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Zeolites with defects can be combined with appropriate synthetic protocols to beneficially stabilise metallic
clusters and nanoparticles (NPs). In this work, highly dispersed Ni NPs were prepared on a defect-rich
dealuminated beta (deAl-beta) zeolite through strong electrostatic adsorption (SEA) synthesis, which
enabled strong interactions between the electronegative deAl-beta and cationic metal ammine complexes
(e.g., Ni(NHz)e>") via the framework silanol nests. Ni NPs with diameters of 1.9 + 0.2 nm were formed after
SEA and reduction in H, at 500 °C and showed good activity in CO, methanation (i.e., specific reaction rate
of 3.92 x 10 mol s* gyt and methane selectivity of 99.8% at 400 °C under GHSV of 30000 mL gt h™).
The mechanism of the SEA synthetic process was elucidated by ex situ XAFS, in situ DRIFTS, and DFT. XAFS
of the as-prepared Ni catalysts (i.e., unreduced) indicates that SEA leads to the exchange of anions in Ni
precursors (e.g., CI" and NO3z’) to form Ni(OH),, while in situ DRIFTS of catalyst reduction shows a
significant decrease in the signal of IR bands assigned to the silanol nests (at ~960 cm™), which could be
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ascribed to the strong interaction between Ni(OH), and silanol nests via SEA. DFT calculations show that
metallic complexes bind more strongly to charged defect sites compared to neutral silanol nest defects

-1 . . . . . ape
DOI: 10.1039/d3cy01334k (up to 150 kJ mol™), confirming the enhanced interaction between metallic complexes and zeolitic

supports under SEA synthesis conditions. The results provide new opportunities for preparing highly

rsc.li/catalysis dispersed metal catalysts using defect-rich zeolitic carriers for catalysis.

1. Introduction
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Supported ultrasmall metal and/or metal oxide nanoparticles
(NPs) are an important class of catalysts applied in various
fields such as emission control and C; chemistry."”
Ultrasmall NPs (typically smaller than 5 nm)® can be highly
active in catalysis due to the high density of active sites
exposed to reactants, and therefore significant research
efforts have been made to engineer new catalysts of this
nature.> Metal NPs are commonly supported on inorganic
oxides (such as alumina, silica, titania and ceria) or on highly
porous materials (such as zeolites and metal-organic
frameworks, MOFs) and the interaction between the catalyst
and the support is vital to control the size and dispersion of
the resulting supported metal NPs, with the size key to the
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subsequent catalytic activity and selectivity. However, for
ultrasmall NPs supported on highly porous materials, it is
challenging to control the metal size and dispersion when the
conventional impregnation methods are employed.®

To address the challenge of size-controlled nanoparticle
synthesis, the strong electrostatic adsorption (SEA) process
was proposed to fabricate highly dispersed metal species on

This journal is © The Royal Society of Chemistry 2024
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various supports (such as SiO,,” Al,03*° carbon' and
zeolites™*?), where the protonation/deprotonation of surface
hydroxyl groups leads to increased interaction strength
between support and precursor. Zeolites are ideal supports
for ultrasmall NPs due to their high porosity, frameworks
with different pore sizes and topologies, good stability, and
the number of available synthetic routes to include metallic
phases.”>™™ In combination, these properties offer
opportunities to engineer specific host-guest interactions,
which allows the preparation of highly dispersed supported
metal NPs. Attempts to combine SEA with zeolitic carriers
have resulted in highly dispersed noble metal species like Pt
NPs on ZSM-22 and ZSM-5 zeolites.""'* For example, Niu
et al. prepared Pt clusters (of ~1 nm, 1 wt%) on hollow
silicalite-1 zeolite by SEA using Pt(NH;),(NO3), as the
precursor in an alkaline aqueous solution (pH of 11.5,
adjusted by NH,OH) for deep hydrogenation of polycyclic
aromatic hydrocarbons."” The resulting Pt catalyst possesses
electron-deficient Pt’" species due to the strong metal-
support interactions, leading to a good deep hydrogenation
performance. Ning et al. employed the SEA synthesis to
prepare highly dispersed Pt clusters (~1.2 nm, 0.3 wt%,
Pt(NH3;),Cl, as the precursor in an alkaline aqueous solution
at pH 9 adjusted by NH,OH), which showed better
conversion and selectivity in n-dodecane isomerization than
the control catalyst prepared by impregnation.?
studies have demonstrated the potential of combining of SEA
and zeolitic supports, yet the mechanisms relating to the
interactions between metal precursors and zeolites during
SEA are not fully understood, requiring further investigation
to progress the synthetic approach.

Post-synthetic dealumination of zeolite frameworks can
improve the hydrothermal stability and catalytic activity.'®
After dealumination of a zeolite (e.g., by acid treatment),
silanol defects, such as silanol nests, are produced, which
could be employed for functionalisation of dealuminated
zeolites with metallic species for catalytic applications.
Taking dealuminated beta zeolite (deAl-beta) as the example,
incorporation of single atoms (e.g., Sn (ref. 17) and Zn (ref.
18)) and stabilisation of metal clusters and NPs (e.g.,
Cu0,,"”*° NiO, (ref. 21-23) and CoO, (ref. 24 and 25)) has
been demonstrated by the silanols nests in the framework
and/or at extraframework sites. The anchoring of the highly
dispersed metal species on deAl-beta is strongly affected by
the silanol groups, as well as the synthesis methods. For
instance, Ni/deAl-beta (sizes of the Ni NPs <1 nm, 1 wt%,
Ni(acac), as the precursor in n-pentane) was developed for
C,H, hydrogenation, and the EXAFS characterisation of the
Ni coordination environment suggested that the Ni species
occupied the silanol nests in deAl-beta with a distorted
tetrahedral geometry.”> In the study by Gac et al, the
supported Ni NPs catalysts were prepared on both pristine
H-beta (silicon to alumina ratio, SAR = 12) and deAl-beta
(SAR = 1000) by impregnation (using Ni(NO;), as the
precursor with metal loading of ~10 wt%), and the latter
promoted the formation of smaller Ni NPs (particle diameters

Previous
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of ~7.3 nm) than the pristine H-beta (with the resulting Ni
NPs of ~22.5 nm), leading to the improved performance in
catalytic CO, methanation. Comparatively, conventional
impregnation in aqueous systems is prone to encourage the
formation of large metal NPs, possibly due to the poor guest-
host interactions.

Here, we report a detailed study of the effect of SEA
(between a silanol nest-rich deAl-beta zeolite and cationic
metal precursors) on the preparation of highly dispersed
ultrasmall metal NPs on deAl-beta. To demonstrate the
effectiveness of SEA for promoting Ni dispersion, a
comparative study wusing the SEA and conventional
impregnation (IM) was conducted (using NiCl, as the
precursor) with the resulting catalysts comprehensively
characterised to obtain the relevant physicochemical
properties for comparison. The mechanism of the SEA
synthesis was elucidated by the
characterisation using X-ray absorption spectroscopy (XAS), in
situ hydrogen temperature-programmed reduction coupled
mass spectroscopy (H,-TPR-MS) and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), as well as
density functional theory (DFT) simulations. Finally, the
advantage of the Ni catalysts prepared by the SEA synthesis
was demonstrated by the model catalytic system of CO,
methanation.

results from various

2. Results and discussion

2.1 Characterisations of highly dispersed metal nanoparticles
on deAl-beta

Dealumination of the pristine H-beta (SAR = 12) using
concentrated HNO; (13 mol L™, 1 g zeolite per 20 mL
solution) led to significant Al removal (SAR > 1000, by ICP)
and formation of abundant silanol nests in deAl-beta (as
evidenced by "H NMR, Fig. S1t), agreeing with previous
findings.”*® We first explored the SEA synthesis for
preparing the Ni catalyst on deAl-beta using NiCl, as the
precursor (herein denoted as Ni-Cl@deAl-beta-SEA). The
NiCl, precursor is known as non-ideal for catalyst
preparation due to the detrimental effect of residual chlorine
on catalytic performance,**° as exemplified by Ni catalysts
based on various supports such as SiO,, Al,03;, CeO, and
Ti0,.>'™* In the SEA synthesis, NiCl, was dissolved in
deionised water with the pH adjusted by NH,OH to ~12 to
encourage formation of hexaamminenickel chloride
(Ni(NH3)6Cl,), as evidenced by a colour change of the
solution from the light green of aqueous NiCl, to light blue
of Ni(NH;)sCl, (Fig. S27) and the electronegative deAl-beta
(i.e., the macroanion, due to the low isoelectric point of
zeolite®>>®). Consequently, the strong electrostatic adsorption
between the precursor and zeolite prevents metal sintering
during the direct thermal reduction in H, at 500 °C (without
calcination) and enables the formation of small Ni NPs in
Ni-Cl@deAl-beta-SEA. Detailed experimental and
characterisation approaches are presented in the ESLf
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233442 nm Ni-Cl@deAl-beta-SEA are 3.5 + 0.4 nm, with a
dispersion of ~29% according to the calculations in
ESIF For the same material subjected to the
1075 70 25 30 3 impregnation synthetic method, forming Ni-Cl/deAl-beta-

Particle size (nm)

IM, the result is significantly larger with NP diameters
of 23.3 + 4.2 nm, with a dispersion of ~4%. SEM-EDS
mapping images (Fig. S37) also shows noticeable Ni
particle aggregation for Ni-Cl/deAl-beta-IM whilst Ni-
Cl@deAl-beta-SEA  shows homogenous Ni distribution.
The results suggest that, when metal chlorides are used
as precursors for catalyst preparation, SEA may
intrinsically mitigate the adverse effect caused by
residual Cl on metal -chloride-derived catalysts, ie.,
metal aggregation.

XRD analysis (Fig. 2a) verifies the presence of highly
dispersed Ni NPs in Ni-Cl@deAl-beta-SEA. The characteristic
diffraction peaks of metallic Ni phases (at 26 = 44.7, 51.9 and
76.6°,>” JCPDS No. 01-070-0989) were insignificant in the
XRD pattern of Ni-Cl@deAl-beta-SEA despite the relatively
high ~8 wt% Ni loading detected by ICP (Table S1f).
Conversely, intense diffraction peaks of metallic Ni crystalline
were measured for Ni-Cl/deAl-beta-IM, suggesting large Ni
particles were formed. The diameter of Ni crystallites was
estimated to be ~18 nm, by application of the Scherrer
equation on the peaks at 20 = 44.7, 51.9 and 76.6°, which

After direct H, reduction, HAADF-STEM and HRTEM  agrees with the HRTEM.*® Nitrogen (N,) physisorption
(Fig. 1a-d) reveals that the diameters of the Ni NPs on  analysis (Fig. 2b, Table S1}) shows a significant reduction in

Fig. 1 HAADF-STEM and HRTEM micrographs of (a and b) Ni-Cl/deAl-
beta-IM and (c and d) Ni-Cl@deAl-beta-SEA. The particle size
distribution of the studied catalysts was based on statistics of counting
ca. 100 particles from relevant HRTEM images (using ImageJ).
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Fig. 2 (a) XRD patterns and (b) N, physisorption isotherms of the beta zeolite supports and the associated Ni catalysts; (c) Ho-TPR (of the as-
prepared Ni catalysts after drying at 120 °C for 4 h), (d) XPS profiles, () XANES and (f) Fourier transform of k*-weighted EXAFS spectra of the
reduced Ni-Cl@deAl-beta-SEA and Ni-Cl/deAl-beta-IM. Note that the data of Ni(OH), is referred to the XASLIB database.
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microporosity for Ni-Cl@deAl-beta-SEA, with a specific
micropore area, Smicro, of 184 m* g™', compared to 361 m* g™*
for the bare deAl-beta support (note that the mesoporosity of
the support was preserved after the metal deposition). The
mesopore diameter distribution for Ni-Cl@deAl-beta-SEA
centres at ~7 nm, whilst that of deAl-beta is ~10 nm (Fig. 2b
, inset); the difference in mesopore sizes corresponds to the
diameter of the small Ni NPs in Ni-Cl@deAl-beta-SEA (i.e.,
~3.5 nm). Considering that the deAl-beta is in the form of
nanocrystals with intercrystalline mesopores (Fig. S4t), small
Ni NPs should reside in the mesoporous domains of the
deAl-beta, causing the partial blockage of the intrinsic
micropores of the deAl-beta. In contrast, Ni-Cl/deAl-beta-IM
show properties comparable to deAl-beta (e.g., Sggr, 545 VS.
582 m” g ' of deAl-beta, Table S1%), indicating that the large
Ni particles were mainly located on the external surface,
which agrees also with the HRTEM results.

The reducibility of Ni-Cl@deAl-beta-SEA and Ni-Cl/deAl-
beta-IM was studied by H,-TPR (Fig. 2c), revealing that Ni-Cl/
deAl-beta-IM could be reduced easily at lower temperatures,
with sharp reduction peaks, especially at 315 and 362 °C. The
reduction peaks are tentatively attributed to the reduction of
Ni*" species at the outer surface,”® where relatively weak
guest-host interactions exist. Ni-Cl@deAl-beta-SEA were
comparatively difficult to reduce, showing a broad reduction
peak at 200-600 °C that suggests the relatively strong guest-
host interaction in Ni-Cl@deAl-beta-SEA enabled by the SEA
synthesis. Similar reduction behaviours were reported
previously by Wang et al. for relevant Ni/SiO, catalysts.”® The
peak area of Ni-Cl/deAl-beta-IM (normalised by the mass of
the sample) is 1.5 times that of Ni-Cl@deAl-beta-SEA,
corresponding to the ratio of the actual Ni loadings on the
two catalysts (ie., ratio of ~1.48, the Ni loading in Ni-Cl/
deAl-beta-IM and Ni-Cl@deAl-beta-SEA is 11.71 and 7.92
wt%, respectively, Table S1f). In addition, H,-TPR
characterisation suggests that thermal reduction at 500 °C
could reduce the two catalysts satisfactorily.

The surface chemical state of Ni was probed by ex situ XPS
and XAS. XPS elemental analysis shows that the surface Ni/Si
atomic ratio in Ni-Cl@deAl-beta-SEA is higher than Ni-Cl/
deAl-beta-IM, viz. ~0.074 vs. ~0.01 (calculation method is
shown in ESIf). Moreover, the peak intensity of the Ni 2p
spectra of Ni-Cl@deAl-beta-SEA is higher than that of Ni-Cl/
deAl-beta-IM (Fig. 2d). According to previous studies,""** the
differences observed in the results suggest that the Ni NPs
are better dispersed on Ni-Cl@deAl-beta-SEA. The
deconvolution of the Ni 2p;,, spectra shows that Ni-Cl@deAl-
beta-SEA is dominated by three peaks with binding energy (B.
E.) of 854.6 and 856.6 eV, along with a broad shake-up
satellite peak at 862 eV, corresponding to Ni** species.”’ ™
Conversely, two B.E. peaks of 853.1 and 856.3 eV,
corresponding to Ni°’ (proportion of ~33%) and Ni*" cations
(proportion of ~67%), were found in Ni-Cl/deAl-beta-IM,
consistent with the XRD results above, i.e., metallic Ni exists.
To obtain detailed structural information of Ni species, Ni
K-edge XANES and EXAFS characterisation was conducted.

This journal is © The Royal Society of Chemistry 2024
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The Ni K-edge XANES spectra (Fig. 2e) shows that the white
line position of Ni-Cl@deAl-beta-SEA is higher than the Ni-
Cl/deAl-beta-IM and Ni foil, indicating the oxidation state is
higher in the SEA synthesised Ni catalyst. The chemical form
of Ni species in the SEA and IM synthesised Ni catalysts was
further analysed by EXAFS (Fig. 2f). Fourier transform of k-
weighted EXAFS spectra indicate that the Ni-Cl@deAl-beta-
SEA and Ni-Cl/deAl-beta-IM materials show features like NiO
and Ni foil standards, respectively, agreeing with the results
of the XPS. In summary, our results suggest that the highly
dispersed Ni NPs in Ni-Cl@deAl-beta-SEA are in a higher
oxidation state than in Ni-Cl/deAl-beta-IM. In view of the fact
that the Ni-Cl@deAl-beta-SEA should be reduced after
reduction at 500 °C, the mere presence of NiO species could
only be due to complete re-oxidisation of the smaller NPs
when exposed to air during the ex situ characterisations.

2.2 Mechanism of SEA synthesis on deAl-beta

To understand the chemical state of Ni species in the as-
prepared Ni catalysts (i.e., unreduced) from the IM and SEA
synthesis, XAFS was applied (Fig. 3). From the Ni K-edge
XANES spectra (Fig. 3a), the as-prepared Ni-Cl/deAl-beta-IM
shows similar features to the NiCl, standard, whilst the Ni-
Cl@deAl-beta-SEA displays different characteristics (e.g., at
~8360 and ~8365 eV), indicating the presence of another Ni
form. With support from the k*-weighted EXAFS, the as-
prepared Ni-Cl/deAl-beta-IM is confirmed as a NiCl, state,
whilst the Ni-Cl@deAl-beta-SEA is identical to the Ni(OH),
standard. The result indicates that the CI” could be
exchanged by OH™ during the SEA synthesis, which enables
its segregation from the catalyst (note that the catalyst is
centrifuged after SEA process), and alleviates the undesirable
effect of CI” on reduced metal dispersion. In addition,
significant CI” was detected by adding silver nitrate solution
(0.1 mol L™) to the solution after SEA (which was separated
from the solid product by centrifugation), showing the
formation of the white precipitate (AgCl), as shown in Fig.
S5.f Also, SEM-EDS analysis of the as-prepared catalysts (Fig.
S3t1) shows that the residual chlorine on Ni-Cl@deAl-beta-
SEA was notably lower than on Ni-Cl/deAl-beta-IM, viz. ~0.1
vs. ~1.2 wt%, confirming that residual chlorine could be
efficiently segregated from the catalyst surface during SEA
before reduction.

The species evolution of the Ni catalysts prepared by the
IM and SEA were further studied by in situ H,-TPR-MS (Fig.
S61). The MS profiles of the Ni-Cl/deAl-beta-IM (Fig. S6at)
reduction show considerable H, uptake, leading to water and
HCI formation (m/z = 18 and 38) at 356 °C and 379 °C,
respectively. Comparatively, noticeable variation in the H,
consumption of Ni-Cl@deAl-beta-SEA (Fig. S6b1) was shown
at 460 °C but being less significant than that of Ni-Cl/deAl-
beta-IM. No HCI was detected for the reduction of Ni-
Cl@deAl-beta-SEA, confirming that the ClI” was segregated
from the catalyst after the SEA synthesis and not present in
the final material. Notably, water formation was remarkable

Catal. Sci. Technol., 2024, 14,164-173 | 167
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Fig. 3 Ni K-edge XANES analysis (a) of Ni form in as-prepared Ni-Cl/deAl-beta-IM and Ni-Cl@deAl-beta-SEA (after drying at 120 °C for 4 h) and

(b) the Fourier transform of k*-weighted EXAFS spectra.

at >200 °C during the reduction of Ni-Cl@deAl-beta-SEA,
which could be primarily assigned to the reaction of Ni(OH),,
since the water production from condensation of silanol nest
only starts at >400 °C and was less significant (Fig. S6ct).

In situ DRIFTS was employed to study the evolution of
hydroxyl groups in the catalysts during reduction from 100 to
400 °C at 10 °C min™" (Fig. 4). The isolated Si-OH in deAl-
beta (at ~3727 cm™') is red-shifted and broadened after Ni
loading by IM and SEA, with the latter showing more
significant changes. The red-shift and broadening of isolated
Si-OH in zeolitic materials has been reported as perhaps
related to the hydrogen-bonding perturbation with guest
substances;'"*> here, we speculate that the phenomenon

~960 cm™!
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Fig. 4 In situ DRIFTS studies on reduction of Ni catalysts prepared by

IM and IM with NiCl, as precursor.
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observed in Ni-Cl@deAl-beta-SEA could be derived from the
interaction with Ni(OH),. The broad adsorption band of the
silanol nest and/or H,O, with a maximum at ~3500 cm*,
shows a gradual decrease in intensity with the increase of
temperature in all samples, which is probably due to the
metal-silanol nest interaction and/or removal of the
adsorbed water. Notably, the adsorption band at ~960
cm™', which is considered to be from the silanol defects
due to the removal of framework AL**™*® reduces in
intensity more in Ni-Cl@deAl-beta-SEA than Ni-Cl/deAl-
beta-IM. Thus, the fundings above suggest that in the
model system the Ni(OH), species were formed during SEA
and interacted with the silanol nests in deAl-beta for
anchoring Ni species on the zeolitic support. In addition,
the signal at ~3601 cm™ was found for pristine H-beta
(instead of the dealuminated ones), being ascribed to the
Bronsted acid sites in the H-beta."’

2.3 Validation of SEA with different Ni precursors and deAl-
beta supports

Thus far, the SEA synthesis showed the ability to exchange
Cl" to form Ni(OH), in the as-prepared Ni catalyst, which
then interacts with the silanol nest and stabilises during
reduction. However, it remains unclear whether the increase
in metal dispersion was due to the ClI” removal or the metal
stabilisation by the silanol nest, or the combination of both.
Therefore, Ni catalysts synthesised using Ni(NO;), as the
precursor were prepared (i.e., Ni-NO;@deAl-beta-SEA), and
relevant properties were characterised and discussed in ESIf
(Fig. S7 and Table S1, including XRD, N, physisorption, XPS
and in situ DRIFTS of catalyst reduction). Ni-NO;@deAl-beta-
SEA (Ni loading of ca. 7 wt%) showed smaller Ni NPs and
narrower diameter distribution compared to the counterpart
prepared by impregnation, i.e., Ni-NOz/deAl-beta-IM (1.9 +

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 TEM images of Ni catalysts prepared using Ni(NOs), as the precursor. (a) Ni-NOs@deAl-beta-SEA, (b) Ni-NOs/deAl-beta-IM and (c) Ni-
NOs@calcinated deAl-beta-SEA. The particle size distribution of the three catalysts was based on statistics of counting ca. 100 particles from

relevant HRTEM images (using ImageJ).

0.2 vs. 3.3 £ 1.2 nm, Fig. 5a and b), proving that the SEA
synthesis is generic regardless of the types of Ni precursors.
Also, it is worth noting that the Ni-NO;@deAl-beta-SEA
catalyst presents one of the smallest supported Ni NPs in
comparison with the relevant state-of-the-arts (with the Ni
NPs sizes ranging from 2.6 to 18 nm, prepared by different
syntheses such as ligand-protected encapsulation and ion
exchange-deposition-precipitation, Table S27).

To study the role of the silanol defects in the SEA
synthesis, a Ni catalyst was prepared using the calcinated
deAl-beta, which has less hydroxyl groups (as evidenced by
TGA, DRIFTS, XRD and N, physisorption characterisation,
Fig. S8a-ff). The results show that the resulting Ni-
NO;@calcinated deAl-beta-SEA catalyst has slightly larger
Ni NPs (Fig. 5c¢) and less reduction in porosity (Table
S1t), indicating the importance of abundant silanol groups
in the stabilisation of highly dispersed Ni NPs during
SEA.

The Ni catalysts prepared with Ni(NO;), were further
characterised by in situ CO-DRIFTS to study the types of Ni
species (metallic and/or metal oxide, Fig. S97). Ni-NO;@deAl-
beta-SEA presents a symmetrical band at 2036 cm™" assigning
to the CO linearly adsorbed on metallic Ni atom, whilst the
Ni-NO;/deAl-beta-IM and Ni-NOz;@calcinated deAl-beta-SEA
catalysts display more heterogeneous bands correlating to
both CO adsorption on metallic (at ~2053 cm™) and oxidised
Ni species (at ~2116 c¢cm™'). In summary, SEA enables
effective utilisation of the silanol groups in deAl-beta to
encourage the formation of highly dispersed metallic Ni NPs,
which is expected to benefit the catalysis where small
metallic NPs are preferred.

Table 1 The adsorption energy (kJ mol™) of the selected complexes
with the deAl-beta silanol nest. Charges of 0, -1, and -2 e are used in the
models for the fully protonated (IM), and single and double deprotonated
(SEA) cases, respectively. Values are calculated using egn (S2)

Fully Singly Doubly
Ligand  protonated (IM) deprotonated (SEA) deprotonated (SEA)
NiCl, =52 -110 -207
Ni(NO;), -66 -71 -198
Ni(OH), -113 -71 -190

This journal is © The Royal Society of Chemistry 2024

2.4 DFT simulation

To demonstrate the presence of strong electrostatic
interactions between the zeolite framework and the metallic
complexes, DFT calculations were performed to obtain the
adsorption energy for metal complexes (including NiCl,,
Ni(NO3), and Ni(OH),) on a fully protonated (IM) and a singly
and/or doubly deprotonated silanol nests (SEA) within deAl-
beta (Table 1). Results show that the stability of the adsorbate
complex generally increases with the degree of deprotonation
of the silanol nest. For example, the adsorption energy of
Ni(NO;), strengthened from —66 to —71 and —198 kJ mol ™ for
the fully protonated, singly deprotonated and doubly
deprotonated silanol nests, respectively. The enhanced
interaction between metal complexes and zeolite framework

Fig. 6 Optimised geometries of metallic complexes adsorbed on the
deAl-beta framework: Ni(NOsz), adsorption to the silanol nest at (a) full
protonation (IM), (b) first degree of deprotonation, (c) second degree
of deprotonation, and (d) Ni(OH), adsorption at the doubly
deprotonated silanol nest.
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is also indicated by the distance between Ni and closest
silanol oxygen (Fig. 6), which are 3.78, 2.02, and 1.86 A for
fully protonated (Fig. 6a), singly deprotonated (Fig. 6b) and
doubly deprotonated silanol nest (Fig. 6c¢). In the fully
protonated silanol nest, the Ni(NO;), adsorbs weakly to the
silanol site and lies in the centre of the zeolite cage, while
the Ni(NO3), interacts strongly with the dangling oxygen
group in the singly deprotonated silanol nest, but the metal
cation generally lies outside of the silanol nest. Furthermore,
for the doubly deprotonated silanol nest, the metal centre
coordinates between the two negatively charged oxygen
fragments, which overall come into far closer contact with
the dealuminated sites (Fig. 6c¢). The combination of
adsorption energetics and geometry imply that the metal
centres form strong electrostatic interactions with the
deprotonated silanol framework oxygens, which is expected
to promote higher dispersion of the Ni species throughout
the zeolitic framework.

XANES analysis (Fig. 3) has shown that Ni(OH), is the
dominant complex in the as-prepared Ni-Cl@deAl-beta-SEA,
as opposed to Ni-Cl/deAl-beta-IM, where NiCl, remains the
main mode of the metallic complexation. It is therefore
proposed that OH from the basic aqueous solution
exchanges with the CI™ ligands of the adsorbed Ni centre in
the SEA process. To confirm this, a set of simulations were
conducted to measure the energetic changes involved with
ion exchange, where the exchange of two/one OH™ ions for a
given ligand coordinated to the adsorption complex, NiX, (X
= NO;, Cl), is expressed in eqn (1) and (2).

20H" + deAl-beta-NiX, — deAl-beta-Ni(OH), + 2X" (1)
OH™ + deAl-beta-NiX — deAl-beta-Ni(OH) + X~ )

The energy changes of eqn (1) and (2) are calculated with eqn
(S2) and (S3) (ESIT). Table 2 shows that the exchange of the
OH™ anions from a vacuum phase reference is generally a
highly exothermic process; furthermore, compared to the
isolated complexes (e.g., NiCl,), ion exchange of OH" is
broadly more energetically favourable for the adsorbed
complex (e.g., deAl-beta-NiCl,). However, the effect of silanol
nest deprotonation on the energetics of ion exchange is
largely case dependent. For example, the variance of OH™
exchange energies with respect to deprotonation for NiCl,
and Ni(NO;), is relatively small, becoming either slightly

View Article Online
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more (-9 kJ mol™) and less exothermic (21 kJ mol™),
respectively. A notable exception is the exchange of OH™ with
Ni(NO;3) on deAl-beta, where exchange on the singly
deprotonated silanol nest is highly endothermic (+316 KkJ
mol™) and exothermic for the doubly deprotonated silanol
nest (-178 kJ mol™); this observation is likely driven by the
exchange of a bidentate with a monodentate ligand, leading
to an undercoordinated Ni centre. The results demonstrate
that the SEA effect may in some cases be stronger in basic
environments, where two silanol groups (or more) are
deprotonated.

The above results qualitatively illustrate that the formation
of the adsorbed deAl-beta-Ni(OH), complex is generally
favourable. To further verify the results, calculations were
performed with an implicit solvation model (3D-RISM) to
incorporate an aqueous reference state for the ligands,
allowing demonstration as to why this exchange process is
observed for SEA but not for IM. Ion exchange is expressed as
the eqn (3) in a solvent, (where X = NO;).

20H + NiX, — Ni(OH), + 2X (3)

We find that the exchange of OH is exothermic in vacuum
(209 kJ mol™) but endothermic in solvent (+53 kJ mol™).
The ion exchange in solvent is disfavoured due to the
favourable free energy of solvation for OH™ relative to NO;~
(-428 kJ mol™ vs. —-205 kJ mol ™). Therefore, for weakly
adsorbed complexes, the replacement of the NO;™ ligands is
generally disfavoured because of this disparity in the stability
of the free ligands, which means that ligand exchange can
only occur when there is strong framework interaction (i.e.,
SEA) to supplement the stability. As a result, this process is
infeasible in the IM synthesis process (minor differences
between the vacuum ion exchange values are driven by
different dispersion corrections in software choices; see ESIf
for more detail).

Finally, we consider bonding interactions that occur for
deAl-beta-Ni(OH),, where an OH™ ligand is shared between a
silicon in the silanol nest and the Ni centre (e.g., Fig. 6d).
This structure occurs for multiple starting geometries,
despite the repositioning of the OH™ ligand around the Ni**
centre. However, [Ni(NH;)s(OH),]aq) Was not observed in as-
prepared Ni-Cl/deAl-beta-IM, meaning the adsorption of
Ni(OH), was not considered a significant route within the IM
process. Furthermore, XANES analysis showed that the

Table 2 Reaction energy (kJ mol™) of ion exchange of OH™ with a selection of adsorbed Ni complexes, with a vacuum phase reference for the ligand

species

Reaction Singly deprotonated (charge = -1) Doubly deprotonated (charge = —2)
20H" + deAl-beta-NiCl, — deAl-beta-Ni(OH), + 2CI~ -294 -303

20H™ + deAl-beta-Ni(NO;), — deAl-beta-Ni(OH), + 2NO;~ -352 -331

OH™ + deAl-beta-NiCl — deAl-beta-NiOH + Cl~ -204 -145

OH™ + deAl-beta-Ni(NO;) — deAl-beta-NiOH + NO;~ +316 -178

20H" + NiCl, — Ni(OH), + 2CI° -49

20H™ + Ni(NO;), — Ni(OH), + 2NO;~ -338
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Table 3 Catalytic performances of various Ni catalysts (GHSV of 30000 mL g h™, total flowrate of 50 mL min™, CO,/H,/Ar = 1/4/5, over ~0.1 g

catalyst)

Catalyst Ni loading (%)  Xco,” (%) Scu, (%) Ico, (x107 mol s gni )
Ni-Cl/deAl-beta-IM 11.71 6.8 (£0.2)°  25.3 (x0) 0 23.8 (+0.3)  0.22 (:0.01)  0.81 (20)
Ni-Cl@deAl-beta-SEA 7.92 453 (#1.4)  72.0 (+1.1)  96.2 (x0.4)  99.7 (x0.1)  2.13 (x0.06)  3.38 (£0.05)
Ni-NO,/deAl-beta-IM 10.16 61.8 (+2.1)  78.0 (:0.1)  99.4 (x0.2)  99.9 (x0) 2.26 (+0.08)  2.86 (+0)
Ni-NO,@calcinated deAl-beta-SEA  7.67 58.1(x0.7)  74.9 (+0) 97.6 (£0.2)  99.6 (+0) 2.82 (£0.03)  3.63 (+0)
Ni-NO,@deAl-beta-SEA 7.12 59.6 (+1.9)  75.0 (+0.18)  97.8 (+0.7)  99.8 (+0) 3.11(0.1)  3.92 (+0.01)

“ Note that the results of Xco, Scu, and r¢o, at 350 and 400 °C were shown, respectively. > The standard deviation of the average was calculated

using at least three independent measurements.

formation of Ni(OH), likely follows a ligand exchange route
from either adsorbed NiCl, or Ni(NO;),, and in situ DRIFTS
studies show more significant red-shift and broadening of
the isolated silanol band during SEA synthesis. In
combination with the spectroscopic evidence, for adsorbed
Ni(OH), during SEA synthesis, the cross-centre bonding of
the OH species calculated for adsorbed Ni(OH), during SEA
synthesis may be responsible for the observed broadening of
the isolated silanol band.

2.5 Catalytic performances of highly dispersed nickel
catalysts for CO, methanation

To demonstrate the advantage of the ultrasmall Ni
catalysts prepared by SEA compared to preparations with
IM, catalytic CO, methanation over the relevant catalysts
was conducted (at 350-400 °C and GHSV of 30000 mL g
h™, total flowrate of 50 mL min ", CO,/H,/Ar = 1/4/5, over
~0.1 g catalyst), and results were summarised in Table 3.
Ni-Cl@deAl-beta-SEA showed considerably better
performance than Ni-Cl/deAl-beta-IM, with much higher
specific reaction rate (rco,) and CH, selectivity (Scy,) at
the two studied reaction temperatures (e.g., rco,: 3.38 vs.
0.81 x 10* mol s " gn © and Scu: 99.7 vs. 23.8% at 400
°C), suggesting that the Cl poisoning was avoided by the
SEA synthesis.*> Notably, Ni-NO;@deAl-beta-SEA with the
ultrasmall Ni NPs demonstrates the comparatively best
performance in CO, methanation among catalysts under
investigation (Table 3), as the state-of-the-art
catalysts (such as Ni supported on SiO,, Al,03;, ZrO, and
other zeolitic supports, Table S3f), with rgo, of 3.11 and
3.92 x 10* mol s gy ' and Scu, of >97% at 350 and
400 °C, respectively. The Ni-NO;@calcinated deAl-beta-SEA
catalyst showed slightly lower activity (e.g., rco, of 3.63 x
107 mol s™' gy ' at 400 °C) than Ni-NO;@deAl-beta-SEA,
whilst the Ni-NOj/deAl-beta-IM displayed a lower specific
reaction rate (e.g.,, rco, of 2.86 x 107" mol s™' gy ' at 400
°C) than the catalysts prepared by SEA. The results from
the catalytic studies demonstrate that SEA can promote
the utilisation of metal active species compared with IM,
mainly due to the improved metal dispersion. Longevity
test (Fig. S101) of Ni-NO;@deAl-beta-SEA at 400 °C for 40
h showed that the catalyst maintained high conversion
(~75%) and Ni dispersion (i.e., diameters of 2.2 + 0.3 nm,

as well

This journal is © The Royal Society of Chemistry 2024

by postreaction TEM, Fig. S11f), suggesting the good
stability of the highly dispersed Ni NPs prepared by SEA.

3. Conclusions

A strategy to prepare highly dispersed metal NPs on
dealuminated beta zeolite (deAl-beta) has been realised, in
which the SEA synthetic protocol enhances the interaction
between the electronegative zeolitic framework and cationic
metal precursors. The SEA method beneficially stabilises the
supported metal species during thermal reduction, which
leads to the formation of ultrasmall supported metallic NPs.
As a result, the supported Ni catalysts synthesised with NiCl,
as the precursor have a high Ni loading of ~8 wt% and
dispersion of ~29%, as well as ultrasmall NP diameters of
3.5 + 0.4 nm. In contrast, the conventional impregnation
synthesis showed significant metal aggregation with Ni NP
diameters of 23.3 + 4.2 nm and low metal dispersion of ~4%.
The Ni catalysts prepared by SEA show high activity in CO,
methanation at low temperatures, which we attribute to the
high dispersion of the species. Importantly,
mechanistic studies show that the SEA synthesis enhances
the interaction between silanol defects on the deAl-beta
zeolite and the metal precursor, which contributed to the
stabilisation of metal NPs on the carrier during thermal
reduction in H,. The results are supported by DFT
simulations, where the bonding at the deprotonated silanol
sites (SEA) is calculated to be up to ~150 k] mol™* stronger
than the fully protonated (IM) silanol nest. The proposed SEA
synthesis protocol can be a general method for developing
high-quality zeolite-supported metal nanoparticles for various
catalytic applications.
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