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Abstract
Active metal agglomeration in heterogeneous catalysis is a crucial reason of catalyst deactivation.
Consequently, many methods to inhibit the sintering by redispersing metal course have been widely
studied. However, the redispersion conditions of catalysts with different structures may also be
different. In our work, we prepared Pt/ZSM-5 and Pt@ZSM-5 catalysts to study that the redispersion of Pt
under different pretreatment conditions. Characterizations demonstrate that only Pt@ZSM-5 (4R, 5O)
implements Pt redispersion. The redispersion of Pt nanoparticles is due to the encapsulation constraint
of the ZSM-5 as well as Ptδ+ species migrate at 500℃ oxygen atmosphere, which are anchored to the -(-
O-Si≡)y site in ZSM-5 by strong metal support interaction. Bene�ting from highly dispersed active sites,
Pt@ZSM-5 (4R, 5O) catalyst also shows excellently catalytic activity, stability and anti-carbon deposition
ability in partial oxidation of methane (POM). The results provide ideas for the preparation of catalysts
for high temperature oxidation reaction.

1 Introduction
The development of clean energy and the e�cient use of resources are widely concerned topic, which are
also challenges of chemical industry [1, 2]. According to report, the inadequate utilization of coalbed
methane (CBM) has caused environmental pollution and resource waste [3–5]. The main component of
CBM is methane, and its utilization will be a very meaningful topic, especially the partial oxidation of
methane (POM) to syngas. High conversion rate and right C:H ratio as POM characteristic, which in
conducive to prepare downstream products such as Fischer-Tropsch synthesis raw materials [6–9].
Unfortunately, catalysts tend to sinter over time in the harsh reaction environments, leading to develop
suitable catalysts for POM becomes an urgent problem to be solved.

In heterogeneous catalysis such as POM to syngas, catalyst with high dispersion, not only provides more
catalytic active sites, but also achieves greater utilization e�ciency, reducing the cost consumption [10,
11]. Nowadays, it has been possible that increasing the dispersion of metals from nanoparticles to metal
clusters and even single atoms [12–14]. Guo et al prepared catalysts with a metal particle size of several
nanometers by reducing the metal loading [15]. Large surface area and special pore structure of the
supports, which can reduce the size of metal nanoparticles to less than one nanometer [16, 17]. Single
atom dispersion of metal is achieved by anchoring sites and defects of the supports [18, 19]. However,
high surface free energy of metal clusters or single atoms resulted in the poor stability [20]. The
agglomeration of catalysts is an inevitable phenomenon under the harsh industrial reaction [21]. More
severely, the increasing of metal particles size produces large amounts of carbon deposition and further
resulting in the deactivation of catalyst [10, 22, 23].

Promisingly, for noble metal supported on reducible metal oxides or encapsulated within supports,
reversing the sintering process (redispersion) were reported recently [24, 25]. Namely, two contradictory
process of metal dispersion or agglomeration may exist simultaneously [23], and generally believe that
redispersion of metal is related to high calcination temperature and different atmosphere [26, 27].



Page 3/13

However, the conditions for redispersion of catalysts with different structures may be different, these
external conditions affect microscopic properties such as the electronic structure or metal support
interaction, which play a critical role in metal agglomeration or dispersion process [28, 29]. It is promising
that the catalyst sintering can be solved by adjusting the preparation process and constructing suitable
conditions for catalyst redispersion.

Herein, Pt/ZSM-5 and Pt@ZSM-5 were prepared by incipient-wetness impregnation and in-situ
hydrothermal synthesis to study the redispersion of Pt. As an excellent support, high hydrothermal
stability and spatial con�ning effect of ZSM-5 provides different structures for catalysts. POM reaction
was carried out under the condition of high temperature and oxidative atmosphere. The stability and
durability of different catalysts and the redispersion of Pt are further explored.

2 Experimental

2.1 Type of raw materials
Tetraethyl orthosilicate (TEOS) (Tianjin Komio Chemical Reagent Co, LTD.), (3-mercaptopropyl)-
trimethoxysilane (KH-590) (Sinophenol Chemical Reagent Co, LTD.), Tetrapropyl ammonium hydroxide
(TPAOH) (Tianjin Guangfu Fine Chemical Research Institute), Chloroplatinic acid (Saen Chemical
Technology Co, LTD.), Aluminum sulfate 18 hydrate (Tianjin Beichen Founder reagent Factory), sodium
hydroxide (Tianjin Kaitong Chemical Reagent Co, LTD.), deionized water.

2.2 Synthesis methods and pretreatment of catalysts

2.2.1 Preparation of Pt/ZSM-5 catalyst
Synthesis of ZSM-5 was according to reference [30]. 13.2 mL of TPAOH and 3.3 mL of deionized water
were dissolved in a 50 mL beaker and continuously stirred for 9 h at room temperature. 18.5 mL of TEOS
was added to the above solution, and the mixture was stirred for 13 h at room temperature (denoted as
liquid A). Afterward, 5.4 mL of deionized water, 10.5 mL of TPAOH, 0.1 g of NaOH and 0.2753 g of
Al2(SO4)3·18H2O were mixed (denoted as liquid B), which added to the liquid A and continuously stirred.
After dripping and stirring for 2 h at 80 ℃, the mixed solution was transferred stainless steel
hydrothermal kettle, which was placed in a rotating oven for crystallization at 100 ℃ for 48 h, and later at
170 ℃ for 24 h. The sample after crystallization was �ltered and washed for several times and dried
overnight in an oven at 100 ℃. Then the solid was ground into powder and placed in a mu�e furnace at
550 ℃ for 6 h. Sample was named by ZSM-5 after cooling.

Pt/ZSM-5 catalyst was prepared via incipient-wetness impregnation method. 2 g of ZSM-5 was placed in
a crucible, 0.2 mL of H2PtCl6·6H2O aqueous solution was mixed with deionized water and dropped into
ZSM-5 sample with stirring. After impregnation, it was placed in a vacuum oven at 100 ℃ for drying
overnight, then ground into powder. The sample was placed in a mu�e furnace for calcination at 550 ℃
for 6 h to obtain Pt/ZSM-5 catalyst.
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2.2.2 Preparation of Pt@ZSM-5 catalyst
13.2 mL of TPAOH and 3.3 mL of deionized water were mixed in a 50 mL beaker, the mixture was added
0.14 mL of KH-590 and stirred continuously for 8 h at room temperature. After 0.2 mL of H2PtCl6·6H2O
aqueous solution was added to the above solution, 18.5 mL of TEOS was added and continuously stirred
at room temperature for 13 h (denoted as solution A). 5.4 mL of deionized water, 10.5 mL of TPAOH, 0.1 g
of NaOH and 0.2753 g of Al2(SO4)3·18H2O were mixed (denoted as liquid B), which added to the liquid A
and continuously stirred. After stirring at 80 ℃ for 2 h, the mixed liquid was transferred into hydrothermal
reactor in a rotating oven for crystallization at 100 ℃ for 48 h, and later at 170 ℃ for 24 h. The sample
after crystallization was �ltered and washed for several times and dried overnight in an oven at 100 ℃.
Then the solid was ground into powder and placed in a mu�e furnace at 550 ℃ for 6 h. Which is
illustrated in Fig. 1 and obtained sample was named Pt@ZSM-5 catalyst.

2.2.3 Pretreatment of Pt/ZSM-5 and Pt@ZSM-5 catalysts
Pt/ZSM-5 and Pt@ZSM-5 catalysts were placed in a tube furnace with �owing hydrogen gas at 400 ℃
for 2 h. After cooling, about 1 g of each catalyst was taken out and recorded as Pt/ZSM-5 (4R) and
Pt@ZSM-5 (4R), respectively. The remaining parts were treated with �owing oxygen at 500 ℃ for 2 h, and
two catalysts were obtained after cooling recorded as Pt/ZSM-5 (4R, 5O) and Pt@ZSM-5 (4R, 5O),
respectively.

2.3 Catalysts characterization
In this experiment, Porder type X-ray diffractometer of the Netherlands was used to analyze the
composition of the material. The crystallinity, phase purity and the presence of large size metal in the
catalyst were proved by XRD. Plasma 3000 inductively coupled Plasma atomic emission spectrometer
(ICP-AES) was used to analyze the elements content of the material. JEM-2100F high resolution
transmission electron microscopy (HRTEM) was used to observe the morphological structure of catalysts,
as well as the distribution and dispersion of the metal on the support. A certain amount of catalyst was
ground and dissolved in ethanol, which was shaken evenly in an ultrasonic water bath and then dropped
onto the ultra-thin carbon �lm. After drying, the catalyst was observed by transmission electron
microscope. Temperature programmed reduction of hydrogen (H2-TPR) measures the reduction capacity
of the metal in the catalyst. Using the TP-5076 instrument of Prepower Company, 50 mg sample was
placed in the middle of quartz tube and pretreated at 300 ℃ for 0.5 h in nitrogen atmosphere (30
mL/min), then cooled to room temperature and switched to 5% H2/N2 gas (30 mL/min). The temperature
rose to 750 ℃ at a rate of 10 ℃/min, and the curve was recorded by the TCD detector. The dispersion of
metals in the catalyst was measured via temperature programmed adsorption-desorption of hydrogen (H2

Adsorption-Desorption) method. Using the same instrument as H2-TPR, 100 mg sample was placed in the
middle of the quartz tube, pretreated at 400 ℃ for 30 min in helium atmosphere (30 mL/min), then
cooled to room temperature and switched to 5% H2/He (30 mL/min) gas adsorption and then helium
atmosphere (30 mL/min) for 1 h. X-ray photoelectron spectroscopy (XPS) was used to measure the
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valences and interaction of metals in the catalyst. The Pt 4f curve of the catalyst was recorded at a
pressure below 106 Pa during data collection. Infrared experiment was carried out with Nicolet iS5 FTIR
model detector. 1 mg sample and 200 mg KBr were mixed evenly in agate mortar. The spectrum is
analyzed by infrared spectrum in the range of 400 cm− 1-4000 cm− 1. Hitachi New STA7000
thermogravimetric analyzer (TG) was used to analyze the carbon deposition of the spent catalyst.

2.4 Evaluation of catalysts
POM to syngas reaction takes place in a �xed bed reactor. The 0.5 g of catalyst powder was placed in the
center of the quartz tube with an inner diameter of 10 mm. The catalyst was �xed by quartz cotton in
quartz reactor. Reaction was carried out at atmospheric pressure, 700 ℃ and GHSV = 10800 mL·h− 1·g− 1.
Methane and oxygen were fed into reactor with �ow rate of 90 mL/min (VCH4:VO2 = 2:1). Products were
analyzed by gas chromatography (GC-920), which equipped with one column �lled with carbon molecular
sieve another �lled with 5A molecular sieve. Two detectors (hydrogen �ame detector and thermal
conductivity detector) corresponding to the two chromatographic columns, which were used to detect CO,
CH4, CO2 and H2, O2, N2, CH4, respectively.

3 Results And Discussion

3.1 Phase composition
XRD was used to determine the crystalline structure of all synthesized catalysts. The diffraction peak
intensity of each catalyst is similar and without other peaks, indicating the high purity of synthesized
catalysts. Five typical diffraction peaks of MFI characteristics are 7.96°, 8.82°, 23.08°, 23.97° and 24.43°,
which corresponding to the MFI skeleton structures of (011), (200), (501), (033) and (133) appear in all
catalysts [31]. According to previous report [32] and the XRD result proved that neither the load nor the
encapsulate Pt signi�cantly changed the MFI structure of ZSM-5 under the preparation of Pt-containing
zeolite catalysts. As shown in Fig. 2a and b, Pt/ZSM-5 series catalysts and Pt@ZSM-5 series catalysts
can still maintain the structural stability after high temperature treatment in different atmosphere.
Although the diffraction peaks corresponding to Pt or oxide crystal structures not were observed, ICP and
EDS analysis exhibited that the existence of Pt element in the as-synthesized samples, indicating the low
load amount or high dispersion of Pt in each catalyst [33].

3.2 TEM
TEM images revealed that the regular morphology of as-prepared catalysts, and size about 100 nm-200
nm (Fig. 3a-f). The size of the synthesized catalysts are smaller than reported in the literature [34], which
is attributed to two stages of crystallization method. Speci�cally, �rst stage is the crystallization at 100
℃ for 48 h to form zeolite crystal nucleus, and later crystallization at 170 ℃ make it grow up [30, 35].

For Pt/ZSM-5 catalyst, Fig. 3a showed that most Pt nanoparticles with size of 3.8 nm were dispersed on
the surface and edge of the ZSM-5 heterogeneously. Pt increased to 6.7 nm after hydrogen at 400 ℃ for
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Pt/ZSM-5 (4R), which result from lower binding energy between metals and support, promoting it
agglomeration under the reduction process [36]. The Pt nanoparticles size of Pt/ZSM-5 (4R, 5O) further
agglomerated to 10.7 nm due to Ostwald Ripening after oxygen treatment at 500 ℃ [37, 38]. Finally, Fig.
3d demonstrates that the Pt@ZSM-5 retains about 2.1 nm particles, which is much smaller than that of
Pt/ZSM-5. In contrast, same hydrogen treatment of Pt nanoparticles encapsulated within Pt@ZSM-5 (4R),
resulted in slight sintering, which arose from Brownian motion of metal was inhibited by spatial con�ning
effect of ZSM-5 channels. Remarkably, Pt@ZSM-5 (4R, 5O) retains Pt nanoparticles with about 2.4 nm,
indicating that redispersion was achieved after oxygen treatment at 500 ℃. This demonstrates that the
conditions of pretreatment are different for whether achieving the redispersion of Pt over Pt/ZSM-5 and
Pt@ZSM-5. In addition, the EDS images proved that Si, Al and Pt elements were homogeneously
distributed over the entire Pt@ZSM-5. These results illustrated that the spatial con�ning effect of ZSM-5
plays a pivotal role in stabilizing and dispersing Pt nanoparticles [39, 40].

3.3 Texture characteristics of catalyst
The texture characteristics and other parameters of the different catalysts were listed in Table 1. ICP-AES
was used to determine the Pt content and Si/Al ratio of the catalysts. Similar content of Pt and Si/Al = 52
was obtained for Pt/ZSM-5 and Pt@ZSM-5 catalysts. Next, the reasons for Pt redispersion will be
discussed.
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Table 1
Texture characteristics of catalysts

Sample Pt Loading
(wt%)a

Pt Particle
size(nm) b

H2 desorption
quantity(µg)c

Dispersion(%)d Amount of
carbon(%)e

Pt/ZSM-5 0.32 3.8 0.317 19.3 0.67

Pt/ZSM-
5(4R)

6.7 0.136 8.3 0.74

Pt/ZSM-
5(4R, 5O)

10.7 0.064 3.9 0.86

Pt@ZSM-5 0.35 2.1 1.228 68.4 0.43

Pt@ZSM-
5(4R)

3.6 0.619 34.5 0.52

Pt@ZSM-
5(4R, 5O)

2.4 1.048 58.4 0.47

a) Quality of the Pt measured by ICP characterization.

b) Several TEM was taken for each catalyst, and about 100 Pt nanoparticles were found through the
TEM for particle size statistics. Mean cluster diameter (dTEM) was estimated from TEM analysis, dTEM 
= Σnidi

3 / Σnidi
2, where ni is the number of crystallites having a diameter di.

c) H2 desorption quality was assessed by H2 Adsorption-Desorption.

d) Pt dispersion was calculated by the D =
2∙ V∙ MPt

22414mL∙ mol −1∙ mcat ∙ wt% , where V, MPt, mcat, wt%

represent the desorption volume of H2, the atomic mass of Pt, catalyst quality and metal load,
respectively.

e) The amount of carbon deposition in the spent catalysts was measured by TG.

3.4 H2–TPR
Generally, PtOx is reduced at 100 ℃-300 ℃, but the reduction of Pt2+ and Pt4+ coordinated with -(-O-Si≡)y

of ZSM-5 requires about 450 ℃ and 550 ℃ [41, 42]. However, the reduction peak of pure ZSM-5 did not
appear in the H2-TPR process. Figure 4a exhibited that the large reduction peak at 100 ℃-300 ℃ and
small reduction peak at 400 ℃-600 ℃ for the Pt/ZSM-5, which indicates that more oxidized Pt on
Pt/ZSM-5 surface is formed after the removal of Pt precursor during the preparation process. For H2-TPR

spectra of Pt@ZSM-5, the reduction peak at high temperature indicates that a large number of Ptδ+ is
formed, which has strong interaction with -(-O-Si≡)y of ZSM-5. Surprisingly, the high temperature

reduction peak is higher than reported in the literature. Most likely, the introduce basic Na+ into the
catalysts at the synthesis process, enhancing the strong metal-support interaction [35, 43].
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H2-TPR spectra of the Pt@ZSM-5 series catalysts were compared in Fig. 4b. The reduction peaks at 100
℃-300 ℃ of Pt@ZSM-5, Pt@ZSM-5 (4R) and Pt@ZSM-5 (4R, 5O) were very small and no obvious
change after high temperature pretreatment in different atmosphere. In contrast, high temperature
reduction peaks existed quite discrepancy. Among them, the reduction peak area of Pt@ZSM-5 (4R)
appeared, but smaller than others, indicating that only part of Pt were reduced and agglomerated under
hydrogen at 400 ℃ condition. XPS result of Pt@ZSM-5 (4R) demonstrated that part of Pt still maintained
oxidation state (Pt2+), which also indicated the high stability of Pt encapsulated within ZSM-5. However,
Pt@ZSM-5 (4R, 5O) increased not only the peak area but also the reduction temperature indicated that the
dispersion of Pt was restored and metal-support interaction was strengthened. This may be caused by
changing the electronic structure and coordination mode between Pt and support under oxygen high
temperature treatment. Hence, we further inferred that Pt@ZSM-5 achieved redispersion in this condition.

3.5 XPS
According to the XPS results of Pt 4f in Fig. 5, the valence states and interaction of Pt over Pt/ZSM-5 and
Pt@ZSM-5 series catalysts were researched. It has been reported that the B.E. position of Al 2p is 74.4 eV-
74.8 eV, this overlaps with the 4f of partial Pt [44]. However, Pt 4f7/2, Pt2+ 4f7/2 and Pt4+ 4f5/2 correspond
to 71.2 eV, 72.4 eV and 77.8 eV, respectively, which have certain band gap with Al 2p and could be easily
divided [45]. The doublet due to Pt 4f7/2 and Pt 4f5/2 should be with the constrain: spin orbit separation = 
3.3 eV and area ratio of Pt 4f7/2 : Pt 4f5/2 = 4:3, therefore, we can appropriately determine the peak of Pt
4f at the overlap with Al 2p [46]. Similar to most supported catalysts, the fresh Pt/ZSM-5 includes
abundant of Pt0 and Ptδ+ (the ratio of Ptδ+/Pt0 = 1.12) [47]. But for the Pt@ZSM-5, the Ptδ+ is more than
that of Pt0 (the ratio of Ptδ+/Pt0 = 3.45) under the same as Pt/ZSM-5 preparation conditions. This may be
one of the reasons why the subsequent high temperature oxygen pretreatment generates in different
dispersion results (Pt@ZSM-5 redispersion and Pt/ZSM-5 agglomeration).

For XPS of Pt@ZSM-5 series catalysts in Fig. 5b, the content of the Pt valence states changed with
different atmosphere treatment. The oxidated Pt (Pt2+) still existed in Pt@ZSM-5 (4R), which has not been
completely reduced, this explains why there was still a high temperature reduction peak of H2-TPR.
However, the valence states and content of Pt within the Pt@ZSM-5 (4R, 5O) were restored to quite level
of the Pt@ZSM-5 catalyst (the ratio of Ptδ+/Pt0 = 3.2). Therefore, it is merited to infer that more Ptδ+

within ZSM-5 were formed under oxygen high temperature pretreatment, which migrated and may been
anchored by support to realize Pt redispersion.

3.6 FT-IR
FT-IR spectrums of ZSM-5, Pt/ZSM-5 and Pt@ZSM-5 in Fig. 6. The absorbance of the above samples at
low wavenumber (< 2000 cm− 1) almost unvaried, which correspond to the stretching vibration of MFI
framework structure of the ZSM-5 [35, 48]. Consisting with the structure of ZSM-5 almost undamaged
after loading or encapsulating Pt in XRD patterns. It is generally believed that about 3450 cm− 1 (internal
Si-OH nests), and 3600 cm− 1 corresponds to Brønsted acid -OH groups by skeleton aluminum [49]. ZSM-5
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4 Conclusion
The catalytic properties of synthesized catalysts were characterized and evaluated. We had obtained the
following conclusions: Pt nanoparticles in Pt/ZSM-5 agglomerated under high temperature treatment in
different atmosphere. In contrast, encapsulated Pt nanoparticles within Pt@ZSM-5 (4R, 5O) realized
redispersion. The reason for redispersion is that Pt encapsulated within ZSM-5, which particles size is

as a reference, the absorbance at 3320 cm− 1-3580 cm− 1 like a bulging bag of Pt/ZSM-5 decreased
slightly. In contrast, the absorbance of Pt@ZSM-5 reduced signi�cantly. This illustrates that most Ptδ+

combined with the internal -(-O-Si≡)y nests of the ZSM-5, which proved the anchor sites of Pt within ZSM-

5. Hence, we further deduced that the Ptδ+ species within ZSM-5 pore migrated at high temperature
oxygen treatment, then the internal -(-O-Si≡)y nests anchored the migrated Ptδ+ through the strong metal
supports interaction to realize redispersion.

3.7 TG
It is generally believed that the weight loss below 150℃ is the weight of water, and the high temperature
weight loss can be considered that the carbon deposition and oxygen generate carbon dioxide [50].
Therefore, according to the TG results of Pt/ZSM-5 and Pt@ZSM-5 catalysts in Fig. 7a, which have
weight loss in the low temperature range (< 150 ℃) indicates the water absorption of ZSM-5. In this
temperature range, the weight loss of Pt/ZSM-5 more than that of Pt@ZSM-5. Most likely, the Pt
encapsulated within ZSM-5 occupied a certain space, which lead to a relatively small amount of water
absorption. Comparing with the carbon deposition of catalysts at the same starting temperature (150 ℃),
Pt/ZSM-5 had a larger carbon deposition than Pt@ZSM-5. However, for Fig. 7b, there were no obvious
discrepancy in the TG of used Pt@ZSM-5 series catalysts. The reason we thought the similar carbon
deposition was that the Pt particles size were limited by ZSM-5, indicating that Pt@ZSM-5 series
catalysts have excellent stability and anti-carbon deposition ability under severe reaction conditions.

3.8 Evaluation of catalysts applied to POM
The catalytic performance of the Pt/ZSM-5 and Pt@ZSM-5 series catalysts when applied to POM were
evaluated. As shown in Fig. 8, Pt/ZSM-5 catalyst indeed showed inferior methane conversion rate, which
was only about 52%. Unfortunately, the selectivity of CO and H2 were 40% and 53%, respectively. In
contrast, the methane conversion rate of the Pt@ZSM-5 catalyst reached 64%, and the selectivity of CO
and H2 of 49% and 56%, respectively. With the increased of Pt particles size, the lower methane
conversion rate of Pt@ZSM-5 (4R) catalyst reached 56%, and the selectivity of CO and H2 were also very
ordinary. However, the Pt@ZSM-5 (4R, 5O) catalyst recovered the high methane conversion rate of 62%,
more satisfactory that its CO and H2 selectivity were the largest among the four catalysts, which reached
58% and 61%. Generally believed that product selectivity is more signi�cant in industrial catalysis. The
catalytic effect is more attractive if the TOF value of the catalyst is considered. Smaller Pt particles size
of the catalyst with higher activity, while encapsulated catalysts are superior to supported catalysts for
durability and stability from the experimental results.
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limited by framework of ZSM-5 under catalyst preparation and high temperature hydrogen treatment.
Then the migratory Ptδ+ species within ZSM-5 are anchored by internal -(-O-Si≡)y nests to achieve
redispersion under oxygen at high temperature condition. In addition, Pt@ZSM-5 (4R, 5O) catalyst also
shows admirable durability and anti-carbon deposition ability for POM. Experimental results provide
ideas for the preparation of catalysts for high temperature oxidation reaction.
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Figures

Figure 1

Synthesis of Pt nanoparticles encapsulated within zeolite

Figure 2

XRD patterns of different catalysts. a Pt/ZSM-5, Pt/ZSM-5 (4R), Pt/ZSM-5 (4R, 5O) and b Pt@ZSM-5,
Pt/ZSM-5 (4R), Pt/ZSM-5 (4R, 5O), respectively  

Figure 3

TEM and corresponding Pt nanoparticle size distribution histogram for different catalysts. a, b, c and 1, 2,
3 are Pt/ZSM-5, Pt/ZSM-5 (4R) and Pt/ZSM-5 (4R, 5O); d, e, f and 4, 5, 6 are Pt@ZSM-5, Pt@ZSM-5 (4R)
and Pt@ZSM-5 (4R, 5O); g, h, i are EDS of Si, Al and Pt in Pt@ZSM-5 catalyst, respectively
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Figure 4

H2-TPR spectra of different catalysts, a Pt/ZSM-5 and Pt@ZSM-5; b Pt@ZSM-5, Pt@ZSM-5 (4R) and
Pt@ZSM-5 (4R, 5O), respectively

Figure 5

XPS spectra of Pt 4f and inevitable Al 2p in different catalysts. a Pt/ZSM-5, Pt@ZSM-5; b Pt@ZSM-5,
Pt@ZSM-5 (4R) and Pt@ZSM-5 (4R, 5O)

Figure 6

FT-IR spectrums of different samples. Orange, black and blue correspond to ZSM-5, Pt/ZSM-5 and
Pt@ZSM-5, respectively. The enlarged portion of the dotted box is in the upper right corner of the �gure

Figure 7

TG patterns of different catalysts, a Pt/ZSM-5 and Pt@ZSM-5; b Pt@ZSM-5, Pt@ZSM-5 (4R) and
Pt@ZSM-5 (4R, 5O), respectively

Figure 8

The catalytic performance of different catalysts in POM. a, b and c correspond to the methane
conversion, CO selectivity and H2 selectivity of different catalysts, respectively


