Facile and eco-friendly approach to produce confined metal cluster catalysts
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ABSTRACT

Zeolite supported metal nanocluster catalysts have attracted significant attention due to their
broad application in heterogeneously catalysed reactions. The preparation of highly dispersed
metal catalysts commonly involves the use of organic compounds and requires the
implementation of complicated procedures, which are neither green nor deployable at the
large scale. Herein, we present a novel facile method (vacuum-heating) which employs a
specific thermal vacuum processing protocol of catalysts to promote the decomposition of
metal precursors. The removal of coordinated H.O via vacuum-heating restricts the formation
of intermediates (metal-bound OH species), resulting in catalysts with a uniform, metal
nanocluster distribution. The structure of the intermediate was determined by in situ FTIR,
temperature-programmed decomposition and XAS measurements. This alternative synthesis
method is eco-friendly and cost-effective as the procedure occurs in the absence of organic
compounds. It can be widely used for the preparation of catalysts from different metal species

(Ni, Fe, Cu, Co, Zn) and precursors and is readily scaled-up.
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1. INTRODUCTION

In general, small active metal particle size catalysts exhibit significantly improved catalytic
properties compared to larger particle sizes [1-5]. Catalysts formed from isolated atoms of the
noble metals (Pt, Ru, Pd) have been shown to exhibit higher activity in hydrogenation [6, 7],
hydrodeoxygenation [8] and C-C coupling [9] compared to supported nano-catalysts.

On the other hand, it has been proposed that atomically dispersed metal catalysts exhibit poor
H. dissociation activity, attributed to weaker bonding compared to clustered metal catalysts
and this reduced dissociation activity results in reduced activity for hydrotreating reactions [10].
Strong metal-support interactions were frequently observed over zeolites and Al.O3 supported
Ni single-atom and cluster catalysts, resulting in an increased rate of electron transfer from
metal to support and a decreased hydrogenation activity compared to catalysts with a high
number of nanoparticles [11, 12]. For optimum results, the particle size of Ni should be
confined to a specific size distribution to maximize the concentration of surface active sites
while minimizing the rate of electron transfer from metal to support.

Catalysts with a high concentration of nanoclusters have been successfully prepared by a
variety of methods (e.g. deposition-precipitation, encapsulation, atomic layer deposition,
mass-selected soft-landing technique) [13-18]. However, most methods are complex and
involve the use of organic solvents (e.g. capping agents), which are not considered “green”
nor suitable for industrial manufacturing [19-23]. Moreover, the metal loadings achieved often
are too low to obtain a satisfactory activity for practical reactions that commonly occur under
harsh conditions (e.g. high temperature, high pressure and high weight hourly space
velocity/WHSV). Incipient wetness impregnation is frequently used to prepare bifunctional
catalysts due to its ease of scale up [24]. Metal aggregation, however, is inevitable via the
traditional impregnation methods even at low loading (< 5 wt%), which generates bulk metal
particles (>10 nm) [20, 25].

In this paper, we present a novel, efficient, simple and environmentally friendly modified
incipient wetness impregnation approach that allows the preparation of highly-dispersed Ni
clusters and smaller nanoparticles (0~3 nm) with high metal loadings (~10 wt%, Table S1). It
achieves this in the absence of organic solvent by very carefully heat treating samples under
vacuum. TiO,, SiO, and Beta zeolite (BEA) were chosen as supports due to their thermally
stability, and because they are widely used in hydrotreating reactions [26-28]. We show that
the decomposition of metal precursors and the removal of surface hydroxy groups was
promoted by vacuum-heating the catalyst at 260 °C. Further, it was found that the removal of
hydroxy groups, which were bound to Ni species, restricted the aggregation of NiO

nanoclusters (< 2 nm) to form bulk nanoparticles (> 7 nm) at higher calcination temperatures



(350-500 °C). The detailed catalyst preparation procedure, catalyst characterization and

catalytic testing information are described in the supplementary Information.

2. RESULTS and DISCUSSION

2.1. Catalyst Characterization

Characterization of samples by powder X-ray diffraction (PXRD, Figure 1a, S1) showed a
significant decrease in reflections corresponding to NiO (JCPD no. 04-0835) for Ni/BEA-vac-
500, Ni/TiOz-vac-500, and Ni/SiO2-vac-500 compared to the equivalent specimens calcined in
air, suggesting vacuum heating promoted the formation of smaller Ni species. The XRD
patterns of supports are provided in Figure S2. The TEM images, particle size distribution and
EDS maps of Ni/BEA and Ni/TiO: (Figure S3-4) also indicate the vacuum heated samples
possess a narrower metal particle size distribution (range = 0-9 nm) and a smaller mean metal
particle size (dni=3.9-4.3 nm) compared to air calcination samples.

The untreated Ni/BEA sample was heated to 260 °C and 350 °C to further investigate the
influence of vacuum and air treatments on the state of nickel (e.g. structure and particle size).
The Ni/BEA-thin-vac-260 and Ni/BEA-thin-vac-500 samples were prepared by vacuum
heating the uncalcined Ni/BEA thin pellets (thickness of 0.013 cm) to 260 °C and 500 °C,
respectively, which aims to investigate the influence of pellet thickness and heating
temperature on the structure of intermediate and metal particle size. As shown in Figure 1b, a
reduced intensity of NiO reflections was observed over Ni/BEA-vac-260 and Ni/BEA-vac-thin-
260, indicating the Ni(NO3),'6H.O was decomposed to smaller NiO particles at 260 °C by
heating the uncalcined Ni samples in vacuum. In contrast, these NiO diffraction peaks were
absent over Ni/BEA-air-260 and Ni/BEA-air-thin-260, with a small peak detected at 12.8 °.
This could be attributed to the nickel oxide hydroxide [29], suggesting the Ni(NO3).:6H.O was
decomposed to NiO4(OH), species in air at 260 °C. It is noted that the full width at half
maximum (FWHM) of NiO (2 0 0) diffraction peak over Ni/BEA-vac-thin-260 (1.8 °) was larger
than that of Ni/BEA-vac-260 (1.0 °), indicating the metal dispersion was further improved by
increasing the surface-to-volume ratio.

HAADF-STEM images revealed the small NiO nano-clusters (0~2 nm) and small nanoparticles
(2~3 nm) were dispersed on the BEA support over Ni/BEA-thin-air-260 as well as Ni/BEA-thin-
vac-260 (Figure 1c-d, Figure S5-6), indicating the NiO and NiO4(OH), species both were
present as small particles (~1.7 nm) after heating at 260 °C, in line with XRD analysis. The
particle size of Ni/BEA-thin-vac-500 (Figure 1e, Figure S7-8) was similar with that of Ni/BEA-
thin-vac-260 (Figure 1d), suggesting the small NiO species were not aggregated to large NiO

particles at higher calcination temperature, also supported by XRD analysis.



The high intensity of NiO diffraction peaks over Ni/BEA-air-350 (Figure 1b) indicates
NiOx(OH)y, species underwent agglomeration to bulk NiO nanoparticles when the calcination
temperature increased from 260 °C to 350 °C. There were no significant changes observed in
the FWHM of NiO (2 0 0) peak of Ni/BEA-vac-350 (1.1 °) and Ni/BEA-vac-500 (1.1 °) compared
to Ni/BEA-vac-260 (1.0 °), demonstrating that the small NiO particles formed at 260 °C did not
aggregate into large NiO species at higher calcination temperature. Given the high Tamman
temperature of NiO (841 °C) [30], 260 °C corresponds to a relatively low temperature,
restricting the migration of NiO species. The metal dispersion obtained by chemisorption is
shown in Figure 1f. In line with the analysis of XRD and TEM, the vacuum treated catalysts
exhibited a remarkably high dispersion compared to air calcination catalysts. In addition, it is
noted the Ni/TiO2-vac-120-air-500, which was degassed before heat treatment to 120 °C,
followed by heating up to 500 °C in air, displayed a significantly lower dispersion compared to
Ni/TiO2-air-120-vac-500 and Ni/TiO2-vac-500, indicating the application of vacuum below
120 °C did not improve the metal dispersion. In contrast, Ni/TiO»-air-260-vac-500 and Ni/TiO»-
vac-260-air-500 samples exhibited a high dispersion, as did Ni/TiO2-vac-500, indicating the

application of vacuum around 260 °C promoted metal dispersion.
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Figure 1. (a, b) XRD patterns of calcined samples; HAADF-STEM images of (c) Ni/BEA-thin-
air-260, (d) Ni/BEA-thin-vac-260 and (e) Ni/BEA-thin-vac-500; (f) metal dispersion of catalysts
with various calcination models.

Ha-temperature-programmed reduction was carried out to investigate the reducibility of BEA
supported Ni catalysts with varied metal size, with profiles shown in Figure 2a. A significantly
higher reduction peak around 425 °C was detected over Ni/BEA-air-500, attributed to the
reduction of large Ni nanoparticles weakly interacting with support [31, 32]. The higher
temperature peak centred around 510-550 °C was attributed to the reduction of smaller Ni
nanoparticles and clusters, which possess a strong interaction with BEA zeolite [11]. The
Ni/BEA-thin-vac-500 exhibited the highest peak area around 510 °C, followed by Ni/BEA-vac-
500 and Ni/BEA-air-500, indicating a higher concentration of smaller NiO particles present in
the vacuum treated samples. In addition, a small but distinct peak at 587 °C was observed
over Ni/BEA-thin-vac-500, which could be attributed to the reduction of isolated Ni cations
and/or clusters situated in the zeolite pores [32]. The interaction of Ni nanoparticle with BEA
was weak and the interaction of Ni single atoms with BEA was strong. In contrast, the Ni/TiO2-
vac-500 with smaller Ni particles exhibited the main reduction peak at 378 °C where the
highest reduction peak of bigger NiO nanoparticles over Ni/TiO.-air-500 was at 488 °C (Figure
S9). The different reduction temperature of small Ni species over Ni/BEA and Ni/TiO; indicates
the strength of the interaction between Ni species and support is not only related to the size
of Ni particles, but also linked to the nature of support.

The surface oxidation state of Ni in the prepared catalysts was investigated by X-ray
photoelectron spectroscopy (XPS) with the fitted spectra and second derivative spectra
displayed in Figure 2b and Figure S10. Two main peaks centred around 856 eV and 858 eV
were observed, assigned to the Ni 2ps» of NiO and Ni(OH), respectively [33, 34]. It is reported

that the Ni(OH)x species was formed by surface layer of NiO interacting with moisture in the



air [35-37]. All vacuum-heating samples show higher peak area ratios of Ni(OH)x 2ps;2 to NiO
2p3» compared to the air-calcination samples (Table S2), suggesting a higher amount of
surface Ni species over the vacuum-heating samples. This is also confirmed by the highest
surface atomic ratio of Ni to Si (surface risi) over Ni/BEA-thin-vac-500 (0.282), followed by
Ni/BEA-vac-500 (0.165) and Ni/BEA-air-500 (0.083). The Ni/BEA-thin-vac-500 shows the
highest surface rnisiand larger peak ratio of Ni(OH)x 2ps2 to NiO 2psj2, indicating the metal
dispersion was further improved by decreasing the thickness of the specimen, in line with XRD
and HAADF-STEM analysis (Figure 1b, e). While a large Ni(OH)x peak was observed over the
vacuum-heating samples in XPS spectra, the diffraction peaks of Ni(OH)x [38, 39] were absent
in the XRD patterns, which could be ascribed to the small size of Ni(OH)x species that were
formed in the surface layer beyond the detection of XRD. In addition, a small peak at 860.2
eV with satellite peak at 866.6 eV was observed over the Ni/BEA-thin-vac-500, which could
be ascribed to the isolated Ni cations located in the micropores strongly interacting with BEA
support and charge-compensating the framework.

The effect of vacuum pressure and support type on the metal dispersion was studied by XPS.
The surface Ni/Si atomic ratio was not significantly increased by lowering the vacuum pressure
from 102 (Figure S11) to 107 mbar (Figure 2b), indicating the metal dispersion was not further
improved by lowing the vacuum pressure during the calcination. In addition, an increased
surface Ni concentration and peak area of Ni(OH)x was observed over vacuum-heated Ni/TiO>
and Ni/SiO. samples compared to air calcined samples (Table S2, Figure S12), suggesting

the vacuum-heating method can improve the metal dispersion of nickel catalysts over diverse

supports.
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Figure 2. (a) Ho-TPR of Ni/BEA catalysts and (b) XPS of Ni/BEA catalysts.

2.2. Mechanistic Investigation of the Formation of Ni Clusters



Temperature-programmed-decomposition, in situ FTIR and EXAFS experiments were carried
out to determine the formation mechanism of Ni clusters during vacuum-heating.
Temperature-programmed-decomposition profiles of Ni(OH)2 and Ni(NOs)2-6H-O can be seen
in Figure 3a, with the desorbed H>O and NO: value displayed in Table S3. The majority of
coordinated H,O (m/z=18) was initially removed from Ni(NOs),:6H.0 below 200 °C, with 1.9
mmol NO- and 0.3 mmol H2O fully removed around 270 °C. In contrast, the peak maxima of
H20 over Ni(OH). was at 236 °C, suggesting the OH groups were strongly bound to Ni species
compared to the coordinated water in Ni(NOz)2-6H2O. The Ni/TiO2-uncalcined displayed a
similar behaviour to Ni(NO3),-6H-0, with 2 NO, and 0.5 H,O decomposed around 250 °C
(Figure 3b). The small amount of decomposed H.O above 200 °C over Ni/TiO2-uncalcined,
Ni/BEA-uncalcined and Ni(NOs)2:6H20 could be ascribed to the OH groups being strongly
bound to Ni species.

The peaks of m/z=18 (H.O) and m/z=46 (NO:) were not observed for Ni/TiOz-vac-260-1h,
indicating that the Ni(NOs)2-6H20 was fully decomposed to NiO, H>O, NO; and O; at 260 °C
under vacuum condition. In contrast, 0.4 units of H.O was still observed over Ni/TiO-air-260-
1h, suggesting calcination under air atmosphere below 260 °C was unable to remove the OH

groups strongly bound to Ni species.
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Figure 3. (a) Temperature-programmed-decomposition of Ni(NOs).:6H>O and Ni(OH),, the
signal was detected by mass spectrometry and the intensity was normalized to 1 mmol mass
of sample. (b) Temperature-programmed-decomposition profiles of Ni/TiOz-vac-260-1h,
Ni/TiO2-air-260-1h, Ni/TiOz-uncalcined and Ni/BEA-uncalcined, the intensity of Ni/TiO2-vac-
260-1h, Ni/TiO2-air-260-1h, Ni/TiO2-uncalcined was normalized by 0.1 g of uncalcined Ni/TiO..
(c) In situ FTIR spectra of Ni/BEA-uncalcined, ramp up at 1 °C/min from room temperature to
260 °C, and hold for 1 h then heat up to 300 °C under the pressure of below 10® mbar. (d)
FTIR spectra of Ni/BEA-air-260-1h and Ni/BEA-vac-260-1h at 200 °C under vacuum, the
Ni/BEA-air-260-1h and Ni/BEA-vac-260-1h were pre-treated by in situ calcination at 260 °C
for 1 h under air and vacuum, respectively, ramp up rate 1 °C/min.

FTIR spectra of Ni/BEA with various pre-treatments are exhibited in Figure 3c-d. As shown in
Figure 3c, the vibrations located at 3291 cm™ and 3368 cm™ were attributed to the N-H
vibration of the NH4* group originating from the NH4-BEA support (Figure S13). The broad
band around 3600 cm™ was assigned to the vibration of OH [40, 41], which was mainly from
the coordinated H.O as the intensity of AI(OH)Si was very low (Figure S13). The intensity of
OH vibrations decreased with increasing temperature up to 260 °C, suggesting the
decomposition of Ni(NOs),:6H2O. At a higher decomposition temperature (300 °C), the
intensity of bands in the range of 3000~3700 cm™ was not reduced compared to spectrum at
260 °C, indicating the Ni(NO3).-6H.O was fully decomposed at 260 °C, in line with
temperature-programmed-decomposition analysis.

Ni/BEA-air-260-1h exhibited a significantly stronger band around 3622 cm™ compared to
Ni/BEA-vac-260-1h (Figure 3d), indicating a high concentration of OH groups which were
bound to Ni species. This is in line with the spectrum of Ni(OH), (Figure S14), where a broad
peak around 3622 cm™ was also detected. The strong OH band in Ni/BEA-air-260-1h catalyst
suggests calcination in air below 260 °C was unable to remove the OH groups bound to Ni

species.
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Figure 4. (a) Fourier transformed of K*>-weighted EXAFS spectra at R space of Ni/BEA-air-
500, Ni/BEA-vac-500, Ni/BEA-thin-vac-500, NiO and Ni foil. (b) The wavelet transforms from
experimental data for NiO, Ni/BEA-air-500, Ni/BEA-vac-500, and Ni/BEA-thin-vac-500. (c)
Fourier transformed of K3>-weighted EXAFS spectra at R space of Ni/BEA-air-260, Ni/BEA-
vac-260, Ni(OH)2, NiO and Ni foil. Corresponding EXAFS (d, e) R space fitting curves of
Ni/BEA-air-260 and Ni/BEA-vac-260. (f) XRD patterns of Ni/BEA catalysts prepared by varied
precursors and pre-treatments. (g) Proposed decomposition of Ni(NOs),:6H.0 via the air
calcination and vacuum heating pathways

To determine the local structure of the Ni species, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) were acquired for Ni-based
catalysts. The Ni K-edge XANES spectra of Ni-based catalysts exhibit spectra similar to NiO
standard (Figure S15), indicating the Ni** is the dominant oxidation state in the prepared Ni
samples. In the Fourier-transformed K3-weighted EXAFS spectra (Figure 4a), two dominant
peaks at about 1.60 A and 2.55 A are assigned to Ni-O and Ni-Ni scattering paths, respectively.
The Ni/BEA-thin-vac-500 exhibited the lowest intensity of Ni-Ni scattering paths, followed by
Ni/BEA-vac-500 and Ni/BEA-air-500, suggesting a decreased number of neighbouring Ni
atoms over the vacuum-heating samples, in line with the fitted results (Table S4 and Figure
S16). In addition, the wavelet transform plot of Ni/BEA-thin-vac-500 exhibited the highest
intensity of Ni-O bond (Figure 4b), indicating an increased number of isolated NiO species.
The lower dispersion of Ni/BEA-vac-500 compared to Ni/BEA-thin-vac-500 is attributed to its
lower surface area to volume ratio, which results in a high concentration of internal physically
adsorbed water and promotes the formation of hydroxy species bound to Ni below 110 °C
(Figure S17-18, Table S5). The nickel bound hydroxy species, which were decomposed
between 200 and 300 °C, played an important role in metal aggregation. The decreased
intensity of Ni-Ni scattering paths was also observed over Ni/TiO2-vac-500 and Ni/SiO.-vac-
500 compared to the corresponding air-calcination samples (Figure S19).

Based on the structures, literature [35, 42] and fitted values of NiO and Ni(OH), standards
(Figure S20 and Table S6), the Ni-O distance of NiO (2.08 A) and Ni(OH) (2.07 A) is almost
the same, however, the Ni-Ni distance in Ni(OH). (3.12 A) is significantly higher compared to
that of NiO (2.95 A). Therefore, the position of Ni-Ni scatting path could be used as an
indication of the ligands and local structure of the Ni species. The observed position of Ni-Ni
scatting paths over Ni/BEA-vac-260 is similar to NiO (Figure 4c), indicating the Ni(NO3).:6H,0
was decomposed to NiO under vacuum at 260 °C. In contrast, the Ni-Ni scatting path position
of Ni/BEA-air-260 in Figure 4c is between that of NiO and Ni(OH)., indicating the Ni/BEA-air-
260 could be composed of two types of Ni-Ni scatting paths which were provided by the nickel
oxide hydroxide species generated via air calcination at 260 °C. The fitted results (Figure 4d-
e, Figure S21 and Table S6) confirmed two types of Ni-Ni shells over Ni/BEA-air-260, which

is in line with XRD, in-situ FTIR and temperature-programmed desorption results. Moreover,
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the Ni/BEA-air-260 exhibited similar Ni-O and Ni-Ni coordination number with that of Ni/BEA-
vac-260, indicating the bulk NiO particles were not formed over Ni/BEA-air-260 at 260 °C,
which agrees with XRD and HAADF-STEM analysis.

Based on the results from temperature-programmed decomposition, in-situ FTIR, XPS, XRD,
XAS, the mechanism to form large NiO and small NiO particles via air calcination and vacuum
heating treatments is proposed in Figure 4g. The Ni(NOs)2-6H-0 lost 1 unit of coordinated H.O
before 50 °C to form Ni(NO3)2-5H,0, followed by the decomposition of 4.5 units coordinated
H20 to Ni(NOs)2-0.5H20 from 50 °C to 200 °C. At this stage, the OH groups were coordinated
to Ni species, thus requiring a high temperature to be decomposed. Ni(NO3).-0.5H20 was fully
decomposed to NO, O,, H20 and Ni clusters when the temperature increased from 200 °C to
260 °C under vacuum (< 102 mbar). In contrast, when heated in air at 260 °C, only NO; was
decomposed to NO2 and O, while 0.5 unit H.O was still bound to Ni?* species. The OH groups
bound to Ni species promoted the aggregation of smaller Ni hydroxy species to form bulk NiO
nanoparticles when the temperature increased from 260 to 350 °C. The small NiO species
formed via vacuum-heating were not agglomerated to larger NiO particles when temperature
increased from 260 °C to 500 °C due to its low mobility and high melting point of the oxidic

cluster.

2.3. Other Nickel Precursors

Nickel chloride (NiCl;) and nickel acetate tetrahydrate (Ni(CH3zCO-)2-4H-0) precursors were
also used to prepare 9.8 wt% Ni/BEA-NICl; and 8.1 wt% Ni/BEA-nickel acetate catalysts by
air-calcination and vacuum-heating methods. As displayed in Figure 4f, the intensity of NiO
diffraction peaks over Ni/BEA-air-nickel acetate and Ni/BEA-vac-nickel acetate catalysts are
both quite low, indicating the presence of a distribution of small NiO particles. Metallic Ni
species were detected over Ni/BEA-vac-nickel acetate, attributed to the reduction of NiO via
vacuum-heating procedure, in line with XPS analysis (Figure S22-23). In contrast, Ni/BEA-air-
nickel chloride shows significantly higher intensity of NiO diffraction peaks than that of Ni/BEA-
vac-nickel chloride, indicating larger NiO nanoparticles distribution. Reduced Ni/BEA-air-nickel
chloride also displays higher intensity of metallic Ni diffraction peaks compared to that of
reduced Ni/BEA-vac-nickel chloride (Figure S24). TEM images and metal particle distribution
(Figure S25) indicate the Ni/BEA-vac-nickel acetate has the smallest Ni average particle size
(3.3 nm), followed by Ni/BEA-air-nickel acetate (5.4 nm), Ni/BEA-vac-nickel chloride (5.7 nm)
and Ni/BEA-air-nickel chloride (7.3 nm), suggesting the vacuum-heating method enhances

the nickel dispersion of catalysts over different precursors.

2.4. Other Metals
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The Fe, Co, Cu and Zn-based catalysts are widely used in CO conversion [43, 44], reverse
water-gas shift [45], Fischer-Tropsch synthesis [46], biomass pyrolysis [47], oil refinery [27],
water splitting [48], etc. Therefore, BEA supported Fe (10.9 wt%), Co (10.7 wt%), Cu (11.5
wt%) and Zn (10.3 wt%) catalysts were prepared by air-calcination and vacuum-heating
methods to determine whether vacuum-heating can favour the formation of smaller Fe, Co,
Cu and Zn particles.

As shown in Figure 5a and Table S7, the vacuum-heating samples show remarkably
decreased intensity of CoO (3 1 1), CuO (0 0 2) and Fe20s (1 0 4) diffraction peaks with larger
FWHM values compared to the air-calcination samples, suggesting the vacuum-heating
method favoured the formation of smaller CoO, CuO and Fe,Os particles. The diffraction peaks
of ZnO were absent over Zn/BEA-vac-500 and Zn/BEA-air-500 samples, in line with literature
[49]. The atomic ratios of surface metal (Zn, Co, Cu, Fe) to Si obtained from XPS are
summarized in Figure 5b with 2p spectra of metal species displayed in Figure S26. Higher
atomic ratios of surface metal to Si are observed over Zn/BEA-vac-500 (0.063), Co/BEA-vac-
500 (0.024), Cu/BEA-vac-500 (0.031) and Fe/BEA-vac-500 (0.086) compared to the
corresponding Zn/BEA-air-500 (0.046), Co/BEA-air-500 (0.012), Cu/BEA-air-500 (0.017) and
Fe/BEA-air-500 (0.037) samples, indicating higher concentration of surface metal species and
improved metal dispersion were obtained over the vacuum-heating samples, in agreement
with XRD analysis, TEM images and particle size distributions (as shown in Figure S27).
These results demonstrate the vacuum-heating method is an effective strategy to prepare

diverse metal (e.g. Ni, Fe, Co, Cu, and Zn) catalysts with smaller metal particle sizes.
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Figure 5. (a) XRD patterns of calcined BEA supported Zn, Co, Cu and Fe samples; (b) atomic

ratios of surface metal (Zn, Co, Cu, Fe) to Si over varied catalysts.

2.5. Hydrogenation Performance
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The hydrogenation of aromatic compounds is an important reaction for the production of clean
and high-quality fuels [50, 51]. The catalytic activities of reduced Ni/BEA catalysts were
examined by toluene hydrogenation with the properties characterized by XRD and H>-TPD.
As shown in Figure 6a, the diffraction peaks of metallic Ni (44.6 ° and 52.0 °) were observed
over the pre-reduced catalysts, suggesting the NiO particles were reduced to Ni at the
reduction temperature of 500 °C. The metal state of reduced Ni/BEA-vac-thin-nickel nitrate
was further investigated by a modified H.-TPR experiment with the reduction temperature held
at 500 °C for 2 h (as shown in Figure S28). 98.9% of NiO species was reduced to metallic Ni
by Hz in the temperature range of < 500 °C, indicating the pre-treatment before the reaction
can almost fully reduce the NiO nanoparticles as well as clusters to active metallic Ni species.
H>-TPD experiments were performed to investigate the H, adsorption/desorption activity of
reduced Ni/BEA catalysts with varied metal dispersion and particle size, with profiles exhibited
in Figure 6b. The catalysts are mainly composed of low-temperature (low-T < 280 °C)
desorbed H> and high-temperature (high-T > 280 °C) desorbed H,. The low-T desorbed H»
could be ascribed to hydrogen species weakly chemisorbed on the surface of small Ni species
[52-54]. The high-T desorbed H, can be assigned to the layer of chemisorbed hydrogen
between the Ni particles and support or remote from the Ni clusters [53, 55]. As summarized
in Table S8, the Ni/BEA-vac-nickel acetate shows the highest peak area of high-T desorbed
H> (2.94 a.u.), followed by Ni/BEA-vac-nickel nitrate (2.86 a.u.), Ni/BEA-air-nickel acetate
(2.07 a.u.), Ni/BEA-vac-thin-nickel nitrate (1.97 a.u.), and Ni/BEA-air-nickel nitrate (1.50 a.u.).
The Ni/BEA-vac-thin-nickel nitrate exhibits a lower amount of high-T desorbed H, but higher
concentration of low-T desorbed H., which could be ascribed to its higher concentration of
surface Ni clusters strongly interacting with support and weakly chemisorbing the H species
on the metal surface.

A high weight hourly space velocity (WHSV=2.8 min"') was employed for toluene
hydrogenation in order to obtain an intrinsic reaction rate in a period of reaction time with the
results presented in Figure 6¢c and Figure S29. The Ni/BEA-vac-nickel acetate shows the
highest cycloalkanes formation rate (3.75 x10-mol-min™'-g™") in the reaction time of 120-300
min, followed by Ni/BEA-vac-nickel nitrate (3.49 x10°-mol-min”'-g™"), Ni/BEA-air-nickel acetate
(2.65 x1073-mol-min™'-g™), and Ni/BEA-air-nickel nitrate (2.07 x10°-mol-min”'-g™"), suggesting
the vacuum-heating catalysts have a higher hydrogenation activity compared to air-calcination
catalysts, which could be attributed to their improved metal dispersion. In addition, it is noted
there is a slight decrease in the cycloalkanes formation rate at the beginning of the reaction,
indicating a decrease in the number of active sites, which was also reported by other studies
[56, 57]. A high WHSV was used in this study with all accessible active sites saturated by

toluene, showing a high initial reaction rate. The metal sites in the small micropores could be
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inaccessible for the reactants with time-on-stream due to the diffusional limitation of toluene

(critical size of 0.67 nm) [58], leading to a small decrease in the reaction rate.
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Figure 6. (a) XRD patterns of pre-reduced Ni/BEA catalysts; (b) Ho-TPD profiles of reduced
Ni/BEA catalysts; (c) cycloalkanes (methylcyclohexane, dimethyl-cyclopentane, ethyl-
cyclopentane) formation rate with time-on-stream in hydrogenation of toluene over Ni/BEA
catalysts, reaction conditions: WHSV=2.8 min™, catalyst mass=50 mg, Px, =500 psi, H. flow
rate=120 mL/min, T= 220 °C; (d) the relationship of mean Ni particle size (dni) and normalized
cycloalkanes formation rate (TOF) obtained from the reaction time of 120-300 min, TOFy:
cycloalkanes formation rate based on the mole of surface Ni (metal loading x dispersion),
unit: min™, TOF-high T desorbed H2: Cycloalkanes formation rate based on the peak area of high-
temperature desorbed Ha, unit: mol-min™-10*#/a.u.

The normalized reaction rate (TOFyi-based on the mole of surface Ni) as a function of mean
particle size is plotted in Figure 6d. The Ni/BEA-vac-thin-nickel nitrate displays a TOFni value
of 4.5 min™, which is remarkably lower than that of Ni/BEA-air-nickel nitrate (8.7 min™') and
Ni/BEA-vac-nickel nitrate (8.8 min™"). The cycloalkanes formation rate was also normalized by
the peak area of high-temperature desorbed Hz (TOF -high T desorbed H2)- All catalysts show a close
value of TOF-high T desorbed H2, SUggesting the high-temperature surface H species plays a pivotal

role in the hydrogenation. Based on TEM and XAS analysis, the Ni/BEA-thin-vac-nickel nitrate
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(Ni/BEA-thin-vac-500) exhibited the lowest mean metal particle size (1.7 nm, Figure 1e),
followed by Ni/BEA-vac-nickel acetate (3.3 nm, Figure S25b), Ni/BEA-vac-nickel nitrate (4.3
nm, Figure S3a), Ni/BEA-air-nickel acetate (5.4 nm, Figure S25a), and Ni/BEA-air-nickel
nitrate (7.2 nm, Figure S3b). The Ni nanoclusters and single atoms over the Ni/BEA-vac-thin-
nickel nitrate catalyst exhibit a strong interaction with BEA as shown in H>-TPR (Figure 2a),
which allows significant electrons transfer from Ni to support, leading to a decreased
concentration of active H species (high-T desorbed Hz) and lower intrinsic hydrogenation rate.
The Ni/BEA-vac-nickel acetate and Ni/BEA-vac-nickel nitrate show higher hydrogenation rates
compared to other catalysts, which is ascribed to their high concentration of small Ni
nanoparticles (3-4 nm), relatively weak metal-support interaction and increased concentration

of high-temperature surface H species.

3. CONCLUSIONS

In summary, Ni nanoclusters and smaller nanoparticles supported by BEA or TiO, can be
prepared by a simple method. The mechanism by which catalysts with a range of particle sizes
can be formed was elucidated by the combined analysis of temperature-programmed
desorption, XAS, XPS, in situ FTIR and HAADF-STEM. The metal-bound OH species, formed
by heating the uncalcined Ni samples in air below 260 °C, promoted the aggregation of small
nickel species to form larger diameter Ni nanoparticles from 260 to 350 °C. The application of
vacuum and heating removes the hydroxyl groups from uncalcined Ni catalysts below 260 °C,
reducing the concentration of metal-bound OH species and obtained a uniform metal
nanocluster and relatively narrow nanoparticle distribution. We demonstrate that Ni
nanoparticles sized 3 to 4 nm over Ni/BEA-vac-500 exhibited a higher hydrogenation activity
compared to Ni nanoclusters (< 2 nm) over Ni/BEA-vac-thin-500 and Ni nanoparticle catalysts
larger than 4 nm due to their balance of surface metal concentration, relatively weak
interaction with support and increased concentration of high-temperature surface H species.
This work established a new cost effective pathway for the preparation of highly dispersed Ni,

Cu, Co, Fe catalysts.

4. ASSOCIATED CONTENT
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Detailed experimental procedures; detailed catalyst characterization, XRD patterns, TEM and
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in situ FTIR spectra, temperature-programmed desorption profiles, and XPS spectra and

curve fitting; detailed performance results of toluene hydrogenation.
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metal solution

The metal-bound OH species, which promotes the aggregation of metal nanoclusters from
260 to 500°C during air calcination, can be removed below 260 °C by the application of specific
thermal vacuum processing, endowing the catalyst with a uniform metal nanocluster and

relatively narrow nanoparticle distribution.
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