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Selectivity control is a fundamental focus in catalysis chemistry, as it directly reflects the efficiency and efficacy
of catalytic processes. While catalysis often involves intricate and cascade reaction steps using nanoparticle (NP)
catalysts, the mechanism behind the size effect of nanoparticles on product selectivity has not been fully
explored. We herein prepared a series of Ni-containing zeolitic catalysts in which the Ni NPs are uniformly
supported on the mesopores and outer surfaces of H-ZSM-5 zeolites. The dynamic formation of Ni NPs from
highly dispersed Ni precursors was monitored using transmission electron microscopy, in-situ X-ray pair dis-
tribution function, and in-situ X-ray absorption fine structure analysis. The metal nanoparticle size was carefully
controlled between 3.72(5) nm and 11.91(7) by controlling the reduction temperature. We evaluated the cat-
alytic performance of Ni NPs using the reductive amination of benzaldehyde in batch reactors at low temper-
atures. This reaction inherently favors the formation of a series of products, suffering highly from selectivity
issues. Our results revealed a size-dependent behavior in reaction efficiency, with the catalyst achieving the
highest catalytic activity (93 % selectivity in primary amine) at a particle size of 5.62(3) nm. This optimal
performance is attributed to a balanced interplay between hydrogenation and amination capabilities. These
findings highlight the intricate relationship between nanoparticle size and catalytic performance, emphasizing
the necessity for precise optimization in catalyst design to enhance selectivity and sustainability in industrial
applications.

heightened environmental concerns [4]. Prominent examples are the
hydrogenation of alkynes and the reductive amination of carbonyls for

1. Introduction

The sustainable supply of chemical products is a major policy
concern in numerous countries [1]. In the realm of sustainable pro-
duction, heterogeneous catalysts are extensively used and hold great
promise, attributed to their remarkable chemical stability and recycla-
bility [2,3]. In heterogeneous catalytic processes, aside from the catalyst
cost and lifetime, reactivity and selectivity are typically the most crucial
factors to be considered. In most reaction processes, the reactivity can be
enhanced by simply raising the reaction temperature. Nevertheless,
these catalytic processes suffer significantly from selectivity issues as the
reaction temperature rises. Decreased selectivity may result in several
problems, such as more waste, elevated purification costs, and

the production of primary, secondary, and tertiary amines [5-9].

The process of reductive amination of carbonyls entails the forma-
tion of intermediate imine/iminium species from ammonia sources
succeeded by reduction [10,11]. Common selectivity issues encompass
overalkylation [12], chemo-selectivity [9], regioselectivity [13], and
competing side reactions [14]. To enhance efficiency and sustainability
in commercial synthesis, it is crucial to meticulously optimize the
reduction agent and reaction conditions, as well as emphasize the hy-
drogenation and amination capabilities. In addition to the
noble-metal-based catalysts [15,16], various metal-loaded catalysts
have been explored for this reaction. Among them, Ni-based catalysts,
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such as Raney Ni, are widely used for selective hydrogenation [17,18].
However, these catalysts require precise calibration to prevent
over-reduction. It is well-known that the catalyst size affects certain key
structural descriptors of the catalyst at the molecular level, such as the
active surface area and the adsorption behavior of key reaction sub-
strates [19,20]. The hydrogenation and amination capacity of catalysts
vary with the size of nanoparticles.[21,22] However, the mechanism by
which these differences influence the reaction selectivity of the final
products remains a challenge.

In this study, we present a comprehensive exploration of the impact
of Ni nanoparticle size on the reductive amination of benzaldehyde,
especially on product distributions. We meticulously examined the
physicochemical and structural attributes of a series of ZSM-5 zeolite-
supported Ni nanoparticles (NPs) with precisely controlled sizes ranging
from 3.72(5) nm to 11.91(7) nm. Our investigation incorporated a range
of characterization methodologies, including transmission electron mi-
croscopy (TEM), X-ray pair distribution function (PDF) analysis, and X-
ray absorption fine structure (XAFS) analysis. To evaluate the catalytic
performance, we conducted experiments in batch reactors at 70 °C and
90 °C. Among the catalysts analyzed, the Ni/Z[5.62] sample exhibited
the highest catalytic activity with a selectivity of 93.0 %. Our mecha-
nism study further unveiled a size-dependent behavior in the reductive
amination of benzaldehyde over the supported Ni NPs, in which the Ni/Z
[5.62] demonstrated an optimal balance between its hydrogenation and
amination abilities.

2. Experimental section
The procedures for the preparation, characterization techniques,

model reaction methods, and structure refinement parameters of the
catalysts are detailed in the supporting materials.

300 °C

50 nm
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3. Results and discussion
3.1. Characterization of the structure of Ni/Z[D] catalysts

A H-ZSM-5 zeolite with a SiO5:Al,03 ratio of 46 was selected as the
host in this study. This zeolite was chosen for its exceptional crystallinity
and uniform distribution of Brgnsted acid sites, enabling the loading of a
controlled concentration of Ni through ion exchange with Ni(II) bis
(acetylacetonate) (Ni(acac)y). Detailed characterization of the physico-
chemical properties of the H-ZSM-5 zeolite is provided in Figure S1 and
Table S1 of the Supporting Information (SI). As shown in our previous
work, this ZSM-5 zeolite possesses a meso-microporous hierarchical
structure, with a micropore size of around 5 A and a mesopore size
between 20 A — 50 A [23]. The Ni content was quantified as 3.0 wt%
using ICP-OES (Table S2). Transmission electron microscopy (TEM,
Fig. 1a—g) and energy dispersive X-ray spectroscopy (EDX) analysis were
made to confirm the absence of metal aggregation in the Ni-containing
zeolitic samples (referred to as ‘Ni-Z’), demonstrating the effectiveness
of the Ni incorporation process. Furthermore, no Bragg peaks in powder
X-ray diffraction (XRD, Figure S2) can be ascribed to the crystalline Ni
species, indicating the absence of Ni aggregation in the precursors.

To prepare Ni NPs of varying sizes, controlled reduction under
hydrogen at different reaction temperatures was employed. Initially, a
series of TEM measurements were conducted to assess the sizes of the Ni
NPs, as illustrated in Fig. 1. EDX analyses showcased a uniform and
highly dispersed distribution of Ni both before and after reduction
(denoted as ‘Ni/Z[D]’, where D represents the nanoparticle diameter in
nm). In the TEM images of the Ni/Z[D] samples (as shown in Fig. 1b-g),
a noticeable enlargement of the Ni NPs is observed with increasing
reduction temperatures, with the Ni NPs becoming discernible starting
from Ni/Z[3.72]. It is observed that at reduction temperatures below
300 °C, the Ni(II) species has not been sufficiently reduced to form larger
nanoparticles, a phenomenon in line with our TEM measurements and
previous literature [20,24,25]. This behavior aligns with the typical
reduction patterns of isolated Ni species within zeolites during the onset
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Fig. 1. Morphology characterization of Ni/[D] catalysts reduced at different temperatures. TEM images and EDS mapping of (a) Ni-Z, (b) Ni/Z[3.72], (c) Ni/Z[3.96],
(d) Ni/Z[5.62], (e) Ni/Z[6.88], (f) Ni/Z[7.98], (g) Ni/Z[11.91]. (h) The size distribution of Ni NPs obtained from TEM images.
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of chemical reduction. The frequency distributions of nanoparticle sizes
are depicted in Fig. 1h, ranging from 3.72(5) nm at a reduction tem-
perature of 300 °C to 11.91(7) nm at 800 °C. The size of 3.72(5) nm
notably exceeds the largest free-sphere dimension of ZSM-5 zeolite
(approximately 0.64 nm at the microporous framework intersection),
suggesting that the Ni NPs should migrate out of the micropores once the
Ni species are reduced and formed particles. In addition, X-ray photo-
electron spectroscopy (XPS) analyses were conducted to assess the
chemical state of Ni within the catalyst. These measurements revealed a
progressive evolution of NiO or Ni%* anchored by BASs to metallic Ni
with increasing reduction temperatures (Figure S3 and Table S3).
Building upon the insightful findings from the nanoparticle size
analysis, in-situ synchrotron measurements under a reduction environ-
ment were employed to investigate the bulk structural properties and
understand the structural reorganization during Ni NPs formation.
In-situ synchrotron XRD analysis under a reduction environment
(with an energy of 23.229 keV and a wavelength of 0.53375 A) provided
insights into lattice volume trends and metal migration dynamics.
Through the measurements, ZSM-5 support was found to maintain high
crystallinity even at elevated temperatures (Figure S4). By employing
Pawley refinement through TOPAS v7.0 software on the XRD data
(Figure S5 and Table S4), it was established that the Ni/Z[D] catalyst
retained an orthorhombic crystal system without any phase change.
Further analysis revealed a noticeable decrease in lattice volume with
rising temperatures, commencing at 5400 A3 (Fig. 2a). This reduction
signifies the migration of metal species from micropores to mesopores or
external surfaces, which may caused by the distinct topological structure
of ZSM-5 zeolite. ZSM-5 contains a zigzag channel (5.1 A x 5.5 A) along
the a-axis and a straight channel (5.3 A x56 10\) along the b-axis[26].
Remarkable modifications in the lattice parameters of Ni-Z, particularly
along the b-axis, were observed during the reduction process. The b-axis
underwent expansion followed by contraction within the temperature
range of 300 °C to 800 °C. This behavior can be attributed to the straight
channels along the b-axis, which offer lower diffusion resistance[27].
Consequently, the metal tends to preferentially migrate towards the
b-axis channels and aggregate. This phenomenon results in a decrease in
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lattice parameters along the a- and c-axis and an increase along the b-
axis. As the metal particles aggregate beyond the pore capacity and are
released from the pores, it causes a reduction in the parameter along the
b-axis. This dynamic lattice evolution highlights metal aggregation
within the zeolite support.

Subsequently, in-situ synchrotron PDF analysis under reduction
environment (with an energy of 59.999 keV and a wavelength of
0.20664 A) was employed to investigate the dynamic structural changes
in Ni-Z. In Fig. 2b, notable alterations in the distribution of Ni-Ni and Ni-
O pairs are observed during reduction. The decline in Ni-O pairs (3.09 A)
is accompanied by the enhancement of Ni-Ni pairs (2.45 A and 4.23 A),
particularly evident above 527 °C. Notably, at extended distances
(4.36 A and 6.66 10\), the increased peak area of Ni-Ni pairs indicated the
aggregation of Ni NPs into larger sizes. These findings are further sup-
ported by the differential PDF (dPDF) data in Fig. 2¢. The progression of
the oscillation period from 6.81 A (27 °C) to 86.36 A (777 °C) during
reduction signifies the enlargement of Ni NPs.

Expanding on the findings from the nanoparticle size analysis and
the subsequent X-ray scattering measurements, which show the struc-
tural evolution during Ni nanoparticle formation, additional in-situ
reduction XAS measurements were carried out to unveil the evolving
structural characteristics of the samples throughout the preparation
process. Fig. 3a shows the XAS data at the Ni K-edge of Ni-Z undergoing
hydrogen reduction from 70 °C to 600 °C. The X-ray absorption near
edge structure (XANES) of Ni-Z exhibits a reduction from Ni(I) to
metallic Ni(0). The most prominent transition occurs around 300 °C,
aligning with the structural characterization results discussed earlier.

The in-situ extended X-ray absorption fine structure (EXAFS) data-
sets in the R-space, as depicted in Fig. 3b, reveal intriguing insights into
the structural changes occurring during the temperature-induced evo-
lution of the samples. At temperatures below 250 °C, two distinct peaks
are noticeable at radial distances (R) of approximately 1.53 A and
2.64 A, corresponding to the backscattering of the Ni-O path. As the
temperature increases, the intensity of these peaks rapidly decreases
within the temperature range of 250 °C to 300 °C. Starting from around
300 °C, the peak at ~ 2.1 A undergoes a sharp increase, indicating the
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Fig. 2. Structural evolution of Ni-Z catalyst obtained through in-situ synchrotron measurements under reduction environment, tracking from room temperature to
827 °C. (a) Cell volume and lattice parameters obtained through Pawley refinement of XRD measurements (E = 23.229 keV, A = 0.53375 A). (b) PDF patterns
ranging from 1.0 A to 10.0 A (E = 59.999 keV, A = 0.20664 A). (c) Differential PDF patterns ranging from 0.0 A to 100.0 A.
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Fig. 3. Structural evolution of loading Ni NPs obtained through synchrotron in-situ reduction XAS, tracking from room temperature to 605 °C. (a) In-situ reduction
XAS measurements capturing data at the Ni K-edge. (b) Contour plot depicting R-space in the EXAFS data ranging from 1.0 A to 3.0 A. (c) Quantitative evaluation of

coordination numbers for Ni-O and Ni-Ni interaction.

emergence of backscattering contributions from the Ni-Ni path. The shift
of paths hints at the evolving structural configuration, signifying the
formation of Ni NPs during reduction.

The quantitative fitting analysis of the extended X-ray absorption
fine structure (EXAFS) datasets (Figure S6 and Table S5) has provided
crucial insights into the coordination environment of Ni NPs, as illus-
trated in Fig. 3c. The analysis reveals a decrease in the coordination
number (CN) of the Ni-O path from 5.2 (at 70 °C) to 0.8 (at 332 °C),
alongside an increase in the CN of the Ni-Ni path from 5.2 (at 300 °C) to
6.9 (at 605 °C). This shift in CN directly shows the aggregation process of
Ni. This result aligns with the trend of increasing Ni particle sizes un-
veiled by TEM measurements. For an in-depth discussion on the rela-
tionship between coordination number and nanoparticle size, readers
can refer to a book chapter authored by our group [28]. It is noteworthy
that during the rapid decrease in Ni-O CN from 250 °C to 350 °C, the
Ni-Ni CN remains relatively constant at around 5. This phenomenon
could be attributed to the confinement effect exerted by the microporous
structure of the zeolite support, influencing the coordination dynamics
within the system.

3.2. Catalytic performance and reaction mechanism

Considering the intricate interplay among catalyst structure, nano-
particle size, and catalytic behavior, it becomes essential to integrate the
findings from structural analyses with subsequent catalytic assessments.
Following a thorough characterization of the Ni/Z[D] catalysts, the
reductive amination of benzaldehyde was employed as a model reaction

o)

to evaluate catalytic performance. This correlation offers a holistic
perspective on how the structural attributes of the Ni NPs influence the
catalytic effect in the reductive amination of benzaldehyde.

The comprehensive analysis of multiple measurements revealed that
the samples exhibited metallic Ni-Ni characteristics only at reduction
temperatures surpassing 300 °C [20]. Consequently, catalytic properties
were evaluated exclusively by using samples prepared within the
reduction temperature range of 300 °C to 800 °C. As depicted in Scheme
1, the reductive amination reaction possesses a range of amination and
hydrogenation products (2a-2e) from the initial benzaldehyde substrate
(1), where benzylamine (2a) is commonly recognized as the target
product. The comparison of the product selectivity would provide
valuable insights into the catalytic efficacy of the samples.

Fig. 4 illustrates the product distribution from the reductive amina-
tion of benzaldehyde over Ni/Z[D] at reaction temperatures of 70 °C (a)
and 90 °C (b) (refer to experimental details in the SI). The primary focus
is on the catalysis dataset collected at 70 °C as it provides dynamic in-
sights for comprehending the structure-activity relationships. A
distinctive volcano trend is observed for product 2a, with Ni/Z[5.62]
exhibiting the highest 2a selectivity of 93 %. In contrast, Ni/Z[11.91]
does not produce any 2a product but selects a significant portion of
product 2b (the precursor of 2a before the hydrogenation step). As
depicted in Scheme 2, benzaldehyde (1) initially reacts with ammonia to
generate the amino(phenyl)methanol intermediate, which is subse-
quently dehydrated to form an imine intermediate before undergoing
hydrogenation to produce the target product 2a [29,30]. The hydroge-
nation capability of the catalyst plays a crucial role in the hydrogenation

Ni/Z[D]
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1
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Scheme 1. Reductive amination of benzaldehyde.
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Scheme 2. Main reaction pathway in the reductive amination of benzaldehyde.

of 2b to 2a. Adequate surface hydrogen species must be available to
ensure efficient hydrogenation of 2b. The performance of Ni/Z[11.91]
can be attributed to a lower hydrogen coverage compared to other Ni/Z
[D] samples, as observed in the TPD experiments (Figs. 4c and 4d).

In addition, a series of by-products, such as 2¢, 2d, and 2e, are
observed. These by-products originate from a series of competitive re-
actions, as summarized in Scheme 3. Product 2c¢ originates from the
addition of imine (2b) to primary amine (2a). The stronger adsorption
capacity of imine on the Ni surface compared to the substrate impacts
the surface substrate concentration. Concurrently, inadequate hydrogen
surface coverage hinders imine conversion to primary amine, promoting
competitive reaction (I) and augmenting the formation of 2c [29].
Moreover, 2d is selected from a series of tandem reactions involving the
reactant and methanol solvent, indicating weak hydrogenation amina-
tion capabilities, while 2e can be attributed to over-amination (cf.
competitive reactions (II) [31] & (III) [32] in Scheme 3). The inter-
conversion of these products demonstrates a delicate balance among the
catalytic capabilities in hydrogenation, amination, and the interactions
between substrates and intermediate products.

To further explore the impact of Ni NPs size on the hydrogenation
and amination capacity of the catalysts, the reaction temperature was
increased to 90 °C. In the catalytic performance at 90 °C (Fig. 4b), it can
observe highly comparable selectivity at around 60 % of target 2a over
Ni/Z[3.72], Ni/Z[3.96], Ni/Z[5.62], Ni/Z[6.88] and Ni/Z[7.98]. The
rise in reaction temperature substantially reduces the difference in
product selectivity, with the majority of by-products being poly-
aromatics (with -Ph > 3). This aligns with existing literature, which
indicates that a substantial amount of polyaromatics is generated at
higher reaction temperatures[29,33,34]. Ni/Z[11.91] exhibits the
lowest catalytic activity among all Ni/Z[D] catalysts, selecting no sig-
nificant products 2a and 2b but large amounts of by-products and 2c
(31 %). This specific result will be discussed below.

Based on the catalytic measurements, there are significant variations
in product selectivity based on the size of the Ni NPs. However, the in-
formation on physicochemical properties is still lacking, such as
adsorption affinity, adsorption quantity, and site specificity, on the
catalyst surface. TPD with different substrates or probe molecules has
been commonly used to provide some quantitative information on the
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elucidation of the catalytic performance. Therefore, TPD with ammonia
and hydrogen (NH3-TPD and H,-TPD) were employed to assess the hy-
drogenation and amination abilities of the samples in the reduction
amination reaction (refer to Figure S7-S8). To minimize interference,
such as that from water vapor within the sample, the mass spectroscopy
of ammonia (m/z = 17) and hydrogen (m/z = 2) were directly moni-
tored instead of tracking thermal conductivity detector signals.

The quantitative analyses of the TPD results are presented in
Fig. 4c-d, revealing distinct changes in the TPD peaks over Ni NPs of
different sizes. Fig. 4c demonstrates an inverted volcano relationship in
desorption temperatures concerning the nanoparticle sizes, with troughs
observed in both NH3-TPD and H,-TPD over Ni/Z[5.62]. This suggests
weaker bindings for ammonia and hydrogen on Ni/Z[5.62], enabling
easier desorption from the catalyst surface and potentially facilitating
more interactions with the nanoparticles, enhancing their hydrogena-
tion and amination abilities. This increased frequency of interactions
should enhance the reaction rate and overall reaction activity. Fig. 4d
illustrates the desorbed amounts of ammonia and hydrogen by inte-
grating the respective TPD curves. To enable a more direct comparison
of the performance differences among the catalysts, the NH3-TPD and
Ho-TPD data were normalized relative to the Ni/Z[5.62] catalyst, and
the relative desorption ratios of NH3 and H, were calculated. As shown,
the relative Hy desorption capacity exhibits a volcano-type trend, which
correlates well with the catalytic performance for the target product
presented in Fig. 4a. This further supports the conclusion that the hy-
drogenation capacity, associated with the formation of Ni NPs, plays a
pivotal role in driving the reaction.

Moreover, by comparing the relative NH3 and Hy desorption ratios,
the balance between hydrogenation and amination capabilities within
each catalyst can be assessed. The data indicates that a greater imbal-
ance between these two functionalities correlates with poorer catalytic
performance. This trend is especially pronounced under 90 °C (Fig. 4b).
For Ni/Z[11.91], the amount of hydrogen desorption is significantly
lower compared to other catalysts, leading to the lack of catalytic ac-
tivity even at higher temperatures. The weak hydrogenation ability re-
stricts the formation of the target product while increasing the
production of by-products. These findings highlight the importance of
functional synergy in catalyst design.
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in the reductive amination of benzaldehyde.

3.3. Nanoparticle size effect

By integrating catalytic data with the physicochemical properties of
the catalyst surface, it is observed that the hydrogenation and amination
abilities of the catalyst play a complex role in determining reaction
selectivity. The comprehensive analysis depicted in Fig. 5, which con-
siders selectivity, nanoparticle size, and reaction pathways, offers an
intuitive insight into how size effects influence reductive amination
reactions.

Based on catalytic performance, it is inferred that the process of
reductive aldehyde amination to primary amines involves a complex
reaction network. Due to the high reactivity of aldehydes and the
competitive adsorption of imines, at least three side reactions compete
with the main reaction: (I) benzylamine and competitively adsorbed
imine deamination to form 2¢, (II) aldehyde and alcohol solvent assisted
coupling reaction to form 2d, and (III) unstable imine snatches NH3 and
polymerizes with aldehyde to form 2e.

As described in Fig. 5, with increasing Ni/Z[D] NPs size (3.72(5) nm
- 11.91(7) nm), the catalyst activity characteristics can be categorized
into three parts based on hydrogenation and amination capacities. When
nanoparticles are small (e.g., Ni/Z[3.72], Ni/Z[3.96]), adsorbed NHj3
and H; are blocked on the active sites, which may postpone benzalde-
hyde with less competitive from generating the intermediate imine, thus
reducing the selectivity of benzylamine[35]. As the size grows, the
blocking of NH3 and Hy slightly decreases, providing more sites for
reactant activation, and a shift in competitive reactions from (II) and
(III) to (I) was made. Balanced amination and hydrogenation abilities (e.
g., Ni/Z[5.62]) result in increased conversion of the substrate to imine.
Sufficient active surface hydrides facilitate the formation of in-
termediates into primary amines, leading to a substantial improvement
in selectivity. Further increases in Ni NPs size (e.g., Ni/Z[6.88], Ni/Z
[7.98], Ni/Z[11.91]) highlight the weak hydrogenation ability as the
main factor affecting reaction selectivity, gradually transitioning
competitive reactions from (I) to (III).

Competitive reactions underscore the importance of controlling the
key step of the reaction, which is the formation of imine intermediates
[36]. The increasing ratio of NH3 to reactant can enhance imine for-
mation, thereby increasing the proportion of primary amines in the
product [37]. However, as NH3 and amines compete for metal active
sites [14,29,38], it is crucial to regulate the catalyst adsorption capacity
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Fig. 5. Reductive amination reaction mechanisms on Ni/Z[D] catalysts with varying nanoparticle sizes.

for NH3 and Hj to strike a balance between hydrogenation and amina-
tion capacities, which significantly influences reaction selectivity.

To supplement the effect of catalyst structure on the reaction
pathway, the distribution of Ni NPs based on the TEM results was
analyzed (Figure S9). The spacing between Ni NPs widens with particle
size growth, potentially reducing the effective surface area and active
sites for hydrogenation and amination, leading to increased polycyclic
aromatic hydrocarbons selectivity (-Ph > 3). On metal-supported cata-
lysts, hydrogen dissociation and overflow at the metal site result in a
new Brgnsted acid site formation next to the Lewis acid center, accel-
erating the rate of the control step [36]. Dispersion of metal sites may
reduce hydrogen dissociation efficiency, slowing imine formation and
affecting reaction pathways.

The outcomes of the comprehensive analysis underscore that cata-
lysts of varying particle sizes exhibit different adsorption behaviors for
reactants and intermediates, impacting reactant concentrations and ra-
tios on the catalyst surface during reactions, thus influencing catalytic
efficiency. This discovery highlights that the particle size of loading
metal effectively modulates reactant adsorption strength and capacity.
Optimal nanoparticle size facilitates achieving a coordinated ‘capacity’
ratio, thereby enhancing favorable reaction outcomes. It is essential to
note that our primary aim is to gain a profound understanding of the
synergistic interactions among proximal active motifs rather than
providing an exhaustive account of subsequent reactions.

4. Conclusion

In summary, this study presents a systematic study of Ni NPs with
different particle sizes through controlled reduction under hydrogen
from uniformly loaded Ni on zeolites. The catalytic activity of the Ni/Z
catalyst in reductive amination reactions is found to be strongly
dependent on the size of the Ni NPs. Among the catalysts analyzed, the
Ni/Z[5.62] sample exhibited the highest catalytic activity with a selec-
tivity of 93 %, owing to an optimal balance between its hydrogenation
and amination abilities. In reality, these two capabilities of the catalyst

do not align simply or uniformly with the size of the Ni NPs. This may be
attributed to the changes in the surface area during aggregation, which
can also alter catalytic properties. From Ni/Z[3.72] to Ni/Z[5.62], the
loaded metals gradually aggregate on the mesopores or the outer surface
of the host matrix, bringing the increased reaction selectivity. As the
particle size further increases, the amination and hydrogenation capa-
bilities weaken or become more imbalanced, inducing competitive re-
actions and lowering the selectivity towards the target product. It should
be emphasized that the impact of particle size on catalyst activity is
often multifaceted, with the optimization effect varying with target
product alterations, necessitating tailored size selection guided by spe-
cific target products. These findings contribute to a deeper under-
standing of how the size of metal particles influences the performance of
metal-supported catalysts, thereby facilitating the development of more
efficient catalytic systems.
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