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Toward the production of renewable diesel over
robust Ni nanoclusters highly dispersed on a two-
dimensional zeolite
Hao Pang1,2, Guoju Yang 1, Lin Li3 and Jihong Yu 1,2

Abstract
Deoxygenation of bioderived lipids into renewable transportation fuels is a promising route to decreasing the
dependence on fossil sources. Ni-based catalysts are high performing and cost-effective in deoxygenation reactions
but suffer from severe sintering and aggregation. Herein, a ligand-chelating impregnation method was used to
prepare highly dispersed Ni nanoclusters on a two-dimensional (2D) ITQ-2 zeolite. Comprehensive characterization
was utilized to monitor the changes in the organometallic precursors during activation and to investigate their impact
on the dispersion of the Ni nanoclusters on the ITQ-2 zeolite. The high external surface area and abundant surface
defects of the 2D support enhanced the dispersion and immobilization of the Ni nanoclusters and outperformed
conventional zeolites. The protection of the Ni2+ cations by the organic ligand suppressed the aggregation of Ni
species during the activation processes, thereby leading to the formation of uniformly distributed Ni nanoclusters on
the ITQ-2 zeolite. Due to the highly dispersed Ni nanoclusters and immobilization on the 2D zeolite, the Ni/ITQ-2-co
material prepared by the ligand-chelating impregnation approach showed outstanding activity and stability for
conversions of stearic acid or palm oil to diesel range alkanes. This work provides a rational design and precise
modulation of metal-based catalysts for the production of renewable diesel.

Introduction
The dwindling stores of fossil fuels and the escalating

environmental problems arising from their overuse have
made it urgent to develop alternative sustainable energy
sources. Biomass-derived triglycerides (TGs) are promis-
ing candidates and have been extensively utilized to pro-
duce liquid fuels due to their abundances, renewability,
eco-friendliness, and high energy densities1–3. The
transesterification reaction between a TG and an alcohol
over an acid or base catalyst has been commercialized
around the world to produce fatty acid alkyl esters
(FAMEs), which are viewed as first-generation biodiesel4.

Despite the environmental benefits, high flash point, and
excellent lubricity, there are drawbacks of FAMEs that
severely limit extensive utilization, such as low oxidative
stability, weak cold flow properties, and high residual
oxygen content5.
To overcome the disadvantages of FAMEs, catalytic

deoxygenation processes (hydrodeoxygenation, dec-
arbonylation, and decarboxylation) have been developed
to produce diesel-range alkanes by removing oxygen from
the free fatty acids (FFAs) or TGs6–8. Sulfided metal cat-
alysts, such as sulfided nickel and molybdenum9,10, show
high catalytic performance in the conversion of TGs to
diesel-range alkanes. However, sulfur leaching from cat-
alysts can cause catalyst deactivation and diesel product
contamination.
Various supported metal catalysts have shown sig-

nificant potential for use in the deoxygenation reactions of
TGs or FFAs to produce diesel-range alkanes, such as
Ru11, Pt12, Pd13, Ni14, Co15, Cu14, etc. Support materials
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enhance the distributions and stabilities of the metal sites
and promote the catalytic capabilities of metal-based
catalysts16.
Zeolites with orderly distributed micropores, unique

shape selectivities, high stabilities, and tunable acidic/
basic sites are promising supports for metals17–21. Zeolite-
supported metal catalysts (metal/zeolite) have gained
tremendous research interest for use in deoxygenation
reactions and other biomass upgrading processes22–24.
Among these catalysts, Ni/zeolite catalysts are highly
promising, owing to their sufficient activity and low
costs7. Impregnation, ion exchange, and deposition-
precipitation are the most commonly used approaches
for loading Ni onto zeolite supports, but their dis-
advantages, such as low dispersion, limited concentration
of exchangeable sites, and complex operations, must be
overcome25,26. Zhao and her coauthors prepared core-
shell structured Ni/Beta and hierarchical Ni/HUSY zeo-
lites using a two-step dissolution–recrystallization process
and a post-treatment strategy, respectively6,7. Both of
them exhibited high catalytic activity in the deoxygenation
reactions of TGs or FFAs. However, high Ni loadings (≥
10 wt.%) on the zeolites are needed for the deoxygenation
reactions, and the abundant Ni clusters are prone to
sintering and aggregation during the activation and
reaction processes. Recently, Li et al. prepared ultrasmall
Co clusters on H-ZSM-5 zeolite by grafting cobaltocene
to the Brønsted acid sites of zeolites27. ZSM-5 zeolites
with three-dimensional micropores suffer from severe
diffusion limitations for bulky molecules, such as TGs and
FFAs. Therefore, it is highly desirable to prepare robust
Ni/zeolites that integrate stable and highly dispersed
metal clusters with excellent mass transfer efficiencies on
the zeolites for deoxygenation reactions of TGs and other
bulky compounds.
In this work, highly dispersed Ni nanoclusters were

distributed on 2D ITQ-2 zeolite, which possesses an open
framework structure and high external surface area, and a
facile impregnation strategy was used that involves orga-
nometallic chemistry and is hereafter referred to as
“ligand-chelating impregnation”. The cyclic organic amine
(1,4,7,10-tetraazacyclododecane, abbreviated as cyclen)-
chelated Ni2+ cation was used as a precursor. A number
of characterization techniques, including electron micro-
scopy, spectroscopic analyses, temperature-programmed
hydrogen reduction (H2-TPR), and thermogravimetry
analysis (TG), were used to investigate the effects of the
ligand-chelated metal precursors and the microenviron-
ments on the zeolite support providing immobilization
and dispersion of the Ni species. The prepared Ni/zeolites
were used for deoxygenation of bulky biomass-derived
stearic acid (SA) or palm oil to produce diesel-range
alkanes, which are regarded as promising renewable
transportation fuels. The 2D Ni/ITQ-2-co zeolite

prepared by the ligand-chelating impregnation method
showed a higher catalytic rate than the Ni/Y analog, with
over a 10-fold improvement. In addition, due to immo-
bilization by the 2D zeolite, the Ni/ITQ-2-co catalyst
displayed outstanding stability during the deoxygenation
reactions. This facile synthetic strategy can be used to
prepare other robust metal-based catalysts for compli-
cated biomass conversions.

Materials and methods
The zeolite supports (Y, MCM-22, and ITQ-2) were

prepared with previously reported methods28–30. The Ni
species was loaded on the zeolite with a conventional
impregnation method and the ligand-chelating impreg-
nation strategy. The materials and chemicals used in this
work and the synthetic methods, characterization tech-
niques, and catalytic tests are described in detail in the
Supplementary Information.

Results and discussion
Physicochemical properties of the Ni/zeolite materials
The X-ray diffraction (XRD) patterns for the prepared

samples are shown in Fig. 1a and Fig. S1. The typical
diffraction peaks for Y, MCM-22, and ITQ-2 zeolites are
observed in Fig. S128,29. There were no other peaks for
amorphous or competing phases appearing in these XRD
patterns. The XRD pattern for the Ni/zeolite material is
given in Fig. 1a, and the intensities of diffraction peaks for
the Ni/zeolites were hardly changed after loading of the
Ni species and subsequent activation, indicating that the
zeolite framework was preserved.
N2 adsorption/desorption isotherms and the porosity

parameters of the prepared Ni/zeolite materials are shown
in Fig. 1b and summarized in Table S1, respectively.
Unlike Ni/Y (with a type-I isotherm implying a micro-
porous structure), the Ni/ITQ-2 and Ni/MCM-22 sam-
ples displayed type-IV isotherms with a second uptake at a
relative pressure (p/p0) between 0.8 and 1.0, indicating the
presence of intercrystalline meso-/macropores in the
zeolite support. Ni/Y had the largest total surface area
(Stotal, 604 m

2·g−1) and micropore volume (Vmicro, 0.26
cm3·g−1) among the prepared Ni/zeolites. The laminar
Ni/MCM-22 sample showed a larger external surface area
(Sext, 147 m

2·g−1) than Ni/Y (57 m2·g−1). 2D Ni/ITQ-2
and Ni/ITQ-2-co displayed large Sext values (431 and
415m2·g−1, respectively) owing to the open structure of
the 2D zeolite. The pore size distributions of the Ni/
zeolite samples are given in Fig. S2. Apparent mesopore
distributions were observed for the laminar and 2D Ni/
zeolite samples, which could have resulted from aggre-
gation of the interlayer mesopores. Other physicochem-
ical properties of the prepared Ni/zeolites are also
compiled in Table S1. An ICP‒OES analysis showed
comparable Ni loadings (~2.3 wt.%) for the prepared
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samples. The ratio of silicon to aluminum (Si/Al) was 16.7
for the laminar sample and 20.0 for the 2D Ni/zeolites.
The morphologies of the zeolite supports were deter-

mined with scanning electron microscopy (SEM). As
shown in Fig. S3, the Y zeolite showed a pyramid-like
morphology with an average particle size of ~1 μm.
Curved and soft stacked nanosheets were observed for the
MCM-22 (Fig. S3b) and ITQ-2 (Fig. S3c) samples. After
loading of the Ni clusters, the morphologies of the zeolite
supports hardly changed (Fig. S4), indicating that the
zeolite supports were stable during the impregnation
treatment. The effects of the zeolite morphology and
micro/nanostructure on the dispersion of the Ni clusters

was monitored by TEM analysis. As shown in Fig. 1c–f,
the average sizes of Ni clusters in the prepared Ni/zeolite
samples were approximately 3 to 24 nm, which were
much larger than the micropore size of each zeolite,
suggesting that the Ni clusters were mainly distributed on
the external surfaces of the supports. Significantly, the
particle sizes of the Ni clusters varied with the micro/
nanostructure of each zeolite support. The 2D ITQ-2
zeolite with the larger external surface area supported
smaller Ni clusters than the 3D and laminar zeolites. The
average sizes of the Ni nanoparticles in the catalysts
decreased in the order Ni/Y > Ni/MCM-22 > Ni/ITQ-2 >
Ni/ITQ-2-co. Compared with the 3D and laminar zeolite

Fig. 1 Textural properties of prepared samples and the distribution of Ni clusters on zeolite supports. (a) XRD patterns for the Ni/zeolites; (b)
N2 adsorption/desorption isotherms of the Ni/zeolites; transmission electron microscopy (TEM) images of Ni/Y (c), Ni/MCM-22 (d), Ni/ITQ-2 (e) and Ni/
ITQ-2-co (f). The corresponding size distributions of the Ni clusters were obtained by measuring over 300 Ni clusters.
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supports, the average Ni nanoparticle sizes of Ni/ITQ-2
and Ni/ITQ-2-co were as small as 6.4 ± 1.4 nm and
3.8 ± 0.6 nm, respectively. The small Ni clusters on the 2D
ITQ-2 zeolite implied that the larger external surface area
favored dispersion of the metal particles. For the same 2D
ITQ-2 support, the Ni clusters uniformly immobilized on
Ni/ITQ-2-co were smaller than those on Ni/ITQ-2, sug-
gesting that the introduction of an organic ligand to
chelate the Ni precursor prior to impregnation played an
essential role in immobilizing the metal species and
increasing their dispersion during calcination and the
subsequent reduction processes.
In addition, energy-dispersive X-ray spectroscopy

(STEM-EDS) was used to determine the distributions of
the elements in the Ni/ITQ-2 and Ni/ITQ-2-co samples
(Fig. S5). The STEM-EDS images showed that the ele-
mental Ni was well distributed on the ITQ-2 support.
However, compared with the uniformly distributed Ni
clusters on Ni/ITQ-2-co, some of the Ni clusters in Ni/
ITQ-2 were obviously agglomerated, which was con-
sistent with the TEM observations.

29Si MAS NMR spectra of the zeolite supports are
shown in Fig. 2a. Two strong signals at −102 ppm
to −107 ppm appeared in the spectrum of H-Y, which
were assigned to Q4(1Al) and Q4(0Al) in the H-Y

zeolite31. Moreover, the shoulder peak at −100 ppm
indicated the presence of minimal silanol species dis-
tributed on the external surface of the H-Y zeolite32. For
the ITQ-2 and MCM-22 samples, the signals at −105
to −120 ppm corresponded to the Q4 environments,
while the Q3 T-sites (Si(OSi)3OH) exhibited peaks at ca.
−100 ppm33,34. After deconvolution, the populations of
the Q3 sites were 18% in ITQ-2 and 8% in MCM-22,
signifying that ITQ-2 had more Si-OH defect sites than
MCM-22. Furthermore, the influence of Ni introduc-
tion into ITQ-2 at the Si-OH sites was studied by
Fourier transform infrared spectroscopy (FTIR). As
shown in Fig. S6a, introduction of the Ni species into
ITQ-2 resulted in decreases in the number of isolated Si
−OH sites exhibiting bands that were centered at
3745 cm−1, implying that the defect sites (Si−OH) in
ITQ-2 were covered by the Ni species. Therefore, based
on the above analyses of the Si-OH sites by 29Si MAS
NMR and FTIR, it can be deduced that the abundant
isolated Si−OH defects on ITQ-2 are probably effective
in immobilizing the Ni species, thereby leading to better
dispersion and smaller particle sizes for the Ni clusters
compared with those on the MCM-22 and Y zeolite
supports. The above results were consistent with the
TEM analysis (Fig. 1c‒f).

Fig. 2 Framework environment of supports and evolution of Ni species during activation process. a 29Si NMR spectra of the prepared zeolite
supports. b NH3-TPD profiles of the prepared Ni/zeolite samples; c TG analyses of the uncalcined Ni/ITQ-2 and Ni/ITQ-2-co samples; d H2-TPR profiles
of the NiOx/ITQ-2 and NiOx/ITQ-2-co materials that were calcined before reduction.
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The profiles for temperature-programmed desorption
of ammonia (NH3-TPD) from the prepared samples are
given in Fig. 2b. An apparent desorption peak at
170–190 °C was observed for all of the samples, and this
was ascribed to weakly acidic sites, such as defect sites (Si-
OH, etc.)35. The desorption peak at 335–350 °C was
attributed to the desorption of ammonia from medium
acid sites36. For the Ni/MCM-22 and Ni/ITQ-2(-co)
samples, the desorption peaks at approximately 420 °C
corresponded to the desorption of ammonia from strong
Brønsted acid sites37. The acidity of ITQ-2 was weaker
than that of MCM-22, which may be attributed to deal-
umination occurring during the swelling process28.
Among the samples, the Ni/Y exhibited the highest acid
concentration and strength (at 550 °C) and the lowest Si/
Al ratio and a unique framework structure.
TG analyses of the as-synthesized Ni/ITQ-2 and Ni/

ITQ-2-co samples (uncalcined) were conducted to
investigate the effect of the chelating ligand on the Ni
species formed during calcination. The TG results showed
that the mass-loss profiles of the uncalcined samples were
affected by the presence of the cyclen ligand. As shown in
Fig. 2c, in addition to the mass loss seen at 120 °C, which
corresponded to water removal from the two samples,
stepwise mass losses from 120‒450 °C were observed for
the Ni/ITQ-2-co samples; this included a gradual loss at
120‒210 °C and two sharp losses at 210 and 420 °C, which
implied stepwise decomposition of the Ni-cyclen complex
on ITQ-2 during calcination. The organic species in Ni/
ITQ-2-co was completely removed at 500 °C in flowing
air. In comparison, an apparent mass loss at 120‒210 °C
for Ni/ITQ-2 indicated quick combustion of the nickel
nitrate on ITQ-2 zeolite. The TG data for the uncalcined
Ni/ITQ-2 and Ni/ITQ-2-co showed that Ni-cyclen was
more stable during calcination than the bare Ni cations on
the zeolite. Stepwise decomposition of the Ni-cyclen
complex could stabilize the Ni species and inhibit rapid
aggregation during calcination, thereby improving the
dispersion of NiOx on the ITQ-2 zeolite.
The H2-TPR profiles for the calcined NiOx/ITQ-2 and

NiOx/ITQ-2-co are shown in Fig. 2d. A sharp peak at
450 °C and two small peaks centered at 355 °C and 560 °C
were identified for these two samples. The low-
temperature peak at 355 °C was ascribed to the bulky
NiOx particles distributed on the surface of ITQ-2, which
were reduced at low temperatures38. NiOx/ITQ-2 exhib-
ited higher profiles at 355 °C than NiOx/ITQ-2-co, indi-
cating that bulkier NiOx clusters were formed on NiOx/
ITQ-2 via aggregation of the Ni species during calcina-
tion. The sharp peak at 450 °C corresponded to the highly
dispersed NiOx that was strongly immobilized on the
zeolite support, which resulted in the higher reduction
temperature39. Compared with NiOx/ITQ-2, for which
nickel nitrate was used as the precursor, the NiOx/ITQ-2-

co prepared by the ligand-chelating impregnation
approach exhibited more highly dispersed NiOx clusters
that were strongly immobilized on ITQ-2. These H2-TPR
results were confirmed by TEM analyses of the calcined
NiOx/ITQ-2 and NiOx/ITQ-2-co samples. As shown in
Fig. 3a, b, uniform NiOx clusters with an average size of
2.9 ± 0.8 nm were more homogeneously distributed
throughout the NiOx/ITQ-2-co sample (Fig. 3b), com-
pared with NiOx/ITQ-2 with an average size of
4.8 ± 1.7 nm (Fig. 3a). These support-stabilized NiOx

species suppressed quick agglomeration of the NiOx

species during reduction in H2, thereby efficiently
improving the dispersion of the Ni clusters. The reduction
peak at 560 °C was assigned to the exchanged Ni2+ on the
zeolite structure, which required a higher reduction
temperature than NiOx

40. Thus, the reductions for all of
the prepared samples were performed at 560 °C.
The nickel species influenced by the organic ligand and

the ITQ-2 support were characterized by ultraviolet‒
visible diffuse reflectance spectroscopy (UV−Vis). The
UV−Vis spectra of uncalcined and calcined Ni/ITQ-2
and Ni/ITQ-2-co are shown in Fig. 3c, d. A single band at
210 nm was ascribed to the characteristic charge-transfer
transition of the tetracoordinated aluminum in the zeolite
framework41. When neat Ni(NO3)3 was used as the pre-
cursor for impregnation on ITQ-2, UV spectral bands at
298, 400, and 655 nm were detected (Fig. 3c), and these
were assigned to the charge-transfer transition of NO3

-

with Ni2+ and the d–d transition of [Ni(H2O)6]
2+ on the

zeolites42,43. When the ITQ-2 zeolite was impregnated
with the cyclen-chelated Ni2+ complex, higher energy UV
bands were observed compared to the Ni/ITQ-2 sample.
As shown in Fig. 3d, three distinct bands were observed at
260, 362, and 565 nm. The band at 260 nm was ascribed
to the isolated distorted octahedral Ni2+ complexes that
were immobilized on the zeolite support43. The presence
of the isolated Ni2+ species suggested that cyclen chela-
tion prevented aggregation of the Ni2+ species impreg-
nated on the zeolites. In addition, two bands at 362 and
565 nm corresponded to d–d transitions of the Ni2+

complex in Ni/ITQ-2-co. The higher energies of the Ni2+

d–d transition bands compared with those for Ni/ITQ-2
were caused by the presence of a strong organic ligand
that coordinated the Ni2+ cations42. In addition, the effect
of the interactions between the Ni-cyclen complex and
the ITQ-2 support on the distinct coordination environ-
ment identified by UV−Vis cannot be neglected. Several
spectroscopic studies have demonstrated strong interac-
tions of organometallic complexes and acidic OH groups
on the support surface27,44,45. The strong interactions of
the Ni-cyclen complex with the acidic surface of the ITQ-
2 after impregnation enabled uniform distribution of the
Ni precursor. Thus, the use of a ligand-chelated Ni
complex as the precursor in the impregnation process
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improved the molecular interactions with the zeolite
support and protected the active Ni species from
agglomeration.
The distributions of the organometallic complexes on

the zeolites were also confirmed by FTIR analyses. As
shown in Fig. S6b, the uncalcined Ni/ITQ-2-co sample
prepared by the ligand-chelating impregnation route
showed two obvious C-H stretching vibrations at 2944
and 2894 cm−1, which implied the presence of the Ni-
cyclen complex on the ITQ-2 support. The FTIR results
were consistent with the UV‒Vis analyses. These results
showed the ligand enabled uniform immobilization of the
Ni species on the ITQ-2 zeolite by chelating the Ni
cations in the precursor solution.
A band at approximately 265 nm with a shoulder at

408 nm was observed in the UV spectrum of NiOx/ITQ-2-
co (Fig. 3d). However, NiOx/ITQ-2 exhibited two bands at
275 and 427 nm. These bands were ascribed to NiOx

species, as reported in the literature46. Indeed, shifts of
NiOx bands toward higher wavelengths for NiOx/ITQ-2
indicated the NiOx particles were larger than those in

NiOx/ITQ-2-co47, which was consistent with the average
NiOx sizes determined in the TEM analysis (Fig. 3b).
The electronic states of the Ni species in the Ni/ITQ-2

and Ni/ITQ-2-co samples were determined by X-ray
photoelectron spectroscopy (XPS), which was used to
investigate the interactions between metallic Ni (Ni0) and
the ITQ-2 zeolite. The XPS spectra of Ni/ITQ-2 and Ni/
ITQ-2-co are shown in Fig. S7. Deconvolution of the Ni
2p XPS peak resulted in four peaks at ca. 855.4 or
856.5 eV for Ni0 (2p3/2), 862.1 eV for Ni2+ (2p3/2),
874.5 eV for Ni0 (2p1/2), and 880.8 eV for Ni2+ (2p1/2)

48.
Compared with the isolated nickel metal, which exhibited
a Ni0 (2p3/2) binding energy (BE) of 853 eV, the ITQ-2-
supported nickel showed higher BEs (∼856 eV) for Ni0

(2p3/2) due to the electronic influence of the zeolite sup-
port49. It has been reported that interactions of metal
clusters with oxygens in the zeolite framework gave rise to
positive charges on the metal surface and higher BEs for
the metal nanoclusters50,51. As shown in Fig. S7, Ni/ITQ-
2 exhibited a main peak at 855.4 eV for Ni0 (2p3/2), while
the Ni0 (2p3/2) peak was at 856.5 eV for Ni/ITQ-2-co. The

Fig. 3 TEM images and UV − Vis spectra of prepared samples. TEM images of the calcined NiOx/ITQ-2 (a) and NiOx/ITQ-2-co (b); UV− Vis spectra
of the uncalcined Ni/ITQ-2 and Ni/ITQ-2-co showed with solid lines (c) and the calcined Ni/ITQ-2 and Ni/ITQ-2-co showed with dotted lines (d).
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higher BE for Ni0 in Ni/ITQ-2-co indicated that the Ni
nanoclusters loaded by the ligand-chelating impregnation
method had stronger interactions with the ITQ-2 support
relative to those seen after the conventional impregnation
approach48. This could have originated from more highly
dispersed NiOx that was strongly stabilized on the ITQ-2
before reduction, as demonstrated by the TG and H2-TPR
analyses provided above. Furthermore, the strongly
immobilized Ni nanoparticles on Ni/ITQ-2-co inhibited
rapid aggregation during the reaction.

Catalytic performance of the Ni/zeolite catalysts
The deoxygenation reaction of SA was used as a model

reaction for conversions of FFAs to diesel-range alkanes.
The reaction routes for SA conversion are depicted in
Scheme 1. SA could undergo full hydrogenation of the
carboxyl group to produce 1-octadecanol, which may be
converted to octadecene by acid-catalyzed dehydration.
Octadecene is easily hydrogenated at metal sites to yield
n-octadecane. In addition, partial hydrogenation of the
carboxyl group would produce stearaldehyde, which could
also be converted to n-heptadecane through dec-
arbonylation. Alternatively, the SA could also produce
heptadecene directly via decarboxylation.
In the present work, the catalytic activities of the pre-

pared 3D and 2D Ni/zeolites were investigated with the
deoxygenation of SA (Fig. 4). The normalized reaction
rate was calculated with Equation S1 to compare the
catalytic activities for all of the Ni/zeolite materials pre-
pared. As shown in Fig. 4a, the normalized rates of the
samples increased in the order Ni/Y < Ni/MCM-22 < Ni/
ITQ-2 < Ni/ITQ-2-co. The 2D Ni/ITQ-2 catalyst exhib-
ited a remarkably higher conversion rate (90 gSA gNi

−1

h−1) compared to those of the laminar Ni/MCM-22 (50
gSA gNi

−1 h−1) and 3D Ni/Y (12 gSA gNi
−1 h−1) samples.

The enhanced activity of Ni/ITQ-2 was attributed to the
open structure and more accessible acid sites in 2D ITQ-
2, which promoted dehydration and facilitated conversion
of the SA. In addition, the abundant defect sites on the
ITQ-2 surface aided the dispersion of the Ni clusters on
the ITQ-2 support. Thus, the highly dispersed Ni nano-
particles promoted deoxygenation reactions. Compared
with Ni/ITQ-2, the Ni/ITQ-2-co sample prepared by

using Ni-cyclen as the precursor for impregnation showed
a markedly higher rate (168 gSA gNi

-1 h-1), which was
consistent with the relative average sizes of the Ni
nanoparticles. Despite the comparable Ni loadings in the
two 2D samples, the smaller sizes and higher dispersion of
the Ni nanoparticles in Ni/ITQ-2-co provided more metal
active sites for the deoxygenation of SA than Ni/ITQ-2.
The large external surface area, highly dispersed Ni
nanoparticles, and abundant accessible active sites on Ni/
ITQ-2-co reduced the diffusion limitation, provided more
active sites and showed superior activity in the deox-
ygenation reaction of SA compared to most reported
catalysts (Table S2).
The conversion of SA and the product distributions on

Ni/ITQ-2 and Ni/ITQ-2-co are shown in Fig. 4b, c. After
reacting for 4 h, the Ni/ITQ-2-co catalyst afforded 98%
conversion of the SA, which was much higher than that
seen with Ni/ITQ-2 (70%). The main products for both
catalysts were n-octadecane (n-C18) and n-heptadecane
(n-C17), suggesting that decarboxylation/decarbonylation
occurred in addition to hydrodeoxygenation of the SA11.
It is worth noting that the ratios of n-C18 to n-C17 (~2.5 in
molar) were comparable for Ni/ITQ-2 and Ni/ITQ-2-co,
indicating that the SA deoxygenation reactions on Ni/
ITQ-2 and Ni/ITQ-2-co used the same pathway. Thus,
the excellent catalytic performance of Ni/ITQ-2-co was
attributed to highly dispersed Ni nanoparticles immobi-
lized on ITQ-2 via the ligand-chelating impregnation
approach. To expand the substrate scope, the deox-
ygenation of palm oil, which is rich in hexadecanoic and
octadecanoic acids, was carried out over Ni/ITQ-2-co. As
shown in Fig. 4d, the main products were n-C15–C18

alkanes, and the yield of diesel-range alkanes was 83 wt%,
which was close to the theoretical yield of 85 wt%.
After the reactions, the Ni/ITQ-2 and Ni/ITQ-2-co

were collected by centrifugation, washed with acetone,
and dried overnight for regeneration. The activity of the
Ni/ITQ-2-co catalyst was nearly unchanged after four
consecutive cycles (57% to 53%, as shown in Fig. 4e),
whereas the efficiency for conversion of SA over Ni/ITQ-
2 was decreased to half of the initial efficiency after four
cycles (Fig. 4f). To explain the different stabilities, the Ni
loadings of both catalysts were measured via ICP‒OES.
The results showed slight decreases in the Ni loadings on
Ni/ITQ-2 (2.33 wt%) and Ni/ITQ-2-co (2.51 wt%) after
the reaction (Table S1). This indicated that the 2D sup-
port with abundant defect sites and high external surface
area facilitated immobilization of the Ni clusters during
the reaction. Furthermore, a TEM analysis was performed
on the used Ni/ITQ-2 and Ni/ITQ-2-co to determine the
sizes of the Ni nanoparticles after the reactions. As shown
in Fig. S8, obvious aggregation of the Ni clusters had
occurred for Ni/ITQ-2 after the deoxygenation reaction of
SA, which resulted in a significant increase in the average

Scheme 1 The deoxygenation reaction of stearic acid for diesel
production.
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size of the Ni clusters from 6.4 nm to 17.0 nm. In contrast,
the average size of the Ni nanoparticles on Ni/ITQ-2-co
had increased only slightly from 3.8 nm to 5.3 nm after the
reaction. Therefore, the excellent stability of Ni/ITQ-2-co
was attributed to the stable Ni sites that resulted from the
strong interactions with the ITQ-2 support, as indicated

by the XPS analysis discussed above. The uniform dis-
tribution and strong immobilization of Ni on the Ni/ITQ-
2-co catalyst effectively suppressed migration of the Ni
nanoclusters during the reaction and regeneration pro-
cesses. Taken together, these findings provide further
support for the use of the ligand-chelating impregnation

Fig. 4 Catalytic performance of prepared Ni/zeolite catalysts for deoxygenation reactions of SA. Comparison of normalized rates for SA
conversion over the prepared Ni/zeolites (a); Time-dependent conversions of SA and product selectivities seen with Ni/ITQ-2 (b) and Ni/ITQ-2-co (c).
Product compositions after the deoxygenation of palm oil over Ni/ITQ-2-co (d). Reaction conditions: 260 °C, 4 MPa H2, time= 4 h. stirring
speed= 1000 rpm, stearic acid/catalyst= 10 by mass. The conversion of SA and the selectivity for each product were calculated with Equations S2
and S3. The yield of each product was calculated with Equation S4; recycling tests of Ni/ITQ-2-co (e) and Ni/ITQ-2 (f) for the deoxygenation reaction
of SA. Reaction conditions: 260 °C, 4 MPa H2, time= 1 h, stirring speed= 1000 rpm, stearic acid/catalyst= 10 by mass.
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approach in preparing the Ni/ITQ-2-co catalyst. As illu-
strated in Scheme 2, the 2D zeolite support facilitated
distribution of the Ni species after impregnation, since its
external surface area was larger than that of the 3D sup-
port (Scheme 2a). During the activation process, the
cyclen-chelated Ni complexes underwent stepwise
decomposition, unlike the bare Ni2+ ions. This process
suppressed rapid aggregation of the Ni species and
formed highly dispersed Ni nanoclusters on the ITQ-2
zeolite (Scheme 2b). The ligand-chelating impregnation
strategy stabilized the highly dispersed Ni nanoclusters on
the ITQ-2 zeolite, and this involved protection of the Ni2+

by the chelating ligand and immobilization on the 2D
zeolite. Consequently, the ITQ-2-supported Ni
nanoclusters displayed superior activity and stability
during the conversions of palm oil or SA to diesel-range
alkanes (Scheme 2c).

Conclusion
In conclusion, a series of 2D and 3D Ni/zeolites was

prepared via an impregnation approach and used in sus-
tainable production of diesel fuel via deoxygenation. The

present work highlighted the advantages of utilizing a 2D
zeolite support with a large external surface area and
abundant defect sites, which were beneficial in dispersing
the Ni nanoparticles formed via the facile impregnation
method. Compared to conventional 3D and laminar
zeolite supports, the 2D ITQ-2 zeolite-supported Ni
materials exhibited markedly smaller Ni particle sizes and
improved transport efficiencies for bulky reactants.
Importantly, the ligand-chelated Ni complex used as the
precursor for the impregnation process provided smaller
Ni nanoparticles and facilitated dispersion via a combi-
nation of ligand protection and strong interactions
between the Ni species and the 2D ITQ-2 zeolite. Con-
sequently, the Ni/ITQ-2-co catalyst prepared by the
ligand-chelating impregnation approach showed superior
activity and stability in the deoxygenation reactions of SA
or palm oil, and this offers a promising solution for
renewable production of diesel fuel.
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