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platinum nanoparticles (NPs) confined in silicalite-1 (S-1) zeolite
Pore channel

were prepared by the ligand-protected in-situ synthesis method.  um s ‘L
The Pt NPs (4 nm) are located within the intersectional channels 8 e
between the straight and the sinusoidal 10-ring channels of rigid € = —> {

S-1 zeolite and well stabilize inside the S-1 via Pt—-O-Si bonds.
The Pt@S-1 catalyst (0.38 wt.% of Pt loading) exhibits excellent ER
performance (Ts, = 368 °C, Ts, corresponds to the temperatures Ptmﬁoulmdwlm s.1 co,
at which 50% of soot conversion occurs) compared with the ‘
conventional Pt/S-1 catalyst during soot oxidation. The Pt@S-1 Eno o, Wno, .S°°‘{/ co, & PtNPs
catalyst displays high long-term catalytic stability after the hydrothermal aging at 800 °C for 10 h, and the deactivation rate
of the Pt@S-1 catalyst is one-tenth that of the Pt/S-1 catalyst. In-situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and density functional theory (DFT) calculations corroborated that the encapsulated Pt NPs in
Pt@S-1 catalyst display a higher d-band center than the isolated Pt NPs, which enhances bonding strength for co-
adsorption of NO and O, molecules. The steric hindrance effect promotes the desorption of the critical intermediate of NO,,
which is the key step to the NO,-assistant catalytic mechanism for soot oxidation. The ligand-protected in-situ confinement
synthesis of metal nanoparticle catalysts not only ensures high activity and stability but also paves the way for the
development of effective catalysts for soot oxidation in practical applications.
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environments. This pollution severely contaminates the atmosphere
and poses significant risks to human health [1]. The catalytic after-
treatment technique, composed of catalysts and a diesel particle
filter (CDPF), is one of the most effective technique for reducing
soot emissions [2, 3]. It relies on the design of efficient, economical,
and environmentally friendly catalysts capable of promoting soot

1 Introduction

Engine exhaust releases carbon particles (soot) with adsorbed toxic
substances, serving as the main contributor to PM 2.5 in urban
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oxidation within the temperature window of exhaust gas from
engines [4]. Researchers have extensively explored numerous
efficient catalysts for soot oxidation, including noble metals, non-
precious metal oxides (such as transition and alkali metals), and
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rare earth oxides [5-7]. Noble metal catalysts demonstrate
outstanding catalytic efficiency, facilitating the oxidation of soot
particles at relatively low temperatures [8, 9]. Platinum (Pt) catalysts
have been widely applied in oxidation reactions, and they have
always been the focus of attention. The presence of support can
improve the dispersion of active sites, thereby increasing the
utilization of noble metals and boosting the oxidation efficiency of
catalysts [10]. Several types of support materials have been
employed in soot oxidation, including active metal oxides (CeO,,
Co;0, Mn,O;, and MnQO,) and inert Fe,O;, SiO,, ALO; and
zeolites [11-15]. However, these catalysts are prone to sintering and
deactivation in high-temperature and humid environments,
making it challenging to design Pt-based catalysts with both high
activity and excellent stability for soot oxidation. Consequently,
developing Pt-based catalysts that combine high activity with
exceptional stability remains a significant challenge for efficient soot
oxidation.

Catalytic soot oxidation is a characteristic heterogeneous deep
oxidation process that takes place at the interface where catalysts,
soot particles, and gas reactants (O, and NO) come into contact
[16, 17]. To enhance the performance of catalysts for soot
oxidation, two critical factors must be addressed: the contact
efficiency between soot and the catalyst and the intrinsic activity for
activating the reactants. Catalysts featuring porous structures can
greatly enhance the contact efficiency between soot particles and the
catalyst [18]. Zeolite materials have recently gained widespread use
in the field of catalysis as supports due to their well-defined
channels, along with their exceptional thermal and chemical
stability, which facilitates the anchoring of active metal
nanoparticles (NPs) [19-21]. Silicalite-1 (S-1) zeolite, with an MFI
framework, is a purely siliceous material featuring a rich channel
structure. It has a straight channel (5.3 A x 5.6 A) along the b-axis
and zigzag channels (5.1 A x 55 A) along the g-axis [22].
Nevertheless, the size of soot particles exceeds the pore size of S-1,
preventing effective interaction with the catalyst. Fortunately, the
reactant molecules can freely pass through the pore channels, and
the formation of intermediate NO, species can swiftly migrate to
the soot surface [23]. It is widely recognized that soot oxidation
occurs via an indirect pathway, where NO in the exhaust gas is first
catalyzed by oxidation to form NO,, which then oxidizes soot
particles to CO, [24, 25]. Studies have shown that zeolite-supported
noble metal catalysts have been effectively utilized for soot
oxidation, exhibiting remarkable catalytic performance [26-28].
The presence of silanol groups (Si-OH) within the zeolite structure
is pivotal in converting the inherently inactive silica matrix into a
reactive functional platform [29]. The zeolite channels help prevent
the aggregation of noble metal nanoparticles, thereby enhancing
both the catalytic performance and longevity of the catalysts [30,
31]. Another significant challenge is the difficulty in ensuring that
the active components enter the zeolite pores, leading to the
formation of large nanoparticles on the external surface of the
zeolite crystals. These nanoparticles can migrate and cause
deactivation at high temperatures [32-35]. Additionally, metal
cations tend to precipitate as bulk hydroxides in alkaline synthesis
gels, resulting in the formation of large particles on the zeolite
crystal surface. Therefore, it is crucial to develop effective protective
strategies that can encapsulate the metal within the zeolite
framework during the synthesis process.

Herein, Pt NPs encapsulated within nanosized S-1 zeolite (Pt@
S-1) was successfully synthesized by the ligand-protected in-situ
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hydrothermal method. Notably, space-confined Pt NPs by the
micropore structure of zeolite inhibit the sintering and aggregation
of active ingredients, enabling the catalyst to display excellent
catalytic activity and high-term stability under harsh conditions.
The Pt species in the Pt@S-1 catalyst with well-stabilized inside the
S-1 via Pt-O-Si bond displays exceptional catalytic performance
and stability for soot oxidation, even after hydrothermal aging at
800 °C for 10 h. In-situ diffuse reflectance infrared Fourier
transform spectroscopy (in-situ DRIFTS) spectra and density
functional theory (DFT) calculations provide a valuable reaction
mechanism. The in-situ encapsulation of Pt species significantly
promotes the formation of NO, species, which plays a key role in
the rate-determining step of soot oxidation. This work provides a
promising approach for the rational design and synthesis of high-
stability catalysts for the removal of soot particles in practical
applications.

2 Experimental section

2.1 Synthesis of silicalite-1

The S-1 catalyst was synthesized using the hydrothermal method
[36]. Typically, 8.32 g tetraethyl orthosilicate (TEOS) and 13 g
tetrapropylammonium hydroxide solution (TPAOH, 25 wt.%) were
mixed with 19.875 g deionized water at room temperature to form
a clear solution. The obtained solution was magnetically stirred for
5 h at room temperature to achieve a homogeneous sol and ensure
full hydrolysis of TEOS. The above mixtures were transferred to a
100 mL Teflon-lined autoclave and crystallized at 170 °C for 72 h.
The solid precipitate was collected by centrifuging, washed
several times with deionized water and ethanol, dried at 80 °C
overnight, and then calcined at 550 °C in air for 6 h to remove the
organic template.

2.2 Synthesis of Pt@S-1 catalyst

The preparation process of Pt@S-1 can be described as follows:
Firstly, H,PtCl¢6H,0 and ethylenediamine (EDA) were mixed to
form precursor solutions. The mixture was then subjected to
ultrasonic treatment for 30 min, with the corresponding solution
volumes for different Pt loads listed in Table S1 in the Electronic
Supplementary Material (ESM). Next, the Pt@S-1 catalyst, with Pt
nanoparticles confined within silicalite, was prepared using a one-
pot hydrothermal method similar to the synthesis of S-1, with the
addition of a specific amount of H,PtCl:6H,0 and EDA.
Specifically, 13 g TPAOH (25 wt.%) was mixed with 19.875 g of
water. After stirring at room temperature for 30 min, an
appropriate amount of precursor solution was added, and the
mixture was stirred for an additional 30 min. Then, 8.32 g of TEOS
was added into the solution, which was stirred at room temperature
for 6 h. The mixture was hydrothermally treated at 170 °C for 72 h.
The organic template was then removed after washing with distilled
water and ethanol, followed by drying at 80 °C and calcining at
550 °C for 6 h in the air. Finally, the Pt@S-1 catalyst was obtained
and denoted as Pt,@S-1 (n = 0.06, 0.38, and 0.75), where n
represents the actual Pt content. To highlight the advantages of
encapsulation, an equivalent amount of Pt (0.38 wt.%) was added to
the S-1 support by impregnation with a solution of H,PtCl;-6H,O.
The impregnated sample was dried at 80 °C for 12 h and then
calcined in air at 500 °C for 3 h. Finally, the 0.38 wt.% Pt/S-1
catalyst was obtained and denoted as Pt ;4/S-1 catalyst.
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2.3 Characterization

The crystal structure was characterized by X-ray diffraction (XRD)
patterns on D8 Focus (Bruker AXS). The loading of Pt was
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES). The morphology and particle size of the
as-prepared catalysts were analyzed by scanning electron
microscopy (SEM; SUB8010), transmission electron microscopy
(TEM; JEOL JEM 2100 LaB6), and probe-corrected scanning TEM
(ACT-STEM, Hitachi HF5000) measurements. N,
adsorption—desorption measurements were measured by BSD-PM
(PM2-1561-A, Beishide instrument Technology Co., Ltd.).
Ultraviolet-visible (UV-Vis) diftuse reflectance spectroscopy (DRS)
measurements were recorded by UV-2600i (Shimadzu, Japan). The
X-ray absorption fine structure (XAFS) spectra of Pt L;-edge were
measured at the beamline BL13SSW of Shanghai Synchrotron
Radiation Facility (SSRF) in fluorescence mode. Hydrogen
temperature-programmed reduction (H,-TPR) measurements were
carried out on a conventional flow apparatus with a thermal
conductivity detector. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on a Thermo Scientific K-Alpha
spectrometer. An online mass spectrometer apparatus detected the
signal of NO temperature-programmed desorption (NO-TPD).
Carbon monoxide temperature programmed surface reaction (CO-
TPSR) was performed on a fixed-bed tubular quartz microreactor.
CO chemisorption measurements were carried out in-situ DRIFTS
with IRTracer-100. The NO temperature-programmed oxidation
(NO-TPO) was carried out on a fixed-bed tubular quartz reactor. In-
situ DRIFTS NO oxidation and soot oxidation experiments were
recorded using a Shimadzu infrared spectrometer (IRTracer-100)
over a range of 4000-800 cm™, and more experimental details were
provided in the ESM.

24 Catalytic activity and stability evaluation

The catalytic activity of all catalysts for soot oxidation was evaluated
by soot-temperature programmed oxidation (soot-TPO). The
reactor was heated from 150 to 700 °C at a heating rate of
2 °C:min™ in a stream of 0.1 vol.% NO and 10 vol.% O, balanced
with N, at a total flow rate of 50 mL-min™. Printex-U from Degussa
was used as the model soot in this study. The catalyst (100 mg) and
soot (10 mg) were thoroughly mixed using a spatula for 10 min to
simulate loose contact. The concentrations of CO and CO, in the
outlet gas were monitored by online gas chromatography. Catalytic
activity was evaluated and compared in terms of Ty, Ty, and T,
(Typ» T5p and Ty, correspond to the temperatures at which 10%,
50%, and 90% of soot conversion occurs, respectively.), which
correspond to the temperatures at which 10%, 50%, and 90% of
soot is converted, respectively. The selectivity of CO, formation
(Sco,) was defined as the CO, outlet concentration (Cco,) divided
by the sum of CO, and CO outlet concentration. Sc,,” was denoted
as the Sco, at which the Cg,, value was the maximum. Catalyst
stability was evaluated by recycling soot-TPO, long-term, and
hydrothermal stability tests. To assess the hydrothermal stability of
the Pty;@S-1 and Pt;s/S-1 catalyst, 0.2 g of granular catalyst
(40-60 mesh) was loaded inside a quartz tubular reactor and
treated at 800 °C for 10 h in the presence of 10 vol.% H,O/N,. After
naturally cooling to room temperature, the treated catalyst was
ground into a powder and labeled Pt ;,@S-1-HT (S-1-HT refers to
the sample of S-1 zeolite after undergoing hydrothermal treatment)
and Pty 35/S-1-HT. Subsequently, the catalyst (0.1 g) was mixed with
soot (0.01 g) in loose contact for activity testing, and more
experimental details were provided in the ESM.
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2.5 DFT calculation

All spin-polarized DFT calculations were performed using the
Vienna ab initio simulation package (VASP 5.4.4) [37]. The plane-
wave basis set and the generalized-gradient approximation (GGA)-
Perdew-Burke-Ernzerhof (PBE) functional were employed [38]. A
SiggO19, model was used to represent silicalite-1 zeolite [39]. Four Pt
atoms were employed to model Pt nanoparticles at the intersection
between straight and sinusoidal ring channels [40]. The detailed
calculation setting and models are described in the ESM.

3 Results and discussion

3.1 Design principle and structural characterizations

Pt nanoparticles encapsulated into S-1 zeolites was synthesized via a
facile ligand-protected method (Fig. 1(a)), with the corresponding
theoretical encapsulation model shown in Fig. 1(b). The XRD
patterns of all catalysts exhibit the typical diffraction peaks of MFI
zeolites at 20 = 7.96° 8.82°, 23.27°, 23.77°, and 23.97° (Fig. 1(c)),
demonstrating that the MFI structure is preserved during the
synthesis. The XRD diffraction peaks of the catalysts shift to lower
angles, indicating that the metal ions have diffused into the zeolite
framework (Fig. SI in the ESM). Among all as-prepared catalysts,
the diffraction peaks corresponding to the MFI structure shift to the
highest angle for Pt ;,@S-1 catalyst, which can be attributed to the
abundant Pt species incorporated into the zeolite framework. The
diffraction peaks corresponding to the crystal structure of Pt and
PtO, are unobserved (Fig. 1(d)), indicating that the Pt component is
highly dispersed and present at low loading in Pt,@S-1 catalysts.
ICP-OES results show that the actual Pt loading is lower than the
theoretical content (Table S2 in the ESM), which can be attributed
to Pt species loss during the co-hydrothermal synthesis process.
Fourier transform infrared (FTIR) spectroscopy results suggest that
zeolites with the MFI structure were successfully prepared (Fig. S2
in the ESM). Additionally, the interaction between the silanol
groups and metal species was investigated by the FTIR spectra. The
FTIR spectrum of the pure S-1 zeolite exhibits two major
absorption peaks around 3725 and 3500 cm™, the one at 3725 cm™
corresponds to external isolated silanol group (Fig. S3 in the ESM).
The other band at 3500 cm™ is associated with hydrogen-bond
silanol group, ie., silanol nests or defect sites [41]. With the Pt
species introduced, the intensity of the hydroxyl groups decreases
slightly, which can be assigned to Pt species that are predominantly
trapped by silanol nets in the pores of S-1. The textural properties of
the S-1 and Pt,@S-1 catalysts were determined via N, physical
adsorption—desorption measurements (Table S3 in the ESM).
All catalysts exhibit similar type I isotherms with an Hl-type
hysteresis loop in the relative pressure range of 0-0.1, indicating the
typical microporous structure of the MFI framework (Fig. 1(e)). A
small H2-type hysteresis loop in the relative pressure range of
0.1-0.9 indicates the presence of mesopores, while an H3-type
hysteresis loop in the relative pressure range of 0.9-1.0 suggests the
formation of macropore structure. Notably, the specific surface area
of Pt)33@S-1 catalyst decreased significantly (from 447 to 432 m*g ™)
compared to S-1, which can be attributed to the occupation of the
S-1 channels by metal species. The micropore size of all catalysts is
0.536-0.578 nm (Fig. 1(f)), allowing reactant molecules to undergo
reaction within the micropores, particularly the oxidation of NO to
NO,. Interestingly, the specific surface area of Pt;,;@S-1 catalyst
increases while mesoporosity decreases, which can be attributed to
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Figure1 (a) Schematic of the preparation processes of Pt@S-1 catalyst. (b) Theoretical encapsulation model of Pt@S-1 catalyst. (c) XRD patterns and (d) the magnified
patterns of Pt,@S-1 catalysts. (e) N, adsorption-desorption isotherms and (f) pore size distribution curves of S-1 and Pt,@S-1 catalysts. (g) STEM-SE and (h) TEM images
of the S-1 catalyst. (i) The atom model of (010) crystal face of S-1. (j) STEM-ADF image of S-1 with scale bars of 5 nm. (k) STEM-ADF image for Pt,;,@S-1 catalyst (Pt
NPs are in the yellow circle). (1) and (m)) STEM-ADF image of Pt;3s@S-1 catalyst and the Pt NPs are dispersed in the yellow circle. (n) STEM-ADF image of magnified
Pt NPs for Pt,;3@S-1 catalyst. (0) The structural mode of Pty 33@S-1 catalyst. (p) STEM EDX elemental mapping images of Pt ;3@S-1 catalyst.

the slight disruption of microstructure characteristics by the larger
Pt nanoparticles.

The S-1 catalyst exhibits a uniform size and hexagonal prism
morphology (Fig. 1(g)). The width and thickness of S-1 are
approximately 240 and 120 nm, respectively, with two (010) and six
(100) crystal faces (Fig. 1(h)). The S-1 catalyst has a single-crystal
structure (Fig. S4 in the ESM), and the atomic-level mode of (010)
crystal faces is shown in Fig. 1(i). The S-1 catalyst exhibits an
abundant pore structure with a pore size of less than 1 nm
(Fig. 1(j)), and branches are nucleated from the basal plane (010)
faces (Fig. S5 in the ESM). The morphology and size of Pt@S-1
catalysts remain almost unchanged compared with S-1 (Fig. S6 in
the ESM). The metal particles are not observed in the Pty,@S-1
catalyst, indicating that Pt species are well dispersed throughout the
entire S-1 zeolite (Fig. S7 in the ESM). In the STEM-SE (SE stands
for secondary electrons) image of Pt;;@S-1 catalyst, no Pt metal
particles are visible (Fig. S8 in the ESM), whereas the STEM-ADF
(ADF stands for annular dark field) image of the same region
reveals metal particles with a mean size of approximately 4 nm
(Figs. 1(k)-1(n)). This indicates that the Pt NPs are dispersed
within the inner part of the S-1 crystal but are not visible on the
outer surface. The Pt NPs are located within the intersectional
channels between the straight and sinusoidal 10-ring channels of
the MFI framework. The visually observed size of the Pt species
appears larger than the MFI channels (Fig. 1(n)), which can be
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attributed to the encapsulated metal species between the straight
and sinusoidal channels of the MFI structure. Therefore, the Pt NPs
are anchored inside the zeolite framework (Figs. 1(n) and 1(0)). The
Pt size of the Pty /S-1 catalyst is about 18 nm (Fig. S9 in the ESM),
and the energy-dispersive X-ray spectrometry (EDX) mapping
results further confirm the severe aggregation of Pt species on the
surface of S-1 (Fig. S10 in the ESM). The STEM EDX mapping
images of Pt;;,@S-1 catalyst show the uniform dispersion of Pt NPs
(Fig. 1(p)). As the Pt loading increases, anomalous large Pt NPs (12
nm) are found on the surface of zeolite, as indicated by white
arrows (Fig. S11 in the ESM). Additionally, with increasing Pt
loading, a broader absorption peak gradually appears around 250
nm in UV-Vis spectra, which can be attributed to subnanometric
Pt clusters inside zeolitic pores (Fig. S12 in the ESM) [42]. These
observations further confirm that the Pt NPs are confined within
the S-1 zeolite.

3.2 Chemical structure and oxidation property

To determine the chemical state of the Pt NPs, Raman, CO-DRIFT,
XPS, X-ray absorption near-edge structure (XANES), and the
extended XAFS (EXAFS) spectra were employed to investigate the
characterizations of the Pt@S-1 and Pt/S-1 catalysts [43]. Obvious
characteristic bands of MFI zeolite structure at 295 and 475 cm™ are
observed in all prepared catalysts (Fig. 2(a)), which can be assigned
to bending vibrations of the six-ring and four-membered rings in
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the zeolite, respectively. The bands at 379 and 436 cm™ are
attributed to the stretching vibration of the Si—-O-Si bonds and the
asymmetric stretching vibration of the Pt-O-Si bonds, respectively
[44]. The two weak bands at 436 and 544 cm™ are assigned to the
PtO (E,) and PtO,, respectively [45]. In contrast, the Pty,@S-1
catalyst exhibits two strong bands corresponding to PtO,, indicating
the formation of larger Pt NPs in the Pt,,;@S-1 catalyst. In-situ
DRIFTS measurement with CO adsorption was used to investigate
the electronic state of Pt active sites in the catalysts (Fig. 2(b)). For
the Pty ;,@S-1 catalyst, four peaks located at 2100, 2087, 2046, and
1882 cm™ can be reasonably attributed to CO adsorption on Pt,O,
ensembles [46], linearly adsorbed CO on Pt* single-atoms [47], CO
adsorbed on Pt’ nanoparticles with different sizes [48], and bridge
coordinated CO molecules on Pt sites [49], respectively. Linearly
adsorbed CO on Pt (2087 cm™) is undetected on the Pt;s/S-1
catalyst (Fig. S13 in the ESM). Thus, Pt species coexist as metallic Pt
and oxidized Pt species in the Pt ;@S-1 catalyst, while the Pt ;4/S-1
catalyst contains only Pt NPs. Additionally, the XPS spectra of the
Pt 4f region display two components for Pt@S-1 catalyst,
corresponding to Pt”and Pt species (Fig. S14 in the ESM).

XAFS measurements were performed to reveal the atomic

configurations of Pt species on the Pt);@S-1 catalyst. The Pt L;-
edge XANES spectra of the Pt ;@S-1 catalyst display that the white
line peak intensity is much weaker than that of PtO, while is slightly
higher than that of Pt foil (Fig. 2(c)), indicating that the valence
state of Pt in the Pt ;,@S-1 catalyst contained more positive charges
than that of Pt foil but fewer positive charges than that of PtO,
[50-52]. The EXAFS spectra of Pt;;,@S-1 catalyst show a primary
peak at 2.64 A, corresponding to the Pt-Pt bond (Fig. 2(d)).
Additionally, the coordination number of first-shell Pt-Pt bonding
for the Pt,33@S-1 catalyst is about 9.3, indicating that the Pt NPs are
of small size (Fig. S15 and Table $4 in the ESM). The strong wavelet
transform (WT) signal appears at 6-14 A in k space (Fig. S16 in
the ESM), ascribing to the Pt-Pt bond. Additionally, the WT of the
I*-weighted EXAFS spectra provide structural information in both
R space and k space. The intensity and contour plot of Pty;@S-1
differs from that of Pt-foil, further confirming the predominance of
Pt-Pt bonds with only a small amount of Pt-O bonds on the
surface of Pty;,@S-1 catalyst (Fig. 2(e)). This phenomenon can be
attributed to the strong interaction between embedded Pt particles
and skeleton oxygen.

The H,-TPR experiments were conducted to characterize the

(a) 379 Si-0-Si bonds (b)pt, @51 fﬂ]g PE*_CO Bridged 02] (©) —— Pty 35@S-1
i 2170 ;
Six PtO (E,) - 1211 I Pt-foil
- §Four-membered rings S © PtO,
3 475 S =
£ | g 3
§ Pton@s'1 % o
% Pt ;@S-1| 2 & g
< Pty 0s@S-1 § g i
< 5 :
z :
3
11,544 11,570

300 360 420 480 540 600 660
Raman shift (cm™)

o
e

Pt-Pt

Pt; ;s@S-1

Pt-foil

FT (Kx(K) (A™)

2300 2200 2100 2000 1900 1800
Wavenumber (cm™)

11,520 11,560 11,600 11,640 11,680
Energy (eV)

(f) PtO, species Encap dPt S ton O
~— &N LT
Distance effect 13‘,‘:\? }% ’:( 4
Ao =256 A b rd Bu e oo =398 A
g Pt-0 . "o’ o’
3
Slroest B 1 6w
> . ! !
2 :
B |Pt, @51 361
g Pty 3@ ) 567
§ Pty 0c@S-1 4?3 "732\
Ptyo/S-1294 435
. v e N
W

110 220 330 440 550 660 770

0 1 2 3 4 5 6 0 2 4 6 8 10 12 14 16
R(A) k(A™) Temperature (°C)
(9) CO, (m/z = 44) Bulk oxygen | () Bridging nitrate NO (/2 = 30)] (i) [—— s-1 NO + 120, —= NO,
‘ ! . o~ Pt, ,,@S-1
294 Bidentate nitrates : 0.06
5| S e " by | 3 |—— Pty @81 395
5 co L] co, 3 ! s ’
2 — = 708 sl Pt,,s@S-1| §
S |Prn@s1 285 AElw £
k=2 i A ; \ Pt,s@S1| €
P S-1 | =] ! .38
UL t.35@: j 653 7, . 334 8
O |Ptocs@s-1 i 718 »n ( : 1 Pt, 0s@S-1 S
© - = ! ]
234 1342 o ©
Plos/S-1 | 930 M o
S-1 f 735 _,-.../'l!\...__ S-1 -4
150 300 450 600 750 900 80 160 240 320 400 480 560 120 180 240 300 360 420 480

Temperature (°C)

Temperature (°C)

Temperature (°C)
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redox properties of the catalysts. As shown in Fig. 2(f), the TPR
profile of the S-1 catalyst shows no reduction peaks. The Pt,35/S-1
catalyst exhibits two reduction peaks at 294 and 435 °C, which can
be assigned to the reduction of PtO, with weak and strong
interactions between the PtO, species and the S-1 support,
respectively [53]. The Pt@S-1 catalysts show no reduction peaks at
the temperature range of 100-300 °C, which can be attributed to
the encapsulated Pt nanoparticles located within the pore channels
of the S-1. The reduction peak of the Pt;;3@S-1 catalyst observed
between 300-600 °C, is assigned to the reduction of oxygen in the
zeolite skeleton near encapsulated Pt NPs. The Pt,,@S-1 catalyst
displays the lowest reduction peak at 361 °C, suggesting that the
encapsulated Pt NPs are close to the skeleton oxygen and that there
is an interaction between Pt and the S-1 framework. It indicates that
the introduction of Pt species significantly enhances the oxidation
capacity and weakens the intensity of the Si-O bond. Additionally,
CO can be used as a probe molecule to study active oxygen species
on the catalyst surface (Fig. 2(g)). The skeleton oxygen can be
activated to form active oxygen species by the interaction between
Pt and S-1. The Pty;,@S-1 catalyst shows the lowest temperature
peaks at 653 °C, further suggesting that Pt NPs are close to the
oxygen atom in the Pty ;,@S-1 catalyst.

To evaluate the NO, storage capacity of all the as-prepared
catalysts, the NO, desorption behaviors were studied using the TPD
technique (Fig. 2(h)). The weak shoulder peak at 110 °C is
attributed to the desorption of weakly adsorbed NO and the
decomposition of surface nitrites (< 200 °C) [54]. The desorption
peaks in the range of 200-400 °C can be assigned to bridging
nitrate and bidentate nitrates species. Pty;s@S-1 catalyst exhibits a
large decomposition peak area, indicating its excellent NO,, storage
capacity. NO-TPO measurements were conducted to investigate the
activation property of the catalyst for NO molecules (Fig. 2(i)). The
S-1 catalyst exhibits poor oxidation ability for NO oxidation.
However, after the introduction of Pt species, the NO, peak shifts to
a lower temperature. The Pt;;@S-1 catalyst shows the highest
concentration of NO, and corresponds to the lowest peak
temperature at 395 °C. The highly dispersed Pt species in the
Pty3s@S-1 catalyst provide a greater number of active sites,
promoting the formation of large amounts of active oxygen species,
which is consistent with the results of O 1s XPS spectra (Fig. S17
and Table S5 in the ESM). The larger fraction of active oxygen
species may readily participate in the NO oxidation to form NO,
oxidant. Thus, the Pt;;@S-1 catalyst exhibits superior catalytic
activity for soot oxidation, which can be assigned to the excellent
oxidation performance for NO molecules.
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Figure3 (a) Profiles of soot conversion and (b) CO, selectivity as a function of reaction temperature over S-1, Pt,@S-1, and Pt,34/S-1 catalyst. (c) Reaction rates at 300 °C.
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3.3 Catalytic activity and stability for soot oxidation

The catalytic activities of all as-prepared catalysts for soot oxidation
were investigated by the soot-TPO reaction (Fig. 3(a) and Table S6
in the ESM). The S-1 support exhibits low catalytic activity for soot
oxidation, with Ts, and Sco," values are 558 °C and 59.7%,
respectively. However, after the introduction of the Pt species, the
catalytic performance improves significantly, enhancing the
efficiency of soot oxidation. Among all as-prepared catalysts, the
Pty33@S-1 catalyst exhibits the highest activity for soot oxidation;
ie, the Ty, Ts, and Ty values are 303, 368, and 410 °C,
respectively. However, the catalytic performance decreases for the
Pty,s@S-1 catalyst, which can be attributed to the reduced
dispersion of Pt species at high loading, leading to a decrease in the
number of active sites on the catalyst. To highlight the advantages
of encapsulation, Pt;ss/S-1 catalyst was prepared as a comparison.
The Pty;3@S-1 catalyst demonstrates higher catalytic activity
compared to the Pt ;4/S-1 catalyst (T5, = 412 °C), indicating that the
encapsulated Pt species provide more active sites for reaction
molecules. The CO, selectivity of the Pty;;@S-1 catalyst reaches
nearly 100%, and this high selectivity is maintained over a wide
temperature range from 300 to 500 °C (Fig. 3(b)). The relative
conversion rate (CR) was calculated from the isothermal oxidation
reactions of the catalysts at 300 °C (Fig. 3(c)). Upon introducing Pt
species, the CR values increased significantly. The Pt;@S-1
catalyst shows the highest CR value (2.45 umol-g™-min™), which is
1.58 times higher than that of the Pt;3/S-1 catalyst. This indicates
that the highly dispersed Pt species provides additional sites for
adsorption—activation reaction reactants.

To further evaluate the catalytic stability, recycled soot-TPO tests
were performed. Over five cycles of soot-TPO tests (Fig. 3(d)), the
temperature difference of Ty, for the Pts/S-1 catalyst increases
significantly (AT, = 11 °C) compared to the Pty;@S-1 catalyst
(ATs, = 1 °C). After five cycles of soot-TPO experiments, the XRD
patterns of Pt,3@S-1 remain unchanged, and the morphology still
retains its hexagonal prism structure (Fig. S18 in the ESM). The
XAFS measurement of the used Pt ;,@S-1 catalyst (Pt ;3@S-1-used)
was performed to obtain coordination information (Figs. 3(g)-3(i)
and Fig. S19 in the ESM). The Pt L;-edge XANES spectra of
Pty33@S-1-used are very similar to that of the fresh Pt;@S-1
catalyst. The average coordination number of Pt-Pt bonds is 9.3 +
0.7 based on EXAFS results, which is similar to that of the fresh
sample, indicating that the Pty;,@S-1 has excellent recycle stability
during soot oxidation. The hydroxyl groups in zeolites serve as
anchoring sites for metal species, thereby preventing metal
agglomeration and subsequent catalyst deactivation. In partial
working conditions, other components of vehicle emissions (NO
and H,0) can influence the catalytic activity. To investigate the
effect of NO on the performance of the catalyst, the activity tests of
Pty;@S-1 catalyst were conducted under conditions of gradient
concentration of NO (Fig. S20 in the ESM). The Ty, value of
Pt,35@S-1 is 554 °C in the absence of NO. After the introduction of
the NO into the reaction system, the catalytic performance
improves significantly, with the Ty, value decreasing from 554 to
368 °C as the NO concentration increases from 0 vol.% to 0.1 vol.%.
However, further increases in the NO concentration (0.2 vol.%) do
not result in additional enhancement of catalytic activity, suggesting
that there is an optimal NO concentration that can significantly
promote soot oxidation.

Water vapor (5 vol.%) was introduced into the reaction gas
during soot oxidation (Fig. 3(e) and Fig. S21 in the ESM). The Tj,

(B 7~ 2w | Sci@pen

94907431 (7 of 12)

value of Pty;,@S-1 catalyst hardly changed after the introduction of
water vapor, indicating its high resistance to H,O. This high
stability was further confirmed by hydrothermal aging tests, where
the Tg, value of Pt)3;3@S-1-HT catalyst decreases by only 9 °C after
hydrothermal treatment. Additionally, a long-term catalytic stability
evaluation was conducted for the Pt,;,@S-1-HT and Pt;5,/S-1-HT
catalysts (Fig. 3(f)). The amount of soot conversion over Pt ,/S-1-
HT catalyst rapidly decreased within 400 min, while the conversion
amount of the Pt;33@S-1-HT catalyst remained nearly unchanged.
The deactivation rate of Pt,s/S-1-HT is 10-fold that of the Pt, ;@S-
1-HT catalyst, implying that the Pt,;@S-1 catalyst has excellent
H,O-resistance compared with the Pty ,/S-1 catalyst. The presence
of a black mixture is different from the catalyst color in the quartz
tube after the long-term reaction because soot particles were not
completely consumed (Fig. 3(f)). The XAFS measurements were
performed to determine the electronic state and coordination
environment of the Pt NPs in the Pty;@S-1 catalyst after the
exposure of water vapor (Pty;@S-1-H,O) and hydrothermal
treatment (Figs. 3(g)—3(i)). The Pt L;-edge XANES spectra of both
the Pty3s@S-1-H,0O and Pt;,@S-1-HT catalyst show an increased
oxidation state for two Pt atoms compared to the fresh Pt,;,@S-1
catalyst (Fig. 3(g)). In the Pt L;-edge EXAFS results, the average
coordination number of Pt-Pt bonds in the Pty;3@S-1-H,0 and
Pty3s@S-1-HT catalysts are found to be 84 + 0.9 and 7.9 £ 0.8,
respectively (Figs. 3(h) and 3(i) and Table S4 in the ESM). A
discernible diminution in the Pt-Pt coordination number was
observed following steam and hydrothermal treatments when
compared to the fresh Pt;,@S-1 catalyst. Compared with the fresh
Pt,35@S-1 catalyst, the intensity of hydroxyl nests in Pt,;;@S-1-HT
and used Pt;;,@S-1-H,O catalysts decreased to some extent (Fig.
S22 in the ESM). This phenomenon can be attributed to that
prolific hydroxyl species generated during steam exposure and
hydrothermal treatment protocols effectively mediate the dispersion
and stabilization of Pt species within the catalyst matrix [55].
Combined with the above contrast experiment results, it indicates
that the in-situ encapsulated Pty;,@S-1 catalyst exhibits excellent
catalytic activity, durability, and H,O tolerance compared to the
Pty 35/S-1 catalyst prepared by the traditional impregnated method.

34 In-situ DRIFT spectra and DFT calculations

Forming NO, species is crucial because NO, has stronger oxidation
properties and follows the NO,-assisted mechanism during soot
oxidation. Therefore, a catalyst with excellent activation
performance for NO molecules is beneficial for promoting soot
oxidation at lower temperatures. To study the NO adsorption
behavior on the surface of S-1 and Pty;@S-1 catalyst, in-situ
DRIFTS measurements were performed (Fig. 4(a) and Fig. S23 and
Table S7 in the ESM). The NO adsorption species formed on the
Pty33@S-1 catalyst is similar to those observed on the S-1 catalyst.
The adsorption peaks observed at 1764, 1656, 1425, 1365, and
920 cm™ are attributed to trans-N,O,”, bridge nitrites, monodentate
nitrites, monodentate nitrates peak, and NO,/N,O, species,
respectively [56—-60]. Notably, the monodentate nitrites (1425 cm™)
disappeared, while the new band was detected at 1405 cm™, which
can be assigned to trans-N,O,> species [61]. No peaks related to
free NO species were detected at lower temperatures, likely due to
the tendency of gas-phase NO molecules to readily bind to the
Lewis acid sites on the catalyst, owing to their single electron bond
structure [62]. The NO adsorption reached saturation within
30 min, and the Pt;;@S-1 catalyst showed stronger adsorption
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Figure4 ((a)-(c)) In-situ DRIFT spectra of NO adsorption (a), NO oxidation (b), and soot oxidation (c) over Pty ;@S-1 catalyst. (d) Reaction pathway for NO oxidation
on Pt,@S-1 catalyst. (e) The major interactions and energy levels of the molecular orbits for the NO molecule. ((f)—(h)) PDOS plots for NO adsorbed on the Pt sites in
Pt,@S-1 (f), isolate Pt, (g), and PDOS plots for a free NO molecule and the Pt,@S-1 (h). ((i) and (j)) Differential charge density map increase (brown color) and decrease
(green color) of electron distribution for Pt,@S-1 (i) and Pt, (j). ((k) and (1)) ELF analyses for O, adsorbed on Pt,@S-1 (k) and Pt, (1). (m) The route of soot oxidation is

proposed based on the experimental and theoretical simulation results.

compared to the S-1 catalyst (Fig. S24 in the ESM). This suggests
that the NO adsorption capacity is significantly enhanced with the
introduction of Pt species.

In-situ DRIFTS measurements were conducted at various
temperatures to further investigate the surface intermediates during
NO oxidation (Fig. 4(b) and Fig. S25 in the ESM). At a relatively
low temperature of 50 °C, a series of NO,-containing species were
detected on the surface of the Pt);@S-1 catalyst. These species
include trans-N,O,” (1764 and 1405 cm™), bridge nitrites
(1656 cm™), monodentate nitrates (1365 cm™), NO,/N,O, species
(920 cm™), and bending vibration of nitrates (833 cm™). Notably, as
the reaction temperature increases, the bands corresponding to
trans-N,O,, bridge nitrites, monodentate nitrates, and bending
vibration of nitrates gradually weaken and eventually disappear.
Simultaneously, a new characteristic peak appears at 1380 cm™
above 250 °C, which can be assigned to ionic nitrates species. The
intensity of ionic nitrates gradually weakens from 250 to 450 °C,
indicating that the ionic nitrates species gradually decompose. Thus,
NO is readily oxidized to NO, on the Pt;;@S-1 catalyst. The
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nitrate/nitrite species serve as key intermediates in the NO
oxidation process, and the NO, released from these species
subsequently promotes soot oxidation. To study the effect of NO
and O, on the competitive adsorption of active sites, NO and O,
were simultaneously injected into the reaction system on both S-1
and Pty;@S-1 catalysts. The intensity of NO,-species significantly
decreased for Pt,;,@S-1 catalyst after the simultaneous injection of
NO and O,, indicating the competitive adsorption between NO and
O, (Fig. 526 in the ESM). This result is consistent with the catalytic
performance at varying NO concentrations, suggesting that the Pt
species serve as active sites for both NO and O, molecules.
Therefore, the introduction of Pt species enhances the
decomposition of ionic nitrates, promoting the formation of NO,
species.

To further investigate the influence of NO, species on soot
oxidation over the S-1 and Pt;;@S-1 catalysts, in-situ DRIFTS
measurements were conducted for both catalysts with soot in the
presence of NO and O,. In-situ DRIFTS spectra of adsorbed species
on the soot-free catalyst in the reaction atmosphere were also

(8) 27 wa | Sci@pen
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recorded (Fig. S27 and Table S7 in the ESM). A series of surface-
oxygen complexes (SOCs) were detected on the soot surface. The
containing N-species and C-species on the surface of the catalyst-
soot were recorded in the reaction atmosphere (Fig. 4(c)). The
bands in the spectra of pure soot and the catalyst-soot mixtures
exhibit significantly lower intensity, which can be attributed to the
strong light-absorbing properties of soot. A series of bands can be
detected on the Pt);s@S-1 catalyst, primarily corresponding to the
symmetric stretch vibrations of chelating bidentate carbonates
(1585 cm™), COO" vibration of acetate species (1405 cm™), ionic
nitrates (1378 c¢m™), monodentate nitrates (1365 cm™), bidentate
nitrates (1036 cm™), vibration of C=0O in aromatic ester groups
(1726 cm™), anti-symmetric stretch vibrations of chelating bidentate
carbonates (1222 cm™), nitrito bidentate groups (1203 cm™), free
nitrate (1135 cm™), C-N stretching vibration (1106 cm™), and
carbonate species (862 cm™). With the rising reaction temperature,
the monodentate nitrates species and COO™ vibration of acetate
species gradually weaken and eventually disappear (below 250 °C).
The ionic nitrates species begin to decompose at 300 °C, and the
intensity of bridge nitrates and free nitrates gradually increases.
Meanwhile, the intensities of symmetric stretch vibration of
chelating bidentate carbonates, nitrito bidentate species, anti-
symmetric stretch vibrations of chelating bidentate carbonates,
C-N stretching vibration, and carbonate species gradually increase
with rising the temperature. The S-1 catalyst shows a similar
process to the Pty;,@S-1 catalyst for soot oxidation (Fig. S28 in the
ESM). However, the Pt;;@S-1 catalyst shows C-N stretching
vibration species at a lower temperature (100 °C) compared to the
S-1 catalyst, suggesting that the formation of NO, by NO oxidation
on the Pt)3;@S-1 catalyst can be adsorbed to the surface of soot,
leading to the formation of CO and CO, products.

The electron and energy evolution progress of the surface-active
intermediate over Pt,@S-1 and Pt, were further investigated using
DEFT calculations (Fig. S29 in the ESM). The reaction pathway and
the corresponding relative energy changes during NO oxidation
can be divided into eight stages as follows (Fig. 4(d)). Firstly, a
gaseous NO molecule adsorbs at the vertex position of the Pt NPs,
forming an O-N-Pt bond adsorbs at the intersection between the
straight and sinusoidal ring channels (NO*; IM1 (IM1 stands for
intermediate 1)). The adsorption energies of NO (E,(NO)) are
—-3.93 and -3.74 eV for Pt,@S-1 and Pt,, respectively, indicating
that the Pt site exhibits enhanced adsorption of the NO molecule
after the formation of the encapsulation structure. The N-O bond
length and the O-N-Pt bond angle for NO adsorption on Pt,@S-1
catalyst are 1.19 A and 170.2° respectively. In contrast, NO
adsorption on Pt, exhibits a similar N-O bond length (1.19 A) but
a large O-N-Pt bond angle of 177.6°. This adsorption geometry on
Pt, is close to a linear arrangement of NO at the Pt sites, which can
be attributed to the steric hindrance effects influencing the structure
of NO adsorption. The Pt atom serves as the central atom in the
catalytic reaction, and the unpaired electrons in the 5d orbital
readily hybridize with the unpaired electrons in the N 2p orbital of
the NO molecule (Fig. 4(e)). Upon NO adsorption, the projected
density of states (PDOS) plot of the Pt atomic orbital shifts to lower
energies. In contrast, the PDOS plots of the N and Oyg (Oyo comes
from the NO molecule) atomic orbital show significant charges
compared to those of the free NO molecule (Figs. 4(f)-4(h)), as
evidenced by a shift to higher energies and the emergence of new
peaks in the range of new peaks in the range from 0 to —4 eV.
Additionally, after NO adsorption, the spin of the electron states of
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N and Oy becomes symmetric, indicating the involvement of extra
electrons and the formation of strong covalent bonds between N
and O atoms. The nature of the interaction between the adsorbed
NO and the Pt sites can be further characterized by electron
localization function (ELF) charge density difference (CDD). The
ELF plots for Pt,@S-1 reveal a strong electronic interaction between
the NO and Pt,@S-1 (Figs. S30 and S31 in the ESM).

Secondly, an O, molecule adsorbs on another Pt site through an
O-O-Pt bond, forming a surface-adsorbed O,* (O,*; IM2). The
total net charge transfer from the Pt,@S-1 surface to the O,
molecule is 0.54e", while for isolated Pt, NPs, it is 0.34e™ (Figs. 4(i)
and 4(j) and Figs. S32 and S33 in the ESM). This suggests that
encapsulated Pt, NPs are more effective in activating the O=0
bond, facilitating the formation of activated oxygen species. The
ELF plot for Pt,@S-1 shows a greener color between the O and Pt
atoms compared to Pt, (Figs. 4(k) and 4(1)), indicating the presence
of a strong ionic bond. The shorter bond length and larger value of
—COHP suggest that the O-O bond is more difficult to break on
Pt, (ICOHP = —6.89 eV) than on Pt,@S-1 (ICOHP = —6.82 eV).
This implies that the O, molecule is less easily activated to form
reactive oxygen species on isolated Pt, compared to Pt,@S-1 catalyst
(Fig. S34 and Table S8 in the ESM). Thirdly, the adsorbed NO
combines with O* to form the surface intermediate NO, species
(NO,*; IM3). Fourth, the NO,* species desorbs from the surface of
the Pt, NPs (IM4). Fifth, an additional NO molecule adsorbs on O*
to form ONO* (IM5). Finally, the NO,* species desorbs from the
surface of Pt, NPs, completing the reaction cycle (final state (FS)).
The NO, desorption energy (Eq(NO,)) for Pt,@S-1 (1.87 eV) is
lower than that for isolate Pt, NPs (2.05 eV), indicating that the
NO, molecule is more readily desorbed from the Pt, NPs. In
summary, the encapsulated Pt species enhance NO adsorption, and
the formation of active oxygen species promotes the oxidation of
NO to the NO, intermediate. This intermediate is easily desorbed
from the surface of the encapsulated Pt, NPs, aided by steric
hindrance, resulting in the formation of highly mobile and strong
oxidizing NO, (g).

Based on the above discussion and experimental results, the
encapsulated Pt@S-1 catalyst exhibits excellent catalytic activity and
superior stability for soot oxidation. To further investigate the
origin of the catalytic activity of the Pt sites in Pt@S-1, the PDOS
plots for the two models are shown in Fig. S35 in the ESM. The d-
band center of Pt atoms in Pt@S-1 is closer to the Fermi level
compared to isolate Pt,. This higher d-band center in Pt@S-1 results
in the presence of empty anti-bonding states, which enhances the
bond strength with adsorbates. The catalytic pathway for soot
oxidation over the Pt,@S-1 catalyst is outlined below, with a
schematic diagram shown in Fig. 4(m). The encapsulated Pt NPs
increase the density of active sites and effectively prevent catalyst
deactivation. Ultimately, NO, can migrate to the soot surface, where
it oxidizes the soot to form CO and CO,. The by-product CO can
then be further oxidized by active oxygen species to form CO,. The
oxidation of NO to NO, is a key step in soot oxidation, and the
catalytic performance of soot oxidation is closely related to the
activity of the catalyst to NO molecule.

4 Conclusion

In this work, Pt NPs (4 nm) were successfully confined within the
zeolite S-1 framework by in-situ assembly crystallization. The high
dispersion of Pt species achieved by in-situ synthesis increases the
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density of active sites for reactant molecules. Additionally, the
spatial confinement of Pt nanoparticles and abundant hydroxyl
sites within the zeolite framework effectively prevents the
aggregation of Pt species to improve catalyst stability. Among all the
as-prepared catalysts, the Pt ;,@S-1 catalyst shows superior catalytic
performance (T, = 368 °C; Sco,” = 99.9%) and high stability (cycle
stability and long-term stability) during soot oxidation under loose
contact conditions. Conspicuously, the reaction rate of the confined
Pty;@S-1 catalyst is 1.58-fold than that of the conventional
Pty34/S-1 catalyst. Through characterizations and DFT calculations,
the reaction mechanism is revealed: In-situ encapsulated Pt species
ensure a high density of active sites, which promote the adsorption
and activation of O, to form active oxygen species. These active
oxygen species can boost NO oxidation to NO,. Meanwhile, the
encapsulated Pt in the Pt@S-1 catalyst exhibits a higher d-band
center than isolated Pt species, which enhances its bonding strength
for the co-adsorption of NO and O, molecules. The formation of
NO, is more easily desorbed from the surface of the encapsulated Pt
NPs, which is a crucial step in the NO,-assisted catalytic
mechanism for soot oxidation. Finally, the formation of gaseous
NO, can migrate to the soot surface along with the reaction gas
flow, oxidizing the soot to form CO,. This work provides a
promising approach for the rational design and synthesis of high-
stability catalysts for soot oxidation in practical applications.

Electronic Supplementary Material: Supplementary material
(detail of the experimental section, characterization methods,
catalytic activity and stability test, XRD patterns, FTIR spectra,
TEM images, STEM-SE images, EDX mapping images, UV-Vis,
CO adsorption DRIFTS spectra, XPS spectra, EXAFS spectra,
XANES spectra, soot-TPO, in-situ NO oxidation DRIFTS spectra,
and DFT calculations) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907431.
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