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nterdependence of Ni and Al in
bifunctional Ni/ZSM-5 catalysts at the nanoscale†

Hue-Tong Vu, ‡a Iztok Arčon,‡bc Danilo Oliveira de Souza, d Simone Pollastri, d

Goran Dražić, a Janez Volavšek,a Gregor Mali, a Nataša Zabukovec Logar ab

and Nataša Novak Tušar *ab

Catalyst design is crucial for improving catalytic activity and product selectivity. In a bifunctional Ni/ZSM-5

zeolite type catalyst, catalytic properties are usually tuned via varying Al and Ni contents. While changes in

acid properties associated with Al sites are usually closely investigated, Ni phases, however, receive

inadequate attention. Herein, we present a systematic structural study of Ni in the Ni/ZSM-5 materials by

using Ni K-edge XANES and EXAFS analyses, complemented by XRD and TEM, to resolve the changes in

the local environment of Ni species induced by the different Al contents of the parent ZSM-5 prepared

by a “green”, template free technique. Ni species in Ni/ZSM-5 exist as NiO crystals (3–50 nm) and as

charge compensating Ni2+ cations. The Ni K-edge XANES and EXAFS results enabled the quantification

of Ni-containing species. At a low Al to Si ratio (nAl/nSi # 0.04), the NiO nanoparticles predominate in

the samples and account for over 65% of Ni phases. However, NiO is outnumbered by Ni2+ cations

attached to the zeolite framework in ZSM-5 with a high Al to Si ratio (nAl/nSi ¼ 0.05) due to a higher

number of framework negative charges imparted by Al. The obtained results show that the number of

highly reducible and active NiO crystals is strongly correlated with the framework Al sites present in

ZSM-5 zeolites, which depend greatly on the synthesis conditions. Therefore, this kind of study is

beneficial for any further investigation of the catalytic activities of Ni/ZSM-5 and other metal-modified

bifunctional catalysts.
Introduction

In light of the 2030 Agenda for Sustainable Development rst
introduced by the United Nations Member States in 2015, green
chemistry has been pushed forward as part of a multidisci-
plinary effort to achieve the 17 goals.1 Green chemistry can be
considered as a guideline to achieve sustainability in process
developments and chemical production.2 Accordingly, the use
of environmentally hazardous chemicals and generation of
waste should be avoided. In pursuance of a zero-waste process,
it is important to increase product efficiency and thus prevent
wastage of resources. In this view, catalyst design has become
indispensable in chemical production in order to increase the
yield of desired products as well as reduce side products.4,5
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Zeolites are important catalysts in the chemical industry
owing to their different benecial properties.6,7 The greatly
porous structure of zeolites which is composed of long-range
interconnected SiO4 and AlO4 tetrahedra offers a high specic
surface area leading to high dispersion of supported active
metals.8 The presence of Al in zeolitic lattices induces frame-
work negative charges, which can then be neutralized by
different charge compensating cations, i.e., H+ (forming
Brønsted acid sites) and extra framework cations (Lewis acid
sites). The acid properties of zeolites can be regulated by simply
varying the molar ratio of Al to Si in the zeolite frameworks in
order to drive the catalytic reactions towards desired products.9

Moreover, the isomorphous substitution of Si with Al in the
tetrahedral units provides acidity as well as ion exchange ability,
which can prevent supported metals from leaching due to
strong interaction with zeolitic supports.10 The combination of
zeolites and active metals results in bifunctional catalytic
systems, which have been reported in many studies for their
excellent activity.11 Among these, ZSM-5 zeolites functionalized
with transition metal Ni (Ni/ZSM-5), a cheap and abundant
metal, stand out as highly active and cost-effective catalysts.12–17

Furthermore, the great (hydro)thermal stability under harsh
working conditions, e.g., temperature up to 873 K and pressure
#60 bar (Table 1), makes this Si-rich zeolitic bifunctional
Nanoscale Adv., 2022, 4, 2321–2331 | 2321
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Table 1 Examples of literature focused on Ni/ZSM-5 and its utilization in different catalytic applications published between 1997 and 2021

No nAl/nSi XPS/XAS uNi/wt% Catalytic application T/K p/bar Ref

1 0.08 Yes 0.4–6 Cracking of n-/iso-butane 773 1 18–20
2 0.05 No 1–5 Toluene hydrogenation 643–673 60 21 and 22
3 0.07 No 1–6 Catalytic pyrolysis of biomass 773 1 23
4 0.07 Yes 2 Ethane aromatization 823 1 24
5 0.04 Yes 1–4 Hydroconversion of n-heptane 560 1 25
6 0.04 No 0.6 Aromatization of n-pentane 773 1 26
7 0.07 No 9 Hydrogenation of oleic acid 633 40 27
8 0.07 No 5 Conversion of (methyl)-naphthalene 643 1 28
9 0.02 No 5 Catalytic decomposition of ammonia 873 1 29
10 0.025 No 10 Conversion of g-valerolactone 523 1 30
11 0.025 No 1–2 n-octane hydroconversion 548–578 40 31
12 0.06 No 1.4 Catalytic conversion of n-hexane 498–648 1 32
13 0–0.07 No 5 CO2 methanation 523–673 1 33
14 0.01–0.03 No 1.9–4.2 Hydrodeoxygenation of palmitic acid 533 40 34
15 0.03–0.05 No 5 Hydrodeoxygenation of guaiacol 513 40 35
16 0.015–0.08 No 2 Co-aromatization of n-pentane and

methanol
748 1 36

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 2

/5
/2

02
5 

3:
58

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
catalyst more attractive, especially, for vapor phase applications
that are relevant for industries.

It is inevitable that bifunctional Ni/ZSM-5 catalysts have
been intensively investigated as exemplarily shown in Table 1.
In most of the studies, the relation between Al content and the
catalytic activity of the Ni/ZSM-5 catalysts was investigated
closely, while neglecting changes in Ni phases in association
with Al content. The chemical nature of Ni phases, which is also
essential for the understanding of the catalyst's behaviour, is
usually evaluated indirectly by its temperature-dependent
reducibility using temperature-programmed reduction with H2

(H2-TPR). Typically, a H2-TPR prole displays two peaks, one at
low temperature (<633 K) corresponding to highly reducible
NiO and the other at high temperatures (>723 K), which is
ambiguously ascribed to Ni2+ cations interacting with the
zeolite framework.28,35 There are only a few studies that included
thorough analyses using X-ray absorption spectroscopy (XAS)
and/or X-ray photoelectron spectroscopy (XPS) to elucidate the
local environment and the chemical state of Ni species. The
reported results are, however, limited to the identication of the
two Ni-containing phases as suggested by H2-TPR
results.18–20,24,25,27 The quantitative evaluation of the inuence of
Al content on the Ni phases in Ni/ZSM-5 has not been con-
ducted and published from 1997 until now. On the other hand,
the variation of Al content also leads to alteration in Al distri-
bution,37 morphology38 and possibly Ni phases. The location,
nature and the local environment of Al in zeolites were reported
to greatly depend on the hydrothermal synthesis conditions.37

Therefore, more investigations using advanced characterization
techniques, e.g., nuclear magnetic resonance (NMR), XAS and/
or XPS, are required to reveal the interdependence of Ni and
Al sites in the Ni/ZSM-5 bifunctional catalysts.

In this study, we focused on the interplay between the Al
content and Ni phases of Ni/ZSM-5 catalysts. A series of ZSM-5
type zeolites with different Al to Si molar ratios (nAl/nSi ¼ 0.03,
0.04 and 0.05) were synthesized by a “green” method, i.e.,
a seed-assisted hydrothermal technique without an unfavorable
2322 | Nanoscale Adv., 2022, 4, 2321–2331
organic template. Subsequently, the obtained ZSM-5 zeolites
were loaded with different amounts of Ni (resulting in Ni to Si
molar ratios of 0.01, 0.03 and 0.05) via incipient wetness
impregnation. A systematic study using Ni K-edge XANES (X-ray
absorption near edge structure) and EXAFS (extended X-ray
absorption ne structure) was carried out to monitor the local
structure and chemical state of Ni species in the catalysts.
Furthermore, transmission electron microscopy (TEM) was
employed to examine the morphology of the catalysts. Such
combined structural analysis provided an in-depth under-
standing of the inuence of Al and Ni contents on the formation
of different Ni phases in Ni/ZSM-5 at the molecular scale.
Results and discussion
Structural properties

In order to investigate the relation of Ni and ZSM-5 zeolites,
a series of ZSM-5 zeolites with different molar ratios of Al to Si
(nAl/nSi ¼ 0.03 or 0.04 or 0.05) were synthesized using
a template-free hydrothermal method.39 The obtained mate-
rials, i.e., 03ZSM-5, 04ZSM-5 and 05ZSM-5, with the corre-
sponding elemental composition determined by SEM-EDX are
listed in Table 2. By gradually increasing the amount of the Al
precursor (aqueous solution of sodium aluminate) in the
synthesis gels, three solids were obtained, which exhibited
considerably different Al contents, i.e., 1.4, 1.8 and 2.7 wt%,
leading to ascending nAl/nSi from 0.03 to 0.08. The structure of
the three solids was examined by XRD. The recorded XRD
patterns display sharp and distinct diffraction reections sug-
gesting a highly crystalline structure (Fig. 1). The reexes at 2q
of 7.9�, 8.9�, 23.0� and 23.8�, which can be indexed to the planes
(011), (200), (501) and (303), respectively, characteristic of ZSM-
5, are observed for all samples. No other phase was detected.
Thus, it is concluded that irrespective of nAl/nSi, the highly
crystalline ZSM-5 phase predominates in all samples. Further
investigation using 27Al-NMR reveals that the majority of Al
species in the ZSM-5 zeolites are present as tetrahedral Al
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Al to Si ratio (nAl/nSi), elemental content (wNi and wAl in wt%)
and the fraction of Al species (tetrahedral Al (Al[IV]) and octahedral Al
(Al[VI])) of ZSM-5 zeolites

Catalysts nAl/nSi
a wAla/wt% wNia/wt%

Fractionb/%

Al[IV] Al[VI]

03ZSM-5 0.03 1.4 0 95 5
Ni/03ZSM-5-1 0.03 1.4 0.4 — —
Ni/03ZSM-5-3 0.03 1.2 1.3 — —
Ni/03ZSM-5-5 0.03 1.3 3.7 — —
04ZSM-5 0.05 1.8 0 95 5
Ni/04ZSM-5-1 0.05 1.7 0.8 — —
Ni/04ZSM-5-3 0.05 1.7 1.6 — —
Ni/04ZSM-5-5 0.05 1.8 3.4 — —
05ZSM-5 0.08 2.7 0 84 16
Ni/05ZSM-5-1 0.08 2.7 0.6 — —
Ni/05ZSM-5-3 0.08 2.3 1.7 — —
Ni/05ZSM-5-5 0.08 2.5 3.5 — —

a Determined by SEM-EDX. b Determined by 27Al-NMR.

Fig. 1 XRD patterns of selected ZSM-5 zeolites with the asterisks mark
the diffraction reflection of NiO (PDF#01-089-5881).

Fig. 2 N2 sorption isotherms of ZSM-5 zeolites (03ZSM-5, 04ZSM-5
and 05ZSM-5) and ZSM-5 with Ni (Ni/04ZSM-5-5).
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View Article Online
(Al[IV]), in addition to a small fraction of octahedral Al (Al[VI]) as
shown in Fig. S1.† With increasing the nAl/nSi ratio of the
synthesis mixtures, the fraction of octahedral Al associated with
the extra framework Al (EFAl) increases (Table 2). This is
probably due to the disrupted crystallization rate at the high
concentration of Al in the synthesis gel, which is known for MFI-
type zeolites.40 Despite the increasing contribution of EFAl, the
specic amount of tetrahedrally coordinated Al species is
proportional to the nAl/nSi ratio, which is 1.33, 1.71 and
2.27 wt% for 03ZSM-5, 04ZSM-5 and 05ZSM-5, respectively.

Subsequently, Ni was introduced into all three samples by
incipient wetness impregnation, aiming at three different molar
ratios of Ni to Si. Taking 04ZSM-5 as an example, aer
impregnation, a series of ZSM-5 samples functionalized with
ascending Ni content, i.e., Ni/04ZSM-5-1, Ni/04ZSM-5-3 and Ni/
04ZSM-5-5 with Ni contents of 0.8, 1.6 and 3.4 wt%, respectively,
are obtained. Similarly, two other series were also prepared for
03ZSM-5 and 05ZSM-5 (Table 2). Despite the different Ni
© 2022 The Author(s). Published by the Royal Society of Chemistry
contents, the structure of ZSM-5 remains highly crystalline for
all the samples as suggested by the XRD patterns, e.g., for the
series of 04ZSM-5 (Fig. 1). It is noted that at low Ni content
(#0.8 wt%), e.g., in Ni/04ZSM-5-1, the NiO phase cannot be
detected by XRD. However, at higher Ni content, a broad
diffraction reex at 2q of 43.3� corresponding to the (200) plane
of NiO (PDF#01-089-5881) is observed probably due to an
increase in the NiO content and crystal size. This indicates that
Ni introduced in ZSM-5 zeolites exists in the form of nano NiO
crystals, where the NiO crystal sizes grow with increasing Ni
content. However, it is not excluded that other Ni phases
without a long range order are present, e.g., amorphous Ni-
containing complexes, extra framework Ni cations or metallic
Ni nanoparticles.
Textural properties

The textural properties, which are important factors inuencing
catalyst's activity, were also investigated for the ZSM-5 supports.
A type-I isotherm coupled with an H4 hysteresis loop was
recorded, suggesting a bimodal pore structure, i.e., micro and
mesopores (Fig. 2). Therefore, the non-local density functional
theory (NLDFT) was employed to determine the pore structure.41

It is revealed that micropores dominate in all the tested samples
as shown in Table 3. Regardless of Al to Si ratios, a similar
specic total pore volume (0.20–0.22 cm3 g�1) and a pore
structure comprising 70% of micropores and 30% of mesopores
are observed in the N2 sorption results. Further evaluation using
the Brunauer–Emmett–Teller (BET) model also shows analo-
gous specic surface areas (408–451 m2 g�1) for 03ZSM-5,
04ZSM-5 and 05ZSM-5. These ndings indicate that the varia-
tion of Al to Si ratios in the range from 0.03 to 0.05 has
a marginal effect on the textural properties of the obtained ZSM-
5.

Regarding the inuence of the Ni introduction on the
textural properties of the parent ZSM-5 material, the Ni/04ZSM-
5-5 sample possessing the highest Ni content of the Ni/04ZSM-5
series was exemplarily examined. In comparison with 04ZSM-5,
Ni/04ZSM-5-5 exhibits an almost identical N2 sorption
isotherm, resulting in comparable textural properties, i.e., ABET
Nanoscale Adv., 2022, 4, 2321–2331 | 2323
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Table 3 Specific surface area (ABET) and the specific total/micro/meso
pore volume (Vp/micro/meso) of ZSM-5 zeolites

Samples ABET/m
2 g�1 Vp/cm

3 g�1 Vmicro/cm
3 g�1 aVmeso/cm

3 g�1

03ZSM-5 408 0.20 0.14 0.06
04ZSM-5 410 0.20 0.15 0.05
05ZSM-5 451 0.22 0.17 0.05
Ni/04ZSM-5-5 425 0.20 0.16 0.04

a Vmeso ¼ Vp � Vmicro.

Fig. 3 (a) High-angle annular dark-field scanning transmission elec-
tronmicroscopy (HAADF-STEM)micrograph; (b) bright field (BF)-STEM
micrograph; (c) HAADF-STEM micrograph, the corresponding EDX
elemental mapping (for Ni (d), O (e), Si (f) and Al (g)) and the overlaid
image (h) of Ni/04ZSM-5-3. (i) HAADF-STEM micrograph; (j) BF-STEM
micrograph; (k) HAADF-STEM micrograph, the corresponding EDX
elemental mapping (for Ni (l), O (m), Si (n) and Al (o)) and the overlaid
image (p) of Ni/05ZSM-5-1.
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¼ 425 m2 g�1 and Vp ¼ 0.20 cm3 g�1. This suggests that the
impregnation of Ni (Ni content #3.4 wt%) does not affect the
textural properties of ZSM-5 zeolites.

Nature of Ni impregnated on ZSM-5
TEM and elemental analyses

The morphology of Ni/04ZSM-5-3 and Ni/05ZSM-5-1 was selec-
tively analyzed by STEM and EDXS. As mentioned above, the
NiO phase is hardly visible in the XRD patterns of these catalysts
(Fig. 1). However, the HAADF-STEM images (Fig. 3c) clearly
show that the NiO nanoparticles are present with a size between
3 and 50 nm and uniformly distributed over the ZSM-5 support.
Some particles are aggregated as shown in Fig. 3b and c, indi-
cating a partial sintering/coalescence of the nanoparticles
during sample preparation.

To conrm that the observed nanoparticles are indeed NiO,
we performed EDXS elemental mapping (Fig. 3d), where the Ka

signal for Ni matches very well with that of the nanoparticles,
which are shown as a bright area in Fig. 3c. The signal for
oxygen is not as specic because the support also contains large
amounts of oxygen. No other Ni rich phase was detected. On the
other hand, the sample Ni/05ZSM-5-1 contains no NiO nano-
particles of 3–50 nm and has uniformly distributed Ni as shown
in Fig. 3i–p.

Ni K-edge XANES analysis

Ni K-edge XANES is used to monitor the valence state and local
symmetry of Ni cations in the Ni functionalized zeolite Ni/ZSM-
5 samples. Fig. 4 displays the normalized Ni K-edge XANES
spectra, in addition to the spectra of corresponding Ni reference
compounds (crystalline NiO, NiO nanoparticles and metallic
Ni).

Different local environments of Ni cations result in different
K-edge proles in the XANES spectra, and the energy position of
the Ni K-edge is correlated with the valence state of the Ni
cations in the sample. The energy of the Ni K-edge is shied to
higher energies by approximately 2 eV per valence state.42 The
Ni K-edge edge prole and energy position of all Ni/ZSM-5
samples indicate that the Ni species are in the divalent form
octahedrally coordinated with oxygen atoms, as in the NiO
crystalline reference sample.

The Ni K-edge proles of Ni/ZSM-5 samples are very similar,
but not identical. Principal component analysis (PCA) of the
XANES spectra of the catalysts indicates that a linear
2324 | Nanoscale Adv., 2022, 4, 2321–2331 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalized Ni K-edge XANES spectra of Ni functionalized
zeolite Ni/ZSM-5 samples. The spectra of reference crystalline NiO ,
NiO nanoparticles on the CeO2 support and metallic Ni are shown for
comparison.

Table 4 Relative amount of the two reference XANES profiles (NiO
nanoparticles and Ni/05ZSM-5-1) obtained by LCF. Uncertainty of
relative amounts is �1%

Samples

LCF reference spectra

NiO nanoparticles Ni/05ZSM-5-1

Ni/03ZSM-5-1 72% 28%
Ni/03ZSM-5-3 72% 28%
Ni/03ZSM-5-5 72% 28%
Ni/04ZSM-5-1 68% 32%
Ni/04ZSM-5-3 81% 19%
Ni/04ZSM-5-5 66% 34%
Ni/05ZSM-5-1 0% 100%
Ni/05ZSM-5-3 28% 72%
Ni/05ZSM-5-5 39% 61%
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combination of two different components is sufficient to
completely describe each XANES spectrum in the series. The
linear combination t (LCF) analysis shows that a linear
combination of the XANES proles of the NiO nanoparticles on
the CeO2 support and Ni/05ZSM-5-1 sample can completely
describe the XANES spectra of all the samples. The goodness of
the LCF t is illustrated in Fig. 5 for the XANES spectrum of the
Ni/05ZSM-5-5 sample. The complete results of LCF analysis are
listed in Table 4.
Fig. 5 Ni K-edge XANES spectrum of Ni/05ZSM-5-5: black solid
curve: experiment; pink dashed line: best fit with linear combination of
the reference XANES profiles; red solid curve: NiO nanoparticles on
the CeO2 support as a reference for Ni2+ in NiO crystalline nano-
particles (39%); blue solid curve: Ni/05ZSM-5-1 as a reference for Ni2+

attached to the zeolite framework (61%).

© 2022 The Author(s). Published by the Royal Society of Chemistry
The XANES results thus demonstrate that all catalyst
samples contain two Ni2+ species in different relative ratios. To
identify the structure of the two Ni2+ species, Ni K-edge EXAFS
analysis was used and complemented with the results of XRD
and STEM/EDX.
Ni K-edge EXAFS analysis

Ni K-edge EXAFS analysis is used to directly monitor the average
local environment of Ni cations in the Ni functionalized zeolite
Ni/ZSM-5 samples. Thek3-weighted EXAFS spectra are plotted in
the k space In Fig. S2, ESI.† In the Fourier transform (FT)
magnitude of the EXAFS spectra (Fig. 6), the contributions of
photoelectron scattering on the nearest shells of neighbours
around the Ni atoms are observed in the R range up to about 5 Å.
Already by a qualitative comparison of the FT EXAFS spectra, the
differences in average Ni neighbourhoods between the samples
can be observed. All samples, except Ni/05ZSM-5-1, exhibit
a local Ni neighbourhood characteristic of crystalline NiO with
a FCC crystal structure,43 as in the crystalline NiO reference.
However, the intensity of the second and more distant Ni
coordination shells' contributions is smaller than those in the
bulk NiO crystals, indicating that the average coordination
numbers of the second and more distant coordination shells
around Ni cations are signicantly lower than that in the bulk
NiO. The spectrum of the Ni/05ZSM-5-1 sample exhibits
a signicantly different local structure. The strong signal of the
nearest coordination shell and a relatively weak signal from
more distant coordination shells are detected (Fig. 6 and S3†).

Structural parameters of the average local Ni neighbourhood
(the type and average number of neighbours; the radii and
Debye–Waller factor of neighbour shells) are quantitatively
resolved from the EXAFS spectra by comparing the measured
EXAFS signal with the model signal, constructed ab initio with
the FEFF6 program code.44 A combined FEFF model is used,
composed of neighbour atoms at distances characteristic of the
expected Ni2+ species: crystalline NiO nanoparticles and Ni2+

cations attached to the zeolite framework via Ni–O–Si bridges.
The atomic species of neighbours are identied in the t by
their specic scattering factor and phase shi.
Nanoscale Adv., 2022, 4, 2321–2331 | 2325
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Fig. 6 Fourier transform magnitude of the k3-weighted Ni K-edge
EXAFS spectra of the Ni functionalized ZSM-5 zeolite samples,
calculated in the k range of 3–14 Å�1. The spectrum of the reference
crystalline NiO is added for comparison. Experiment – (blue solid line);
the best fit EXAFS model calculated in the R range of 1.2 to 3.3 Å – (red
dashed line).
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The FEFF model for the crystalline NiO nanoparticles is
based on the cubic crystal structure of NiO with the space group
Fm3m with the lattice constant a ¼ 4.177 Å,43 where Ni is
coordinated with 6 oxygen atoms at a distance of 2.09 Å, 12 Ni
atoms at 2.95 Å and 8 oxygen atoms at 3.62 Å. The FEFF model
comprised three single scattering and two signicant multiple
scattering paths up to 3.6 Å, with 8 variable parameters: coor-
dination shell distance (R) and Debye–Waller factors (s2) of all
single scattering paths, and the amplitude reduction factor S0

2

and shi of the energy origin of the photoelectron DEo,
common to all scattering paths, are introduced.

Themodel is tested on the EXAFS spectrummeasured for the
crystalline NiO. The shell coordination numbers were xed to
the crystallographic values in the t, and the structural
parameters of multiple scattering paths are constrained to
those of the corresponding single scattering paths. A very good
EXAFS t (Fig. 6) is obtained in the k range of 3–14 Å�1 and the
R-range of 1.2–3.3 Å. The best t structural parameters are given
in Table S1.†

The same FEFF model is used to t the EXAFS spectrum of
the reference sample with NiO nanoparticles on the CeO2

support. Themodel contained all scattering paths used in the t
of the crystalline NiO, in which the coordination numbers of
each shell were also allowed to vary. A very good EXAFS t
(Fig. S2†) is obtained in the k range of 3–11 Å�1 and the R-range
of 1.2–3.3 Å. The best t structural parameters, listed in Table
2326 | Nanoscale Adv., 2022, 4, 2321–2331
S2,† show that the reference sample contains crystalline NiO
nanoparticles with cubic crystal structures with average particle
sizes larger than 2 nm, as estimated from the average coordi-
nation number of Ni neighbours in the second coordination
shell, using the relationships for cubic NiO nanoparticles re-
ported by Kuzmin and Chaboy.45

For the spectrum of the Ni/05ZSM-5-1 sample, which shows
a signicantly different Ni local structure, a separate FEFF
model was constructed, with octahedral coordination of 6
oxygen atoms in the nearest Ni coordination shell at a distance
of 2.09 Å, and Si atoms in the second coordination shell at 3.2 Å,
which can be expected for Ni2+ cations attached to the zeolite
framework via Ni–O–Si bridges. The FEFF model included two
single scattering paths and all signicant multiple scattering
paths within the octahedra of the nearest oxygen neighbors up
to 3.6 Å, with 8 variable parameters: coordination shell
distances (R), coordination numbers (N) and Debye–Waller
factors (s2) of the two single scattering paths, and the shi of
the energy origin of the photoelectron DEo, common to all
scattering paths. The amplitude reduction factor S0

2 was kept
xed at the value 0.90 obtained for the crystalline NiO sample.
The parameters of multiple scattering paths within the octa-
hedra of the nearest oxygen neighbours were constrained with
the values of structural parameters obtained by modelling the
single scattering paths on the same neighbours.

The FEFF model describes very well the EXAFS spectrum of
the Ni/05ZSM-5-1 sample in the k range of 3–14 Å�1 and the R-
range of 1.2–3.2 Å (Fig. 6 and S3†). The best t structural
parameters are given in Table S3.† The results show that Ni
cations are octahedrally coordinated with 6 oxygen atoms at
2.05 Å, and two Si neighbours are detected at 3.17 Å. The signal
of the Si neighbours is relatively weak due to a large Debye–
Waller factor (0.017), indicating large disorder in the Si coor-
dination shell. In the tting, we also tested for the presence of
Ni neighbours in the second coordination shell, but the
contribution of the Ni backscattering was ruled out because of
the poor t results. So, we can conclude that in the Ni/05ZSM-5-
1 sample, all Ni cations are attached to the zeolite framework via
Ni–O–Si bridges. The absence of Ni–O–Ni coordination shows
that the sample contains no NiO nanoparticles. The results are
supported also by the STEM and EDX images of the Ni/05ZSM-5-
1 sample (Fig. 3i–p), which show that the sample Ni/05ZSM-5-1
contains no NiO nanoparticles and that Ni is distributed
uniformly.

The EXAFS spectra of all other Ni/ZSM-5 samples were
modelled with the combined FEFF model that contained all
scattering paths used in the t of the crystalline NiO (in which
the coordination numbers of each shell were also allowed to
vary) and scattering paths of O and Si neighbours found in the
case of the Ni/05ZSM-5-1 sample where Ni2+ cations are
attached to the zeolite framework via Ni–O–Si bridges. Very
good EXAFS ts (Fig. 6) are obtained in the k range of 3–14 Å�1

and the R-range of 1.2–3.3 Å. The best t structural parameters
are listed in Table S4.† The results of EXAFS analyses show that
in all samples, Ni cations are coordinated with six oxygen atoms
in the rst coordination shell and Ni and O neighbours in more
distant coordination shells, at distances characteristic of the Ni
© 2022 The Author(s). Published by the Royal Society of Chemistry
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oxide crystal structure. However, the coordination numbers of
Ni and oxygen shells at larger distances are signicantly lower
than that in the bulk NiO. (The EXAFS model, where coordi-
nation numbers of Ni and O neighbours in the second and third
coordination shells are constrained to the NiO crystallographic
values, is excluded by the t, since it cannot describe the
reduced signal of these coordination shells.) No Si neighbours
in the second coordination shell could be unambiguously
detected. Most probably, their signal is below the detection
limit due to the large Debye–Waller factor, as observed in the
case of the Ni/05ZSM-5-1 sample. So, we have to point out that
the presence of Ni cations directly attached to the zeolite
framework by Ni–O–Si bridges is not excluded by the EXAFS t.

According to XAS analysis, the lower average coordination
numbers of more distant Ni and O coordination shells
compared to that in the bulk NiO can be explained by two
possible structural situations: the rst possibility is that all Ni
cations are incorporated in small crystalline NiO nanoparticles
with different sizes below 2 nm,45–47 whereas the second possi-
bility is that the samples contain a mixture of larger NiO crys-
talline nanoparticles and Ni cations directly attached to the
zeolite framework, as in the case of the Ni/05ZSM-5-1 sample.
However, because STEM and XRD analyses show that NiO
nanoparticles present in the samples have signicantly larger
sizes than 2 nm, in fact they range between 3 and 50 nm, we can
conclude that the catalyst samples contain a mixture of the two
phases (large NiO nanoparticles and Ni cations directly attached
to the ZSM-5 zeolite framework via Ni–O–Si bridges) with
different relative ratios between them. In this case, the ratio of
the two Ni-containing phases can be estimated from average
coordination numbers of Ni neighbours in the second coordi-
nation shell (Table S4†). The results are presented in Table 5.

The average coordination number of the nearest oxygen
coordination shell is 6 in all samples, which is expected for the
mixture of the two phases, since Ni is octahedrally coordinated
with six oxygen atoms in both phases. In the samples with
signicantly lower Ni and O coordination numbers in more
distant coordination shells (i.e., lower relative amount of NiO
Table 5 Relative amount of NiO crystalline nanoparticles and Ni2+

attached to the ZSM-5 zeolite framework estimated from average
coordination numbers of Ni neighbours in the second coordination
shell, determined by EXAFS analysis (Table S3). Uncertainty of relative
amounts is �5%

Samples

Relative amount/%

NiO
Ni2+ attached
to the ZSM-5 zeolite framework

Ni/03ZSM-5-1 71% 29%
Ni/03ZSM-5-3 75% 25%
Ni/03ZSM-5-5 71% 29%
Ni/04ZSM-5-1 73% 27%
Ni/04ZSM-5-3 75% 25%
Ni/04ZSM-5-5 72% 28%
Ni/05ZSM-5-1 0% 100%
Ni/05ZSM-5-3 35% 65%
Ni/05ZSM-5-5 41% 59%

© 2022 The Author(s). Published by the Royal Society of Chemistry
crystalline nanoparticles), we detected a slightly shorter average
Ni–O distance in the rst coordination shell compared to that in
the NiO bulk crystal (2.080 Å), closer to the value of the Ni–O
distance found in the Ni/05ZSM-5-1 sample (2.053 Å), where all
Ni cations form Ni–O–Si bridges to the zeolite framework.

The EXAFS results and conclusion are supported by Ni K-edge
XANES analysis, which showed that a linear combination of the
XANES proles of the reference NiO nanoparticles and Ni/05ZSM-
5-1 sample can describe the XANES spectra of all the samples.
Considering that the reference XANES spectrum of NiO nano-
particles on the CeO2 support is a good approximation for the
large NiO crystalline nanoparticles in the samples, and the
spectrum of the Ni/05ZSM-5-1 sample represents the reference
for Ni cations attached to the zeolite framework via Ni–O–Si
bridges, without any NiO nanoparticles, as indicated by EXAFS
analysis, then we can conclude that the results of LCF analysis of
the XANES spectra of Ni/ZSM-5 samples (Table 4) represent the
relative amount of NiO nanoparticles and Ni cations directly
attached to the zeolite in the samples. The estimated relative
amount of the NiO nanocrystalline phase estimated by XANES
analysis matches very well the corresponding values obtained by
EXAFS analysis in all samples. The relative ratios between bothNi
phases estimated by XANES and EXAFS analysis reveal the same
trend in the Ni/ZSM-5 sample series.

The relative ratio between the two Ni phases changes with
the Al to Si molar ratios. At a low Al to Si molar ratio, nAl/nSi
#0.05 (Ni/03ZSM and Ni/04ZSM samples), the NiO nano-
particles predominate in the samples and account for over 65%
of Ni phases. Additionally, the fraction of NiO and Ni2+ cations
attached to the ZSM-5 framework is similar for all the samples
irrespective of nAl/nSi and Ni content. However, a considerable
difference is observed for the 05ZSM-5 series possessing the
highest nAl/nSi (0.08) molar ratio. In contrast with the 03ZSM-5
and 04ZSM-5 series, the majority of Ni introduced in 05ZSM is
attached to the ZSM-5 framework, ranging from about 59% to
100%. This is probably associated with the higher number of
framework negative charges available due to a higher number of
Al in the framework as mentioned above. Moreover, with
gradually increasing Ni content in the 05ZSM-5 series, the
fraction of NiO increases from 0 to about 41%, which indicates
that Ni lls in the charge compensating positions rst and then
forms NiO nanoparticles at an excess amount of Ni. The ob-
tained results suggest a strong inuence of Al content on the
amount of NiO in the form of nanoparticles, which is reported
to be more reducible and active than Ni2+ attached to the ZSM-5
zeolite framework.19,25 The NiO content should, therefore, be
used as a measure of the hydrogenation activity instead of the
bulk Ni content as oen reported. A follow up study to conrm
our hypothesis on the inuence of Al on Ni phases and thus the
resulting catalytic activity is in preparation.

Conclusions

In summary, the combination of the characterization tech-
niques, XAS, XRD and TEM, sheds additional light on under-
standing the alteration of Ni-containing phases upon varying
the Al to Si molar ratio (nAl/nSi #0.08) in ZSM-5 zeolites. The
Nanoscale Adv., 2022, 4, 2321–2331 | 2327
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structural and textural properties of ZSM-5 are preserved to
a large extent aer Ni introduction via incipient wetness
impregnation. The impregnated Ni species are present in two
phases: (1) cubic NiO nanocrystals (size of 3–50 nm) with
a Fm3m space group and a lattice constant a ¼ 4.177 Å, and (2)
Ni2+ cations attached to the zeolite framework as charge
compensating cations forming Ni–O–Si bridges. The Ni–O–Si
bridges were directly detected by Ni K-edge EXAFS analysis only
in the sample Ni/05ZSM-5-1, where no NiO nanocrystals were
formed (at least within the detection limit of EXAFS). In the
other samples, the relative amount of the two Ni phases is
determined by a combined Ni K-edge XANES and EXAFS anal-
ysis, complemented by the TEM and XRD results. The difference
in the relative amount of the two Ni-containing phases is
marginal when increasing Ni content (<3.7 wt%) impregnated
in Si-rich ZSM-5 zeolites (nAl/nSi ¼ 0.03 and 0.05). In contrast, at
a high Al to Si molar ratio (0.08), a clear trend was observed with
increasing Ni content in 05ZSM-5. Ni2+ cations were rst
incorporated as charge compensating cations onto the ZSM-5
framework, and then the excess amount of Ni was deposited
in the form of NiO nanocrystals. At a given nominal Ni content,
a higher Al to Si molar ratio results in a lower relative amount of
NiO in Ni/ZSM-5 due to the higher share of Ni2+ as charge
compensating cations. The number of NiO nanocrystals, which
is highly reducible in comparison to charge compensating Ni2+

cations, is proven to highly depend on the Al to Si molar ratio (Al
content). Thus, care must be taken to interpret any changes in
catalytic activity upon varying Al content or Al to Si ratios of
ZSM-5, as it affects both the acid and redox functionalities of the
bifunctional Ni/ZSM-5 catalysts. The interdependence of Ni
phases and Al content might also apply to other types of metals
and/or zeolites, which requires further investigation.

Experimental section
Synthesis of ZSM-5 zeolites

ZSM-5-type zeolites were prepared following a procedure
previously reported by Fakin et al.39 The molar ratio of the
synthesis gels or “synthesis recipe” is 11.5 Na2O: xAl2O3: 100
SiO2: 4000H2O. x was varied from 1.5 to 2 and 2.5 in order to
obtain ZSM-5 zeolites with different Al to Si molar ratios, i.e.,
nAl/nSi ¼ 0.03, 0.04 and 0.05, respectively. The obtained mate-
rials were referred to as 03ZSM-5, 04ZSM-5 and 05ZSM-5,
respectively. Typically, a sufficient amount of ZSM-5 crystalli-
zation seeds (ZAD-MFI-30), i.e., 0.35 wt% of the total mass of the
synthesis gels, is dispersed in deionized water at room
temperature (RT) for 5 minutes. Subsequently, sodium aqueous
glass (NaVS-3M (Silkem), uNa2O ¼ 8.33 wt%, and uSiO2

¼ 27.18 wt%) is added under continuous stirring conditions
for 5 minutes. To the resultant mixture, an aqueous solution of
sodium aluminate (Silkem, r ¼ 1335 g L�1, gNa2O ¼ 175.93 g L�1

and gAl2O3
¼ 151.57 g L�1) is added and stirred for 10 minutes.

Sulfuric acid (Sigma Aldrich, 96%) is slowly added to the
mixture until the gel is formed. The amount of sulfuric acid is
equivalent to the excess amount of Na2O in the mixture with
respect to that of the “synthesis recipe”. The gel is aged for 30
minutes at RT. Aer aging, the gel is transferred into a Teon
2328 | Nanoscale Adv., 2022, 4, 2321–2331
liner, which is subsequently placed into an autoclave. The
crystallization is carried out at 180 �C for 24 h. The resultant
mixture is later ltered, washed with deionized water and dried
at 90 �C for 12 h. The obtained solids are in the Na+ form.

H+ form zeolites (H-ZSM-5) were prepared by NH4
+ ion

exchange followed by thermal treatment. A mixture of the Na+

form zeolite, ammonium sulphate ((NH4)2SO4, Sigma Aldrich,
$99.0%) and deionized water with a mass ratio of 1 : 1 : 20,
respectively, was stirred at 30 �C for 2 h. Subsequently, the
mixture was ltered, washed with deionized water and dried
overnight at 105 �C. The solid was then calcined at 550 �C
(heating ramp of 5 �C min�1) for 2 h in air.

Introduction of Ni via incipient wetness impregnation

The materials consisting of Ni supported on ZSM-5 were
synthesized by incipient wetness impregnation. First, H-ZSM-5
zeolites were preheated in an oven at 60 �C for 15 minutes. A
predetermined amount of the Ni precursor (Ni(NO3)2$6H2O,
Sigma Aldrich, 99.999%), was dissolved in 1 mL of deionized
water.

The prepared Ni solution was added to H-ZSM-5 dropwise
and under vigorous stirring. The mixture was dried overnight at
RT. Finally, the solid was calcined in air at 500 �C for 2 h. The
amount of the Ni precursor was varied in order to obtain various
molar ratios of Ni to Si of 0.01, 0.03 and 0.05. The obtained
products were, therefore, labelled as Ni/ZSM-5-1, Ni/ZSM-5-3
and Ni/ZSM-5-5, respectively. Taking 04ZSM-5 as an example,
aer the impregnation of Ni, Ni/04ZSM-5-1, Ni/04ZSM-5-3 and
Ni/04ZSM-5-5 are obtained.

Characterization of Ni supported on ZSM-5 materials

The structural properties of all investigated catalysts were
characterized by using a PANalytical X'Pert PRO MPD X-ray
diffractometer (CuKa1 ¼ 0.154 nm). The powder X-ray diffrac-
tion patterns were recorded at room temperature in the 2q range
from 5� to 70� with a step size of 0.034�.

N2 sorption isotherms were recorded on a Quantachrome
Autosorb iQ3 gas sorption analyzer at 77 K. Prior to the
measurements, the samples were evacuated at 523 K under
vacuum for 10 h. The specic surface area (ABET) was calculated
using the Brunauer–Emmett–Teller (BET) model. Non-local
density functional theory (NLDFT) was employed on the
adsorption branch of isotherms to evaluate the cumulative pore
volume curve of zeolite materials. Based on the obtained curve,
the total pore volume (Vp) and the micropore volume (Vmicro)
were determined according to the pore width corresponding to
p/p0 ¼ 0.95 and the volume adsorbed at the pore width of 2 nm,
respectively. The mesopore volume (Vmeso) was subsequently
calculated by the subtraction of Vmicro from Vp, i.e., Vmeso ¼ Vp –
Vmicro.

The Ni K-edge XANES (X-ray absorption near edge structure)
and EXAFS (extended X-ray absorption ne structure) spectra of
different Ni/ZSM-5 zeolite catalysts and the reference NiO crys-
talline and NiO nanocrystalline (4 wt% NiO on the CeO2 support)
samples were measured at the XAFS beamline of the Elettra
synchrotron in Trieste in the transmission detection mode at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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room temperature. The samples were prepared in the form of
homogeneous pellets with an optimal total absorption thickness
of about 2 above the investigated absorption edge. The Ni K-edge
jump in the spectra varied in the range between 0.1 and 0.5,
depending on the concentration of Ni in the samples.

A Si (111) double crystal monochromator was used with
about 1 eV resolution at the Ni K-edge (8333 eV). The intensity of
the monochromatic X-ray beam was measured by using three
30 cm long ionization detectors, lled with the following gas
mixtures: (rst) 580 mbar N2 and 1420 mbar He; (second) 90
mbar Ar, 910 mbar He, and 1000 mbar N2; (third) 350 mbar Ar,
1000mbar N2, and 650mbar He. The sample pellets were placed
in the beam between the rst two ionization detectors. The
absorption spectra were measured in the energy region from
�150 eV to +1000 eV relative to the investigated absorption
edge. In the XANES region, equidistant energy steps of 0.2 eV
were used, while for the EXAFS region, equidistant k steps of
0.03 Å�1 were adopted, with an integration time of 1 s per step.
Three to six repetitions of each scan were recorded to improve
the signal to noise ratio. The exact energy calibration was
established with simultaneous absorption measurement on Ni
metal foil placed between the second and the third ionization
chamber. Absolute energy reproducibility of the measured
spectra was �0.005 eV. The analysis of the XANES and EXAFS
spectra was performed with the Demeter (IFFEFIT) program
package48 in combination with the FEFF6 program code44 for ab
initio calculation of photoelectron scattering paths.

A Varian 600 MHz NMR spectrometer (Varian, USA) was
employed to collect 27Almagic angle spinning – nuclear magnetic
resonance spectra (MAS-NMR). The 27Al Larmor frequency was
156.17 MHz. The spectra were recorded at a sample rotation
frequency of 20 kHz, with a recycle time of 5 s and a total number
of scans of 480. The obtained spectra were referenced to the
signal of Al nuclei of 1 M solution of Al(NO3)3 in water.

Scanning transmission electron microscopy (STEM) analysis
was performed with a Cs probe-corrected TEM/STEM Jeol ARM
200 CF microscope with a cold-FEG electron source, operated at
80 kV. A Jeol Centurio 100 mm2 Energy dispersive X-ray spec-
trometer (EDXS) was used for elemental analyses and mapping
in the scanning-transmission mode (STEM). The samples in the
powder form were dispersed in ethanol and placed on a copper
lacy-carbon coated TEM grid.

Energy dispersive X-ray (EDX) spectroscopy was performed
on a Zeiss Supra 35 VP microscope (acceleration voltage 20 kV)
equipped with a 100 mm2 silicon dried detector (SDD). The
samples were compressed into pellets with a diameter of 6 mm
and a thickness of 1 to 2 mm. Prior to recording the spectra, the
pellets were coated with carbon. For each sample, EDX spectra
were recorded at 5 different sites of interest and evaluated with
the INCA soware.
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4 K. Kümmerer, J. H. Clark and V. G. Zuin, Rethinking
chemistry for a circular economy, Science, 2020, 367, 369–
370.

5 G. Salviulo, M. C. Lavagnolo, M. Dabalà, E. Bernardo,
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