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Introduction

Ligand decorated nickel-based nanoparticles
supported onto MXenes in catalytic hydrogenation
of N-heterocycles

2 Santiago Martin, (2 °<9 |van Sorribes, (2@

*3€ and Jose A. Mata (&) *@

Judith Medina-Vargas,
Hermenegildo Garcia

The development of efficient first-row transition metal catalysts is essential for advancing sustainable
chemical processes. In this study, we report the synthesis of nickel-based nanoparticles (NiNPs) functio-
nalized with N-heterocyclic carbene ligands and immobilized onto TizC, MXene. Our convergent syn-
thetic approach enables comprehensive and straightforward characterization of each component within
the final hybrid material. The NiNPs are obtained through chemical reduction of a well-defined nickel
organometallic complex, resulting in the formation of small nickel metal nanoparticles (3.0 + 0.8 nm) that
are rapidly oxidized to the corresponding NiO and Ni(OH), based nanoparticles containing surface NHC
ligands. The hybrid catalyst exhibits high activity and selectivity in the hydrogenation of N-heterocycles
under hydrogenation conditions, achieving quantitative yields at low catalyst loadings, particularly notable
for a nickel-based system. Recycling studies revealed progressive catalyst deactivation, primarily due to
sintering of NiNPs, which reduces the number of active surface sites. However, the catalytic activity can
be fully restored through a mild regeneration treatment under reducing conditions. These findings under-
score the potential of NiINP/MXene-based materials for selective hydrogenation reactions, and highlight
the importance of addressing key challenges in sustainability such as the use of non-noble metals, catalyst
stability and recyclability. Further design modifications aimed at preventing nanoparticle sintering may
enhance the long-term viability of these systems in catalytic hydrogenation processes.

provides a structural matrix that prevents sintering and pro-
motes the dispersion of nanoparticles, thereby increasing the

Nickel nanoparticles (NiNPs) have emerged as valuable com-
ponents in heterogeneous catalysis owing to the natural abun-
dance and low cost of nickel, as well as the distinctive elec-
tronic and structural features that enable fine control over
their catalytic behavior."” Their catalytic versatility expands
across a wide range of transformations including
hydrogenation,®® cross coupling reactions,” ™ exchange pro-
cesses,'” reforming"® and electrocatalysis.'**® The catalytic
performance of NiNPs is strongly linked to surface stabilizers
such as surfactants and ligands, as well as interactions with
their supports.””*° The presence of surface modifiers confers
stability and often induces selectivity,>*>* while the support
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number of accessible active sites.”*

Traditional supports, including metal oxides (e.g., Al,O3,
Si0,, and TiO,), carbon-based materials (e.g., graphene and
derivatives, carbon nanotubes, and carbon nitride) and porous
frameworks (e.g., MOFs and zeolites) have provided valuable
platforms for metal nanoparticle immobilization. However,
the application of MXenes as a support for metal nanoparticles
in thermal catalysis is still relatively underexplored. MXenes
are a family of two-dimensional transition metal carbides and
nitrides with the general formula M,,,;X,, (M = early transition
metal, X = C, N, n = 1-4).”° MXenes are promising materials
for diverse applications®** including catalysis®*™** and as
support of metal nanoparticles where they offer a suitable 2D
morphology and strong metal-support interactions.

Among catalytic transformations, the hydrogenation of qui-
nolines and related N-heterocycles is of particular significance.
These reactions are key steps in fine-chemical and pharma-
ceutical synthesis,**™** and play a pivotal role in liquid organic
hydrogen carrier (LOHC) technology, where N-heterocycles act
as reversible hydrogen storage media.**™*® Developing nickel-
based catalysts that combine high activity, selectivity, and
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recyclability under mild conditions is therefore essential for
sustainable hydrogenation chemistry.

In recent years, significant progress has been achieved in
the development of nickel-based catalysts for the hydrogen-
ation of N-heterocycles, with numerous systems demonstrating
excellent activity (Table S1). For example, the transfer hydro-
genation of quinolines using ammonia borane as a hydrogen
source has been achieved under mild conditions (25 °C)
employing Ni(u) complexes bearing amine ligands and nickel
supported on carbonaceous materials.***° Several nickel-based
catalysts have also enabled quantitative hydrogenation of qui-
nolines under molecular hydrogen at pressures of 20-30 bar
and moderate temperatures (120 °C). However, most of these
systems require relatively high metal loadings (>4 mol%).>'"°
Moreover, along with the excellent activity of these materials,
they also display good recyclability. However, the number of
studies focusing on catalyst deactivation mechanisms and/or
regeneration strategies remains scarce.

In contrast, the NiNPs/NHC@MXene hybrid catalyst devel-
oped in this work achieves 99% yield at moderate tempera-
tures (120 °C, 30 bar H,) with low Ni loading (3.7 mol%),
maintaining recyclability and recoverable activity upon reduc-
tive regeneration. This performance compares favorably to
state-of-the-art systems while employing a non-precious metal
and a 2D support. The design of this hybrid system integrates
N-heterocyclic carbene (NHC) ligands with the MXene surface
and stabilizes nickel species during nanoparticle formation.
The presence of the NHC ligand not only controls nanoparticle
nucleation and morphology but also enhances electronic stabi-
lization at the metal-support interface.

Herein, we report the synthesis of NiNPs functionalized
with N-heterocyclic carbene (NHC) ligands anchored onto the
Ti;C, MXene through a convergent approach. The catalytic pro-
perties of this hybrid material in the hydrogenation of quino-
lines have been evaluated. Catalyst performance, substrate
scope and recyclability have been determined, with particular
attention to deactivation pathways and potential regeneration
strategies. Our methodology enables the independent charac-
terization of all components within the hybrid material and
provides opportunities for tuning the active site, paving the
way for the design of more effective catalysts in future studies.

Experimental
Materials and methods

The ligand precursor (bromide of methyl-methylpyrene-imida-
zolium salt) and the nickel-NHC complex (complex 1) were
synthesized according to previously reported procedures.’”>®
All reagents and solvents were used as received unless other-
wise specified. Solvents were dried using a solvent purification
system (SPS).

Nuclear magnetic resonance (NMR) spectra were recorded
on Bruker spectrometers operating at 300 or 400 MHz
(*H NMR) and 75 or 100 MHz (“*C{'"H} NMR), respectively, and
referenced to SiMe, (§ in ppm and J in Hz). NMR spectra were
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acquired at room temperature with the appropriate deuterated
solvent.

Scanning electron microscopy (SEM) was performed using a
JEOL 7001F microscope operating at 15 kV coupled with a
Leica Zeiss LEO 440i system equipped with a 250 and 350
INCA (Oxford) software for the EDX analysis.

High-resolution  transmission  electron  microscopy
(HRTEM) images and high-angle annular dark-field images
(HAADF-STEM) of the samples were acquired using a Jem-2100
LaB, (JEOL) transmission electron microscope coupled with an
INCA Energy TEM 200 (Oxford) energy dispersive X-Ray
spectrometer (EDX) operating at 200 kV. Sample preparation: a
drop of the methanol-dispersed sample was deposited onto a
carbon-coated copper grid and air-dried.

X-ray diffraction (XRD) patterns were recorded with a D8
Advance diffractometer from Bruker-AXS, with a Bragg-
Brentano 6/26 geometry and Cu Ka radiation. The data were
collected from 5° to 70°.

The nickel content in the hybrid material was determined
by inductively coupled plasma mass spectrometry (ICP-MS). A
15 mg sample was digested using 69% nitric acid in a Mars 6
iWave microwave digestion system (CEM) under the following
conditions: 1800 W power, 210 °C, and 25 minutes. After
digestion, the sample was diluted to an appropriate volume
(10 mL). ICP-MS measurements were performed in duplicate
using an Agilent 7500 CX instrument.

X-ray photoelectron spectra (XPS) were acquired on a Kratos
AXIS ultra-DLD spectrometer with a monochromatic Al Ko
X-ray source (1486.6 eV) using a pass energy of 20 eV. All
binding energies were calibrated with respect to the C 1s peak
at 284.6 €V to ensure accurate referencing.

Gas chromatography (GC) analysis was performed on a
Shimadzu GC-2010 apparatus equipped with a flame ioniza-
tion detector (FID) and wusing a Teknokroma column
(TRB-5MS; 30 m x 0.25 mm x 0.25 pm). Temperature program:
(1) 80 °C, 10 °C min~" until 150 °C, and 1 min. (2) 150 °C,
20 °C min™" until 300 °C, and 2 min. Total time: 17.5 min
(Fig. S1 & S2).

Hydrogen temperature programmed reduction (H,-TPR)
studies were carried out on a Micromeritics AutoChem appar-
atus (2910) connected to a thermal conductivity detector
(TCD). Before the test, samples were pretreated under an Ar
atmosphere at room temperature for 15 min. H,-TPR analysis
was carried out from 30 to 900 °C under a 10% H,/Ar flow
(50 mL min~") with a heating rate of 10 °C min.

Synthetic procedures

Synthesis of Ti;C, MXene. The MXene support was syn-
thesized by selectively etching the aluminum (Al) layer from
the Ti;AlC, MAX phase, using the method adapted from
Gogotsi et al’s study.’>*® To a solution of 48% hydrofluoric
acid (HF, 50 mL), Ti3AlC, powder (5 g) was slowly added under
stirring at room temperature. The mixture was stirred for
2 hours to allow complete etching. Afterward, the resulting
black suspension was collected by centrifugation at 3500 rpm
and washed with Milli Q water. The washing process was

This journal is © The Royal Society of Chemistry 2026
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repeated until the pH of the supernatant reached 5-6, indicat-
ing neutralization. Then, the resulting MXene (Ti;C,T,) solid
was collected and vacuum-dried at 80 °C for 24 hours. The
final dry powder was stored in a glovebox under an inert atmo-
sphere to prevent oxidation.

Synthesis of NiNPs/NHC@MXene. Ti;C, powder (370 mg)
was dispersed in a round-bottom flask with CH,Cl, (40 mL)
and sonicated for 30 minutes to ensure homogeneous suspen-
sion. Separately, 130 mg of complex 1 (Scheme S1) was dis-
solved in CH,Cl, (20 mL) and then added to the Ti;C, suspen-
sion. The resulting mixture was sonicated for an additional
5 minutes time. To induce the formation of nanoparticles, 1
equiv. of tert-butylamine borane adduct (‘BuNH,-BHj), dis-
solved in 15 mL CH,Cl,, was added dropwise to the mixture
under continuous stirring. The reaction mixture was then
stirred at room temperature for 20 hours under a nitrogen
atmosphere. After this time, the material was recovered by fil-
tration, washed thoroughly with CH,Cl, (3 x 5 mL), and dried
under reduced pressure.

Synthesis of NiNPs@MXene. NiNPs lacking the NHC ligand
were synthesized following a procedure analogous to that used
for NiNPs/NHCs@MXene but employing water as the solvent
and Ni(NO3),-6H,0 as the nickel precursor. Specifically, Ti;C,
powder (70 mg) was dispersed in H,O (10 mL), and a solution
of Ni(NO;),:6H,O (15 mg) in H,O (2 mL) was added. The
reduction was carried out by the addition of one equivalent of
‘BuNH,-BH;, leading to the formation of NiNPs lacking the
NHC ligand directly supported on the MXene surface.

Catalytic procedures and experiments

General procedure for hydrogenation of N-heterocycles. In a
general catalytic experiment, a reaction vial (10 mL) equipped
with a stirring bar was charged with 0.1 mmol of quinoline,
0.1 mmol of anisole, 30 mg of solid catalyst (corresponding to
3.7 mol% of Ni surface atoms) and 2 mL of solvent. The vial
was placed inside a stainless-steel autoclave. The reactor was
sealed, purged 3 times with hydrogen (10 bar), then pressur-
ized to 30 bars of H, and heated at 120 °C for 17 hours under

MAX Phase (Ti;AIC,)

Ti,C,T,— MXene Aluminium layer

N N

7
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MXene (Ti;C,T,)

@ Ni-nanoparticles

View Article Online

Paper

continuous stirring. After the reaction time, the autoclave was
allowed to cool to room temperature and slowly depressurized.
Reaction yields and conversions were determined by GC-FID
and/or "H NMR analysis using 1,3,5-trimethoxybenzene as an
internal standard.

Recycling experiments. After performing a general catalytic
experiment, the solid catalyst Ni-NPs/NHC@MXene was recov-
ered by filtration and washed thoroughly with ethanol (3 x
5 mL) to remove residual reactants and products. The washed
catalyst was dried under vacuum and reused directly in a sub-
sequent catalytic run without any regeneration or activation
treatment. Reaction evolution was evaluated using the general
procedure described in the catalytic experiments.

Catalyst regeneration. The used catalyst was recovered by fil-
tration and washed with ethanol (3 x 5 mL). Then, the solid
catalyst was suspended in CH,Cl, and sonicated for
30 minutes to ensure appropriate dispersion. Subsequently,
two equivalents of ‘BuNH,-BHj3, with respect to the Ni content,
were added to the mixture, and the suspension was stirred at
room temperature overnight (20 hours). After completion of
the regeneration process, the catalyst was isolated by filtration,
washed with CH,Cl, (3 x 5 mL), and dried under reduced
pressure. The regenerated catalyst was stored under nitrogen
until further use.

Results and discussion

Synthesis and characterization

NiNPs decorated with NHCs supported on Tiz;C, MXene were
synthesized via a convergent approach (Fig. 1). Ti;C, MXene
nanosheets were first prepared by etching the Al layer of the
Ti;AlC, MAX phase using HF. In parallel, the nickel complex 1
was synthesized via metallation of an NHC ligand precursor
containing a pyrene moiety (Scheme S1). This NHC-pyrene
ligand was selected based on prior studies demonstrating its
effectiveness in anchoring metal complexes onto 2D

materials®™®® and its role in stabilizing metal nanoparticles

Me_ OH
N
9! l:
\:\-/N\ A - /
& _—OH
e > 2 J
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Fig. 1 Synthesis of NiNPs functionalized with NHC carbene ligands supported onto MXene.

This journal is © The Royal Society of Chemistry 2026
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(Fig. S3 & $4).*>%*°% Metal complex 1 was then chemically
reduced in a controlled manner using ‘BuNH,-BHj;, resulting
in the formation of NiNPs. These NiNPs, stabilized by NHC
ligands, were in situ supported on the MXene surface, yielding
the hybrid material NINPs/NHC@MXene. This convergent syn-
thetic strategy enables rational and precise control over the
material formation, while also facilitating the characterization
of both the MXene support and the active catalytic site.

The Tiz;AlC, MAX phase, Ti;C2 MXene and MXene deco-
rated with NiNPs (NiNPs/NHC@MXene), and the corres-
ponding nickel complex were characterized using different
microscopic, spectroscopic and analytical techniques. Detailed
experimental procedures and additional materials are provided
in the SI. Systematic characterization at each stage of synthesis
enables a comprehensive understanding of the material pro-
perties and the structural and compositional changes occur-
ring throughout the synthetic process.

Morphological analysis of Ti;C, MXene via SEM microscopy
confirms the successful removal of the aluminum layer from
the parent Ti;AlC, (Fig. 2a). The initially compact laminar
structure of Ti;AlIC, is transformed into a characteristic accor-
dion-like morphology using HF (Fig. 2b). This morphological
change provides direct evidence of the success of the etching
procedure (Fig. S5-S7). This structural change is further corro-
borated by EDX analysis (Fig. S8). Comparison of the EDX ana-
lysis results of the MAX and MXene samples reveals a signifi-
cant reduction in aluminum content and the appearance of
fluorine on the MXene sample. The microscopic characteriz-
ation of NiNPs/NHC@MXene required the use of HRTEM to
observe the presence of NiNPs due to a low contrast and small
size of the NiNPs. Despite these challenges, HRTEM images
clearly confirm the formation of spherical NiNPs uniformly
distributed on the MXene surface (Fig. 2c). Size distribution
analysis was performed by analyzing ca. 200 NiNPs from
different HRTEM images. The results indicate an average par-

d
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Fig. 2 Morphological characterization. (a) SEM image of the TizAlC,
MAX phase. (b) SEM image of TizC, MXene. (c) HRTEM image of NiNPs/
NHC@MXene and (d) size histogram of NiNPs/NHC@MXene (N = 200).
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ticle diameter of 3.0 + 0.8 nm, with a relatively narrow distri-
bution (Fig. 2d). EDX analysis further confirmed nickel as a
major component in the nanoparticles (Fig. S9 & S10).

Further evidence in the transformation of the TizAlC, MAX
phase into the Ti;C, MXene and the successful incorporation
of NiNPs to form NiNPs/NHC@MXene was obtained through
comparative powder X-ray diffraction analysis (XRD) (Fig. 3).
The Ti;AlC, MAX phase exhibits sharp reflections of the hexag-
onal phase (space group P6s/mmc) at 10°, 19° and 39° with
Miller indices (002), (004) and (104), respectively (JCPDS 52-
0875). These peaks are characteristic of the TizAlC, MAX
phase. The high crystallinity and narrow peaks indicate a well-
ordered layered structure composed of Ti-C octahedral slabs
interleaved with Al atomic layers.’” In contrast, the TizC,
MXene displays broad low-intensity peaks, characteristic of its
lamellar structure and reduced crystallinity. A key distinction
between the Ti;C, MXene and the parent TizAlC, MAX phase
is the shift of the (002) peak to lower angles (from 10° to 7.5°),
attributed to the removal of aluminum atoms. Additionally,
the disappearance of the (104) peak at 39° confirms the com-
plete elimination of the aluminum layer and verifies the for-
mation of a pure TizC, MXene phase.

The presence of NiNPs does not disturb the XRD pattern of
the TizC, MXene. A slight shift of the (002) peak of TizC,
MXene towards lower angles is observed (from 7.5° to 6.8°),
indicating an increase in interlayer spacing which supports the
insertion of NiNPs into the MXene layers. However, no distinct
peaks corresponding to nickel-based nanoparticles (Ni metal,

c) NiNPs/NHC@MXene

b) MXene
Ti,C,

Intensity (a.u.)

a) MAX Phase g
Ti,AIC, - 1

T
(002)

T
o (004)
1

A N A
20 25 30 35 40 45 50 55 60 65 70
20 (degree)

1 1
10 15
Fig. 3 Comparative XRD of the TizAlC, MAX phase (a), TizC, MXene (b)

and NiNPs/NHC@MXene (c).
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NiO and/or Ni(OH),) are detected, probably due to their low
concentration of nickel relative to the Ti;C, MXene matrix (1/
25 ratio in weight).

X-ray diffraction analysis confirms the transformation of
the TizAlC, MAX phase to the Ti;C, MXene and provides indir-
ect evidence on the intercallation of nickel-based nano-
particles into the MXene structure; however, this does not
confirm the exact nature (Ni, NiO or Ni(OH),) of these nickel-
based nanoparticles.

Further insights into the chemical composition and oxi-
dation states of elements in the hybrid material NiNPs/
NHC@MXene were obtained by X-Ray Photoelectron
Spectroscopy (XPS). The survey spectrum of MXene confirms
the presence of Ti, C, O and F along with the disappearance of
the Al signal observed in the TizAlIC, MAX phase (Fig. 4),
clearly indicating the successful etching of the aluminum layer
using HF. The high-resolution XPS spectrum peak of Ti 2p in
Ti;C, was deconvoluted into components corresponding to Ti-
C, C-Ti-F and C-Ti-O (model shown in Fig. 5). The Ti-C com-
ponent originates from the titanium-carbon bonds within the
internal layers of MXene, while the C-Ti-F and C-Ti-O peaks
confirm surface functionalization resulting from the etching
process (Fig. 4).°

Analysis of the high-resolution XPS C 1s spectrum supports
the carbide nature of the material. The deconvoluted peaks at
281.9 eV and 283.2 eV are assigned to C-Ti bonding environ-
ments within the internal layers of the MXene. Peaks corres-
ponding to C-T (T = F, O, OH) surface terminations are barely
detectable due to their low relative abundance. A dominant
graphitic C-C peak is observed at 284.6 eV, along with a small
C-O peak at 286.1 eV, likely arising from partial oxidation by
atmospheric oxygen.®®”°

The high-resolution XPS data of the O 1s region reveal the
presence of surface terminal oxygen atoms bonded to titanium.
Additionally, the Og.. component, indicative of oxygen atoms on
the face-centered cubic (fcc) lattice sites, is typically associated
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Fig. 5 Model structures of the TizAlC, MAX phase, TizC, MXene and
the NiNPs/NHC@MXene showing the main contributions observed by
XPS analysis.

with well-ordered metal oxides such as Al,O; and TiO, and may
represent residual oxide impurities.”" Further details of XPS ana-
lysis can be found in the SI (Fig. S11 and S12).

XPS characterization was also performed on the NiNPs/
NHC@MXene material (Fig. 6). The corresponding survey
spectra and additional XPS details are provided in the SI
(Fig. S13). The survey spectrum of the as-prepared material
reveals the presence of titanium, nickel, carbon, nitrogen, fluo-
rine, bromine, and oxygen species, verifying the coexistence of
the MXene support, nickel-base nanoparticles, and nitrogen-
containing NHC ligands. In the Ti 2p region, distinct peaks
corresponding to Ti-C (Ti 2ps/, at 454.5 eV) confirm the reten-
tion of the carbide structure of Ti;C,. Additional components
at 456.0, 457.6, 460.1, 461.3, and 462.3 eV are attributed to
Ti*", Ti-O,, and higher oxidation state Ti**/Ti*", indicative of
partial surface oxidation of Ti atoms during etching and post-
synthesis air exposure. This is a common feature in MXenes,
where surface Ti atoms readily form terminal -O and -OH
groups. The Ti 2p spectrum of the NiNPs/NHC@MXene
material shows similar components to the parent TizC,
MXene. The high-resolution Ni 2p core-level spectrum shows
characteristic peaks at 856.4 eV and 859.3 eV in the Ni 2p;.,

MAX Phase ots Tizp L cc o1s
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S 3 = \ = = 5319 v | \531.0eV,
- s s C E
z z z z
= : 2 z £
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Fig. 4 Comparative XPS analysis of the TisAlC, MAX phase vs. the TizC, MXene. Survey spectrum and high-resolution core-level peaks corres-

ponding to Ti 2p, C 1s and O 1s.
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Fig. 6 XPS analysis of NINPs/NHC@MXene. Survey spectrum and high-
resolution core-level peaks corresponding to Ti 2p, N 1s and Ni 2p.

region, corresponding to Ni-O and Ni-OH, respectively. The
856.4 eV peak may also indicate Ni-F bonding, which can arise
from interactions between the nickel- and fluorine-terminated
MXene surface. These interactions likely result from functional
groups (O, OH, and F) formed on the MXene surface during
the etching process and contribute to the stabilization of
nickel species. The satellite Ni peaks are observed at 862.9 eV
(Ni 2p3,) and 881.1 eV (Ni 2p;),), further confirming the oxi-
dized state of nickel species. The absence of a distinct metallic
Ni° peak around 852.6 eV suggests that the surface of the Ni
nanoparticles is largely oxidized to NiO/Ni(OH), under
ambient conditions. The XPS provides surface information of
the top few nanometers (penetration depth: 7-10 nm), and it
could be argued that the nanoparticles could retain a metallic
Ni core beneath this oxidized shell. However, this behavior is
not expected in the NiNPs anchored on Ti;C, MXene due to
the small size of the nanoparticles (3.0 + 0.8 nm).”>”* In the N
1s region, a prominent peak at 401.2 eV corresponds to
carbene-type nitrogen from the NHC ligand bound to the Ni
surface, evidencing its presence in the hybrid material. A sec-
ondary peak at 399.4 eV is assigned to adventitious or pyridi-
nic nitrogen, likely arising from trace adsorbates.

These features collectively confirm the successful anchoring
of Ni nanoparticles functionalized with NHC ligands on the
TizC, MXene surface. The nature of these NiNPs is consistent
with a NiO/Ni(OH), species containing NHC ligands.

Catalytic properties

Catalytic studies were initiated by optimizing the reaction con-
ditions for the hydrogenation of quinoline (1D), selected as
the model substrate. The reaction conditions were systemati-
cally optimized by varying key parameters, including the indi-
vidual components of the hybrid catalytic material, tempera-
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ture, hydrogen pressure and solvent. Control experiments con-
ducted without any catalyst or using the TizAlC, MAX phase or
the Ti;C, MXene alone demonstrated that these systems are
not active in the hydrogenation of quinoline (1D) (Table 1,
entries 1-3). In contrast, the hydrogenation of quinoline (1D)
under homogeneous conditions using complex 1 provided
60% yield of the corresponding tetrahydroquinoline (entry 4).
These control experiments confirm nickel as the primary active
catalytic species in the hydrogenation of quinolines.

We then studied the influence of the NHC ligand in the
catalytic performance of the hybrid material. In a first set of
experiments, a direct comparison required the preparation of
analogous NiNPs supported on MXene, but without the NHC
ligand. To achieve this, we followed the same synthetic proto-
col used for NiNPs/NHC@MXene, replacing the organo-
metallic complex 1 with Ni(NO;),-6H,O as the nickel source.
This procedure resulted in the formation of NiNPs supported
on MXene, designated as NiNPs/MXene, lacking the NHC
ligand. Characterization by HRTEM microscopy revealed the
formation of prismatic nanoobjects (Fig. S14 & S15). The par-
ticle size distribution of NiNPs/MXene was more challenging
due to the less well-defined morphology. Nevertheless the
average particle diameter was estimated to be approximately
4.1 nm (N = 100), which is comparable to that of NiNPs/
NHC@MXene (3.0 nm) (Fig. S16). The different morphology
obtained using different nickel sources confirmed the role of
the NHC ligand in the formation/nucleation of NiNPs. The
catalytic activity of NiNPs/MXene was then evaluated in the
hydrogenation of quinoline (1D) under standard conditions.
Notably, the material exhibited negligible catalytic activity
(Table 1, entry 5). This result underscores the critical role of
the NHC ligand in maintaining the activity and stability of the
NiNPs.

We then explored the catalytic performance of NiNPs sup-
ported on MXene using an alternative NHC ligand with
different structural properties (Me,NHC). We followed the
same preparation method as for NiNPs/NHC@MXene. We syn-
thesized complex 2 using the ligand Me,NHC and reduced
with ‘BuNH,-BHj; to generate the new hybrid material, NiNPs/
Me,NHC@MXene. Experimental details of synthetic pro-
cedures and characterization data are provided in the SI
(section S9, Fig. S17-S21). HRTEM analysis revealed spherical
NiNPs with an average diameter of 4.7 + 2.4 nm. These NiNPs
are relatively larger and more broadly distributed than those in
NiNPs/NHC@MXene (3.0 = 0.8 nm). Catalytic evaluation of
complex 2 under homogeneous conditions showed lower
activity than complex 1 (Table 1, entry 6), whereas the hybrid
material NiNPs/Me,NHC@MXene exhibited catalytic perform-
ance comparable to that of NiNPs/NHC@MXene (Table 1,
entry 7). These findings indicate that, although the NHC
ligand plays a key role in nanoparticle formation, the subtle
structural variations in the ligand have only a modest influ-
ence on the overall catalytic activity.

Hydrogenation of quinoline (1D) using the NiNPs contain-
ing the NHC ligand, NiNPs/NHC@MXene, under the standard
conditions resulted in a 95% yield of tetrahydroquinoline (1H)

This journal is © The Royal Society of Chemistry 2026
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Table 1 Reaction optimization using quinoline as a model substrate
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NiNPs/NHC@MXene

Solvent
= H, (bar)
N Temp Ir:ll

Entry Cat. Solvent Temp. (°C) Py, (bar) Conv.” (%) Yield® (%)
1 — EtOH 150 30 0 0
2 TizAlC, MAX phasec EtOH 150 30 1 0
3 Ti;C, MXene® EtOH 150 30 3 2
4 Complex 14 EtOH 150 30 63 60
5 NiNPs@MXene EtOH 150 30 5 5
6 Complex 24 EtOH 150 30 35 33
7 NiNPs/Me,NHC@MXene EtOH 150 30 94 90
8 NiNPs/NHC@MXene EtOH 150 30 96 95
9 NiNPs/NHC@MXene EtOH 120 30 99 98
10 NiNPs/NHC@MXene EtOH 100 30 27 12
11 NiNPs/NHC@MXene EtOH 70 30 3 0
12 NiNPs/NHC@MXene EtOH 120 20 56 41
13 NiNPs/NHC@MXene EtOH 120 6 9 7
14 NiNPs/NHC@MXene EtOH 120 1 3 3
15 NiNPs/NHC@MXene MeOH 120 30 98 91
16 NiNPs/NHC@MXene 2-PrOH 120 30 95 94
17 NiNPs/NHC@MXene Toluene 120 30 4 1
18 NiNPs/NHC@MXene 1,4-Dioxane 120 30 6 0
19 NiNPs/NHC@MXene 0-DCB 120 30 7 4
20 NiNPs/NHC@MXene p-Xylene 120 30 0 0
21 NiNPs/NHC@MXene o0-Xylene 120 30 0 0
22 NiNPs/NHC@MXene Hexane 120 30 7 6

General reaction conditions: quinoline (1D) (0.1 mmol); catalyst loadin,

by GC/FID using anisole as an internal standard. ? Yield calculated by
dard. ° Catalyst loading: 20 mg.  Catalyst loading: 3.7 mol%.

(Table 1, entry 8). Temperature screening revealed that dimin-
ishing the reaction temperature from 150 °C to 120 °C main-
tained product formation within the quantitative range
(Table 1, entry 9), while further decrease to 100 °C or below
significantly reduced the yield (Table 1, entries 10-12).
Different hydrogen pressures were tested to identify the most
efficient one; however decreasing hydrogen pressure below 30
bar provided lower yields (Table 1, entries 12-14). A range of
solvents were scrutinized to determine their influence on the
hydrogenation of quinoline (1D) (Table 1, entries 15-22).
Among them, alcohols provided the highest yields using either
methanol or isopropanol as an alternative to ethanol. In con-
trast, other solvents gave poor results, indicating that solvent
polarity plays a crucial role, likely due to enhanced charge sep-
aration in the transition state. The hydrogenation reactions
were performed using a catalyst loading of 3.7 mol% nickel,
calculated based on the dispersion factor that accounts exclu-
sively for nickel atoms located on the surface of the nano-
particles. The number of surface-exposed nickel atoms was
estimated under the assumption of a spherical nanoparticle
morphology. Details of the calculation procedure are provided
in the SI (Table S2).

Based on the systematic optimization studies, the optimal
reaction conditions were identified as 120 °C, 30 bar hydrogen
pressure and ethanol as solvent, resulting in a 98% yield using
a catalyst loading of 3.7 mol% of nickel. With the optimal con-

This journal is © The Royal Society of Chemistry 2026

g (3.7 mol% based on Nig,,¢); and solvent (2 mL). “ Conversion calculated
H NMR spectroscopy using 1,3,5-trimethoxybenzene as an external stan-

ditions, we screened the overall reaction trend by monitoring
product formation and reagent disappearance by GC/FID until
completion (Fig. 7). The reaction progress was monitored over
time, showing a steady increase in the concentration of tetra-
hydroquinoline (1H) concurrent with a steady decrease in the
concentration of quinoline (1D). The mass balance indicates

NiNPs/NHC@MXene

X EtOH
_—
— 30 bar H,
N

1D 120°C,17h T
100 ¢
30
60 -
S
40
20
0 T r T r »
0 2 4 6 8 10 12 14 16 18
Time (h)

—e—Quinoline (1D) Tetrahydroquinoline (1H)

Fig. 7 Reaction monitoring in the hydrogenation of quinoline (1D).
Conditions: quinoline (0.1 mmol), catalyst loading (3.7 mol% based on
Nisure), 130 °C, 30 bar H, and EtOH (2 mL).
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the complete conversion of the reagent into the product
without detectable formation of side products. These results
confirm the high activity and selectivity of the NiNPs/
NHC@MXene catalyst in the hydrogenation of quinoline (1D).

To evaluate the generality and limitations of the hydrogen-
ation of N-heterocycles catalyzed by NiNPs/NHC@MXene, the
substrate scope under the optimized conditions previously
established was investigated. A range of substrates bearing
various functional groups at different positions on the hetero-
cyclic ring were tested. The reaction progress was indepen-
dently assessed by monitoring substrate conversion and
product yield. Conversion was determined by GC/FID using
anisole as an internal standard, while the product yield was
quantified by "H NMR spectroscopy using 1,3,5-trimethoxy-
benzene as an external standard (Table 2).

The catalytic material NiNPs/NHC@MXene is active across
a series of N-heterocycles, providing good to excellent yields
regardless of the electronic nature or position of substituents
(Table S3). Quinoline (1D) and its methyl-substituted deriva-
tives at the 2- (2D), 6- (3D), or 8- (4D) positions were hydrogen-

Table 2 Reaction scope
tetrahydroquinolines

N|NPsINHC@MXene
EtOH
4 N

in the hydrogenation of quinolines to

30 bar H, R4 %conversion
1 0.1 mmol 120°C, 17h H (%yield)
5 4
6 3 2) 3)
7 2
M N7 N N
H 1H H 2H H 3H
100% 100% 100%
(99%) (99%) (96%)
[: ] ] )\@\/j @\/j\'jh
100% 100% 72%

(98%) (99%)

Oﬁ

100%
(96%)

(71%)

Oﬁ@ﬁ

100%
(99%)

100%
(95%)

10) 11)

<oy,
HN

64%
(57%)

10H 11H

58%
(53%)

Reaction conditions: substrate (0.1 mmol), catalyst loading (3.7 mol%
based on Nigy,), 120 °C, and EtOH (2 mL). Conversion calculated by
GC/FID using anisole as an internal standard. Yield calculated by 'H
NMR using 1,3,5-trimethoxybenzene as an external standard. D and H
correspond to dehydrogenated and hydrogenated versions of the same
compound, respectively.
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ated quantitatively (Table 2, entries 1-4). A bulky substituent at
the 6-position did not significantly impact the yield (5D);
however, a phenyl group at the 2-position (6D) resulted in
reduced catalytic efficiency, yielding a lower conversion
(Table 2, entries 5 and 6). The presence of electron-donating
(MeO-) (8D) and electron-withdrawing (Cl- or CF;7) (7D and
9D) groups at the six position of the aromatic ring do not
affect the reaction outcomes affording quantitative yields in all
cases (Table 2, entries 7-9). Notably, more sterically or electro-
nically complex substrates such as isoquinoline (10D) and
benzo[k]quinoline (11D) also underwent successful hydrogen-
ation, albeit with lower yields (53% and 57%, respectively)
under the standard reaction conditions, likely due to slower
reaction kinetics (Table 2, entries 10 and 11). Throughout the
substrate scope study, no side products were detected. Only
starting materials and the fully hydrogenated N-heterocycles
were observed, as confirmed by "H NMR analysis of the crude
reaction mixtures (Fig. S22-S32), highlighting the high selecti-
vity of the catalytic system. These results demonstrate that
NiNPs functionalized with N-heterocyclic carbene ligands and
supported on MXene represent an efficient and selective cata-
Iytic platform for the hydrogenation of N-heterocycles.

Recycling and reusability experiments

The reusability of NiNPs/NHC@MXene was evaluated through
recycling experiments, in which the catalyst performance for
quinoline (1D) hydrogenation was evaluated under identical
reaction conditions across successive runs (Fig. 8). After each
cycle, the solid catalyst was recovered by filtration, washed
with EtOH (3 x 5 mL), air-dried, and reused in a new reaction
with fresh reagents and solvent. The results showed that the
catalytic ~performance of NiNPs/NHC@MXene rapidly
decreased, going from 98% yield in the first run to a 21% yield
in the fourth run. Catalyst deactivation is a major challenge in
catalysis, often limiting efficiency and increasing operational
costs. To investigate the deactivation mechanism and explore
pathways for catalyst improvement, the spent catalyst was ana-
lyzed using XRD analysis and microscopic techniques to ident-
30 bar Hy

) e ()
120°C, 17h H 1H

99 98
98 77 96
100
74|
8
40
a7 29
4 21
2
0
1 2 4 5

Run

NiNPs/NHC@MXene
EtOH

(%)
OOSO

Yield ® Conv.

Fig. 8 Recycling and reusability properties of NiINPs/NHC@MXene. The
yellow arrow indicates catalyst regeneration.
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Fig. 9 HRTEM characterization of NiNPs/NHC@MXene after 4 catalytic
cycles at 1 pm (a) and 500 nm (b).

ify changes in the support and the active metal species. First,
the morphology of the spent catalyst was analyzed by
microscopy. HRTEM revealed a notable morphological trans-
formation: while the freshly prepared NiNPs/NHC@MXene
contained NiNPs averaging 3 nm in size (Fig. 2d), after four
catalytic runs, the average size increased dramatically up to
80 nm (Fig. 9). Morphological analysis suggests that nano-
particle sintering is a major contributor to catalyst
deactivation.

The surface chemical composition and oxidation states of
the NiNPs/NHC@MXene catalyst were analyzed by XPS before
and after consecutive catalytic cycles (Fig. 10 and S33, S34).
The as-prepared sample exhibits characteristic Ti 2p, Ni 2p,
and C 1s signals consistent with Ti;C, MXene decorated with
Ni-based nanoparticles as previously described. In the Ti 2p
region, the peaks at 454.5 eV and 456.0 eV correspond to Ti-C
and Ti*" species, respectively, whereas signals at 457.6-462.3
eV are attributed to surface Ti-O, species (TiO, and other
oxides). These features remain nearly unchanged after the first
catalytic run, indicating a certain stability of the MXene
support under the reaction conditions. However, after the
fourth run, there is a clear increase in the intensity of the peak
attributed to surface Ti-O, species, suggesting progressive
surface oxidation of the MXene.

The Ni 2p spectra of the as-prepared material show a main
component as a doublet peak at 856.4 eV (Ni 2p3/,) and 874.3
eV (Ni 2p,,,) corresponding to NiO, along with their character-
istic satellite features. The intensity of this NiO component
gradually decreases in favor of the Ni(OH), species, and this
transformation is evident after the first catalytic run. Following
four catalytic cycles, the Ni 2p region is dominated by the
doublet peak of Ni(OH), at 859.3 and 877.9 eV, evidencing the
formation of hydroxylated nickel species. The C 1s spectra
display a dominant C-C peak at 284.5 eV, with additional com-
ponents assigned to C-O (286.1 eV), C=0 (287.9 eV), and Ti-C
(281.1 eV). The persistence of the Ti-C signal confirms the
retention of the MXene carbide structure after the four cata-
lytic runs. A clear increase in oxygenated carbon species is
observed after successive runs as evidenced by the intensified
C-O signal at 286.2 eV, which is attributed to surface oxi-
dation. In the N 1s region, the peak at 401.2 eV, corresponding
to carbene-type nitrogen from the NHC ligand, is clearly
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observed after the first catalytic run (Fig. S33). However, this
signal is no longer visible after four catalytic cycles, suggesting
that the NHC ligand detaches from the NiNP surface during
repeated reactions (Fig. S34). These results indicate that the
NHC ligand remains partially present after the first catalytic
cycle but is completely lost after four cycles.

Overall, the XPS analysis during reusability experiments
confirmed a higher oxidation degree of the NiNPs/
NHC@MXene catalyst. Although catalytic reactions occur
under reducing conditions, the observed oxidation likely
results from the formation of highly reactive Ni surface sites
during hydrogenation that subsequently oxidize upon
exposure to air after each reaction cycle.

To further elucidate the redox behavior of NiNPs on MXene
we performed H, temperature programmed reduction (H,-
TPR) analysis of the support Ti;C, MXene, the as-prepared
NiNPs/NHC@MXene catalyst and the corresponding used cata-
lyst (Fig. 11). The H,-TPR profile of Ti;C, MXene exhibits only
weak hydrogen consumption below 400 °C and a broad high-
temperature reduction feature above 700 °C, which can be
attributed to stable Ti-O species, confirming the absence of
readily reducible surface species under typical hydrogenation
conditions.”® Upon deposition of nickel nanoparticles, a new
and well-defined reduction peak appears at approximately
340 °C, which is assigned to the reduction of oxidized nickel
species (NiO/Ni(OH),). This behaviour indicates the presence
of finely dispersed and readily reducible Ni nanoparticles on
the MXene surface, in agreement with HRTEM analysis results
(Fig. 2c & d). After catalytic hydrogenation, the TPR profile
retains a nickel-related reduction feature at a similar tempera-
ture, although slightly shifted and narrowed, suggesting
changes in nanoparticle dispersion consistent with partial sin-
tering during catalysis. This interpretation is further supported
by HRTEM analysis of the used catalyst (Fig. 9). Importantly,
the high-temperature reduction feature associated with the
MXene support remains essentially unchanged, demonstrating
that the TizC, framework is structurally stable under the
applied reaction conditions. Given that the hydrogenation
reactions are performed under significantly more reducing
conditions (30 bar H, at 120 °C for several hours) than those
employed during H,-TPR measurements, it is reasonable to
infer that NiO/Ni(OH), species are at least partially, and likely
predominantly, reduced to metallic Ni during catalysis. This
interpretation is consistent with the observed catalytic activity
and with literature reports identifying Ni° as the active phase
in nickel-catalyzed hydrogenation reactions.”®”®

Overall, the H,-TPR results indicate that catalyst de-
activation is primarily related to nanoparticle agglomeration
rather than irreversible oxidation of either the nickel species
or the MXene support.

To address the observed deactivation, a regeneration strat-
egy was explored involving a reductive treatment aimed at
restoring nanoparticle dispersion. The spent catalyst was
treated with ‘BuNH,-BH; under stirring for 20 hours, following
the same procedure used for the as-prepared catalyst. This
treatment successfully recovered the catalytic performance to
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Fig. 10 Comparative XPS characterization of the NiNPs/NHC@MXene initial material and during the recycling experiments. High resolution core-
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Fig. 11 H,-TPR profiles of TizC, MXene and the as-prepared and used
NiNPs/NHC@MXene catalyst.
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its initial level (Fig. 8, run 5). Further evidence of the success-
ful regeneration process was experimentally obtained by XRD
(Fig. 12). The characteristic diffraction peaks of NiNPs/
NHC@MXene gradually broadened and eventually disappeared
after four catalytic runs, indicating a loss of crystallinity and
the formation of an amorphous phase. However, after the
regeneration of the catalytic material, the XRD pattern was
restored, displaying sharper and more defined reflections con-
sistent with a material like the as-prepared catalyst. Further
characterization of the regenerated material using HRTEM
microscopy confirmed the disaggregation of NiNPs. The
average particle size decreased from approximately 80 nm in
the spent material to about 5 nm after regeneration (Fig. 13).
The recycling and regeneration studies reveal that NiNPs/
NHC@MXene suffers from deactivation due to nanoparticle
sintering. Importantly, this deactivation can be reversed
through a mild, room-temperature reduction treatment effec-
tively restoring both the nanoparticle dispersion and the cata-
Iytic activity. This approach highlights the potential of NiNPs/
NHC@MXene as a sustainable and reusable catalytic system

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 XRD evolution of NiNPs/NHC@MXene during recycling and re-
usability experiments. XRD spectrum after run 1 (a), after run 4 (b) and
after reactivation (c).

Fig. 133 HRTEM characterization of NiNPs/NHC@MXene after the
regeneration procedure at 100 nm (a) and 20 nm (b).

whose performance is comparable to those of state-of-the-art
nickel-based catalysts (Table §1).*97>%7°

Conclusions

This study presents the development of a hybrid catalytic
material consisting of nickel nanoparticles functionalized with
NHC ligands and supported on TizC, MXene (NiNPs/
NHC@MXene). This material exhibits high catalytic efficiency
and selectivity in the hydrogenation of quinolines, performing
comparably to state-of-the-art nickel-based systems (Table S1).
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The role of the NHC ligand has been scrutinized, indicating
the impact in the initial formation of metal nanoparticles on
the material’s surface by controlling the size and morphology.

A distinctive feature of the NiNPs/NHC@MXene catalyst is
its broad substrate scope. Recycling experiments revealed a
gradual decrease in catalytic performance over successive
cycles, primarily attributed to nanoparticle growth and
agglomeration due to ligand disappearance. Notably, this de-
activation can be reversed: a mild regeneration treatment
under reducing conditions using ‘BuNH,-BH; successfully
restores the catalytic activity to its original level.

The hydrogenation activity and regenerability of the NiNPs/
NHC@MXene system exemplify a sustainable strategy for
designing efficient catalysts based on Earth-abundant metals.
Moreover, these results underscore the versatility of TizC2
MXene as a suitable support for metal nanoparticles. Future
efforts directed toward minimizing deactivation pathways and
optimizing regeneration strategies will be crucial for extending
catalyst lifetime and advancing the practical deployment of
MXene-supported catalytic systems.
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