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Catalytic propane dehydrogenation (PDH) is an attractive process that can meet the growing demand for
propylene. Among the extensively studied PDH catalysts, Co-based catalysts are considered especially
promising because of their high activity and low cost. However, Co-based catalysts are often degraded by
the aggregation of Co species and the formation of carbon nanotubes. To overcome these drawbacks, we
prepared Co-confined core-shell silicalite-1 zeolite crystals by coating Co-loaded silicalite-1 with silicalite-
1 layers. We confirmed that the silicalite-1 shell layers suppressed the formation of aggregated Co
nanoparticles and carbon nanotubes during the PDH reaction, leading to improved catalytic performance.
The material design described in this study contributes to progress in the field of materials chemistry
related to energy and sustainability.
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1. Introduction

Propylene, a lower olefin, is essential for producing
polypropylene, acetone, acrolein, propylene oxide, and other
industrial products.™ Conventional propylene manufacturing
methods include naphtha and light diesel steam cracking
and fluid catalytic cracking. Given the rapid consumption of
fossil-based energy, concerns that the traditional methods of
propylene production cannot meet the growing demand for
propylene in the petrochemical industry have been raised.
Therefore, developing alternative propylene production
processes independent of fossil fuels is of great importance.
Several potential processes, including the Fischer-Tropsch
process, the methanol-olefin process, and the propane
dehydrogenation (PDH) reaction, have been proposed.®™

PDH is attracting attention as a highly promising alternative
for future propylene production needs. PDH presents multiple
advantages and is the best candidate for replacing conventional
processes. First, light alkanes exist in abundance owing to the
development of shale gas extraction methods. Thus, propane is
inexpensive to use as a reactant. Second, the PDH reaction is
simple and produces few side products. In addition, the
hydrogen generated as a by-product along with propylene is a
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valuable resource that can be further exploited for other
purposes. Aromatic compounds and coke are produced
through sequential reactions.”” Considering this reaction
mechanism, the development of catalysts that can enhance the
selectivity of dehydrogenation and suppress sequential
reactions is required. Several metals, including Pt, Ga and Cr,
have been studied as active species in PDH.* " Pt is the most
commonly used PDH catalyst; however, it is a precious metal
and expensive to use. Development of alternative abundant
and inexpensive catalysts may achieve a sustainable and low-
cost PDH process.

A shift from wusing expensive precious metal-based
catalysts to the development of inexpensive and non-toxic
transition metal-based catalysts, such as those bearing Zn,
Fe, and Co, has recently been observed.” In particular,
research indicates that Co-based catalysts are effective in the
PDH reaction.>'®'® However, the catalytic activity of these
transition-metal-based catalysts requires further
improvement. The low activity of these metal-based catalysts
in the PDH reaction often originates from a decrease in the
amount of active transition metal species following their
sintering or reduction during the PDH reaction. In addition,
sintered or reduced transition metal species promote
undesirable side and sequential reactions, such as cracking
and carbon deposition, and forming carbon nanotubes."
Thus, an effective strategy is required to improve the stability
of active transition metal species during the PDH reaction.

Inspired by our previous and related works on core-shell
structured zeolite catalysts,”* " we confined Co species within
core-shell silicalite-1 crystals by coating Co-loaded silicalite-1
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with a silicalite-1 layer to overcome the above drawbacks of
transition-metal-based catalysts as shown in Scheme 1. We
then investigated the effects of the core-shell structure on
propane conversion, propylene yield, and propane selectivity in
the PDH reaction. Co species are aggregated and carbon
nanotubes (CNT) are formed during PDH reaction in the case
of conventional Co-loaded silicalite-1. Due to these,
conventional Co-loaded silicalite-1 shows poor catalytic activity
for PDH reaction. We expect to obtain Co species that remain
stable during the PDH reaction owing to the presence of
silicalite-1 layers which can geometrically confine Co species,
leading to preventing the aggregation of Co species and the
formation of CNT. Silicalite-1 is a 10-membered-ring MFI-type
zeolite that allows the sufficient diffusion of propane. Because
the support does not contain Al which induces acidity,
sequential reactions involving acidic sites can be suppressed.
Co-loaded silicalite-1 shows poor catalytic activity for PDH
reaction. We expect to obtain Co species that remain stable
during the PDH reaction owing to the presence of silicalite-1
layers which can geometrically confine Co species, leading to
preventing the aggregation of Co species and the formation of
CNT. Silicalite-1 is a 10-membered-ring MFI-type zeolite that
allows the sufficient diffusion of propane. Because the support
does not contain Al which induces acidity, sequential reactions
involving acidic sites can be suppressed.

2. Experimental
2.1 Materials

Tetraethylorthosilicate (TEOS, Wako Pure Chemical Co.),
fumed silica (Aldrich), 10 wt% tetrapropylammonium
hydroxide (TPAOH, Wako Pure Chemical Co.), Co(NO3),-6H,0
(Wako Pure Chemical Co.), ethanol (EtOH, Wako Pure
Chemical Co.) and deionized water were used without further
purification to prepare the catalysts.

2.2 Catalyst preparation

Silicalite-1 was prepared using the hydrothermal synthesis
method described in our previous study.*’ The precursor
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Scheme 1 Schematic representation of core-shell method.
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solution was stirred at room temperature for 24 h. The molar
ratio of the precursor solution was 1 SiO, (TEOS):0.25
TPAOH : 60 H,0. The precursor solution was then autoclaved
at 453 K for 24 h. The solid product was collected by
centrifugation and washed several times with deionized
water. The wet powder was dried at 363 K and calcined in air
at 823 K for 5 h. As a comparison, we performed a one-pot
synthesis of Co-contained silicalite-1 by just adding
Co(NO3),-6H,0 in the precursor. The sample was donated as
“one-pot S-Co”.

Next, Co was loaded onto the prepared silicalite-1 using
the impregnation method described in our previous
works.>*** Briefly, silicalite-1 was immersed in an aqueous
solution of Co(NOj),6H,0, after which the mixture was
dried at 363 K. The dried powder was calcined in air at 823
K for 5 h. We prepared Co-loaded silicalite-1 with different
amounts of Co (1-20 wt%) using the impregnation method
described above. The Co-loaded silicalite-1 samples were
denoted as “S-Co (x)”, where x indicates the mass ratio of
Co in the starting materials.

The Co-loaded silicalite-1 and one-pot synthesized Co-
containing silicalite-1 were coated with silicalite-1 as
described in our previous studies.**** A precursor solution
containing a molar ratio of 1 SiO, (fumed silica):0.08
TPAOH:16 EtOH:240 H,O was stirred at room temperature
for 1 h. Co-loaded silicalite-1 was added to the precursor,
and the mixture was autoclaved with rotation at 453 K for
24 h. The solid product was collected, washed with
deionized water, and dried at 363 K. Finally, calcination
was performed in air at 823 K for 5 h. The obtained core-
shell catalysts were denoted as “CS-S-Co (x),” where x
indicates the mass ratio of Co.

2.3 Characterization

The crystal structures of the samples were investigated via
X-ray diffraction (XRD) measurements using Cu-Ko radiation
on a PANalytical X'Pert PRO MPD diffractometer. Chemical
compositions were determined using energy-dispersive X-ray
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(EDX) analysis. The morphologies and particle sizes of the
prepared catalysts were observed using a Hitachi H800
transmission electron microscope (TEM). N, adsorption
isotherms were measured at 77 K using a BELSORP MINI X
instrument (MicrotracBEL).

2.4 Assessment of catalytic performance

PDH reactions over the zeolite catalysts were carried out in
a fixed-bed reactor at atmospheric pressure, as described in
referring to our previous works.’®?” The catalyst (0.05 g)
was loaded into a quartz tube (i.d.,, 4 mm), and the
temperature was increased to 873 K under a He flow. A feed
gas of 10 vol% propane and He (balance) was supplied at a
total flow rate of 10 cm® min™. The product stream was
analyzed online wusing a Shimadzu GC-2025 gas
chromatograph equipped with a flame-ionization detector.
The conversion of propane and yield of propylene were
calculated using the following equations. In addition,
assuming an ideal dehydrogenation reaction in which only
propylene and hydrogen are produced from propane, the
volume rare of change was calculated based on the
composition of the feed gas:

Propane conversion [%]

1- GC peak area of propane after reaction
o GC peak area of propane before reaction %100
- 1+e¢ GC peak area of propane after reaction

GC peak area of propane before reaction

&= 0.1 (Volume rate of change)

Propylene yield [C - mol%)]

GC peak area of propylene
= —x (14 ¢X)
GC peak area of propane before reaction

X = (Propane conversion)/100

The amount of carbon deposition was analyzed by
Thermogravimetric Analysis (TGA) under an air atmosphere
using DTG-60 (Shimadzu). The weight loss from 523 to 1073
K was assigned to the combustion of carbon. We did not
confirm the significant mass gain derived from the oxidation
of Co species. The regeneration for the best sample was
performed under an air atmosphere at 873 K for 2 h. The
heating rate was 5 K min™".

3. Results and discussion

The XRD patterns of silicalite-1, S-Co (1), and CS-S-Co (1)
catalysts are shown in Fig. 1. Silicalite-1 displayed specific
peaks attributable to MFI-type zeolite, indicating that the
prepared sample possessed a highly pure MFI-type crystal
structure. These peaks were maintained after Co
impregnation, thus suggesting that the crystal structure did
not undergo significant decomposition. Moreover, clear
peaks derived from Co species were not observed, likely
because of the high dispersion of Co species on the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of silicalite-1, S-Co (1), and CS-S-Co ().

silicalite-1 support. We then investigated the XRD patterns
of the Co-loaded silicalite-1 samples. Silicalite-1 loaded with
low amounts of Co did not show peaks that could be
derived from Co species, whereas those loaded with high
amounts of Co exhibited peaks attributable to Coz;0,, as
shown in Fig. $1(a).t*® These results indicate that the
aggregation of Co species occurs with increasing amounts
of Co, as often observed in previous studies.®® Next, we
focused on the silicalite-1 coating. All silicalite-1 coated
samples showed specific peaks attributable to MFI-type
zeolite, as shown in Fig. 1 and Si(b);f and the peak
intensity increased after silicalite-1 coating. These findings
imply that highly crystalline silicalite-1 was formed after
silicalite-1 coating.

We analyzed the compositions of the catalysts by EDX
analysis. The Si/Co ratio decreased with an increasing
amount of Co in the aqueous solution during impregnation,
as shown in Table S1.f By contrast, the Si/Co ratio increased
after silicalite-1 coating, thus implying the successful
formation of an additional silicalite-1 layer. Next, we
performed SEM to investigate the morphological changes in
the catalysts during their modification. As shown in Fig. 2,
no significant changes were observed in the SEM image of
S-Co (1). Similar results were obtained when the amount of
Co was varied, as shown in Fig. S2.f These results indicate
that microscale changes in morphology do not occur and
that the silicalite-1 structure is maintained after Co
impregnation, in agreement with the results of the XRD
measurements. This is in accord with the results of XRD
measurements. After silicalite-1 coating, the particle size
increased, as shown in Fig. 2 and S2.f The results of XRD
measurements and EDX analysis indicated that the
silicalite-1 shell layers grew epitaxially.

Catal Sci. Technol.,, 2024,14,1201-1208 | 1203
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Fig. 3 TEM images of (a) silicalite-1, (b) S-Co (1), and (c) CS-S-Co (1).

We performed TEM observations to investigate the
morphology of the catalysts at the nanoscale level.
Comparisons of the TEM images of pristine silicalite-1 and
Co-loaded specimens (Fig. 3 and S3t) revealed the presence
of Co nanoparticles on the silicalite-1 support after Co
impregnation. The Co nanoparticles aggregated, and their
sizes increased with increasing Co content, which agrees with
the XRD results. TEM images of the silicalite-1 coated
samples confirmed that the silicalite-1 shell layers grew
epitaxially and that Co nanoparticles were encapsulated in
the silicalite-1 shell layers, as shown in Fig. 3 and S3.}
Porosity is important for the application of these samples as
catalysts in PDH reactions. Thus, we measured the N,
adsorption isotherms of all samples (Fig. S4t). The
adsorption volumes of the specimens decreased with
increasing amounts of Co during impregnation. These
decreases were due to the mass gain of the nonporous Co
nanoparticles. After silicalite-1 coating, the adsorption
volumes of the specimens increased, which could be
attributed to the increase in the mass ratio of porous
silicalite-1. No significant decrease was observed after
silicalite-1 coating, thus confirming that the silicalite-1 shell
layers grew epitaxially without blocking the zeolitic
micropores on the interfaces.

We measured UV-vis spectra to investigate the chemical
state of Co species. The following two peaks are generally
known to suggest the introduction of Co species for Co-

1204 | Catal Sci. Technol., 2024, 14, 1201-1208
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Co;0y, respectively.’”** As shown in Fig. 4, S-Co (1) and CS-S-
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Fig. 4 UV-vis spectra of silicalite-1, S-Co (1) and CS-S-Co (1).
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CoO, oligomer, and showed the modest peak which are
assigned to Co030,. For the catalysts of other loading
amounts, as shown in Fig. S5;f only CoO, oligomer was
detected at low loading amount, and Co;0, was the majority
at high loading amount. The formation of bulk Co;0, at a
higher loading amount is reasonable because of the
consistence with the XRD result and TEM images.

We conducted the PDH reaction over S-Co (1) and CS-S-
Co (1). CS-S-Co (1) exhibited much higher propane
conversion and propylene yields on all time-on-stream
conditions investigated as shown in Fig. 5(a) and (b). These
improvements in propane conversion and propylene yields
were observed for all samples after silicalite-1 coating,
regardless of the amount of Co impregnation (Fig. S67). The
deactivation rates were calculated referring to a previous
report.** The deactivation rates decreased after silicalite-1
coating for the almost series (Table S21). Among the samples
investigated, CS-S-Co (1) showed the best performance in
the PDH reaction despite its low Co content. We prepared
physically mixed S-Co (1) and silicalite-1 to verify the effect
of the location of silicalite-1 on the PDH reaction. The
amount of pristine silicalite-1 in the physically mixed catalyst
was identical to the mass gain of SiO, in CS-S-Co (1). The

View Article Online
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physically mixed catalyst showed slightly inferior catalytic
performance in the PDH reaction compared with S-Co (1), as
shown in Fig. 5(a) and (c), likely because of the mass gain of
pristine silicalite-1. In other words, pristine silicalite-1 is inert
and does not contribute to the reaction. The physically mixed
catalyst also showed much poorer catalytic performance in
the PDH reaction than CS-S-Co (1), as shown in
Fig. 5(b) and (c), thus implying that the silicalite-1 shell layers on
S-Co (1) play an important role in improving propane conversion
and propylene yields.

We obtained TEM images of the spent catalysts to obtain
further insights into the improvement in propane conversion
and propylene yields in the PDH reaction. Aggregated Co
nanoparticles and carbon nanotubes are observed in the TEM
image of spent S-Co (1), as shown in Fig. 6(a). This
phenomenon is often observed in hydrocarbon transformation
reactions involving transition metals.*>*” The aggregation of
Co species and the formation of carbon nanotubes lead to the
poor catalytic performance of S-Co (1) in the PDH reaction.
Meanwhile, there are no aggregated Co nanoparticles and
carbon nanotubes in the TEM image of spent CS-S-Co (1) as
shown in Fig. 6(b). For all other samples with different
amounts of Co, the presence of silicalite-1 layers suppressed
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Fig. 5 Results of PDH reaction over (a) S-Co (1), (b) CS-S-Co (1), and (c) physically-mixed catalyst with S-Co (1) and silicalite-1.

Fig. 6 TEM images of spent (a) S-Co (1), (b) CS-S-Co (1), and (c) physically-mixed catalyst with S-Co (1) and silicalite-1.
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the formation of aggregated Co nanoparticles and carbon
nanotubes (Fig. S7f), although some aggregated Co
nanoparticles and carbon nanotubes were present in spent CS-
S-Co (x) samples with x = 3, 5, 10, and 20. It was confirmed
that the weight loss of carbon nanotubes in the period from
573 to 1073 K by thermogravimetric analysis as shown in Fig.
$84*® The mass loss of CS-S-Co (1) was much smaller than
that of S-Co (1). This result indicates that the improvements
endowed by the silicalite-1 coating originate from the
suppression of the formation of aggregated Co nanoparticles
and carbon nanotubes during the PDH reaction. Therefore,
CS-S-Co (1), which hardly showed aggregated Co nanoparticles
or carbon nanotubes after the PDH reaction, exhibited the best
performance in the PDH reaction. Regarding the improvement
at 10 min by silicalite-1 coating, a possible reason is that Co
species were aggregated during the heating process under inert
gas before the reaction and the initial reaction period of up to
10 min for uncoated samples, while significant aggregation of
Co species did not occur for silicalite-1 coated samples during
those processes, leading to higher activities of silicalite-1
coated samples even at 10 min. Table S31 presents the results
of the PDH reaction tests over Co-based catalysts previously
reported. The CS-S-Co (1) synthesized in this study is superior
to any of the samples listed in the table in terms of propane
conversion and propylene yield. In general, as conversion and
yields increase, selectivity tends to decrease, but our results
suggest that selectivity can be maintained using our core-shell
catalysts even at high conversion.

We obtained a TEM image of the spent physical mixture of
S-Co (1) and silicalite-1. As shown in Fig. 6(c), we observed
aggregated Co nanoparticles and carbon nanotubes, similar to
that observed in the TEM image of spent S-Co (1). This result
indicates that silicalite-1 shell layers are important for
improving propane conversion and propylene yields in PDH
reactions. Thus, the suppression of the formation of aggregated
Co nanoparticles and carbon nanotubes during the PDH
reaction led to improvements in propane conversion and
propylene yields. Another concern is that the different chemical
states of Co species formed after silicalite-1 coating and the Co
species after silicalite-1 coating may show higher activity than
the Co species before silicalite-1 coating. One possible Co
species is Co”>" interacting with the zeolite framework. We
synthesized silicalite-1 with the Co species (one-pot S-Co) by
one-pot hydrothermal synthesis method. According to UV-vis
spectra of the sample, the Co species was formed as shown in
Fig. S9.f The catalytic activity of one-pot S-Co was lower than
that of Co-impregnated silicalite-1 (S-Co (1)) as shown in
Fig. 5(a) and S10(a).f This result indicates that extra framework
Co species are better active sites for PDH reaction than Co
species Co>" interacting with the zeolite framework. In
addition, we performed silicalite-1 coating for one-pot S-Co.
The silicalite-1 coated one-pot S-Co showed better catalytic
activity before silicalite-1 coating as shown in Fig. S10(b)
Thus, silicalite-1 is an effective method for improving the
catalytic activity regardless of the chemical state of Co species.
Moreover, the propylene selectivity was calculated from the
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results of PDH reaction as shown in Table S4f There was a
clear difference between S-Co (1) and CS-S-Co (1), and the
coating improved the propylene selectivity. However, the
coating was less effective when the loading amount was higher
than 3 wt%. The reason for this is suggested to be that the
silicalite-1 layer does not adequately cover the active species if
the loading amount is too large. To quantitatively confirm the
suppression of sintering by the silicalite-1 coating, we observed
the particle size of Co particles in TEM images of the catalyst
after the reaction. As shown in Table S5, the particle size
tended to be smaller in CS-S-Co (x) than in S-Co (x), and it
was quantitatively confirmed that the coating was effective in
preventing the aggregation of Co particles. The amount of
carbon deposition was quantitatively analyzed by TGA as shown
in Table S6. The amount of carbon deposition decreased after
silicalite-1 coating except for S-Co (20) series. Up to x = 10,
silicalite-1 shell prevents the formation of carbon physically. As
for the S-Co (20) series, this may be because too aggregated Co
particles in S-Co (20) did not promote the carbon deposition
while CS-S-Co (20) had highly dispersed Co species like S-Co
(10) which can produce carbon due to silicalite-1 shell. In
summary, Co species were geometrically confined in the
silicalite-1 crystals owing to the presence of silicalite-1 layers.
The confined Co species were difficult to sinter and could not
induce the subsequent reactions necessary to form carbon
nanotubes during the PDH reaction, leading to the high
catalytic activity of CS-S-Co (x) in the PDH reaction. Finally, we
investigated the reusability of CS-S-Co (1). The spent CS-S-Co
(1) was calcined under an oxygen atmosphere at 873 K for 2 h.
The refreshed catalyst was applied for the PDH reaction under
the same reaction condition. As shown in Fig. S11,} the catalyst
performed as well as fresh catalyst in terms of propane
conversion and propylene yield after oxygen treatment.

4. Conclusions

We prepared Co confined within core-shell silicalite-1 zeolite
crystals by coating Co-loaded silicalite-1 with silicalite-1
layers. The overgrowth of silicalite-1 layers was confirmed by
various characterization techniques. The performance of the
catalysts in the PDH reaction improved after silicalite-1
coating. This improvement was due to the suppression of the
formation of aggregated Co nanoparticles and carbon
nanotubes owing to the presence of silicalite-1 layers.
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