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Abstract: To clarify the Ni species of NiO/SiO2-Al2O3 catalysts that are active for ethylene oligomer-
ization, 18 types of NiO/SiO2-Al2O3 were prepared using three Ni-loading methods (i.e., ion-
exchange, impregnation, and homogeneous precipitation), with different Ni-loadings (1–20 wt%),
and examined with respect to their structure and catalytic activity for ethylene oligomerization.
Characterized by N2 adsorption, powder XRD, FE-SEM, H2-TPR, NH3-TPD, and C2H4-TPD showed
that Ni species in the catalysts prepared by ion-exchange were mainly ion-exchanged Ni cations.
In contrast, Ni species in the catalysts prepared by impregnation were a mixture of ion-exchanged
Ni cations and NiO particles, and those in the catalysts prepared by homogeneous precipitation
were all NiSiO3 particles. Catalytic-reaction tests at 300 ◦C and 0.1 MPa revealed the following: the
ion-exchanged Ni cations showed the highest C2H4 conversion rate; the NiSiO3 particles showed
a moderate reaction rate; and the NiO particles were not active for ethylene oligomerization. We
concluded that the high catalytic activity of the ion-exchanged Ni cations was a result of their high
dispersion and medium-strength acidity, which together promoted the adsorption and activation of
ethylene on, and the desorption of oligomerization products from, the catalyst.

Keywords: ethylene oligomerization; NiO/SiO2-Al2O3 catalyst; ion-exchange; impregnation; homo-
geneous precipitation

1. Introduction

With the gradual maturation of technologies for producing ethylene using resources
other than petroleum (e.g., dehydrogenation of ethane derived from shale gas, bioethanol
conversion to ethylene by catalytic dehydration, and the zeolite-catalyzed methanol-to-
olefin (MTO) process), the production of chemicals and liquid fuels from ethylene has
attracted renewed attention [1–3]. Oligomerization of ethylene into long-chain olefins is
one of the important reactions required for ethylene conversion and has been applied in the
production of chemical intermediates, base materials, and liquid fuels [1,4–6]. Currently,
several million tons of linear α-olefins are produced by homogeneously-catalyzed ethy-
lene oligomerization (EO), which comprises transition metal complexes, alkylaluminum
cocatalysts, and organic solvents. Among others, the following processes have been com-
mercialized for the manufacturing of linear α-olefins [7,8]: the Shell higher olefin process
(SHOP), which uses a nickel complex; the Alphabutol process, which uses a titanium
complex; and the SABIC/Linde Alpha-SABLIN process, which uses a zirconium complex.
However, these homogeneous catalysts suffer from several drawbacks, including a high
difficulty in the separation of the product from the solvent, a high sensitivity to impurities,
and limited catalyst reusability. Thus, a heterogenous catalytic process that does not require
any cocatalysts or solvents and is easy to handle and recycle is needed.
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Ni-containing catalysts, microporous and mesoporous catalysts, and solid acid cata-
lysts have been extensively studied as heterogeneous catalysts for EO; examples of such
catalysts include the following: nickel ion-exchanged zeolites (e.g., Y [6,9,10], beta [11–14],
ZSM-5 [15,16], MCM-22 [17,18], MCM-36 [17,18]); nickel-loaded amorphous silica–alumina
(ASA) [5,19–27]; Ni-exchanged cationic clay [28]; Ni-containing ordered mesoporous silica–
alumina (e.g., Al-MCM-41 [29–32], Al-SBA-15 [33–36], Al-KIT-6 [37,38]); nickel sulfate
(NiSO4) supported on Al2O3 [39–42], ASA [43], ZrO2 [44] or TiO2 [44]; and nickel phos-
phide (Ni2P) supported on ASA [45] or SiO2 [46]. These catalysts are easy to handle and
recycle, and they do not need any promoters or solvents (except for Ni2P catalysts). It is
well known that, in heterogeneous catalytic systems, the pore size of the support greatly
influences the catalytic activity and lifetime. For example, Ni-zeolite catalysts, except for
Ni-beta, often deactivate rapidly due to the blocking of the zeolites’ micropores by bulky
and highly-branched oligomers that formed during the reaction [11,16–18]. In contrast,
Ni-containing mesoporous silica–alumina catalysts, such as Ni-exchanged ASA [22,23],
Ni-Al-MCM-41 [29,30], and Ni-Al-SBA-15 [33,34], show a high and stable activity. In recent
years, heterogeneous catalysts with a performance competitive to that of homogeneous cata-
lysts have been reported by several research groups [1,30,34]; however, most heterogeneous
catalytic systems cannot produce linear α-olefins selectively because consecutive reactions
of the produced oligomers (e.g., cracking, isomerization, and aromatization) occur over the
strong acidic sites of aluminosilicate support. In addition, gradual deactivation often occurs
over heterogeneous catalysts owing to the coke deposition. Thus, improved catalysts are
needed for the development of commercialized heterogeneous catalytic systems.

To improve the catalytic performance of heterogeneous Ni catalysts for EO, we need
to precisely control both the size and oxidation state of the NiO particles. Previously, it
was proposed that isolated Ni2+ cations in ion-exchanged positions were the active Ni
species for EO and that large NiO particles were inactive [11,20,30,47]. However, the
detailed studies based on Fourier-transform infrared spectroscopy (FT-IR) coupled with
low-temperature CO adsorption have suggested that isolated Ni2+ cations grafted on
acidic silanols and under-coordinated Ni2+ cations on sub-5 nm NiO nanoparticles were
active sites for Ni-beta [12], Ni-Al-MCM-41 [31], and Ni-loaded ASA [27,48]. Density
functional theory (DFT)-based molecular dynamics simulations have suggested a mobile
[(ethylene)2-Ni-(alkyl)]+ species in the zeolite micropores as the active Ni species in EO
over the Ni-SSZ-24 catalyst [49]. It has also been suggested that, in Ni ion-exchanged
zeolite beta catalysts, bent mono(µ-oxo) dinickel ([Ni-O-Ni]2+) complexes showed higher
activity than ion-exchanged Ni ions [13]. The oxidation state of Ni has also been stud-
ied by various groups, and monovalent Ni+ was previously thought to be an active Ni
species [34,39,41–44,50]; however, recent computational and experimental investigations
revealed that Ni2+ cations were the plausible active sites for the oligomerization of light
olefins [11–14,31,47,48,51,52]. Thus, various studies have been conducted to clarify the
active Ni species, but consensus is yet to be reached regarding the types of active Ni species.

Previously, we studied the impacts of the preparation method used to synthesize the
ASA support on the catalytic performance of NiO/ASA (Ni/ASA) for EO [53,54]. The ASA
supports were prepared from tetraethyl orthosilicate and aluminum nitrate nonahydrate
using the coprecipitation or the homogeneous precipitation method. Forty-nine types of
ASA with different pore sizes and acidic site amounts were synthesized by varying the
preparation conditions. NiO particles were deposited on the supports by the impregnation
of the Ni(NO3)2·6H2O precursor, followed by calcination. When we systematically studied
the relationships between the structure and the activity of the Ni/ASA catalysts, we found
that C2H4 conversion of the Ni/ASA catalysts increased when increasing the acidic sites
amounts. This result suggests that proximity of the Ni cations to the surface acidic sites
of the ASA support greatly improves the catalytic activity. In addition, C2H4 conversion
increased when decreasing the density of surface Ni sites, indicating that highly dispersed
Ni species (e.g., Ni cations in ion-exchanged position and small NiO nanoparticles) may
have superior catalytic activity compared to large NiO particles.
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In this study, the Ni/ASA catalysts were prepared using three different Ni-loading
methods: impregnation, ion-exchange, and one-step homogeneous precipitation. Im-
pregnation and ion-exchange have been frequently used as the preparation methods of
heterogeneous Ni catalysts and were thus employed in this study. One-step homoge-
neous precipitation was also examined, since we expected that it would be effective for
the formation of highly dispersed Ni species. By changing the preparation method and
Ni-loading, we obtained 18 types of Ni/ASA catalysts with different Ni species and then
examined the relationship between the types of Ni species and the C2H4 conversion rate. In
these catalysts, we found the following: the ion-exchanged Ni species showed the highest
C2H4 conversion rate; the NiSiO3 particles showed a moderate reaction rate; and the NiO
particles were not active for EO.

2. Results and Discussion
2.1. Catalytic Activity of Ni/ASA Prepared Using Different Ni-Loading Methods

The catalytic activity of Ni/ASA for EO was evaluated at 300 ◦C, 0.1 MPa, and a gas
hourly space velocity (GHSV) of 12 L/gcat./h. Table 1 shows the results of catalytic reactions
obtained with the ASA support alone, Ni/ASA catalysts with different Ni-loadings and
preparation methods, and NiSiO3 alone. For all the Ni/ASA catalysts, the main products of
EO were C4 (1-C4H8, 2-C4H8, and iso-C4H8), C6 (12 types of C6H12), C5 (5 types of C5H10),
and C3H6 hydrocarbons (Table 1). C4 and C6 olefins were produced by dimerization and
trimerization of ethylene on the Ni sites, respectively, whereas C3 and C5 olefins were
mainly produced by secondary cracking reactions of long-chain oligomers (e.g., C8H16
→ C3H6 + C5H10, C6H12 → 2C3H6) on the acidic sites of the ASA support [53,54]. The
remaining products were C7+ hydrocarbons; however, the sum of the selectivity for the C7+
hydrocarbons was below 10% in most catalysts. This is because reactions at low pressure
and low C2H4 conversion suppressed the formation of long-chain hydrocarbons with seven
or more carbon atoms. Over the bare ASA support, EO proceeded at a very low rate, and
C2H4 conversion and C4 yield were 0.58% and 0.10%, respectively (Table 1, Entry 1). The
low catalytic activity of the ASA was due to the instability of the primary C2H5

+ carbonium
cation intermediates that formed on the Brønsted acid sites of the aluminosilicate carrier
during EO [11,31].

Ni-loading greatly increased the reaction rate for EO. Over the Ni/ASA catalysts
prepared using impregnation (Ni Imp), C2H4 conversion and C4 yield first increased with
an increase in Ni-loading up to 0.5 wt%, and then remained constant up to 8 wt% (Table 1,
Entries 2–9, and Figure 1a). This result indicates that Ni species formed under low Ni-
loading conditions (≤0.5 wt%) are the main contributors to EO, whereas those formed
under high Ni-loading conditions (>1 wt%) are not. Among the Ni Imp catalysts, the
highest C2H4 conversion (27.1%) was obtained over Ni(0.5) Imp (Entry 4), and the highest
C4 yield (21.3%) was obtained over Ni(6) Imp (Entry 8).

A different dependency between Ni-loading and catalytic activity was observed over
Ni/ASA catalysts prepared using one-step homogeneous precipitation (Ni HP). The C2H4
conversion and C4 yield first increased with an increase in Ni-loading up to 6 wt%, then
became constant at 6–12 wt%, and finally decreased at >12 wt% (Table 1, Entries 10–18
and Figure 1b). This difference in the optimum Ni-loading compared to that of the Ni
Imp catalyst indicates that the nature of the Ni species in the two types of catalyst differs.
Among the Ni HP catalysts, Ni(6) HP showed the highest activity (Entry 13): the C2H4
conversion and C4 yield over Ni(6) HP were 24.5% and 19.5%, respectively, which were
lower than those of the best Ni Imp catalyst.
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Table 1. Catalytic activity of ASA support, Ni/ASA catalysts, and NiSiO3 for EO a.

Entry Catalyst
Conv. Yield b (%) Selectivity b (%)

Iso-C4H8/n-C4H8
c

C2H4 (%) C3 C4 C5 C6 C3 C4 C5 C6

1 ASA 0.58 0.00 0.10 0.00 0.03 0.0 18.0 0.0 5.7 0.67
2 Ni(0.1) Imp 9.73 0.00 8.21 0.22 0.70 0.0 84.4 2.3 7.2 0.30
3 Ni(0.3) Imp 18.14 0.37 15.06 0.42 1.48 2.1 83.0 2.3 8.2 0.28
4 Ni(0.5) Imp 27.12 0.66 21.06 0.52 2.01 2.4 77.6 1.9 7.4 0.21
5 Ni(1) Imp 26.30 0.64 20.95 0.51 1.99 2.4 79.7 1.9 7.6 0.21
6 Ni(2) Imp 26.43 0.66 20.64 0.53 2.04 2.5 78.1 2.0 7.7 0.21
7 Ni(4) Imp 24.66 0.63 19.79 0.48 1.88 2.5 80.3 1.9 7.6 0.21
8 Ni(6) Imp 26.79 0.56 21.27 0.45 1.97 2.1 79.4 1.7 7.4 0.21
9 Ni(8) Imp 22.70 0.49 19.20 0.42 1.78 2.2 84.6 1.8 7.8 0.21

10 Ni(1) HP 14.74 0.22 11.23 0.31 1.08 1.5 76.2 2.1 7.3 0.28
11 Ni(2) HP 13.79 0.24 11.09 0.32 1.01 1.8 80.4 2.3 7.3 0.29
12 Ni(4) HP 18.53 0.46 15.14 0.47 1.54 2.5 81.7 2.5 8.3 0.27
13 Ni(6) HP 24.49 0.52 19.46 0.49 1.85 2.1 79.5 2.0 7.5 0.21
14 Ni(8) HP 24.52 0.64 19.42 0.55 1.91 2.6 79.2 2.2 7.8 0.21
15 Ni(10) HP 24.38 0.57 18.96 0.47 1.79 2.4 77.8 1.9 7.3 0.21
16 Ni(12) HP 23.30 0.60 19.28 0.47 1.86 2.6 82.8 2.0 8.0 0.21
17 Ni(16) HP 18.10 0.44 14.69 0.35 1.47 2.4 81.2 1.9 8.1 0.26
18 Ni(20) HP 16.17 0.39 13.35 0.32 1.35 2.4 82.5 2.0 8.4 0.26
19 Ni(1.1) IE 31.14 0.80 24.76 0.57 2.39 2.6 79.5 1.8 7.7 0.21
20 NiSiO3 2.01 0.00 1.87 0.00 0.06 0.0 93.0 0.1 3.0 0.31

a Conditions: Catalyst: 0.2 g, temperature: 300 ◦C, pressure: 0.1 MPa, C2H4: 20 mL/min, N2: 20 mL/min. b C3:
propylene, C4: butene, C5: pentene, C6: hexene. c Ratio of isobutene to normal butene.
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Figure 1. C2H4 conversion (gray squares), C4 yield (gray circles), and C4 selectivity (white triangles)
over Ni/ASA catalysts prepared by an (a) impregnation or (b) one-step homogeneous precipitation
method of Ni-loading. Conditions: Catalyst: 0.2 g, temperature: 300 ◦C, pressure: 0.1 MPa, C2H4:
20 mL/min, N2: 20 mL/min.

Comparing the Ni/ASA catalysts prepared using ion-exchange (Ni IE), Ni(0.5) Imp,
and Ni(6) HP, Ni IE showed higher activity than both the other catalysts (Table 1, Entry 19,
and Figure 2). The C2H4 conversion and C4 yield over Ni IE were 31.1% and 24.8%,
respectively. These values were much higher than those of Ni-Al-SBA-15 (C2H4 conversion:
20.6%; and C4 yield: 16.7%) [53], which was one of the best heterogeneous catalysts for EO
reported to date [33,34]. The activity of Ni IE was also compared with that of the previously
reported heterogeneous catalysts (Table S1). It was found that Ni IE exhibited the best
performance at 0.1 MPa.
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For all the catalysts, the C4 selectivity was around 80% and was not influenced by the
Ni-loading or preparation method (Table 1 and Figure 1). Constant C4 selectivity at a low
C2H4 conversion (<30%) has been reported by several other research groups (e.g., EO over
Ni-exchanged ASA [24] and NiSO4-loaded Al2O3 [47]). The ratio of isobutene to normal
butene over the Ni/ASA catalysts was also constant, in the range of 0.21–0.30 (Table 1).

The time-course of C2H4 conversion over the Ni IE catalyst was compared to that over
two representative Ni Imp and Ni HP catalysts (Figure S1). For each of the three catalysts,
C2H4 conversion gradually decreased with time on stream, which we attributed to coke
deposition. However, the rate of activity decrease was slower over the Ni IE catalyst than
over the Ni Imp and Ni HP catalysts, indicating that the Ni IE catalyst not only had a higher
catalytic activity, but also a higher resistance to catalyst deactivation compared to the other
catalysts. We also carried out the catalyst-recycling test. The C2H4 conversion and C4 yield
of the Ni IE catalyst were fully recovered by calcining the used catalyst in air at 500 ◦C for
3 h. This result may indicate that the structure and oxidation state of Ni species do not
change during the reaction for at least 5 h.

The effects of reaction-temperature on catalytic activity were examined in five of
the Ni/ASA catalysts covering the ranges of Ni-loadings and preparation methods used:
Ni(1.1) IE, Ni(1) Imp, Ni(8) Imp, Ni(8) HP, and Ni(12) HP. The equilibrium conversion
of ethylene dimerization under the present reaction conditions (200–300 ◦C and 0.1 MPa)
exceeded 98%. For all the catalysts, the C2H4 conversion and C4 yield monotonically
increased with an increase in the reaction temperature from 200 to 300 ◦C, as shown for
the Ni IE catalyst in Figure 3. However, the C4 selectivity decreased with the increasing
reaction temperature, probably because consecutive reactions of the C4H8 on the acidic
sites of the ASA support (e.g., oligomerization, alkylation, and cracking) were promoted
at higher temperatures. Arrhenius plots, calculated from C2H4 conversion rates, showed
linear relationships for all the catalysts in the temperature range examined (Figure S2).
The activation energy of the five Ni/ASA catalysts was calculated to be in the range of
20.9–29.3 kJ/mol and was not influenced by the Ni-loading or by the preparation method
(Table S2). Furthermore, the activation energies of the catalysts were similar to previously
reported values for Ni-exchanged ASA (16 kJ/mol) [23], NiSO4/Al2O3 (16 kJ/mol) [40],
Ni-SSZ-24 zeolite (33–37 kJ/mol) [49], Ni-Y zeolite (42–59 kJ/mol) [10], and Ni-Al-KIT-6
(15 kJ/mol) [38], suggesting that the structures of the active sites in these Ni catalysts
were similar.
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To summarize, the catalytic activity of the Ni/ASA for EO was found to depend on
the preparation method and Ni-loading, and the C2H4 conversion and C4 yield decreased
in the order of Ni IE > Ni Imp > Ni HP. The differences in catalytic activity were considered
to originate from the different types of the Ni species; this is discussed in the next section.

2.2. Characterization of the Ni/ASA Catalysts and the Types of Active Ni Species

The Ni/ASA catalysts were characterized using several techniques. First, Ni contents
of the Ni IE, Ni(2) Imp, and Ni(2) HP catalysts were analyzed using ICP-AES. Actual Ni-
loading of Ni IE was 1.1 wt%, and those of Ni(2) Imp and Ni(2) HP were 1.9 and 2.1 wt%,
respectively. In the Ni(2) Imp and Ni(2) HP catalysts, the Ni-loading obtained using ICP-
AES was well consistent with that estimated based on the amount of Ni(NO3)2·6H2O
precursors used for the catalysts’ preparation. Thus, it is believed that almost all of the Ni
added was deposited on the ASA support when Ni/ASA catalysts were prepared using
impregnation or one-step homogeneous precipitation.

The BET specific surface area, total pore volume, and average pore size of the Ni/ASA
catalysts were compared with those of the ASA support (Table 2 and Figure S3). Ni-loading
by ion-exchange had no effect on these three parameters (Table 2, Entry 2). However,
in the Ni Imp catalysts (Table 2, Entries 3–10, and Figure S3a), the BET specific surface
area decreased from 757 to 648 m2/g with Ni-loading increasing from 0 to 4 wt%, and
then became constant with further increases in Ni-loading; pore volume (0.56–0.65 cm3/g)
remained the same or slightly decreased; and average pore size (3.44–3.56 nm) remained
the same or slightly increased. These results indicate that some of the entrances to the small
pores in the ASA support were blocked during Ni-loading by impregnation. Similarly, in
the Ni HP catalysts (Table 2, Entries 11–19, and Figure S3b), the BET specific surface area
(663–794 m2/g) slightly decreased, except for that of the Ni(1) HP catalyst; pore volume
(0.59–0.69 cm3/g) remained unchanged; and average pore size (3.41–3.90 nm) slightly
increased, except for that of the Ni(1) HP catalyst. These results indicate that a small
amount of aggregated Ni species was formed in the Ni HP catalysts and that this aggregate
blocked some of the entrances to the small pores. The pore size distribution of all the
Ni/ASA catalysts was similar to that of the ASA support (Figure S4). Together, these results
show that both the amount of Ni and the preparation method had small effects on the pore
structure of the Ni/ASA catalysts. In other words, the pore structure of the ASA support
was mostly maintained, even at high Ni-loading. Therefore, we conclude that the variation
of catalytic activity with Ni-loading and preparation method is attributable not to the pore
structure of the catalysts but to the type of Ni species.
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Table 2. Physicochemical properties of ASA support and Ni/ASA catalysts.

Entry Catalysts BET Specific Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Size (nm)

1 ASA 757 0.65 3.45
2 Ni(1.1) IE 742 0.66 3.58
3 Ni(0.1) Imp 697 0.61 3.51
4 Ni(0.3) Imp 718 0.63 3.49
5 Ni(0.5) Imp 727 0.64 3.53
6 Ni(1) Imp 734 0.65 3.51
7 Ni(2) Imp 669 0.60 3.56
8 Ni(4) Imp 648 0.58 3.55
9 Ni(6) Imp 648 0.57 3.53

10 Ni(8) Imp 649 0.56 3.44
11 Ni(1) HP 794 0.68 3.41
12 Ni(2) HP 709 0.66 3.69
13 Ni(4) HP 703 0.63 3.61
14 Ni(6) HP 750 0.69 3.68
15 Ni(8) HP 677 0.61 3.60
16 Ni(10) HP 670 0.65 3.90
17 Ni(12) HP 665 0.59 3.54
18 Ni(16) HP 688 0.66 3.84
19 Ni(20) HP 663 0.59 3.59

XRD patterns of the ASA support and Ni/ASA catalysts are shown in Figure 4. From
the XRD patterns of the low-Ni-loading catalysts (i.e., Ni(1) Imp, Ni(1.1) IE, Ni(1) HP and
Ni(2) HP), the only peak characteristic of amorphous silica was observed at 15–40 degrees,
indicating a high dispersion of Ni species on the ASA support. However, in the patterns
of the high-Ni-loading samples, peaks attributable to Ni species were observed. The XRD
patterns of the Ni Imp catalysts with high (≥2 wt%) Ni-loading exhibited peaks at 37,
43, and 63 degrees, which corresponded to the (111), (200), and (220) planes of the NiO
crystallites [11] (Figure 4a). This result clearly shows that, in the Ni Imp catalysts with high
Ni-loading, some of the Ni species had aggregated to form large NiO particles. The NiO
crystallite sizes of the Ni Imp catalysts were 9.2–11.6 nm and did not depend on Ni-loading
(Table S3). In contrast, the XRD patterns of the Ni HP catalysts with high (≥4 wt%) Ni-
loading exhibited peaks at 34 and 61 degrees, which corresponded to the (110) and (300)
planes of the NiSiO3 crystallites [55] (Figure 4b). We attribute the formation of different
Ni species between the Ni Imp and Ni HP catalysts to the different preparation methods.
In the Ni Imp catalysts, the NiO particles were formed by calcining the Ni(NO3)2·6H2O
precursor adsorbed on the surface of the ASA support under an air atmosphere at 400 ◦C for
3 h. However, in the preparation of the Ni HP catalysts, the Ni2+ ions were deposited and
the ASA support was formed simultaneously during aging at 90 ◦C for 2 days, resulting
in the formation of a catalyst precursor characterized by a high dispersion of Ni species
in the bulk and on the surface of the ASA support. Thus, it can be expected that highly
dispersed Ni species react with the ASA to form NiSiO3 during calcination at 500 ◦C for
6 h. The NiSiO3 crystallite size of the Ni HP catalysts was 5.3–8.0 nm, which was smaller
than the NiO crystallite size of the Ni Imp catalysts (Table S3).
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represent the diffraction lines of NiO and NiSiO3, respectively.

FE-SEM observations of the ASA support and Ni/ASA catalysts were carried out to
examine the differences in particle sizes and morphologies. At low magnification, various
particles that had irregular shapes and sizes ranging from a few micrometers to 40 µm were
observed in the ASA support and all the Ni/ASA catalysts (Figures 5, S5 and S6). Particle
size and morphology were not influenced by the Ni-loading or preparation method. At
high magnification, no clear differences were observed between the ASA support and the
Ni/ASA catalysts, except for the Ni(8) Imp catalyst. The Ni(8) Imp catalyst (Figure 5f)
was the only catalyst in which we observed the presence of NiO particles on the FE-SEM
images; many of the NiO particles had a diameter smaller than 100 nm and were observed
on the surface of the ASA support.

The H2-TPR profiles of Ni/ASA, NiO, and NiSiO3 are shown in Figure 6. The pro-
files of Ni/ASA catalysts are typically classified into three peaks: peaks at <400 ◦C are
attributable to the reduction in large NiO particles displaying a low interaction with the
support [13,26,31]; peaks at 400–600 ◦C are attributable to the reduction in small NiO
nanoparticles interacting strongly with the support [26,31]; and peaks at >600 ◦C are at-
tributable to the reduction in Ni cations in the ion-exchanged position [13,26,31] or in Ni
silicate/aluminate [25,26]. In the present analysis, a small peak centered at 540 ◦C was
observed in the profile of the Ni IE catalyst (Figure 6a). We attribute this peak to the
reduction in isolated ion-exchanged Ni cations. The overall shape of the H2-TPR profiles
of the Ni Imp catalysts varied with Ni-loading. When Ni-loading was 1 wt%, the main
reduction peak, corresponding to ion-exchanged Ni cations, was observed at 500–570 ◦C.
Small shoulder peaks were also found at 400–500 ◦C, which were attributed to the reduction
in small NiO particles interacting strongly with the ASA support. When Ni-loading was
increased from 1 to 2 wt%, the area of these two peaks increased. Small peaks at 300–400 ◦C
were also observed in the profile of the Ni(2) Imp; these were attributed to the reduction
in bulk-like NiO particles. However, when Ni-loading was further increased to 8 wt%,
the peak attributed to ion-exchanged Ni cations at 500–570 ◦C became small, whereas
that attributed to small NiO particles at 400–500 ◦C became large. Peaks attributed to the
reduction in bulk-like NiO particles at 300–400 ◦C also increased with increasing Ni-loading.
Thus, we suggest that the main Ni species in the Ni Imp catalysts with low Ni-loading are
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ion-exchanged Ni cations, and that of the Ni Imp catalysts with high Ni-loading are NiO
particles.

Catalysts 2023, 13, x FOR PEER REVIEW 9 of 18 
 

 

suggest that the main Ni species in the Ni Imp catalysts with low Ni-loading are ion-ex-
changed Ni cations, and that of the Ni Imp catalysts with high Ni-loading are NiO parti-
cles. 

A peak deconvolution of the H2-TPR profiles of the Ni Imp catalysts was performed 
to estimate the amount of ion-exchanged Ni cations and of small and large NiO particles. 
The H2-TPR profiles of all the Ni Imp catalysts were deconvoluted using three peaks, 
which were centered at 380 °C (α, peak attributed to bulk-like NiO particles), 490 °C (β, 
peak attributed to small NiO particles), and 530 °C (γ, peak attributed to ion-exchanged 
Ni cations) (Figure S7). The amounts of each Ni species were roughly calculated using the 
following formula: (amount of each Ni species) = (Ni-loading) × (area of each peak)/(total 
peak area). The amount of ion-exchanged Ni cations in the Ni Imp catalysts increased with 
increasing Ni-loading up to 2 wt%, after which it became constant in the Ni-loading range 
of 0.8–1.5 wt% (Table S4). This value was similar to the Ni-loading of the Ni IE catalyst, as 
measured using ICP-AES (1.1 wt%). In contrast, the amounts of small and large NiO par-
ticles tended to increase with an increase in Ni-loading. Together, these results show that 
the dispersion of Ni species in the Ni Imp catalysts decreased with increasing Ni-loading. 

 
Figure 5. FE-SEM images of (a,b) ASA, (c,d) Ni(1) Imp, and (e,f) Ni(8) Imp. Figure 5. FE-SEM images of (a,b) ASA, (c,d) Ni(1) Imp, and (e,f) Ni(8) Imp.

A peak deconvolution of the H2-TPR profiles of the Ni Imp catalysts was performed to
estimate the amount of ion-exchanged Ni cations and of small and large NiO particles. The
H2-TPR profiles of all the Ni Imp catalysts were deconvoluted using three peaks, which
were centered at 380 ◦C (α, peak attributed to bulk-like NiO particles), 490 ◦C (β, peak
attributed to small NiO particles), and 530 ◦C (γ, peak attributed to ion-exchanged Ni
cations) (Figure S7). The amounts of each Ni species were roughly calculated using the
following formula: (amount of each Ni species) = (Ni-loading) × (area of each peak)/(total
peak area). The amount of ion-exchanged Ni cations in the Ni Imp catalysts increased with
increasing Ni-loading up to 2 wt%, after which it became constant in the Ni-loading range
of 0.8–1.5 wt% (Table S4). This value was similar to the Ni-loading of the Ni IE catalyst,
as measured using ICP-AES (1.1 wt%). In contrast, the amounts of small and large NiO
particles tended to increase with an increase in Ni-loading. Together, these results show that
the dispersion of Ni species in the Ni Imp catalysts decreased with increasing Ni-loading.
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The overall shape of the H2-TPR profiles of the Ni HP catalysts was different from
that of the profiles of the Ni IE and Ni Imp catalysts, indicating that the Ni species in the
Ni HP catalysts were different from those in the Ni IE and Ni Imp catalysts (Figure 6b).
Namely, a symmetrical peak centered at around 600 ◦C was observed in the profiles of
all the Ni HP catalysts regardless of Ni-loading. The H2-TPR profile of the NiSiO3 also
showed a reduction peak in the same temperature range (450–750 ◦C), implying that the
nature of the main Ni species in the Ni HP catalysts was similar to that of the Ni species in
the NiSiO3. However, the temperature of the peak maximum in the profiles of the Ni HP
catalysts (600 ◦C) was lower than that in the profile of the NiSiO3 (650 ◦C), indicating that
the reducibility of the NiSiO3 particles was enhanced by being supported on the ASA.

The NH3-TPD profiles of the ASA support, the Ni/ASA catalysts, and the NiSiO3
are shown in Figure 7. The profile of the ASA support showed a broad desorption peak
at 100–800 ◦C, suggesting the existence of acidic sites with different strengths in the ASA
support. From the profiles of the Ni IE and Ni Imp catalysts, not only broad desorption
peaks originating from the ASA support but also desorption peaks originating from the Ni
species were observed at 500–560 ◦C (Figure 7a). The profile of the Ni IE catalyst showed
one desorption peak at 560 ◦C, which we attributed to ion-exchanged Ni cations. The
profiles of the Ni(1) Imp and Ni(2) Imp catalysts showed two desorption peaks at 530 and
560 ◦C. The intensity of the peak at 530 ◦C increased with an increase in Ni-loading from 1
to 2 wt%, whereas the intensity of the peak at 560 ◦C did not change. We speculate that
the peak at 530 ◦C originates from small NiO nanoparticles interacting strongly with the
ASA support. The profiles of the Ni(4) Imp, Ni(6) Imp, and Ni(8) Imp catalysts showed
a large desorption peak at 500 ◦C; the intensity of the peaks at 530 and 560 ◦C was much
smaller than that of the peak at 500 ◦C in the profiles of these catalysts. We speculate
that the peak at 500 ◦C originates from large NiO particles interacting weakly with the
support. These results showed that the main Ni species in the Ni Imp catalysts changed
from ion-exchanged Ni cations to large NiO particles with increasing Ni-loading. The
amounts of weak (<400 ◦C), medium-strength (400–600 ◦C), and strong (>600 ◦C) acidic
sites were estimated based on the amount of desorbed ammonia (Table S5). The amount of
strong acidic sites in the Ni IE and Ni Imp catalysts was the same as that in the ASA support
(Entries 1–7). However, the amount of weak acidic sites increased by 1.2–1.4 times and that
of medium-strength acidic sites increased by 2.5–3.5 times after Ni-loading by ion-exchange
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or impregnation. We attribute this large increase in the number of medium-strength acidic
sites to the presence of ion-exchanged Ni cations and NiO particles.
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In contrast, desorption peaks attributed to ion-exchanged Ni cations and NiO particles
at 500–560 ◦C were not found in the NH3-TPD profiles of the Ni HP catalysts (Figure 7b).
Namely, the profiles of the Ni HP catalysts were very similar to that of the ASA support.
However, the intensity of the peak at 635 ◦C increased with increasing Ni-loading and
became closer to the peak intensity of the NiSiO3. These results indicate that the Ni species
in the Ni HP catalysts comprised only NiSiO3 particles. The amounts of weak, medium-
strength, and strong acidic sites in the Ni HP catalysts were also calculated based on the
amount of desorbed ammonia (Table S5). The amounts of the three types of acidic sites
monotonically increased with increasing Ni-loading (Entries 1 and 8–14). The increase
in medium-strength and strong acidic sites was more pronounced than that of weak
acidic sites.

Thus, we conclude the following from the results of the characterization of the Ni
species in the Ni IE, Ni Imp, and Ni HP catalysts. In the Ni IE catalyst, the Ni species existed
as ion-exchanged Ni cations. In the Ni Imp catalysts, the Ni species varied with Ni-loading:
Ni Imp catalysts with low Ni-loading (<1 wt%) contained mainly ion-exchanged Ni cations;
Ni Imp catalysts with moderate Ni-loading (1–2 wt%) contained both ion-exchanged Ni
cations and small NiO particles; and Ni Imp catalysts with high Ni-loading (4–8 wt%)
contained a mixture of ion-exchanged Ni cations, small NiO particles, and large, bulk-like
NiO particles. In the Ni HP catalysts, the Ni species was always NiSiO3, regardless of
Ni-loading. The activity of the Ni Imp catalysts increased with increasing Ni-loading up to
0.5 wt% and then became constant with further increases (Figure 1a), which indicated that
the ion-exchanged Ni cations were active for EO, whereas the small and large NiO particles
were not active. The activity of the Ni HP catalysts showed an increasing-then-decreasing
dependence on Ni-loading (Figure 1b), indicating that the NiSiO3 was also active for EO
but that its activity varied with the size of the NiSiO3 particles.

C2H4-TPD measurements were carried out to examine the C2H4 adsorption properties
of each Ni species. The profiles of the ASA support, Ni(8) Imp, Ni IE, and Ni(8) HP are
shown in Figure 8. As described above, the Ni(8) Imp contained a large amount of NiO
particles, the Ni IE contained only ion-exchanged Ni cations, and the Ni(8) HP contained
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only NiSiO3 particles. In Figure 8, the ASA support did not show any desorption peaks.
However, the Ni(8) Imp showed three large desorption peaks centered at 180, 330, and
430 ◦C. The Ni IE and Ni(8) HP showed four large desorption peaks centered at 180, 330,
500–550, and 800 ◦C. Comparing three types of Ni/ASA catalysts, shape and intensity
of peaks at 180 and 330 ◦C were very similar to each other, whereas those of peaks at
>400 ◦C were much different. The Ni IE and Ni(8) HP showed desorption peaks at a higher
temperature than the Ni(8) Imp, indicating that C2H4 adsorption to the ion-exchanged Ni
cations and NiSiO3 particles was stronger than that to the NiO particles. We believe that
the differences in C2H4 adsorption properties originated from the different acid strengths
of each Ni species. That is, the acidity of ion-exchanged Ni cations and NiSiO3 particles
was stronger than that of NiO particles (Figure 7), resulting in the stronger adsorption of
C2H4 molecules to the former Ni species.
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The C2H4 conversion rate per gram of Ni was plotted against Ni-loading (Figure 9).
The C2H4 conversion rate of the Ni Imp catalysts decreased with an increase in Ni-loading.
This is because the amount of NiO particles, which were not active for EO, increased with
increasing Ni-loading. The C2H4 conversion rate of the Ni HP catalysts also decreased
with increasing Ni-loading, suggesting that the small NiSiO3 particles were more active
than the large NiSiO3 particles. Comparing the C2H4 conversion rates of the Ni IE, Ni Imp,
and Ni HP catalysts with similar Ni-loadings (1 wt%), we found that the C2H4 conversion
rate of the Ni(1.1) IE and Ni(1) Imp was larger than that of the Ni(1) HP, indicating that
ion-exchanged Ni cations were more active than NiSiO3 particles.

The reasons for the high catalytic activity of ion-exchanged Ni cations were discussed
as follows: the H2-TPR profiles of the Ni/ASA catalysts showed that the interaction
between the Ni species and the ASA support increased in the order of NiO particles <
ion-exchanged Ni cations < NiSiO3 particles (Figure 6). It is generally accepted that EO over
Ni-aluminosilicate catalysts is greatly promoted by proximity of the Ni cations to the surface
acidic sites of aluminosilicate support [31,42–44,53,54]. The roles of the acidic sites of the
aluminosilicate support have not been clarified. However, Moussa et al. proposed that the
acidic sites of the support enhanced the Lewis acidity of Ni species by electronic effect and
thereby improved the ability of Ni sites to coordinate and activate C2H4 molecules [31].
Thus, we believe that, in the catalysts with a weak metal–support interaction (i.e., those
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containing NiO particles), the distance between the Ni cations and surface acidic sites of
the ASA support is large, and, thereby, these sites do not work cooperatively, resulting
in a low catalytic activity for EO. In contrast, in catalysts with a strong metal–support
interaction (i.e., those containing ion-exchanged Ni cations and NiSiO3 nanoparticles), the
Ni cations contact closely with the surface acidic sites of the ASA support, and, thereby,
the ability of Ni sites to coordinate and activate C2H4 is largely improved. Moreover, the
NH3-TPD profiles showed that the acid strength of the Ni species increased in the order of
NiO particles < ion-exchanged Ni cations < NiSiO3 (Figure 7). The C2H4-TPD profiles also
showed that C2H4 adsorption to the ion-exchanged Ni cations and NiSiO3 particles was
stronger than that to the NiO particles (Figure 8). Thus, we conclude that ion-exchanged
Ni cations with a medium-strength (Lewis) acidity efficiently promote the adsorption and
activation of ethylene and the desorption of products, resulting in a high catalytic activity.
We are currently conducting several studies to clarify the structure and oxidation states of
the ion-exchanged Ni cations in the Ni/ASA catalyst. For example, the diffuse reflectance
UV-vis spectrum of the Ni IE catalyst under hydrated condition showed the adsorption
bands at 13,600, 15,000, and 25,000 cm−1 (Figure S8). These bands corresponded to the
d–d transitions of mononuclear octahedral Ni2+(H2O)6 species and were also observed
in the spectrum of a Ni-beta zeolite catalyst prepared using a liquid-state ion-exchange
method [13,56]. Thus, we tentatively propose that active Ni species of the Ni IE catalyst
may have a similar local structure to those of the Ni-beta zeolite catalyst. That is, the Ni2+

ions replace H+ in bridged Si-OH-Al groups of the ASA support to form [NiOH]+ species
through the ion-exchange using a Ni(NO3)2 aqueous solution [14] (Figure S9). Then, the
[NiOH]+ species are dehydrated through the calcination of the catalyst before reaction,
resulting in the formation of bare Ni2+ ions that coordinate only to the lattice oxygen atoms
of the support. We will continue to further study to understand the nature of the active Ni
species of the Ni/ASA catalysts in more detail.
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Figure 9. C2H4 conversion rate plotted against Ni-loading. Green triangles, red circles, and blue
squares are the plots for catalysts prepared using an ion-exchange, impregnation, and one-step homo-
geneous precipitation method of Ni-loading, respectively. Conditions: Catalyst: 0.2 g, temperature:
300 ◦C, pressure: 0.1 MPa, C2H4: 20 mL/min, N2: 20 mL/min.

3. Materials and Methods
3.1. Catalyst Synthesis

Chemical reagents and solvents for catalyst synthesis were obtained from Fujifilm
Wako Pure Chemical Corporation (Osaka, Japan) and were used without any purification.
The ASA support was synthesized using a homogeneous precipitation method similar to
that described previously [54]. First, a metal precursor solution was prepared by dissolving
tetraethyl orthosilicate (95.0+%, 19.62 g) and Al(NO3)3·9H2O (98.0+%, 2.19 g) in EtOH
(100 mL). Next, the precipitant solution was prepared by dissolving urea (99.0+%, 2.62 g)
in deionized water (100 mL). Then, these two solutions were mixed and heated in an oil
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bath at 90 ◦C for 2 days. After heating, the precipitant was recovered through filtration and
washed with deionized water several times. Finally, the obtained solid was dried overnight
at 110 ◦C and subsequently calcined under an air atmosphere at 500 ◦C for 6 h. The Al2O3
content was fixed at 3 mol%.

The Ni/ASA catalysts were prepared using the following three methods:
Impregnation: The ASA support was suspended in a Ni(NO3)2 aqueous solution,

and the obtained slurry was dried on a hot plate. The Ni-loading was varied from 0.1 to
8 wt%. After impregnation, the samples were dried overnight at 110 ◦C in an oven and
subsequently calcined under an air atmosphere at 400 ◦C for 3 h.

One-step homogeneous precipitation: Tetraethyl orthosilicate, Al(NO3)3·9H2O, and
Ni(NO3)2·6H2O were dissolved in EtOH (100 mL); the sum of the concentrations of Si4+,
Al3+, and Ni2+ ions was maintained at 1 mol/L. Next, urea was dissolved in deionized
water (100 mL); the amount of urea was five times what was needed for precipitating Al3+

and Ni2+ ions. Then, these two solutions were mixed and heated in an oil bath at 90 ◦C for
2 days. The precipitant was recovered through filtration and washed with deionized water
several times. Finally, the obtained solid was dried overnight at 110 ◦C and subsequently
calcined under an air atmosphere at 500 ◦C for 6 h. The Ni-loading was varied from 1 to
20 wt%.

Ion-exchange: The ASA powder was dispersed in a 1 mol/L Ni(NO3)2 aqueous
solution (1.0 g solid per 10 mL solution) and stirred at 70 ◦C for 4 h. The solid was
recovered through filtration, followed by washing with deionized water several times to
eliminate the non-exchanged Ni species, and drying overnight at 110 ◦C. These operations
were carried out three times. After the final exchange cycle, the Ni-exchanged catalyst was
calcined under an air atmosphere at 400 ◦C for 3 h.

The catalysts prepared with impregnation, one-step homogeneous precipitation, and
ion-exchange are hereafter referred to as Ni(x) Imp, Ni(x) HP, and Ni(x) IE, respectively,
where x indicates the Ni-loading.

The NiSiO3 was prepared following the same procedure as the one-step homogeneous
precipitation method described above, except that Al(NO3)3·9H2O was not added.

3.2. Characterization Techniques

The nitrogen adsorption and desorption isotherms were acquired at −196 ◦C using an
ASAP 2020 automatic analyzer (Micromeritics, Norcross, GA, USA). Before analysis, the
sample (0.10–0.20 g) was outgassed at 350 ◦C and vacuumed for 4 h. The specific surface
area was calculated from the Brunauer–Emmett–Teller (BET) analysis of absorption data
in the relative N2 pressure range of 0.05–0.30. The pore volume was evaluated using the
adsorption volume of N2 gas at a relative N2 pressure of 0.99. The pore size distribution
was estimated from the Barrett–Joyner–Halenda (BJH) analysis of the desorption data.

The X-ray powder diffraction (XRD) pattern was obtained on a D8 ADVANCE diffrac-
tometer (Bruker AXS, Billerica, MA, USA) using Ni-filtered Cu Kα radiation (λ = 1.5418 Å).
The diffractograms were recorded in the 2θ range of 10–70 degree with steps of 0.02 degree
at 40 kV and 40 mA. The crystallite sizes of NiO and NiSiO3 were estimated from the
diffraction lines at 43.2 and 60.7 degrees, respectively, using the Scherrer equation.

The field-emission scanning electron microscope (FE-SEM) image was obtained on a
S-4800 microscope (Hitachi, Tokyo, Japan) operated at 15 kV.

The H2 temperature-programmed reduction (H2-TPR) was performed using a BELCAT-
B auto-chemisorption system (MicrotracBEL Corp., Osaka, Japan), equipped with a thermal
conductivity detector (TCD). The sample (0.10 g) was loaded into a U-shaped quartz cell
and the temperature was increased up to 800 ◦C (heating rate, 5 ◦C/min) under 10% H2/Ar
flow (30 mL/min). A downstream trap containing the molecular sieve 5A was used to
remove the water formed during analysis. The peak deconvolution was carried out with
the ChemMaster analysis software (Version 1.4.4, MicrotracBEL Corp., Osaka, Japan) using
Gaussian functions.
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The NH3 temperature-programmed desorption (NH3-TPD) was carried out using a
BELCAT-B auto-chemisorption system (MicrotracBEL Corp., Osaka, Japan). The sample
(0.10–0.15 g) was preheated at 500 ◦C for 60 min under He gas flow (30 mL/min), followed
by cooling to 100 ◦C under flowing He. Next, the adsorption of ammonia was carried out at
100 ◦C in flowing 5% NH3/He (30 mL/min) for 30 min. Then, the sample was purged with
He (30 mL/min) at the same temperature for 60 min to remove the physisorbed ammonia.
Finally, a NH3-TPD experiment was conducted by increasing the temperature to 800 ◦C
(heating rate, 10 ◦C/min) under flowing He (30 m/min). The amounts of weak (<400 ◦C),
medium-strength (400–600 ◦C), and strong (>600 ◦C) acidic sites were estimated from the
amount of desorbed ammonia.

The C2H4 temperature-programmed desorption (C2H4-TPD) was carried out using a
BELCAT II auto-chemisorption system (MicrotracBEL Corp., Osaka, Japan), equipped with
a mass spectrometer. The sample (0.10 g) was preheated at 500 ◦C for 60 min under He gas
flow (30 mL/min), followed by cooling to 50 ◦C under flowing He. Next, the adsorption
of C2H4 was carried out at 50 ◦C in flowing C2H4 gas (30 mL/min) for 30 min. Then, the
sample was purged with He (30 mL/min) at the same temperature for 60 min to remove
the physisorbed C2H4. Finally, a C2H4-TPD experiment was conducted by increasing the
temperature to 800 ◦C (heating rate, 10 ◦C/min) under flowing He (30 mL/min).

The Ni content of the Ni(2) Imp, Ni(2) HP, and Ni IE catalysts was analyzed us-
ing inductively-coupled plasma–atomic emission spectroscopy (ICP-AES, ICPE-9800, Shi-
madzu, Kyoto, Japan). The solution used for ICP-analysis was prepared by dissolving the
catalyst powder in hydrofluoric acid.

The diffuse reflectance UV-vis spectra were recorded on a UV-2600 spectrometer
(Shimazu, Kyoto, Japan) equipped with an integrating sphere in the spectral range of
12,500–50,000 cm−1 (200–800 nm). BaSO4 was used as a reference sample to measure the
baseline spectrum.

3.3. Activity Test for Ethylene Oligomerization

Reaction experiments were carried out using a continuous-flow fixed-bed reactor
in similar ways to previous studies [53,54]. The catalyst powder (0.20 g), which was
granulated to the particle size of 0.36–0.71 mm, was mounted on the quartz reactor and
preheated in situ at 450 ◦C for 60 min under N2 flow (20 mL/min). Then, the reactor was
cooled down to the desired temperature under N2 flow and switched to the reaction gas.
Typically, the reaction was carried out at 300 ◦C and 0.1 MPa. The reaction gas was a
mixture of C2H4 and N2. The flow rates of C2H4 and N2 were 20 mL/min and 20 mL/min,
respectively. The reaction time was 40 min. The oligomerization products were measured
using an online gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) that was equipped
with a flame ionization detector (FID) and a capillary column (Rtx-1, Restek, Bellefonte, PA,
USA). Reaction experiments were carried out three times for each catalyst to confirm the
reproducibility, and average values were employed as the experimental data.

4. Conclusions

In this study, we prepared NiO/SiO2-Al2O3 (Ni/ASA) catalysts using three methods
of Ni-loading—ion-exchange (IE), impregnation (Imp), and homogeneous precipitation
(HP)—and then we evaluated their catalytic performance for ethylene oligomerization (EO).
The Ni/ASA catalyst prepared using IE showed the highest activity (i.e., highest C2H4
conversion and C4 yield); the catalysts prepared using Imp showed the second highest
activity; and the catalysts prepared using HP showed the lowest activity. Characterization
by XRD, FE-SEM, H2-TPR, NH3-TPD, and C2H4-TPD showed that the main Ni species
in the Ni/ASA catalysts prepared using IE, Imp, and HP were as follows: ion-exchange
Ni cations; a mixture of ion-exchange Ni cations and NiO particles; and NiSiO3 particles,
respectively. In the Ni Imp catalysts, the ratio of ion-exchange Ni cations decreased but
that of NiO particles increased with increasing Ni-loading. The comparison of the C2H4
conversion rates of each Ni species indicated the following: ion-exchanged Ni species
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were highly active; NiO particles were not active; and NiSiO3 particles showed moderate
activity for EO. The high dispersion and medium-strength (Lewis) acidity of ion-exchanged
Ni cations contributed to promoting the adsorption and activation of ethylene and the
desorption of products, resulting in a superior catalytic performance for EO.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13091303/s1, Figure S1: Time course of C2H4 conver-
sion over representative Ni/ASA catalysts prepared by an ion-exchange, impregnation, or one-step
homogeneous precipitation method of Ni-loading; Figure S2: Arrhenius plots for conversion of C2H4
over Ni/ASA catalyst prepared by an ion-exchange method of Ni-loading; Figure S3: BET specific sur-
face area, average pore size, and pore volume of Ni/ASA catalysts prepared by an (a) impregnation
or (b) one-step homogeneous precipitation method of Ni-loading; Figure S4: Pore size distribution of
Ni/ASA catalysts prepared by an (a) impregnation or ion-exchange, or (b) one-step homogeneous
precipitation method of Ni-loading; Figure S5: FE-SEM images of Ni/ASA catalyst prepared by an
ion-exchange method of Ni-loading; Figure S6: FE-SEM images of representative Ni/ASA catalysts
prepared by a one-step homogeneous precipitation method of Ni-loading: (a,b) Ni(1) HP, (c,d) Ni(8)
HP, (e,f) Ni(16) HP; Figure S7: Peak deconvolution of the H2-TPR profile of a representative Ni/ASA
catalyst prepared by an impregnation method of Ni-loading; Figure S8: Diffuse reflectance UV-vis
spectra of the ASA support and Ni/ASA catalysts prepared by an ion-exchange, impregnation, or
one-step homogeneous precipitation method of Ni-loading; Figure S9: Proposed structure of ion-
exchanged Ni cation in Ni/ASA catalyst; Table S1: Comparison of catalytic activity of Ni-containing
heterogeneous catalysts in EO [1,57,58]; Table S2: Activation energies of representative Ni/ASA
catalysts; Table S3: Crystallite size of NiO and NiSiO3, as measured by XRD; Table S4: Deconvolution
of H2-TPR profiles of Ni/ASA catalysts prepared by an impregnation method; Table S5: Amounts of
acidic sites in ASA and Ni/ASA, as calculated from NH3-TPD profiles.
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