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Abstract

The preparation of subnanometric non-noble metal catalyst remains difficult especially when the metal loading is
more than 1 wt%. Herein, the subnanometric nickel clusters (0.87 nm) were fabricated over the Ni/SAPO-11
catalyst for n-hexane hydroisomerization with Ni loading of 1.8 wt%. They exhibit 3.4 times the content of Ni atoms
on corner and step sites than nanoparticles. These special Ni atoms with rich dangling bonds and high surface
energy exhibit enhanced ability in activation and breakage of the C—H in n-hexane and H-H bonds in H,. Density
functional theory results confirm that the activation energy for n-hexane dehydrogenation over Ni atoms on corner
or step sites is only 10% and 60% of the one on terrace sites. The projected d-electron density states calculations
reveal that the molecular-like electronic state of the nickel clusters is further strengthened when reducing the size
to subnanometric level. It leads to the upshifting of the d-band center, which favors the activation of C—H and H-H
bonds. All of these geometric and electronic effects generated by the subnanometric Ni clusters endow the
Ni/SAPO-11 catalyst with 2.3 times the rate of i-C, generation and nearly 2.8 times the turnover frequency of its
nanoparticle counterpart.
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INTRODUCTION

The metal supported catalysts are popular in energy conversion and management" ), and developing new
efficient catalysts is of great significance to promote lower-carbon utilization processes and environmental
protection. As an important application field of supported metal catalysts, hydroisomerization of alkanes
plays a significant role in improving the low-temperature fluidity of bio-fuels such as biodiesel and
producing high-octane clean gasoline, and thus promises to relieve energy crisis and environmental
problems'*?. The catalysts used in this process show pronounced activity and selectivity dependence on
metal particle size. It is well acknowledged that downsizing the metal particles increases the exposure rate
and accessibility of the active atoms. Moreover, the metal species exhibit a molecular-like electronic
structure and unique geometric structure when their particle size is reduced to a subnanometric level®”.
This usually imparts distinct activity and selectivity to the catalyst compared to the nanoparticle or single-
atom counterpart!’"?).

Geometrically, subnanometric metal clusters expose more atoms located at the corner and edge sites than
nanoparticles'. These coordinatively unsaturated atoms usually exhibit distinct behavior in chemical bond
breaking and formation in catalytic reactions"*'". At the electronic level, quantum size effects caused by the
subnanometric clusters also significantly change the energy levels and then influence the orbital
hybridization and overall charge transfer between metal and reactants or supports'”'*. The combination of
the above-mentioned geometric and electronic effects of the subnanometric clusters usually endows the
catalyst with distinguished catalytic performance from the nanoparticle catalyst. For instance, the
subnanometric Pt clusters show a turnover frequency (TOF) 40-100 times higher than their nanoparticle
counterparts in oxidative dehydrogenation of propane. Such a high activity results from the enhanced
ability in activation and breaking of C-H in propane over the under-coordinated Pt atoms on the surface of
the Pt clusters"”. A similar phenomenon was observed for the Ru/ALO, catalyst for reduction of CO,"". The
electron transfer between the ALLO, and subnanometric Ru clusters was largely enhanced compared to Ru
nanoparticles. The former exhibited lower CO, activation energy and CO formation energy, showing a CO
selectivity 1.5 times higher than the latter. Yang et al. also observed the size-dependent electronic and
geometric effects of the Pt clusters over the Pt/graphene catalyst for ammonia borane hydrolysis®. They
found that the Pt dimers with the C-Pt-Pt-O structure were the active sites that exhibit higher catalytic
activity than the single atoms and nanoparticles. In the catalytic reduction of NO with CO, Estefania also
found that the subnanometric Pt clusters with a particle size of 0.2-0.7 nm exhibited higher activity in NO
dissociation and CO oxidation at low temperatures due to its molecular-like electronic and unique

geometric structures”'l.

As previously reported, only a change of one atom may cause apparent variation of the geometric and

electronic properties of the subnanometric clusters'”*

). It makes the fundamental studies on the geometric
and electronic effect of the subnanometric catalyst for different applications valuable. The
hydroisomerization catalyst is a classical bifunctional catalyst composed of metal components for
(de)hydrogenation and acid supports for isomerization. Increasing the metal dispersion can not only
enhance the function of (de)hydrogenation, but also improve the synergy between acid and metal sites,
increasing the activity and isomer selectivity!"**. However, study on the unique geometric and electronic
effect of the subnanometric metal clusters, especially the non-noble metal clusters catalyst with higher metal
loading is scarce, which may be attributed to the complex and challenging synthesis method. However,
anyhow, this is an unfavorable situation for improving the catalytic activity of the hydroisomerization

catalyst.
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Herein, the Ni/SAPO-11 catalyst with subnanometric nickel clusters was fabricated via a facile method. The
geometric and electronic effects caused by the subnanometric Ni clusters in activation of C-H bonds in
n-hexane and H-H in H, were discussed systematically via characterizations and density functional
theory (DFT) calculations. Finally, a highly efficient Ni-based catalyst was obtained for hydroisomerization
of n-hexane.Therefore, this work opens the application of subnanometric Ni clusters in alkanes
hydroisomerization and contributes to improvements of the basic catalysis theory of subnanometric metal

clusters in this reaction.

EXPERIMENTAL

Chemicals

Pseudo-boehmite with a solid content of 70 wt% was supplied by Yantai Henghui Petrochemical Co., Ltd.
Phosphoric acid was from XiRong Petrochemical Co., Ltd. The dipropylamine (DPA, 99.0 wt% CH,.N),
Ni(NO,),-6H,O and nickel acetylacetonate (C,;H,,NiO,) were obtained from Aladdin Chemical Co., Ltd.
Silica sol (SiO, 30.0 wt%) was provided by Qingdao Haiyang Petrochemical Co., Ltd. All the materials used
in the experiments without further treatment.

Catalysts synthesis

Firstly, 4.34 g of pseudoboehmite was mixed into 27 g of deionized water. Then, 6.9 g of phosphoric acid
and 3.3 g of DPA were added to the mixed solution in sequence. After that, the acidic silica sol was mixed
into the mixture, followed by introduction of 0.75 g of nickel acetylacetonate. The mixed solution was
placed in a water bath at 353 K, stirred and then evaporated to dryness. The above sample was transferred
into a quartz bottle and placed into an autoclave which is heated at 473 K. Then, the solid was filtered,
washed and dried at 383 K, and subsequently calcined at 773 K. The Ni content in the catalyst measured by
inductively coupled plasma (ICP) was 1.8 wt%, and the catalyst was named 1.8%Ni/SAG-11.

In comparison, the catalysts with 1.8 wt% and 4 wt% Ni loading were prepared with the impregnation
method which are named 1.8%Ni/SAM-11 and 4%Ni/SAM-11, respectively. The SAPO-11 used in this
catalyst was prepared via the same procedure as 1.8%Ni/SAG-11 but without nickel introduction.

Characterization

Phase structure of the catalysts was tested on PANalytical B.V. Netherlands X-ray diffraction (XRD). X-ray
photoelectron spectroscopy (XPS) was measured by Thermo Fisher Escalab with Al Ka radiation. The
morphological characterizations of the catalysts were performed by emission scanning electron microscopy
(SEM) (JEOL, JSM-7900F) and transmission electron microscopy (TEM) measurements were conducted on
the TEM (FEI Titan G2 80-200). The hydrogen chemisorption [hydrogen temperature-programmed
desorption (H,-TPD)] was carried out on the Micromeritics 2920 chemisorption analyzer to analyze the
surface Ni atoms. The temperature-programmed reduction of hydrogen (H,-TPR) was also conducted on
the same instrument. The infrared spectra of the catalysts or catalysts adsorbed with pyridine were
measured by a Nicolet-6700 Fourier transform infrared (FTIR) spectrometer. The CO-adsorbed FTIR
measurements were carried out in the in-situ cell until at 10? Pa and 133 K. The n-hexane-adsorbed FTIR
was carried out after desorption in vacuum at different temperatures (323-398 K).

Catalytic performance

The activity and selectivity of the catalysts in n-hexane hydroisomerization were measured in a fixed bed
reactor. The catalyst was reduced by hydrogen at 823 K for 2 h. Then, the n-hexane was pumped into the
reactor and the reaction was performed at 2 MPa with a weight hourly space velocity (WHSV) of 1.0 h.
The molar ratio of H, to n-hexane is 4.0.



Page 4 of 17 Lyu et al. Chem. Synth. 2025, 5, 55 | https://dx.doi.org/10.20517/cs.2024.88

The TOF of metal sites (labeled as TOF, ) was calculated according to

% &
TOFuco= <o VX ()
Wi * CNI
where C; is the concentration of n-hexane species (mol-mL"), v is the flow rate (mL-h™), X is the n-hexane
conversion, Wy, is the content of Ni in the catalyst (g), and Cy; is the number of surface Ni atoms measured

by hydrogen chemisorption.

RESULTS AND DISCUSSION

Fabrication of subnanometric Ni clusters over SAPO-11

The phase structure features of the catalysts are shown in Figure 1. All the catalysts show characteristic
diffraction peaks of the AEL topology (2 Theta = 8.1°, 9.4°, 13.1°, 15.6° and 23.2°) [Figure 1A]. The peak
intensity of the Ni/SAM-11 catalyst is obviously lower than that of SAPO-11, which is due to the structure
destruction of SAPO-11 by the solvent®!. The relative crystallinity of 1.8%Ni/SAG-11 increases
significantly compared to the SAPO-11, implying that the addition of Ni promotes the crystallization of
SAPO-11"". Both 1.8%Ni/SAM-11 and 4%Ni/SAM-11 show obvious Ni diffraction peaks (JCPDS 01-070-
1849) [Figure 1B] due to the serious aggregation of Ni particles™. In contrast, the 1.8%Ni/SAG-11 catalyst
shows no diffraction peaks of Ni, probably due to the uniform dispersion of Ni or the low Ni content below
test limitation.

The H,-TPR profiles of catalysts are demonstrated in Figure 2. The three H, consumption peaks of the
1.8%Ni/SAM-11 and 4%Ni/SAM-11 are assigned to the reduction of NiO. Compared with 1.8%Ni/SAM-11
and 4%Ni/SAM-11, the 1.8%Ni/SAG-11 exhibits a higher reduction temperature due to the stronger metal-
support interaction”. As for the 1.8%Ni/SAG-11 catalyst, peak I and peak II belong to reduction of NiO
while peak III belongs to reduction of NiALLO,"". The results suggest that the Ni/SAPO-11 prepared with
the in-situ synthesis method exhibits stronger interaction between NiO and SAPO-11 compared with the
counterpart prepared with impregnation method. The stronger metal-support interaction can inhibit metal
agglomeration during high-temperature reduction, and this will be proved by the TEM images.

TEM was used to explore the particle size distribution of Ni of the catalysts, and the results are illustrated in
Figure 3. The dark spots in the TEM images represent metallic Ni particles. The Ni particles are heavily
aggregated on the surface of the 4%Ni/SAM-11 and 1.8%Ni/SAM-11 with a mean size of 26 and 20 nm,
respectively. In contrast, subnanometric nickel clusters with an average size of 0.87 nm are observed over
the 1.8%Ni/SAG-11. It can also be confirmed by the high-resolution TEM (HR-TEM) and high-angle
annular dark-field scanning TEM (HAADF-STEM) images in Supplementary Figures 1 and 2, and Figure 4.
Figure 3A shows schemes of the formation of subnanometric Ni clusters over the SAPO-11. The special
barrier effect and protective effect of acetylacetonate ligands hinder aggregation of Ni during the thermal
treatment process, leading to a high initial dispersion of NiO. Besides, the steric hindrance caused by the
zeolite skeleton and pores, along with the strong metal-support interaction, also suppresses the aggregation
of Ni. All of these factors contribute to the formation of subnanometric Ni clusters over the Ni/SAPO-11
catalyst.

The XPS spectra in the Ni 2p region of the reduced catalysts are shown in Figure 5. For the 1.8%Ni/SAM-11

and 4%Ni/SAM-11, the peaks at around 853.7 and 871 eV belong to the Ni**>*. Additional peaks around
857 and 874.3 eV on the spectrum of the catalysts indicate the existence of NiO"". The presence of NiO may
be due to the exposure of the reduced catalysts to air during the sample transfer”™. Apart from the peaks of
Ni’ and NiO, there are new peaks at around 858 (Ni2p,,,) and 875.3 eV (Niz2p,,,) belonging to Ni** in NiALO,
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Figure 1. XRD patterns (A) and locally amplified one (B) of SAPO-11 and reduced Ni/SAPO-11 catalysts. XRD: X-ray diffraction.
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Figure 2. H,-TPR profiles of the Ni/SAPO-11 catalysts. H,-TPR: Temperature-programmed reduction of hydrogen.

over the 1.8%Ni/SAG-11". The binding energy of metallic Ni over the 1.8%Ni/SAG-11 shifts to a higher
value compared with the 1.8%Ni/SAM-11 and 4%Ni/SAM-11, which is probably caused by the different
atomic relaxation of Ni with large or small particle size'*””.

Geometric and electronic features of the subnanometric Ni clusters

The FTIR spectroscopy of the catalyst after CO adsorption was conducted to investigate the geometric
effects caused by subnanometric Ni clusters [Figure 6A]. The peaks at 2,158 and 2,136 cm™ indicate
presence of physical adsorption of CO"". The bands at 2,081 and 2,089 cm™ belong to the linear adsorption
of CO on the edge and corner atoms of Ni, respectively™*. In addition, 2,070 cm™ is assigned to linear
absorption of CO on high-coordinated terraces of Ni***!. The relative proportions of the peak areas at
2,088, 2,080 and 2,070 cm™ are shown in Supplementary Figure 3. The highest fraction of the corner and
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Figure 3. (A) Schematic illustration of sintering resistance over the 1.8%Ni/SAG-11 catalyst; TEM images of the reduced catalysts: (B)
1.8%Ni/SAG-11; (C) 1.8%Ni/SAM-11 and (D) 4%Ni/SAM-11. TEM: Transmission electron microscopy.

Figure 4. HAADF-STEM images of the reduced 1.8%Ni/SAG-11 and the corresponding STEM-mapping mapping images for Ni, Al, O, P,
and Si elements. HAADF-STEM: High-angle annular dark-field scanning TEM; TEM: transmission electron microscopy.

edge Ni sites is observed over the subnanometric nickel clusters. The content of these Ni atoms increases by
2.4 times when the particle size of Ni decreases from ca. 26 to 0.87 nm. The results indicate that the
subnanometric nickel clusters expose more corner and edge atoms than the nanoparticle counterpart.

The H,-TPD profiles of the Ni/SAPO-11 catalysts are demonstrated in Figure 6B. All the catalysts show a
clear peak in the range of 350-500 K. Figure 6B indicates that the 1.8%Ni/SAG-11 has the strongest ability
for adsorption of hydrogen, followed by the 4%Ni/SAM-11 and 1.8%Ni/SAM-11. The hydrogen desorption
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Figure 5. XPS spectra of the Ni 2p for the reduced catalysts. XPS: X-ray photoelectron spectroscopy.

temperature follows the same sequence, indicating the stronger hydrogen adsorption ability of the 1.8%Ni/
SAG-11 catalyst. It is well acknowledged that the metal atoms on edge and corner sites are more
unsaturated and show stronger hydrogen adsorption strength than the ones with a high-coordination
number. That is because these surface atoms have more dangling bonds and higher surface energy,
promoting adsorption and activation of H-H bonds"***. The CO-adsorbed FTIR spectroscopy has
confirmed the higher fraction of corner and edge Ni sites over the subnanometric metal clusters. Therefore,
the subnanometric nickel clusters over the 1.8%Ni/SAG-11 show stronger ability to adsorb and activate H,
than the nanoparticles.

DFT calculations were used to explore the reasons for the strong hydrogen adsorption and activation ability
of the subnanometric nickel clusters over the 1.8%Ni/SAG-11 catalyst. The constructed models of nickel
clusters are composed of 13, 55, 147 and 309 atoms, which are named Ni13, Ni55, Ni147, and Ni309,
respectively [Supplementary Figure 4]. These models were used to study the difference in hydrogen
adsorption ability between subnanometric nickel clusters [13 atoms (0.8 nm)] and nanometric nickel
clusters [55 atoms (1.2 nm), 147 atoms (1.6 nm) and 309 atoms (2.1 nm)]. The H, atoms are mainly
absorbed at low symmetry short bridge sites at the edges [Supplementary Figure 5]"”. As shown in
Figure 6C, the absorption energy of hydrogen on the (211) bridge sites increases with decreasing particle
size. Particularly, it increases suddenly as the particle size of the Ni decreases to the subnanometric level. It
indicates the significant enhancement in hydrogen adsorption and activation as the particle size of Ni
decreases to the subnanometric scale.

The projected d-electron density of states (PDOS) calculations were used to provide electronic-level insights
into the reasons for the sharply enhanced hydrogen adsorption ability of the subnanometric Ni clusters.
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Figure 6. (A) CO-adsorbed FTIR spectroscopy and (B) H,-TPD profiles of the catalysts; (C) Calculated adsorption energies of H on the
(211) bridge sites of Ni13, Ni55, Ni147 and Ni309 models; (D) Projected d-band density of states for Ni13, Ni55, Ni147 and Ni309
models. FTIR: Fourier transform infrared; H,-TPR: temperature-programmed reduction of hydrogen.

Figure 6D shows the projected d-band density of states for surface Ni atoms of the Ni13, Ni55, Ni147 and
Ni309 models. A weak degree of energy level splitting between the atoms creates a narrower and more
discrete d-band spectrum when decreasing the coordination number of the surface atoms. It is reported that
the molecular-like d-electron state exhibits discrete d-band structures, while the metal-like d-electron state
shows a continuous one!'”. For the subnanometric nickel cluster (13 atoms), the molecular-like d-electronic
state with discrete d-band energy levels is observed, indicating that the unsaturation coordination of the
corner and edge atoms over the metal cluster is further strengthened!. This leads to upshifting of the d-
band center [Supplementary Table 1]. It thermodynamically favors the activation of H-H and C-H
bonds™**. As a result, subnanometric nickel clusters with upshifted d-band centers exhibit a stronger ability
for the activation and absorption of hydrogen than nanoparticles.

To further analyze the interaction between n-hexane and nickel clusters, n-hexane-absorbed FTIR
spectroscopy was conducted over the catalysts and the results are shown in Figure 7. The characteristic
stretching vibrations of C-H bonds of CH, and CH, are in the region of 3,000-2,700 cm™*>**/. In detail, 2,962
and 2,933 cm™ correspond to the antisymmetric stretching vibrations of C-H bonds. The bands at 2,873 and
2,862 cm’' belong to symmetric stretching vibration of the C-H bond. The redshift of the C-H stretching
absorption bands over the 1.8%Ni/SAG-11 can be observed compared with the 1.8%Ni/SAM-11 and 4%Ni/
SAM-11. The metal sites in the 1.8%Ni/SAG-11 are dominated by corner and edge atoms. These atoms have
strong electron-withdrawing induction effects"”, resulting in charge transfer from the n-hexane C-H bond
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Figure 7. n-Hexane-absorbed FTIR spectroscopy of the reduced (A)1.8%Ni/SAG-11, (B)4%Ni/SAM-11 and (C)1.8%Ni/SAM-11. FTIR:
Fourier transform infrared.

orbital to the nickel cluster. It weakens the C-H bonds and then the decrease in the vibration frequency of C
-H bonds can be observed. Besides, Figure 7 also indicates that the saturated adsorption capacity of n-
hexane decreases in the order of: 1.8%Ni/SAG-11 > 4%Ni/SAM-11 > 1.8%Ni/SAM-11. The 1.8%Ni/SAG-11
has the highest n-hexane adsorption capacity due to the highest number of surface metal atoms. Therefore,
the Ni/SAPO-11 with subnanometric nickel clusters possesses a stronger n-hexane adsorption ability than
the one with nickel nanoparticles.

DFT calculation was also used to explore the difference in n-hexane activation over the Ni atom at different
locations. As shown in Supplementary Figure 6, flat Ni(111), stepped Ni(211) and cubic octahedron of the
Ni cluster correspond to terrace, edge and corner sites of Ni, respectively. Figure 8 shows the energy
required for C-H bond activation of n-hexane on corner, edge and terrace Ni atoms (C.H,, - CH,, + 2H).
Ea, represents the energy required for the first C-H bond activation (C.H,, -» C.H,,” + H'), while Ea,
represents the energy required for the second C-H bond activation (C.H,, - C.H,," + H'). It is clear that the
Ea (Ea,, Ea,) values for the corner and edge atoms are relatively low. The computational activation energy
for n-hexane dehydrogenation over terrace Ni atoms is ca. 1.1 and 1.6 times that on the edge and corner
ones, respectively, supporting the n-hexane-absorbed FTIR results. The higher activation ability of the
corner and edge sites is attributed to their special electronic features. The high proportion of the low-
coordinated surface atoms leads to the upshifting of the d-band center, which thermodynamically favors the
activation of C-H bonds"**”. The PDOS calculations mentioned above reveal that the unsaturation
coordination of the subnanometric nickel cluster is further strengthened. Therefore, the 1.8%Ni/SAG-11 has
the stronger activation ability of n-hexane.

Catalytic performance

The hydroisomerization performance of the catalysts was tested with n-hexane as the model reactants. As
shown in Figure 9 and Supplementary Table 2, the 1.8%Ni/SAG-11 exhibits the highest activity and isomer
selectivity. Specifically, at 613 K, the 1.8%Ni/SAG-11 shows an isomer selectivity of 95.6% at the conversion
of 70.3% which is significantly higher than the corresponding values of the 1.8%Ni/SAM-11 (73.2%, 25.6%)
and 4%Ni/SAM-11 (81.3%, 50.1%) catalysts [Figure 9B and Supplementary Figure 7]. It is found that the n-
hexane conversion and i-C, yield are 70.3% and 67.2%, respectively, which are comparable to those of the
Pt/SAPO-11 catalyst (72.8% and 67.1%) at the same reaction condition (613 K, 2.0 MPa, H,/n-C, = 4.0 and
WHSV = 1.0 h), and the detailed comparison of the two catalysts can be found in Supplementary Table 3.
The i-C, formation rate over the 1.8%Ni/SAG-11 is much higher than the 1.8%Ni/SAM-11 and 4%Ni/SAM-
11 at the same reaction temperature, which confirms the higher activity and selectivity of the 1.8%Ni/SAG-
11 catalyst.
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The hydroisomerization of alkanes undergoes three sequential steps: (i) alkane dehydrogenation on metal
sites to form alkenes; (ii) skeletal rearrangement of the alkenes on acid sites; (iii) hydrogenation of iso-
alkenes to iso-alkanes on metal sites”. According to the pyridine adsorption infrared spectroscopy (Py-IR)
results [Supplementary Figure 8 and Supplementary Table 4], the content of Bronsted acid sites of 1.8%Ni/
SAG-11 is only slightly higher than that of 1.8%Ni/SAM-11 and 4%Ni/SAM-11 catalysts. Therefore, the
hydroisomerization performance of the catalyst mainly depends on the number and geometric and
electronic features of metal sites. The subnanometric Ni clusters over the 1.8%Ni/SAG-11 provide more
metal sites for (de)hydrogenation reaction than those of the other two catalysts.

The TOF was calculated with n-hexane conversion lower than 15% [Supplementary Table 5] and exclusion
of the internal and external diffusion effect [Supplementary Tables 6 and 7]. The intrinsic activity of the Ni
atom in subnanometric nickel clusters is increased greatly compared with that in the nanoparticles. As
shown in Figure 9D and Supplementary Table 8, the TOF, , over the 1.8%Ni/SAG-11 catalyst is about 2.8
times higher than that over the 4%Ni/SAM-11 catalyst. Such a high TOF,_ ., over the 1.8%Ni/SAG-11 is
attributed to the large number of low-coordinated Ni atoms in the subnanometric Ni clusters which possess
significantly enhanced ability in activation of C-H and H-H bonds. Besides, the coordination unsaturation
and molecular-like electronic state of the nickel clusters are significantly enhanced as the metal size
decreases to the subnanometric level. This causes the upshifting of the d-band center which further
strengthens the ability in activation of n-hexane and H, of nickel clusters Sufficient metal sites and highly
active corner and edge Ni sites make the formed hexene intermediates be hydrogenated timely before their
cracking, increasing the isomer selectivity. Therefore, the 1.8%Ni/SAG-11 with subnanometric Ni clusters
exhibits significantly higher activity and selectivity than the nanoparticle counterpart in n-hexane
hydroisomerization.

Figure 10 presents the ratio of dimethylbutane to methyl pentane selectivity (DMB/MP) and cracking
product to iso-hexane selectivity (C/I) as a function of n-hexane conversion. For the 1.8%Ni/SAM-11 and
4%Ni/SAM-11 catalysts, the DMB/MP ratio is not zero at near-zero conversion. The DMB/MP and C/I
ratios increase sharply with conversion. The results indicate that both MP and DMB are primary products
over the 1.8%Ni/SAM-11 and 4%Ni/SAM-11 catalysts. This was due to its insufficient metal sites, and thus
the reaction intermediates are prone to secondary skeletal isomerization and even cracking at the acid sites.
It can be deduced that these catalysts follow the reaction path of n - C;$ DMB + MP — C. For the 1.8% Ni/
SAG-11 catalyst, the DMB/MP and C/I ratios tend to be zero at near-zero conversion, and the two ratios
show no significant increase below 70% n-hexane conversion. The results confirm sufficient metal sites and
a high proportion of edge and corner Ni atoms over the 1.8%Ni/SAG-11 catalyst which guarantees the
timely hydrogenation of intermediates and avoids excessive skeletal rearrangement at the acid sites. Under
such circumstances, only MP behaves as the primary product. Only when high hexane conversion is
reached are DMB and cracking products generated by MP in sequence, following the reaction path:
n - C,$MP $ DMB — C. Therefore, 1.8% Ni/SAG-11 presents higher selectivity and i-C, generation rate.

CONCLUSIONS

The subnanometric Ni clusters with a mean size of 0.87 nm were successfully fabricated over the Ni/SAPO-
11 hydroisomerization catalyst. Such small metal clusters exhibit pronounced geometric and electronic
effects in this reaction. The decrease of Ni particle size from ca. 26 to 0.87 nm increases the content of
corner and edge Ni atoms by 2.4 times. These Ni atoms with low-coordination numbers are more active in
adsorption and activation of C-H bonds in n-hexane and H-H bonds in H,. The computational activation
energy for n-hexane dehydrogenation over terrace Ni atom is ca. 1.1 and 1.6 times that on the edge and
corner ones, respectively. Besides, the coordination unsaturation of these Ni atoms is further enhanced for
the subnanometric clusters. The subnanometric Ni clusters show a narrower and more discrete d-band
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hydroisomerization. DMB/MP: Dimethylbutane to methyl pentane selectivity.

spectrum. It leads to the upshifting of the d-band center which further improves the adsorption and
activation of C-H and H-H bonds. The geometric and electronic characteristics of the subnanometric nickel
cluster endow the Ni/SAPO-11 catalyst with superior catalytic performance to the nanoparticle counterpart
in n-hexane hydroisomerization. The former shows an i-hexane formation rate of 2.55e-6 mol-g"-s* and a
TOF, ¢, of 16.5 h™', which are 3.6 times and nearly 2.8 times that of the latter, respectively.
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