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a b s t r a c t

The non-noble metal modified sulfated zirconia was found easy to deactivate. Herein, highly active and
highly stable non-noble core-shell Ni-S2O8

2�/Al2O3@ZrO2 catalysts (Ni-SA@Z-x, x ¼ Al content in wt%)
have been successfully prepared and investigated for n-pentane isomerization. The results showed that
the core-shell Ni-SA@Z-30 provided a sustained high isopentane yield (63.1%) with little or no deacti-
vation within 5000 min at a mild reaction pressure of 2.0 MPa, which can be attributed to the following
factors: (i) carbon deposition was greatly suppressed by the large pore size and huge pore volume; (ii)
the loss of sulfur entities was suppressed because the small and highly dispersed tetragonal ZrO2 par-
ticles can bond with the S species strongly; (iii) strong Brønsted acidity can be maintained well after the
isomerization. The pore structures and acid nature of the core-shell Ni-SA@Z-x are entirely different from
those of the normal structure Ni-S2O8

2�/ZrO2-Al2O3, even though the Al content and the compositions of
the individual components are the same. The Al2O3 cores endow the catalysts with high internal surface
area and high mechanical strength. Meanwhile, the ZrO2 shell, which consists of more and smaller
tetragonal ZrO2 particles because of the large surface area of the Al2O3 core, promotes the formation of
more stable sulfur species and stronger binding sites.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The catalytic hydroconversion of n-paraffins is an important
reaction to improve the quality of diesel and gasoline in the oil-
refining industry (Zhou et al., 2022). Hydroisomerization of light
alkane can produce high-octane fractions for gasoline blending
with non-aromatic hydrocarbons to meet increasingly stringent
environmental protection regulations (Zhan et al., 2022). Environ-
mentally friendly solid superacid catalysts, especially for sulfated
zirconia (SZ)-based samples, have been regarded as the most
promising candidates for preparation of isomerization catalysts
with high catalytic activity at low reaction temperature (Wang
et al., 2020). However, the catalytic performance of pristine SZ is
ang), songhua2004@sina.com
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known to be unacceptable caused by the rapid deactivation in
practical application. Therefore, the dopants of noblemetals (Pt, Pd)
and/or various transition metals (Fe, Ni, Mn, and Cu) have been
adopted to modify the catalyst and results in much higher activity
than that of raw SZ (Lyu et al., 2021; Song et al., 2015). Typically, the
Ni belongs to the same family of Pd and Pt, more and more atten-
tions have been paid to design low-cost Ni-modified SZ catalyst for
replacement of noble metal. Though, the Ni-SZ catalyst exhibits
acceptable isomerization activity at low temperature, the deacti-
vation is also needed to be taken into consideration (Song et al.,
2016a). Reasons for deactivation of SZ-based catalysts have been
reported to be complex (Liu et al., 2020; Wang et al., 2016; Kim
et al., 2000; Li and Stair, 1996), such as coke deposition (Li et al.,
2006), leach of sulfate species (Ng and Horv�at, 1995), change in
surface acidity (Gonz�alez et al., 1997) and phase transition from
tetragonal to monoclinic zirconia (Li and Stair, 1996). Therefore, it is
of great of interest to design non-noble metal modified SZ catalysts
with high catalytic activity and stability.
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Recently, many efforts have been made to alleviate the deacti-
vation and the introduction of alumina into SZ are found to improve
the catalytic activity and stability for isomerization performance
(Hua et al., 2000; Gao et al., 1998). The modification of alumina
contributed to the enhanced concentration of active sites and acid
sites. Furthermore, the addition of alumina can retard the crystal
phase transformation of ZrO2 from tetragonal to monoclinic phase
(Zhou et al., 2021; Wang et al., 2022). As compared to intrinsic Pt-
SO4/ZrO2 catalyst, the alumina-modified sample exhibited higher
pore volume and specific surface area, more importantly, the
alumina resulted in enhanced stability of tetragonal zirconia, which
contributed to an excellent stability and activity for light naphtha
isomerization (Zhou et al., 2022). Our previous research (Song et al.,
2014) also found that the addition of an appropriate amount of Al
(2.5 wt% of Al) can increase the amount of acid sites and the surface
area, suppressing the phase transformation of tetragonal ZrO2 to
monoclinic ZrO2. But an excessive amount of Al would decrease the
number of surface tetragonal ZrO2 particles and led to a decrease in
the formation of acid sites, which was generated by sulfate species
adsorbed on the stepped edges of tetragonal ZrO2, and thus resul-
ted in a significant decrease in activity. Therefore, the complete
utilization of the skeleton structure and acid nature of g-Al2O3
support is limited due to the low Al content of < 5 wt%. Considering
the disadvantages, the as-prepared catalyst often exhibited poor
stability caused by the deactivation of SZ (Song et al., 2016b).

Generally, the pore structure and acidity of the support played a
vital role on the coke deposition during n-alkane isomerization. For
example, the pore with large size can facilitate the mass transfer,
which reduces the residence time of hydrocarbon compounds on
the catalyst surface and suppresses the deposition of carbon.
Recently, core-shell structure materials have attracted worldwide
attention due to their unique physical and chemical properties (Das
et al., 2021). The core-shell nanoparticles exhibit many advantages,
such as tunable surface modification, improved functionality,
enhanced stability by protecting the active phase from contact with
poisoning substances, lower consumption of precious materials,
and so on (Gao et al., 2021). However, to the best of our knowledge,
few studies have been reported concerning the use of g-Al2O3 as a
core support material for preparation of superacid SZ catalysts.

Herein, a method for preparing highly active and highly stable
non-noble-nickel-modified persulfated Al2O3@ZrO2 core-shell
catalyst (Ni-S2O8

2�/Al2O3@ZrO2) was proposed to make full use of
the respective advantages of Al2O3 and ZrO2. The Al2O3 core can
impart the core-shell structure materials with high internal surface
area and high mechanical strength for the support, which con-
tributes to the formation of external shell with more and smaller
tetragonal ZrO2 particles. As a result, the formation of superacid
sites is accelerated due to the intimate contact between Zr and S
species. Besides, the Al2O3 endows additional acid sites for the
core-shell support and stabilizes the active tetragonal phase of
ZrO2, which is also responsible for the improved catalytic perfor-
mance. In the case of n-pentane isomerization, the core-shell Ni-
S2O8

2�/Al2O3@ZrO2 catalyst showed a high isopentane yield (63%)
with little or no deactivation within 5000 min. To the best of our
knowledge, such a non-noble superacid catalyst with high iso-
pentane yield and excellent stability at a low pressure (2.0 MPa) is
extremely unusual.

2. Experimental

2.1. Synthesis methods

The Al2O3@ZrO2 (core@shell, A@Z) supports were synthesized
by deposition of zirconia on the g-Al2O3. In a typical procedure, a
certain amount of g-Al2O3 and butanol were mixed at room
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temperature, and deionized water was added dropwise to the
suspension under vigorous stirring for further dispersion. Then, the
calculated amount of zirconium (IV) butoxide was dissolved into
the resulting suspensionwith different Zr/Al mass ratio, and stirred
for another 30 min. Subsequently, the suspension was transferred
into autoclaves for hydrothermal reaction at 443 K for 24 h. After
cooling down to room temperature, the obtained products were
separated by centrifugation, and then dried at 353 K for 24 h to
obtain the A@Z-x samples, where x represented the percentage of
Al content. Then the product was re-dispersed into a 0.75 M
(NH4)2S2O8 solution and stirred for 15 min. After aging for 6 h, the
samples were separated by centrifugation and dried at 353 K for
24 h to obtain the SA@Z-x samples.

The supported core@shell nickel catalysts (Ni-SA@Z-x) were
prepared by the incipient wetness impregnation method (Song
et al., 2015). Typically, calculated amount of the SA@Z-x material
and Ni(NO3)2$6H2O were added into 10 mL deionized water. Then
the obtained samples were dried at 373 K for 12 h and calcined at
923 K for 3 h to obtain the Ni-SA@Z-x with Ni loading of 1.0 wt%.

According to our previous study (Song et al., 2014), Pd-SZA
catalyst made from Al content of 2.5 wt% exhibited the best per-
formance. Therefore, for comparison the common SZA with Al2O3
content of 2.5 wt% was chosen to synthesize the supported Ni
catalyst with Ni loading of 1.0 wt%. And the obtained catalyst was
designed as Ni-SZA-2.5.
2.2. Characterization methods

X-ray powder diffraction (XRD) patterns were recorded on a D/
max-2200PC X-ray diffractometer (40 kV, 40 mA) fitted with Cu Ka
radiation (0.15404 nm). N2-adsorption was measured at 77 K using
Micromeritics ASAP 2460 analyzer to obtain the microporous and
mesoporous porosities, respectively. Transmission electron micro-
scope (TEM) examinations were performed using the JEM-2010
instrument supplied by JEOL. Scanning electron microscope
(SEM) with an acceleration voltage of 10 kV was conducted using
Zeiss SIGMA equipment. Thermogravimetric analysis (TG) was
performed on the samples (10 mg) after reaction using a Perki-
nElmer Diamond instrument under air with a flow rate of
100 mL min�1, from room temperature to 1123 K, and with a
heating rate of 10 K min�1. Fourier transform infrared spectroscopy
(FT-IR) measurements were carried out with a Bruker Tensor 27 FT-
IR spectrometer. Fourier transform infrared spectroscopy of pyri-
dine adsorption (Py-IR) was recorded on a Spectrum GX Fourier by
adding 64 scans for the sample at a resolution of 4 cm�1. The metal
loadings of the samples were determined by X-ray fluorescence
(XRF) with a spectrometer XRF-1800. XPS were acquired with a
PHI-1600 spectrometer equipped with a hemispherical electron
analyzer and a Mg Ka (1253.6 eV) X-ray source.
2.3. Catalytic performance

The isomerization reaction of n-pentane was chosen to evaluate
the catalytic activity of the prepared catalysts. The reactions were
performed in a fixed-bed flow reactor. Prior to reaction, 2 g of the
catalyst was activated with flowing H2 stream (20 mL min�1) at
573 K for 3 h, and then cooled to the reaction temperature. The
reaction conditions were set to a weight hourly space velocity
(WHSV) of 1 h�1, an H2/n-pentane mole ratio of 4.0, a total pressure
of 2.0 MPa and a temperature ranging from 433 to 533 K. The re-
action products were analyzed by an online FL9790 gas chro-
matograph equipped with a FID detector.
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3. Results and discussion

3.1. XRD

The XRD patterns of fresh and spent samples were shown in
Fig. 1. As depicted in Fig. 1(a), all samples showed the diffraction
peaks at 2q ¼ 30.3�, 35.3�, 50.4� and 60.4�, which were related to
the (101), (110), (112) and (211) planes of tetragonal ZrO2, respec-
tively (Reddy et al., 2018). The crystalline of tetragonal ZrO2 was
affected by the dopant of Al, the diffraction peak of tetragonal ZrO2
was broadened with the increased Al content from 2.5 to 50 wt%,
indicating the decreased crystalline size of zirconia particles with
incremental Al content. The absence of Al2O3 peaks in Ni-SA@Z-x
with the high Al content of 30e50 wt% proved that Al2O3 core was
totally coated by ZrO2 shell (Yang et al., 2013), suggesting the suc-
cessful preparation of core-shell material. Besides, no crystalline
phase of nickel oxide was detected due to the low content or high
dispersion of nickel. Compared with the pattern of traditional Ni-
SZA-2.5, the peak intensity of tetragonal ZrO2 decreased remark-
ably for all Ni-SA@Z-x catalysts, indicating that the core-shell
structure can effectively suppress the growth of crystalline zirco-
nia particles and result in much smaller particles size of zirconia
even at the same Al content of 2.5 wt%.

As shown in Fig. 1(b), the diffraction peaks of monoclinic ZrO2
was detected for spent Ni-SZA-2.5 and Ni-SA@Z-2.5, which indi-
cated the transformation of ZrO2 from the metastable tetragonal to
the monoclinic phase during the isomerization reaction. Generally,
the binary ZrO2/Al2O3 composite was often prepared by traditional
sol-gel method and resulted in the uniform dispersion of Al and Zr
species on the surface of binary nanocomposite, which led to the
higher crystallizing temperature of tetragonal ZrO2 caused by the
addition of Al2O3 (Zhao et al., 2007; Liu et al., 2012). Alternatively,
the core-shell structure SA@Z showed advantages than ZrO2/Al2O3
composite, since the Al2O3 was totally covered by active tetragonal
ZrO2 phase. What's more, the tetragonal ZrO2 phase has been re-
ported to be necessary for isomerization performance (Liu et al.,
2012). Besides, the monoclinic phase peaks of the spent Ni-SA@Z-
x (x ¼ 30e50) were very weak, suggesting the more stable tetrag-
onal structure as compared to Ni-SA@Z-2.5 and higher catalytic
stability in the case of n-pentane isomerization.

The crystal sizes of tetragonal zirconia for all samples were
calculated by the Debye-Scherrer equation and listed in Table 1.
Compared to traditional Ni-SZA-2.5 (9.7 nm), all Ni-SA@Z-x sam-
ples showed smaller crystallite size with increased Al addition. In
detail, the tetragonal ZrO2 crystallite size of Ni-SA@Z-x decreased
from 8.2 to 4.9 nm (decreased by 40.2%) with the increased Al
content from 2.5 to 50 wt%, indicating the positive effect of Al
Fig. 1. XRD patterns of (a) fresh and (b) spe
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species on the formation of tetragonal ZrO2 crystallite with smaller
size. Similar result has been reported by Zarubica et al. (2021), an
increase in Al content promoted the stabilization of smaller
tetragonal ZrO2 particles on the surface. As mentioned, the core-
shell structure was beneficial to the formation of smaller tetrag-
onal ZrO2 particles, which also accelerated the contact between Zr
and S species to form ZreS bonds and deduced the formation of a
superacid structure and dispersion of active sites and acid sites.
This will be further discussed in Sections 3.5 and 3.6. Besides, the
ZrO2 crystallite size of Ni-SA@Z-x samples with 2.5~50 wt% Al
content increased about 1.6e0.7 nm after reaction, which was still
much lower than that of Ni-SZA-2.5. This further confirmed that the
core-shell structure could restrain sintering of the tetragonal ZrO2
phase and remain the integrity of its microscopic structure.
3.2. BET

The N2 adsorption-desorption isotherms and pore size distri-
butions of the catalysts were shown in Fig. S1. Accordingly, all the
isotherms showed a type IV characteristic feature of isotherm,
indicating the presence of some mesopores (Thommes et al., 2015).
Ni-SZA-2.5 showed a narrow pore size distribution centered at
around 3 nm. The Ni-SA@Z-2.5 showed a broader pore size distri-
bution from 5 to 10 nm, and the main peak was close to that of g-
Al2O3. With increasing Al content, the pore size increased
remarkably owing to the abundant Al provided more mesopores,
and some of the micropores gradually merged into mesopores.

In comparison with Ni-SZA-2.5 (95.1 m2 g�1), the Ni-SA@Z-2.5
showed a slightly higher specific surface area (SBET) of 99.5 m2 g�1

(Table 1). In addition, the pore size (Dp) increased remarkably from
3.7 to 5.6 nm, and the pore volume (VTotal) increased from 0.089 to
0.103 cm3 g�1. This showed that the pore structures of these two
catalysts were entirely different, even though the Al content and
the compositions of the individual components are the same. The
large Dp and VTotal of Ni-SA@Z-2.5 would enhance the diffusion
rates of reactant and products. In particular, branched or large-sized
products could pass through the pores more easily, suppressing
carbon deposition on the surface of the catalyst. This would effec-
tively arrest catalyst deactivation since carbon deposition is one of
the main reasons for deactivation of catalysts of this kind (Song
et al., 2016b). In addition, the large Dp and VTotal are also benefi-
cial to the isomerization reaction. With increasing the Al content,
the SBET, VTotal and Dp of Ni-SA@Z-x increased remarkably. It is
worth noting that the Dp and VTotal of Ni-SA@Z-50 were 2.1 and 4.2
times higher than those of Ni-SA@Z-2.5, respectively.

For Ni-SZA-2.5, SBET, VTotal and Dp was dramatically decreased
after reaction. The narrowed Dp indicated that carbon deposition
nt Ni-SZA-2.5 and Ni-SA@Z-x catalysts.



Table 1
Texture properties of fresh and spent catalysts.

Sample SBET, m2 g�1 Vp, cm3 g�1 Dp, nm Dt-ZrO2, nm

SBET Smicro Smeso VTotal Vmicro Vmeso

Ni-SZA-2.5 95.1 41.9 53.2 0.089 0.067 0.022 3.7 9.7
Ni-SA@Z-2.5 99.5 40.1 59.4 0.103 0.012 0.091 5.6 8.2
Ni-SA@Z-30 122.1 36.6 85.5 0.214 0.009 0.205 6.9 5.4
Ni-SA@Z-50 135.1 33.6 101.5 0.429 0.007 0.422 12.0 4.9
Ni-SA@Z-70 155.5 30.0 125.5 0.478 0.007 0.471 8.6 6.1
Spent Ni-SZA-2.5 40.6 18.9 21.7 0.061 0.053 0.008 3.0 13.1
Spent Ni-SA@Z-2.5 70.5 28.4 42.1 0.102 0.016 0.086 5.5 9.8
Spent Ni-SA@Z-30 94.7 39.5 55.2 0.188 0.012 0.176 5.8 6.1
Spent Ni-SA@Z-50 100.4 37.2 63.2 0.350 0.010 0.340 10.1 5.6
Spent Ni-SA@Z-70 103.2 42.3 61.1 0.329 0.020 0.309 6.3 4.7

* Crystal sizes of tetragonal ZrO2 calculated by the Debye-Scherrer equation.
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mainly occurred inside the pores during the reaction. The deposited
carbon would have coated the active metal sites and acid sites on
the surface of the catalyst, leading to its deactivation. However, a
slight decline in textural parameter of Ni-SA@Z-x catalysts was
observed after reaction.

3.3. TEM

Fig. 2 exhibited the TEM images of Ni-SZA-2.5, Ni-SA@Z-2.5 and
Ni-SA@Z-50 catalysts. Mokari et al. (2005) proposed that Zr parti-
cles may be easily identified by their dark contrast in TEM, as a
result of the electron density contrast between Al and Zr. Moreover,
because of low content and high dispersion, Ni particles could not
be observed (Nichele et al., 2012). It can be seen from Fig. 2(a), (c)
that the ZrO2 particle size in the Ni-SZA-2.5 catalyst was approxi-
mately 8.4 nmwith interplanar distances of 0.295 nm for ZrO2 (101)
plane (Bang et al., 2020). In Fig. 2(b), a light-color core surrounded
by a dark shell can be clearly discerned. This indicated that a core-
shell structure had been successfully synthesized. Besides, the core-
shell structure of SA@Z-30 materials was also detected in SEM
Fig. 2. TEM of (a, c) Ni-SZA-2.5, (b, e) Ni-SA@Z
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images (Fig. S2). The ZrO2 particle size in the core-shell Ni-SA@Z-
2.5 catalyst was about 6.7 nm (Fig. 2(d)), smaller than that of Ni-
SZA-2.5, implying that the core-shell structure was beneficial to
the formation of smaller tetragonal ZrO2 particles. This observation
was consistent with the XRD results (Table 1). For Ni-SA@Z-50, the
Zr particle size decreased to about 3.9 nmwith further increased Al
content, indicating the positive effect of Al on dispersion of Zr
species.

3.4. TG

The TG results of samples were shown in Fig. 3. All samples
display weight loss in the range of room temperature to 938 K,
which is attributed to desorption of physically and chemically
adsorbed water molecules and the dihydroxylation process on the
surface of ZrO2 (Arkatova, 2010; Joo et al., 2013). Significant weight
loss was clearly started at 938 K, which could be attributed to the
decomposition of persulfate species with the evolution of sulfur
dioxide, similar results have been reported elsewhere (Kim et al.,
2006; Satam and Jayaram, 2008). Compared with Ni-SZA-2.5, the
-30, (d) Ni-SA@Z-2.5 and (f) Ni-SA@Z-50.

mailto:Ni-SA@Z-2.5
mailto:Ni-SA@Z-2.5
mailto:Ni-SA@Z-2.5


Fig. 3. TG curves of Ni-SZA-2.5 and Ni-SA@Z-x catalysts.
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decomposition of persulfate species of Ni-SA@Z-x was shifted to
higher temperatures of 963 K. These observations suggest that
persulfate anions on the surface of Ni-SA@Z-x were bonded more
strongly to dehydrated zirconia, leading to the increased thermal
stability of superacid. This will be further discussed in Section 3.9.
3.5. FTIR

The FTIR spectrum of fresh catalysts was depicted in Fig. 4. All
the samples showed similar peaks, the bands at 3422 and
1630 cm�1 were assigned to the physically adsorbed water mole-
cules and the bending mode (dHOH) of coordinated molecular water
associated with the persulfate group, respectively (Sarkar et al.,
2007). The bands at 1156 and 1077 cm�1 were assigned to the
symmetric OeSeO stretching mode of bidentate persulfate ions
coordinated to the metal ion, which was responsible for the Lewis
acid sites in persulfated zirconia samples. The band at 1255 cm�1
Fig. 4. FTIR spectrum of Ni-SZA-2.5 and Ni-SA@Z-x catalysts.
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corresponded to the antisymmetric O]S]O stretching frequency
of persulfate ions bonded to ZrO2, which was responsible for the
Brønsted acid sites in persulfated zirconia samples (Mishra et al.,
2003). These three bands appearing at about 1077, 1156 and
1255 cm�1 were assigned to bidentate S ions coordinated to ZrO2 in
C2y symmetry with a y3 vibration, indicating the formation of a
strongly superacid structure (Yadav and Murkute, 2004). The in-
tensity and degree of splitting of the persulfate bands reflect the
proportion of acid sites of the catalyst. The Ni-SA@Z-2.5 catalyst
exhibited three vibration bands corresponding to S]O and SeO
bond, which showed higher intensity and degree of splitting than
those of Ni-SZA-2.5. This indicated that the Ni-SA@Z-2.5 provided
more acid sites and stronger acidity, as further confirmed by Py-IR
results (see Section 3.6). With increasing Al content, the intensity
and the degree of splitting of the vibrational bands corresponding
to S]O (1255 cm�1) and SeO (1077 cm�1 and 1156 cm�1) of Ni-
SA@Z-x increased, and the Ni-SA@Z-30 possessed the highest in-
tensity and the splitting degree among Ni-SA@Z-x.

3.6. Py-IR

The Py-IR results of fresh and spent catalysts were listed in
Tables S1 and S2. All of the catalysts possessedmore Lewis acid sites
than Brønsted acid sites, and both of them decreased with
increasing desorption temperature. Compared with Ni-SZA-2.5,
distinct increases in the amount of Brønsted and Lewis acid sites
could be observed for Ni-SA@Z-2.5, which possessed smaller
(Table 1) and more uniformly dispersed ZrO2 particles (Fig. 2 TEM)
on the surface of mesoporous Al2O3 nanoparticles, facilitating
interaction with S2O8

2� anions to generate acid sites. With
increasing Al content, all the amounts of Lewis acid sites and
Brønsted acid sites for Ni-SA@Z-x increased remarkably. These re-
sults indicated that the addition of Al improved the stability of the
persulfate loaded on the surface to form stronger acid sites. Foo
et al. (2015) proposed that the Brønsted acidity was associated
with persulfuric acid clusters on zirconia. With increasing Al con-
tent, the persulfate anions were bonded more strongly to dehy-
drated zirconia (as shown in TG analysis) and thus formed more
superacid sites.

For all of the spent catalysts (Table S2), the amount of Brønsted
acid sites and Lewis acid sites were both decreased as compared to
the corresponding fresh one. However, the amount of Brønsted acid
sites decreased more significantly than that of Lewis acid sites,
implying that the former were the main active acid sites for
isomerization (Yang and Weng, 2010). For Ni-SZA-2.5, the strong
acid sites had completely disappeared after reaction. However, the
spent Ni-SA@Z-2.5 still possessed the strong acid sites. In addition,
the amounts of weak, moderate, and strong acid sites on Ni-SA@Z-x
(x < 50) were still maintained at high levels after reaction. This can
be attributed to a stabilizing effect of Al on S species on the catalyst
surface and some suppression of the loss of acid sites (Hou et al.,
2017). Analysis of the bulk sulfur content also confirmed it
(Table S3, Section 3.8).

3.7. XPS

The surficial chemical composition of the catalysts was inves-
tigated by XPS analysis. As shown in Fig. 5(a), the full-scan XPS
spectrum shows that the Ni-SZA-2.5 and Ni-SA@Z-x contains Ni, Zr,
Al, S and O species, respectively. In Fig. 5(b), the high-resolution S
2p spectrum consists of two contributions for all the samples. The
peak centered at 169.1 eV can be assigned to S6þ species of per-
oxydisulfate (Shanthi et al., 2019). Sulfur with an oxidation state
ofþ6 is known to be themost active and essential for the formation
of solid superacid sites. While the peak appeared at 170.4e169.9 eV



Fig. 5. (a) Full-scan and (b) high-resolution S 2p XPS spectrum of typical samples.
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can be attributed to SeOeZr bond. As compared to the Ni-SZA-2.5
and Ni-SA@Z-2.5, the binding energy of Ni-SA@Z-30 shifted to
lower value, indicating that the electronic environment of S has
changed when the Al content raised to 30 wt% (Wang et al., 2018).
3.8. Elemental analysis

Table S3 showed the atomic contents obtained from XRF, XPS
and carbon-sulfur analysis. The Ni contents of all of the catalysts
were roughly equal to the stoichiometric content. In addition,
compared to the fresh catalysts, no significant changewas observed
after reaction, showing that deactivation of the catalyst was not
caused by the Ni leaching loss. Compared with Ni-SZA-2.5 (1.74 wt
%), the sulfur content of the Ni-SA@Z-2.5 increased to a slightly
higher value of 2.36 wt%, indicating that Ni-SA@Z-2.5 could stabi-
lize more S species, as discussed in Section 3.7. With incremental Al
content, the sulfur content further increased and the sulfur content
of Ni-SA@Z-50 reached up to 3.41 wt%. After reaction, both Ni-SZA-
2.5 and Ni-SA@Z-x catalysts underwent an overt sulfur loss. Many
researchers (Yang and Weng, 2009; Saha and Sengupta, 2015) have
found that the loss of loosely bound S species during reaction
resulted in catalyst deactivation. Besides, for Ni-SZA-2.5, significant
carbon deposition occurred during isomerization (0.45 wt%). The
amount of carbon deposition on the spent Ni-SA@Z-x samples was
improved as compared to that of the spent Ni-SZA-2.5, which
supported the view that the larger mesopore volume of the core-
shell catalysts effectively enhanced the diffusion rate and inhibi-
ted carbon deposition. Thus, it can be speculated that the Ni-SA@Z-
Scheme 1. Schematic diagram fo
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x catalysts would exhibit excellent thermal stability (Kuznetsov
et al., 2017) (see Scheme 1).
3.9. Catalytic properties

The Ni-SZA-2.5 and Ni-SA@Z-x catalysts have been tested in the
isomerization of n-pentane at a pressure of 2.0 MPa, an H2/n-
pentane molar ratio of 4.0, and a WHSV of 1.0 h�1 and results were
illustrated in Fig. 6 and Fig. S3. The catalytic activities of all of the
catalysts first increased and reached a maximum, and then
decreased with increasing temperature. The raw Ni-SZA-2.5
showed a maximum isopentane yield of 60.3% at optimized tem-
perature (Fig. S3). For Ni-SA@Z-2.5, the isopentane yield of 65.6%
was reached at 473 K. With increasing the Al content, the optimum
temperature decreased and then increased. The Ni-SA@Z-30
possessed the lowest optimum temperature at 453 K with the
high isopentane yield of 64.7%. Possible reasons to explain the high
isopentane yield of Ni-SA@Z-30 catalyst at lower temperature may
be as follows (Scheme 2). (i) More and stronger superacid sites are
formed featured by the FTIR and Py-IR analysis (Table S1 and Fig. 5).
In particular, the amount of strong Brønsted acid sites of Ni-SA@Z-
30 was 6.0 and 54.3 times higher than that of Ni-SA@Z-2.5 and Ni-
SZA-2.5, respectively. (ii) Better dispersion of active acid and metal
sites was achieved due to the high surface area (Table 1). However,
further increased Al content resulted in an adverse activity, which
led to higher reaction temperature and downtrend in isopentane
yield. According to Kamoun et al. (2015), addition of excessive Al to
Ni/ZrO2-SO4

2� have the negative effect of the Al on isomerization
r the synthesis of Ni-SA@Z-x



Fig. 6. Catalytic activity of Ni-SA@Z-x catalysts.
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activity at low temperature. Similar results have been reported in
our previous study (Song et al., 2014), which showed that the iso-
pentane yield over Pd-SZA-2.5 (Al content of 2.5%) was 64.3% at
511 K, however, when the amount of Al content increased to 5 wt%,
the optimum temperature increased to 553 K with a sharp decline
in isopentane yield. This can be attributed to the decrease in the
tetragonal phase and its crystallinity at a higher Al content.

(Reaction condition: p ¼ 2.0 MPa, H2/n-pentane molar
ratio ¼ 4.0, WHSV ¼ 1.0 h�1).

Fig. 7 showed the stability results for Ni-SZA-2.5 and Ni-SA@Z-x
over a period of 5000min at their corresponding optimum reaction
temperatures with other conditions maintained the same. The
isopentane yield of the Ni-SZA-2.5 catalyst showed an obvious
decline during isomerization, which decreased dramatically from
60.3% to 20.0% (decreased by 66.8%) after 1500 min. Compared to
traditional Ni-SZA-2.5 catalysts, the Ni-SA@Z-2.5 exhibited much
better stability, and the isopentane yield showed a slight decreased
from 65.4% to 60.2% (decreased by 7.7%) after 1500min and to 50.1%
(decreased by 23.1%) after 5000 min. The Ni-SA@Z-30 catalyst
exhibited the most promising catalytic performance and showed a
Scheme 2. Possible reasons of high stability for Ni
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high isopentane yield of approximately 63.1% with no or tiny
deactivation after 5000 min. Possible reasons may be proposed to
explain the great stability of the Ni-SA@Z-x catalyst for n-pentane
isomerization (Scheme 2). (i) The pore sizes and volumes of the
catalysts increased in the order: Ni-SZA-2.5 (3.7 nm,
0.089 cm3 g�1) < Ni-SA@Z-2.5 (5.6 nm, 0.103 cm3 g�1) < Ni-SA@Z-
30 (6.9 nm, 0.214 cm3 g�1) (Table 1). The large pore size and pore
volume enhanced the diffusion rates of the reactant and products
and largely suppressed carbon deposition. This was confirmed by
analysis of carbon deposition on the spent samples. The amounts of
carbon deposited on the spent Ni-SA@Z-2.5 and Ni-SA@Z-30 were
only 0.07 wt% and 0.05 wt%, respectively, much lower than that of
spent Ni-SZA-2.5 (0.45 wt%, Table S3). The color changes of the
catalysts after reaction also supported this (Fig. 7). (ii) The loss of
sulfur entities can be suppressed for Ni-SA@Z-x. The ZrO2 shell,
which consists of more and smaller tetragonal ZrO2 particles
because of the large surface area of the Al2O3 core (Table 1), ensured
intimate contact between Zr and S. Therefore, the superacid
became more stable in thermally (See TG analysis). Elemental
analysis showed that the sulfur content of Ni-SA@Z-2.5 and Ni-
SA@Z-30 catalysts decreased by 16.1 and 18.1% after reaction for
5000 min on stream, respectively, whereas the Ni-SZA-2.5 under-
went a higher sulfur loss of 27.6% after 1500 min (Table S3).
Therefore, the deactivation of the catalysts caused by sulfur
removal was somewhat suppressed for Ni-SA@Z-x. (iii) For the Ni-
SZA-2.5 catalyst, the strong Brønsted acid sites, which played an
important role in isomerization (Li et al., 2020), completely dis-
appeared after reaction (Table S2). As contrast, the content of
Brønsted acid for the spent Ni-SA@Z-2.5 and Ni-SA@Z-30 was
0.6 mmol g�1 and 6.5 mmol g�1, respectively. In addition, the con-
tents of weak, moderate, and strong acid sites of Ni-SA@Z-30 still
maintained to a great extent after reaction.

(Reaction condition: p ¼ 2.0 MPa, H2/n-pentane molar
ratio ¼ 4:1, WHSV ¼ 1.0 h�1).

4. Conclusion

This study paved a new path for the synthesis of highly active
and highly stable non-noble Ni-SA@Z-x catalysts for n-pentane
isomerization. The Ni-SA@Z-30 provided a sustained high iso-
pentane yield (64.7%) with little or no deactivation within
5000 min at a low temperature of 453 K. The high isopentane yield
of Ni-SA@Z-30 can be attributed to the formation of more and
-SA@Z-30 as compared to Ni-SZA-2.5 catalyst.



Fig. 7. Stability test of Ni-SZA-2.5, Ni-SA@Z-x catalysts at their optimum temperatures.
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stronger superacid sites due to numerous small tetragonal ZrO2
particles derived from ZrO2 shell and better dispersion of active
acid and metal sites. The excellent stability can be attributed to the
following factors: (i) carbon deposition was greatly suppressed by
the large pore size and huge pore volume; (ii) the loss of sulfur
entities was suppressed due to the stronger interaction between
small tetragonal ZrO2 particles and S species; (iii) the loss of strong
Brønsted acid sites was improved during the isomerization reac-
tion. To the best of our knowledge, such a non-noble superacid
catalyst with high isopentane yield and excellent stability at a low
pressure (2.0 MPa) is extremely unusual and being reported for the
first time.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.petsci.2023.02.027.
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