPs tend to become larger through the PMC
mechanism. On the other hand, the relatively low adsorption
energy for the Pt; cluster on the step sites of MXene induces
a strong MSI for the OR pathway during sintering.

Conclusions

Our systematic experimental and theoretical study on the sin-
tering of Pt NPs supported by MXene flakes reveals that the
sintering mechanism of Pt NPs depends on the surface topology
of MXene flakes; the NPs on the steps/edges adopt the OR
mechanism, whereas those on the planar surface prefer the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PMC process (which usually causes rapid sintering in practical
scenarios). The occurrence of these two types of sintering
behaviour was confirmed to be induced by the different MSIs at
the corresponding surface topologies of MXene flakes, which is
consistent with the recently reported Sabatier principle. More-
over, our kinetic analysis demonstrated that the two sintering
processes presented distinct tendencies of sintering rate over
time. These results provide a guidance to tune MSI by intro-
ducing defects on supporting materials, which may pave the
way for designing sintering-resistant metal nanocatalysts.
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