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Many catalytic reactions operate within high-temperature environment, inevitably leading to the sintering of
small nanoparticles. Consequently, the design of sintering-resistant metal nanocatalysts at elevated temperatures
pose significant challenges. Herein, we introduce an approach, employing a 3D flower-shaped Al;O3 (F-Al;03), to
stabilize nanoparticles by establishing a spatial separation in propane dehydrogenation (PDH). The PDH reaction
conducted is just a test system at non-relevant conditions. Both ex-situ and in-situ TEM analyses evidence that
PtSn nanoparticles on the F-Al;O3 exhibit remarkable resistance to sintering under high-temperature oxidative
and reductive conditions. The propane conversion of PtSn/F- Al,O3 fully rebounds to its initial state and the
average particle diameter of PtSn/F- Al,O3 remains virtually unchanged after seven PDH cycles. In contrast, 2D
Al;03 nanosheets (C-Aly03) experience severe PtSn nanoparticle sintering. Computational studies highlight the
effectiveness of the 3D flower-shaped Al;O3 in obstructing particle migration and ripen through spatial segre-
gation. This strategy involving the construction of three-dimensional space support presents a promising avenue
for the design of sintering-resistant nanocatalysts.

1. Introduction because of the participation of hydrocarbons, coke is formed during the

PDH, which is partly the cause of the catalyst deactivation [16,17].

Propylene is one of the most important chemical monomers for
producing valuable chemicals in industry [1-3]. The propane direct
dehydrogenation (PDH) via heterogeneous catalysts provides the facile
route to produce propylene with high selectivity [4,5]. Pt-based cata-
lysts are preferred for the PDH because of the high activity and selec-
tivity resulted from the strong ability of C—H bond rupture and poor
ability for C—C bond cleavage [6]. On the other hand, PDH reaction is a
thermodynamically limited and strong endothermic reaction [7,8] and
therefore high reaction temperature (>500°C) is critical in order to
achieve the decent propane conversion [9-12]. However, at high reac-
tion temperatures, Pt nanoparticles are prone to grow and sinter in PDH,
which were reported in many previous works [13-15]. Moreover,
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To regenerate the deactivated Pt catalysts, aftertreatments such as
oxidation, reduction or adding halogens (such as, Cly, HCI, CCly, or F5)
are used to treat the spent Pt-containing catalyst at elevated temperature
so that the coking can be removed or small Pt particle size in the initial
catalyst can be restored [18]. In this regard, alumina-supported Pt
nanocatalyst loses activity during PDH reaction with coke formation,
and the strategies of oxidation/reduction were used for the regeneration
[19]. In our previous work, a spent Pt/CeO, single-atom catalyst after
PDH was treated in oxidizing condition to remove the coking and to
restore the singly dispersion of Pt [18]. However, the time-resolved
evolution of Pt particles over the Pt catalyst during the aftertreatment
remain unclear [20-24].
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In PDH reaction, an industrially practical Pt catalyst contains Pt and
promoters such as Sn or Ga [25-29]. The existence of promoters helps
improving the propylene selectivity of Pt catalysts [30-32]. For the Pt
catalysts in PDH, Al,O3 is the most commonly used carrier [5,33,34].
Previous works found that the textural properties of alumina support,
such as morphology and surface area, can significantly affect the sin-
tering of metal particles and further affect its catalytic performance in
catalysis [4,35]. For example, nanosheet-assembled y-Al;03 (NA-Al,O3)
architectures can stabilize ultrafine palladium active phases in methane
oxidation [35]. Therefore, it is plausible that nanostructure alumina can
stabilize the Pt-containing nanoparticles over Pt catalysts in PDH reac-
tion and the relative regeneration.

In this study, to investigate the catalyst evolution during regenera-
tion and to investigate the effect of support morphology on the particle
sintering over the Pt catalysts in PDH, we synthesize a three-dimensional
(3D) flower-shaped Al;03 (F-Al;O3) to load PtSn nanoparticles by con-
structing a 3D spatial distance through a compartmentalized strategy.
For the purpose of comparison, PtSn catalysts supported on a commer-
cial two-dimensional (2D) Al,O3 nanosheet and a-Al,O3 were also pre-
pared (Scheme 1). Both ex-situ and in-situ TEM techniques were used to
characterize the catalysts during regeneration under both high-
temperature oxidative and reductive atmospheres. The sintering
behavior of PtSn nanoparticles on various Al,O3 supports was also
investigated using theoretical simulations. Factors such as the contact
angle of the supported metal nanoparticles and specific surface area of
supports were analyzed to elucidate the sintering patterns observed.

2. Experimental section
2.1. Synthesis of flower-shaped Al;,03 (F-Al;03)

The synthesis of flower-shaped Al,O3 was based on a modified
method reported in previous work [35]. Firstly, 1.51 g of Al
(NO3)3-9 H20, 0.70 g of K2SO4 and 0.50 g of CO(NH;), were mixed and
dissolved in 80 mL deionized water. Then, the mixed solution was
transferred into a 200 mL Teflon-lined stainless steel autoclave. After
heating in an oven at 180°C for 3 h, the autoclave was cooled down to
room temperature and washed, followed by filtration for several times
with deionized water. Then, the obtained white precipitate was
collected and dried overnight at 80 °C in oven. Finally, the precipitate
was calcined at 500°C in a muffle furnace with a ramping rate of
1 °C/min and kept at 500°C for 2 h.

2.2. Synthesis of PtSn/F-Al,03, PtSn/C-Al,03, PtSn/a-Al;03 and PtSn/
C-Al;03-1150

0.5 wt% Pt and 0.8 wt% Sn were loaded on F-Al;03 by incipient
wetness co-impregnation method with ethanol as solvent and Pt(NO3)»
and SnCl,-2 H,0 as metal precursors. The obtained samples were dried
overnight at 80 °C after the impregnation. Finally, the samples were
calcined at 500°C in a muffle furnace with a ramping rate of 1 °C/min
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and then kept at 500°C for 4 h. The resulting sample was named PtSn/F-
Al;03. The preparation of the PtSn/C-Al;03 and PtSn/a-Al,03 followed
the same approach as PtSn/F-Al,O3, except that C-Al,O3 (Macklin,
y-Alp03, 20 nm) and a-Aly0O3 (Macklin, 500 nm) were commercially
available supports and used as received. In comparison, C-Al,O3 was
calcined at 1150°C in a muffle furnace with a ramping rate of 10 °C/min
and kept at 1150°C for 4 h, which was denoted as C-Al;03-1150. Then
PtSn/C-Al,03-1150 was synthesized using the same process as PtSn/F-
Al,03.

2.3. Catalyst characterization

The as-prepared fresh (reduction at 600°C for 2 h before PDH reac-
tion) and spent (after 7 PDH cycles) catalysts were subjected to a range
of characterizations. The elemental compositions were measured by
inductively coupled plasma-optical emission spectroscopy (ICP-OES,
Agilent 5110, USA). The powder X-Ray diffraction (XRD) patterns were
recorded using a Rigaku SmartLab Powder Diffractometer (XRD,
SmartLab SE, Japan, HyPix-400 detector, sealed tube, Cu Ka radiation
with Ni g-filter). Scanning electron microscopy (SEM, Hitachi S-4800,
Japan) images were taken on a Hitachi S-4800 electron microscope to
visualize the morphologies of different AlO3 supports. Transmission
electron microscopy (TEM) images and high-angle annular-dark-field
(HAADF) scanning transmission electron micrographs (STEM, Tecnai
F30, Netherlands) were acquired using a Tecnai F30 transmission elec-
tron microscope operated at 200 kV. Ny adsorption/desorption iso-
therms were carried out in the Micromeritics ASAP 2020 (USA) at 77 K.
The specific surface areas of the samples were calculated by Brunauer-
Emmett-Teller (BET) method. The Pt species were identified by CO
diffuse reflectance infrared spectroscopy (DRIFTS) in a Thermo Scien-
tific Nicolet iS50 FTIR spectrometer equipped with a Harrick Praying
Mantis high-temperature reaction chamber (ZnSe windows). In a typical
run, fresh samples were packed into an in-situ cell, and He was intro-
duced to the chamber for pretreatment at 200 °C with a ramping rate of
10 °C min~! and then kept for 1 h. After the sample was cooled to 27 °C,
CO diffuse reflectance infrared spectroscopy was performed and the
spectra were recorded. For the spent catalysts, the coke was firstly
removed at 450°C in air with a ramping rate of 10 °C min~! and
remained for 1 h. The characterization condition was the same as the
fresh catalysts. In-situ TEM experiments were performed in an environ-
mental electron microscopy (FEI Titan G2 80-300 kV) with spherical
aberration correction at 300 kV. First, a flowing Oy gas (purity =
99.999 %) at the pressure of 0.2 mbar was inserted into the TEM
chamber through a variable pressure leak valve and then the tempera-
ture of the heated area of the chip was raised to 500 °C at a rate of 10 °C/
s. After the heating is stable, O, was evacuated from the electron mi-
croscope chamber and then H, gas was immediately introduced at the
pressure of 0.2 mbar and T=600 °C for approximately 30 min. To
overcome any potential e-beam effects (i.e., to rule them out as factors
affecting the in-situ TEM results and to ensure that we have studied the
intrinsic behavior of nanoparticles), we employed a camera (Oneview)
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Scheme 1. Structural illustration of PtSn nanoparticles supported on alumina supports with different architectures. (a) PtSn nanoparticles supported on one-
dimensional Al,Os. (b) PtSn nanoparticles supported on two-dimensional Al;Os. (c) PtSn nanoparticles supported on three-dimensional Al;Os.
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to collect a series of in-situ images under the condition of beam blank.
TEM chips (FEI) based on MEMS through holes were used in all the in-
situ TEM heating experiments.
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2.4. Direct dehydrogenation of propane

Direct dehydrogenation of propane. At atmosphere pressure, the
performance of catalysts was tested in a quartz fixed-bed reactor with
6 mm inner diameter and 47 cm length. In a typical process, 250 mg
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Fig. 1. Catalytic performances of different catalysts. (a) PtSn/F-Al,O3 (0.25 g catalyst, 600°C, 101 kPa, C3Hg/H,/He=4/4/19 mL min~!, WHSV = 589.2h™1). (b)

PtSn/C-Al,03 (same conditions as (a)). (c) PtSn/a-Al,03 (1.0 g catalyst, 600°C, 101 kPa, C3Hg/Ho/He=2/2/23 mL min~!, WHSV = 73.6 h™1).
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catalyst with particle diameter of 40-60 mesh was packed inside the
quartz tubular reactor. The sample was first heated to 600 °C with a
ramping rate of 10 °C min~! and retained at 600 °C for 2 h in the flowing
Hy (20 mL min ). Afterward, a mixture of C3Hg, Hy and He (4: 4: 19)
was fed at a rate of 27 mL min~'. The gas products were analyzed by an
online GC 2060 equipped with a flame ionization detector. The propane
conversion, selectivity to propylene and carbon balance were calculated
from the following three equations, respectively:

. CsHl;, —[CaHy
Conversion(%) = 100 x %

.. C
Selectivity(%) = 100 x 7[C3H£Lilff['é°§h]m

Carbon balance(%) =

100 x
2x[C: 2x|[C: 3x[C: 3x|[C:
[CHa] gy +2X [CoHo oy + ngﬁg;g:ﬁ % [C3Hs]oy +3x [CsHsluryprh ere [CsHgl, [CsHel,

[CoHe], [CoH4] and [CH4] means the corrected integrated peak area of
propane, propylene, ethane, ethylene and methane, respectively. And
“in” and “out” means the feed gases and products, respectively.

2.5. Catalyst regeneration process

After the PDH reaction, the spent PtSn catalyst was cooled down to
room temperature under the flowing He (19 mL min~1). Then, the
catalyst was calcined at 550 °C for 1h in flowing 20 % Oz/He
(20 mL min~1) with a ramping rate of 10 °C min~! and then cooled
down to room temperature. Afterward, the catalyst was repeated for the
PDH reaction using the same process.

2.6. Simulation methods

The contact angles of metal particles on various supports were
determined by analyzing molecular dynamics (MD) simulation trajec-
tory conducted under the LASP code [36]. The cohesive energy of metal
nanoparticles was obtained from density functional theory (DFT) cal-
culations performed using Vienna Ab Initio Simulation Package (VASP)
code [37].

3. Result and discussion
3.1. Performances of catalysts in propane dehydrogenation

The catalytic performances of the different alumina supported PtSn
catalysts were evaluated in a quartz fixed-bed reactor at 600°C. Detailed
experimental conditions were found in the experimental section. The
catalytic results of all catalysts (C3Hg conversion and CsHg selectivity)
are shown in Fig. 1, Fig. S1 and Fig. S2. For each catalyst, a regeneration
process including an oxidation step and a reduction step was adopted to
reactivate the catalyst. The oxidation step was used to remove the coke
and a reduction step was used to reduce the metal. In seven PDH runs,
PtSn/F-Al»03 catalyst (Fig. 1a) did not show deactivation during mul-
tiple regeneration cycles. Meanwhile, the propylene selectivity is stable
at 99 %. At 500 °C, PtSn/F-Al,03 exhibited outstanding long-term sta-
bility (Fig. S1) and the catalyst exhibited the stable conversion of 18 %
with ~100 % propylene selectivity without any drop in 720 min run.

In contrast, the PtSn/C-Al;03 (Fig. 1b) underwent severe permanent
deactivation during regeneration at 600 °C and a regeneration process
(oxidation and reduction) cannot recover the conversion to the initial
state. Specifically, after 4 and 7 PDH cycles at 600 °C, the initial con-
version dropped from 65.0 % to 49.8 % and 39.3 %, respectively.
Moreover, the conversion after reaction for 6 h also dropped from
40.0 % to 23.1 % and 17.0 %, respectively, and the propylene selectivity
after reaction of 6 h dropped from 97.9 % to 96.1 %. In addition, a
commercial a-Aly;03 supported PtSn (PtSn/a-Al;03) showed low initial
conversion (Fig. 1c). By adjusting the space-time yield (589.2h7! to
73.6 h™1), the initial conversion of PtSn/a-Al,05 was controlled to the
same level as the PtSn/C-Al,O3 catalyst for comparison. It can be seen
that the permanent deactivation occurred during PDH and regeneration.
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After 4 and 7 PDH cycles, the initial propane conversion changed from
43.7 % to 26.3 % and 21.3 % respectively. After PDH reaction for 6 h for
each cycle, the conversion changed from 21.3 % to 15.7 % and 13.7 %
respectively. At the same time, the propylene selectivity also dropped
from 98.7 % to 95.3 %. The poor catalytic performances of the PtSn
catalyst supported on a-Al;O3 were also demonstrated by calcining C-
Al;03 nanosheet at 1150°C to form a-Al;03, which was named the C-
Aly03-1150 (Fig. S3). The initial activity of the PtSn/C-Aly03-1150
(Fig. S2) is as low as 4 % and it could not be increased by changing the
space-time yield.

The catalytic performances of the PtSn catalysts above demonstrates
that the morphology of the alumina support affects the catalytic reac-
tivity and deactivation behavior. To reveal the deactivation behavior of
the PtSn catalysts, we have performed the following ex-situ and in-situ
characterizations for the fresh and spent PtSn/Al;O3 catalysts.

3.2. Sample ex-situ characterizations

3.2.1. Morphology of supports

The morphology of the flower-shaped Al,O3 (F-Al;03), commercial
Al,03 nanosheets (C-Al,O3), commercial a-Al,O3 and C-Al,03-1150 (C-
Al,O3 calcined at 1150°C) was characterized by the SEM/TEM tech-
niques (Fig. 2, Fig. S4 and Fig. S5). From the SEM of F-Al,O3 (Fig. 2a), it
is seen that the flower-shaped Al,O3 and the cross-linked petal-like
nanosheets were clearly visualized, indicating the successful synthesis of
the support. The morphology of the F-Al,O3 is maintained after loading
metals even going through 7 PDH cycles (Fig. S4a-b), indicating that the
F-Al;03 had excellent thermal durability. The TEM images of PtSn/F-
AlyO3-Spent (Fig. S4c-d) catalysts further demonstrated that the petal-
like nanosheets of the F-Al,O3 were intersecting and the unique archi-
tectures could effectively prevent the migration and sintering of nano-
particles by spatial segregation (compartmentalization).TEM image of
the commercial C-Al;O3 (Fig. 2b) showed that the Al,O3 was nanosheet
structure with width of ~20 nm and the nanosheets were partially
stacked. The SEM image of a-Al;03 (Fig. 2¢) revealed the round shape of
the a-Al,O3 and the edges of Al,O3 were connected each other and
tightly packed. The specific surface area (Spgr) of the sphere-like
morphology of a-Al,O3 is ~6 m? g’1 (Table 1), which indicated that
the internal pore structure of a-Al,O3 was completely destroyed and it is
a nonporous solid structure, which agrees with the SEM observation.

3.2.2. Textural properties of supports and the elemental composition of
catalysts

Table 1 summarizes the specific surface areas (Spgr) of different
Al,03 supports. The Sggr of F-Al;,03 and C-Al,03 was determined to be
122 m? g ! and 107 m? g~ ! respectively. Likewise, the surface areas of
both a-Al,O3 and C-Al;,03-1150 (C- Al,O3 calcined at 1150°C) were low,
only 6 m? g~! and 4 m? g™, respectively. This indicates that the pore
structures of the two latter Al,O3 supports were completely nonporous
solid structures.

The Pt and Sn contents on the fresh and spent PtSn/F-Al,O3 and
PtSn/C-Al;03 were measured by ICP-OES (inductively coupled plasma-
optical emission spectroscopy) and the analysis results are shown in
Table 1. The calculated metal loadings of Pt and Sn are 0.5 wt% and
0.8 wt%, respectively. The measured contents of Pt and Sn were 0.47 wt
% and 0.79 wt% for PtSn/F-Al;O3-Fresh, and 0.48 wt% and 0.78 wt%
for PtSn/C-Al;03-Fresh, respectively. The actual contents of Pt and Sn
were slightly lower than the theoretical values, which may be caused by
the partial loss in the process of catalyst preparation. After 7 PDH cycles,
the contents of Pt and Sn for PtSn/F-Al,0O3-Spent were 0.47 wt% and
0.78 wt%, 0.48 wt% and 0.76 wt% for PtSn/C-Al;Os-Spent, respec-
tively. For PtSn/a-Al»Os, the content of Pt and Sn did not change after
several cycles of regeneration, which were 0.47 wt% and 0.77 wt%,
respectively. Therefore, the elemental composition of the catalysts was
unchanged after several cycles of regeneration, indicating that there is
no metal loss during the PDH and regeneration processes.
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Fig. 2. SEM/TEM images showing the morphologies of different Al,O3 supports used for the PtSn catalysts. (a) SEM image of the as-synthesized flower-shaped
alumina (F-Al,03). (b) TEM image of alumina sheet (C-Al,03). (c) SEM image of the commercial a-Al,O3. The insert in the upper right corner of each image is a sketch

of the corresponding support.

Table 1
Textural properties of different Al,03 supports and the elemental composition of
the PtSn catalysts.

Supports F-Al,03 C-Al,03 C-Al,03-1150 a-Al;03
Surface area (m? g~1)* 122 107 4 6
Catalysts Elements Theoretical value wt (%) Actual value
wt” (%)
PtSn/F-Al,03-Fresh Pt 0.47
0.50
Sn 0.79
0.80
PtSn/F-Al,03-Spent Pt 0.47
0.50
Sn 0.78
0.80
PtSn/C-Al,03-Fresh Pt 0.48
0.50
Sn 0.78
0.80
PtSn/C-Al,03-Spent Pt 0.48
0.50
Sn 0.76
0.80
PtSn/a-Al,03-Fresh Pt 0.47
0.50
Sn 0.77
0.80
PtSn/a-Al,03-Spent Pt 0.47
0.50
Sn 0.77
0.80

@ Determined by the Brunauer-Emmett-Teller (BET) method.
> Determined by ICP-OES analysis.

3.2.3. XRD spectra
The XRD patterns of the fresh and spent PtSn catalysts before and
after 7 cycles of PDH reaction are shown in Fig. 3. XRD patterns showed

(a) =
=
-~ ; Pt
g E Sn/a-Al,O;-Fresh
Q = PtSn/a-Al,0,-Spent|
2
S 36 37 38 39 40 41 42
= |PtSn/F-ALO;-Fresh 200
PtSn/F-AlLO;-Spent
385 390 395 400 405
20 (°)

that there was no diffraction peak of metal Pt observed for fresh and
spent PtSn/F-Al;03, PtSn/a-Al;O3 (Fig. 3a) and PtSn/C-Al,03 (Fig. 3b)
catalysts, which may be due to the low Pt loading (0.5 wt%) or the
highly dispersed Pt species. The small size of Pt species, such as single-
atoms and/or clusters, will not present any diffraction peak of Pt in XRD
patterns. However, the PtSn/C-Al303-1150-Fresh (Fig. 3b) had a distinct
diffraction peak of Pt particle at 39.7 °, which resulted from the low
specific surface area of C-Aly05-1150 (4 m? g™}, Table 1) and the large
metal particle of PtSn/C-Al,03-1150-Fresh (~32.0 nm, Fig. S6¢). The
XRD pattern of C-Aly03-1150 showed that the crystal structure of C-
Al,03 had changed into « after calcined at 1150°C and its pattern was
completely consistent with a-AlyO3 (Fig. S3). The low Sggr and SEM
image (Fig. S5) of C-Alx03-1150 showed that the nanosheet structure of
C-Al,03 was destroyed and presented the solid structure, which led to
the large metal nanoparticles (~32.0 nm) when supported on C-Aly03-
1150. After 7 PDH cycles, the diffraction peak of Pt particle for PtSn/C-
Al;03-1150-Spent became sharper, which is attributed to the growth of
the Pt particles after PDH reaction, showing the average metal particle
diameter of ~38.0 nm (Fig. S6d).

3.2.4. HAADF-STEM images

To directly visualize the particle size before and after PDH, we per-
formed HAADF-STEM for the samples. The HAADF-STEM images of the
different catalysts before and after PDH are shown in Fig. 4 and Fig. S6.
The average diameters are shown in Table 2. Fig. 4a showed that the
average particle diameter of PtSn is 6.7+1.7 nm. After 7 PDH cycles
(Fig. 4b), the particles size of PtSn over the PtSn/F-Al,O3-Spent is similar
to the fresh catalyst, which is determined to be 6.7+2.0 nm. The similar
average diameter suggested that the 3D spatial distance of flower-
shaped Al;O3 structure can efficiently ensure nanoparticles hardly
grew and sintered during PDH. Fig. 4c showed that PtSn/C-AlxO3-Fresh
initially contained particles with the average diameter of 7.0+1.3 nm,
which was slightly larger than the particles on PtSn/F-Al,O3-Fresh. After

~
=
~

Pt

PtSn/C-Al,0,-1150-Fresh

Intensity (a.u.)

P tS1/C-A1,0,-1150-Sf\

36 37 38 39 40 41 42
20(%)
PtSn/C-ALO;-Fresh p¢

Intensity (a.u.)

PtSn/C-Al,O;-Spent

395 400 405

20 (%)

385  39.0

Fig. 3. XRD patterns of the Fresh and Spent (a) PtSn/F-Al,03 and PtSn/a-Al,Og; (b) PtSn/C-Al,03 and PtSn/C-Al,03-1150.
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D=6.7+2.0 nm
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Fig. 4. HAADF-STEM images of PtSn supported on F-Al,03 and C-Al,O3 before and PDH and regeneration. (a) PtSn/F-Al,O3-Fresh; (b) PtSn/F-Al,O3-Spent; (c) PtSn/

C-Al,O3-Fresh; (d) PtSn/C-Al,O3-Spent.

Table 2
The number-averaged diameter of metal nanoparticles determined by STEM.

Catalysts  PtSn/F-Al,O3  PtSn/C-Al,Os3  PtSn/a-Al;03  PtSn/C-Al;03-1150
Fresh 6.7£1.7 nm 7.0+£1.3 nm 17.1+4.5 nm 32.04+10.0 nm
Spent 6.7+2.0 nm 15.3+2.7 nm 23.3+£6.2 nm 38.0+£12.0 nm

7 PDH cycles, PtSn nanoparticles on the PtSn/C-Al;O3-Spent grew and
sintered into large nanoparticles with the average particle diameter of
15.34+2.3 nm (Fig. 4d). The EDX-Mapping (Fig. S7) of the four catalysts
showed that there was no segregation of Pt and Sn after 7 PDH cycles.
Fig. S6a-b showed that the average particle diameter of PtSn/a-Al,03
increased from 17.1 to 23.3 nm after 7 PDH cycles, increasing by 36 %.
The large nanoparticles on PtSn/a-Al;Os-Fresh is due to the low surface
area of a-Al,O3 support (~6 m? g’l), which is similar to the case of C-
Al»03-1150 showing the average particle diameter 32.0 nm on PtSn/C-
Al;05-1150 and the low surface area of 4 m? g’1 (Table 1). Based on the
statistical results of PtSn particle size, it can be seen intuitively that the
unique morphology of flower-shaped Al,O3 can effectively inhibit the
growth and sintering of metal particles during PDH and regeneration at
600°C, reflecting its superiority on sintering-tolerance in high temper-
ature reactions.

To summarize, the activity results and the ex-situ characterizations
above indicated that both the PtSn/C-Al,03 and PtSn/a-Al;O3 catalysts
presented the decrease in conversion after reaction for 6 h and regen-
eration, corresponding to the increase of average nanoparticle size. The
growth of the PtSn nanoparticles on PtSn/C-Al,O3 and PtSn/a-Al,O3
resulted in irreversible metal sintering and permanent deactivation of

catalyst. The a-AlyO3 has the spherical structure and the C-AlyOs3 is
nanosheet, whereas the Pt nanoparticles on both supports migrate and
sinter during the reaction and regeneration, leading to the permanent
deactivation. In contrast, F-Al;03 has the 3D flower-shaped structure
and the PtSn/F-Al,0g3 catalyst presents the deactivation during each run
due to coking. The coke can be removed by regeneration to restore to the
initial activity after each regeneration. Therefore, the properties and
morphology of alumina surface can dramatically affect the deactivation
process of catalyst. The flower-shaped Al,O3 (F-Al;03) present the 3D
structure and the spatial segregation of the nanoparticle prevents the
migration and sintering of metal nanoparticles. To reveal the time-
resolved evolution of the PtSn particle in the regeneration process
(oxidation and reduction), we have further performed the in-situ TEM
characterization of the catalyst in both oxidative and reductive condi-
tions, as shown below.

3.3. In-situ characterizations revealing the evolution of Pt species under
redox conditions

3.3.1. In-situ TEM

For the in-situ characterization, the spent catalysts (after the first run
of PDH) were used. The spent PtSn/C-Al,03 and PtSn/F-Al;O3 catalysts
were treated with O, at 500°C and H; at 600°C in sequence to simulate
the removal of coke under oxidative atmosphere and the PDH reaction
under reductive atmosphere. At the same time, the evolution of particle
size was directly observed by in-situ TEM and the results are shown in
Fig. 5, Fig. 6 and Fig. S8.

For the spent PtSn/C-Al;Os3 catalyst after the first PDH run, to



Z. Zhang et al.

1020 s} (c)

2 7.5 nm 3
/ S

2
4

10 nm 10 nm

0.2 mbar O, 500 °C

Applied Catalysis B: Environment and Energy 358 (2024) 124334

3060 s

10 3
i 0.2 mbar O, 500 °C
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Fig. 6. Time-resolved evolution of PtSn/F-Al,03 nanoparticle under redox conditions at elevated temperatures. (a-d) 500°C in O, (0.2 mbar); (e-h) 600°C in Hy
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simulate the oxidation process in the regeneration, a flowing O, gas
(99.999 %) at the pressure of 0.2 mbar was introduced into the in-situ
TEM chamber through a variable pressure leak valve and then the
temperature of the heating area of the chip was raised to 500 °C at a rate
of 10 °C/s. The time-resolved images were collected and are shown in
Fig. 5a-d. From the in-situ TEM (Fig. 5a-d), it can be observed that under
0.2 mbar O5 and 500°C, the size of the nanoparticle 4 (with a length of
6.4 nm) increased to 7.5 nm. At the same time, nanoparticle 1 dis-
appeared, and the size of the particles 2 and 3 decreased. This indicates
that under oxygen and high-temperature conditions, particle growth
follows the Ostwald ripening (OR) mechanism. We also observed
changes in the position of nanoparticle 4 over time, as well as the
migration and fusion of small nanoparticles with large ones (see Sup-
plementary Video 1). Moreover, to mitigate the effects of electron beam,
we minimized the beam intensity. Under the conditions of Beam
Blanking where the electron beam only irradiates the sample during
image acquisition, we collected a series of in-situ TEM images showing

the growth of nanoparticles in oxidizing conditions (Fig. S8a-d). Under
high-temperature and oxygen atmosphere conditions, nanoparticles 1
and 2 eventually merged into a larger particle (labeled as particle 3).
Meanwhile, over time, particle 4 continued to grow. Therefore, particle
migration and coalescence (PMC) was also observed, confirming that
particle growth is not caused by electron beam effects. In summary,
under oxygen and high-temperature conditions, we observed the
disappearance of small particles, enlargement of large particles, and
sintering caused by particle migration via in-situ TEM. This demonstrates
that both OR and PMC mechanisms coexist during particle growth.
After the removal of coke, the O, was evacuated from the electron
microscope chamber and switched to H; at the pressure of 0.2 mbar and
T =600 °C. Fig. 5e-h showed the TEM images of the size evolution with
time that the size of the nanoparticle increased from 7.1 to 9.1 nm and
the small nanoparticle surrounding disappeared after 1846 s Fig. S8e-h
also showed that two adjacent small metal nanoparticles completely
fused into one large metal nanoparticle after 174s. At low
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magnification, many small metal nanoparticles disappeared and became
large nanoparticles after 515 s (Fig. S8i-1). Moreover, we also observed
the migration and coalescence of nanoparticles under high-temperature
and 0.2 mbar Hy conditions (see Supplementary Video 2). The in-situ
TEM results above showed obvious phenomenon of metal nanoparticles
ripening, and also indicated that the nanoparticles of PtSn/C-AlyO3
sintered and grew under PDH reaction condition. In contrast, for PtSn/F-
Al,03, there was no change in the diameter of nanoparticles (Fig. 6) after
exposing either in O, for 1866 s (Fig. 6a-d) or in Hj for 1816 s (Fig. te-
h), which is consistent with the results of ex-situ TEM that there was no
change for the average particle size of PtSn/F-Al,O3 after 7 cycles PDH.
Therefore, combining the results obtained from both the in-situ and ex-
situ TEM results, it concludes that the nanoparticles on PtSn/C-Al;03
sintered under both oxidative and reductive atmospheres. On the con-
trary, the nanoparticles on PtSn/F-Al,O3 do not sinter under both
oxidative and reductive atmospheres. The results of in-situ electron mi-
croscopy directly confirmed the effectiveness of the compartmentalized
strategy by constructing a 3D spatial distance, and the flower-shaped
AlyO3 can effectively prevent the migration and growth of metal nano-
particles at high temperature.

Supplementary material related to this article can be found online at
doi:10.1016/j.apcatb.2024.124334.

3.3.2. In-situ CO-DRIFTS

We also used in-situ CO-DRIFTS to investigate the effect of the
alumina morphology on the sintering behavior of the Pt species over
different catalysts before and after 7 PDH cycles. Fig. 7 presented the
DRIFTS spectra of CO adsorption on PtSn/F-Al;0O3 and PtSn/C-Al,O3
before and after reaction and regeneration. Two bands centered at 2069
and 2056 cm ™! attributing to linearly adsorbed CO on Pt nanoparticles
[38-40] were observed on PtSn/F-Aly0s-Fresh (Fig. 7a). Moreover,
there is no bridge-adsorbed CO on PtSn nanoparticles. After the removal
of coke on the spent catalyst after PDH, the CO band shifted from 2069
to 2048 cm™! due to the lower CO coverage on the spent catalyst
(PtSn/F-Al;03-0). After the reduction, the band intensity at 2048 em !
weakened and further shifted to 2037 cm™! (PtSn/F-Al,05-O-R). The
shift to lower wavenumber may indicate that the electron density of Pt
species became higher after reduction, possibly due to the effect of Sn
promoter, in which Sn transferred electrons to Pt species during PDH
cycles. The enhanced electron density of Pt can weaken the adsorption of
propylene, thus reducing the occurrence of side reactions and the for-
mation of coke. Two bands at 2069 and 2052 cm ™! attributing to line-
arly adsorbed CO on Pt nanoparticles, were also observed over the
PtSn/C-Al,03-Fresh catalyst (Fig. 7b). The band at 1836 cm ! s
attributed to the bridge-adsorbed CO on Pt nanoparticles. After the
removal of coke on the spent catalyst during regeneration (PtSn/C-A-
1503-0), the bridge CO disappeared, and the linear CO band shifted from
2069 to 2052 cm ', which also showing the low intensity (Fig. 7b),
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indicating the low Pt dispersion (i.e. large Pt size due to sintering). After
H, reduction (PtSn/C-Al;03-0O-R), the band at 2052 em™! disappeared
completely, which is due to the surface reconstruction of Pt particles
caused by regeneration, possibly demonstrating the severe sintering of
Pt particles. The CO band disappeared completely on the catalyst sup-
ported on C-alumina and diminished significantly on that supported on
the F-alumina after regeneration. Since several cycles of oxidation and
reduction were conducted prior to the DRIFTS of the spent catalyst, it is
assumed that the oxidation/reduction process affected the shape or
surface composition of the particles or caused the surface restructure,
leading to the different CO adsorption behavior.

3.4. Computational study

To elucidate the impact of Al,O3 support morphology on the stability
of PtSn/Al;O3 catalysts, we conducted a series of computational in-
vestigations. Under realistic reaction conditions, the sintering of metal
nanoparticles primarily occurs through particle migration and coales-
cence (PMC) and Ostwald ripening (OR) mechanisms. In this study, we
obtained the contact angle of PtSn nanoparticles using molecular dy-
namics simulations, from which we derived the particles’ diffusion co-
efficients and their diffusion lengths over a period of time. By comparing
the differences in morphology between the F-Al,O3 and C-Al;,O3 sup-
ports and their effects on sintering, we can explain the different sintering
behaviors of the nanoparticles on F-Al,O3 and C-Al,O3 supports.

The rate of PMC process is fundamentally determined by the diffu-
sion coefficient D, (R) of particles on the support surface, as established
in our earlier work [41,42]. As shown in Eq. 1, D,(R) is influenced by
metal’s composition reflected by metal atom’s self-activation energy E;,
that characterizes the formation and migration of atoms on the nano-
particle surface, which is evidenced as one-third of the cohesive energy
of bulk PtSn alloy(see more details in Fig. S11) [41]. The spatial dis-
tribution of the particles also significantly affect the PMC kinetics as
proved [43], further leading to the modulation of critical loading of
supported nanoparticles as revealed in the following [44].

where, R represents the radius of curvature of the supported particle. K,
denotes the structure factor associated with the contact angle a between
the metal particle and the support. kg stands for Boltzmann’s constant. T
represent temperature. S™ is the average area of the Pt and Sn atom in
PtSn nanoparticles (8.23 A% [45]. Apu(R) stands for the chemical po-
tential of the metal atoms within supported nanoparticles relative to
their bulk counterparts, which is approximately represented as using the
Gibbs-Thomson (G-T) relations:

(b)
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Fig. 7. In-situ DRIFTS spectra of CO adsorption over Fresh and Spent (a) PtSn/F-Al,03 and (b) PtSn/C- Al;O3. (“O” represents “Oxidation for the removal of coke” and

“R” represents “Reduction™).
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Au(R) = 29y, (R) @
R

where, ym(R) represents the surface energy of PtSn nanoparticles, whose
dependence on the size due to the increase in low coordination sites
which has been fitted in the Supplementary Fig. S10. 2 represents the
average volume of Pt and Sn atoms within PtSn nanoparticles, which is
measured to be 23.61 A3 [45]. For a metal nanoparticle with a given
volume Vj, when it comes into contact with support, it tends to form a
hemispherical shape particle that can be characterized by the parameter
aj. The value of a3, in turn, determines the corresponding radius R:

1/3
R— <3Vo > 3)
4ray

where,

_ [2—3cos(a) 4 cos*(a) |
- 4

Another important factor is the adhesive effect of the support on the
metal, whose effects on the sintering kinetics have been systematically
and quantitatively described in our theoretical model [42,46]. The ad-
hesive effect of the support can be quantified by the adhesion energy
(Eaan) between nanoparticles and the support [45], which is closely
related to @ according to the Young-Dupre’ equation:

4

Eagh = — (1 +cosa) ®)

For a period of time 7, the spatial dimension of the PtSn nanoparticle
diffusion via Brownian motion can be measured by a characteristic
diffusion length L:

L = [D,(a)7]"/? (6)

Assuming the support with an area of z(L/2)* only supports one
particle, the critical loading of the supported Pt nanoparticles with a
volume of 4za;R3/3 can be estimated by :

16S,R3am

3L2Q2 7

Loading =
where, Sy, is a given mass specific surface area of the support, m is the
average atom mass (2.32><10_22 g/atom).

Consequently, to calculate the diffusion coefficient and thereby the
critical loading of supported PtSn nanoparticles on Al;O3 support in a
certain temperature, we need to calculate a on the support. To achieve
it, molecular dynamic (MD) simulations based on first-principles neural
network potential were performed to obtain the trajectory of particle
motion, which can be used to analyze the contact angle of metal nano-
particles on the support. Based on previous research, the (100) and (110)
surfaces of y-Al,O3 are identified as the most stable surfaces exposed
[47]. In this study, we constructed a pristine 5x5x1 y-Al,03(100)
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surface with 30 angstrom vacuum layer model to simulate the com-
mercial Al;O3 nanosheet. A Pt;gSnye metal nanoparticle (ratio of Pt to Sn
is 1:2.5) was loaded on the support. The NVT ensemble were used in all
the MD simulations. The simulated temperature was held at 873 K and
controlled by a Nosé-Hoover thermostat and all atoms in Al;O3 support
are fixed in simulation. The MD simulation was equilibrated for 100 ps,
followed by a 200 ps production run to obtain the geometric shape of
PtSn nanoparticles on the support during their movement. The MD
simulation were performed in LASP code [36]. The geometric shape of
the supported PtSn nanoparticles was characterized by enclosing them
within the Minimum Bounding Sphere, based on the structure observed
in hundreds of frames following equilibrium in the MD simulation (see
Fig. S9), we found that a of PtSn nanoparticles is 102.1°for C-Al,O3.
Based on the extracted a and in terms of the size effect on yp,, the Ay of
PtSn nanoparticles on the support was calculated and plotted with the
particle size in Fig. 8a. We then calculated D, of PtSn nanoparticles
versus the particle size on different Al,O3 supports at 600 °C, as shown in
Fig. 8b. For 3.2 nm PtSn nanoparticles, the calculated D, is 0.34 nm?/s
on C-Al;03. During 7 PDH cycles, the critical loading for a C-Al;O3
support with a specific surface area of 106 g/m? was 1.7 % wt. This
value represents the maximum metal loading at which metal nano-
particles do not undergo severe sintering under the PMC mechanism,
which is very close to the metal loading used in experiments (0.5 wt% of
Pt and 0.8 wt% of Sn). Due to the simultaneous presence of the OR
process during sintering, severe sintering occurred with the metal
nanoparticles on the C-Al;Os support.

For the F-Al;03 support, which has a similar specific surface area to
the C-Al;0s3, the spatial compartmentalizing effects completely restrict
the diffusion of aged monomers during the OR process, thereby blocking
the ripening process. Additionally, for the PMC process, this spatial
segregation increases the diffusion length required for the coalescence of
two nanoparticles, which in turn slows down the sintering process
associated with PMC. In summary, this spatial segregation increases the
difficulty of both the PMC and OR processes, thereby improving the F-
Al,O3 support’s sintering resistance.

4. Conclusion

Metal catalysts deactivate in propane dehydrogenation (PDH) due to
the formation of coking or nanoparticle sintering. The deactivated cat-
alysts can be regenerated by treatments involving oxidation and
reduction. However, the dynamic evolution of the catalyst during the
regeneration is unknown. In this study, via in-situ and ex-situ TEM
characterizations, we found that the PtSn nanoparticles on two-
dimensional alumina (PtSn/C-Al,0O3) sintered under both oxidative
and reductive atmospheres, leading to the permanent deactivation in
PDH, which was carried out by cofeeding Hs and the absence of steam.
The average particle diameter of nanoparticles increased from 7.0 nm to
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Fig. 8. (a) Size dependence of atomic chemical potential in PtSn nanoparticles and (b) diffusion coefficient of PtSn nanoparticles on the C-Al,O3 support. (c)
Calculated diffusion length of PtSn nanoparticles in 42 h (7 PDH cycles) versus the contact angles of PtSn nanoparticles under different temperatures.
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15.3 nm after 7 PDH cycles. After 6 h reaction for each recycle, the
conversion of propane decreased from 40.0 % to 17.0 %. By designing a
3D flower-shaped Al,O3 (F-Al;03), the metal nanoparticles were stabi-
lized through a compartmentalization strategy by constructing spatial
distances. The synthesized PtSn/F-Al,Os3 catalyst does not sinter under
both high-temperature oxidative and reductive atmospheres during
regeneration, demonstrating the stable reactivity in PDH. Theoretical
studies revealed the mechanism of stabilizing metal nanoparticles with
three-dimensional support. The facial strategy of using 3D spatial
segregation to stabilize metal nanoparticles potentially provided a route
for designing stable metal nanocatalysts suitable for high temperature
reactions.
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