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Graphene as a Suitable Support for Nickel Nanoparticles
Functionalized with NHC Ligands in Dehydrogenation of

Alcohols

Judith Medina-Vargas,'?! Andrés Mollar-Cuni,® Santiago Martin,™ < Ivan Sorribes,*@]

and Jose A. Mata*@]

In this paper, we describe a bottom-up synthesis of nickel
nanoparticles (NiNPs) functionalized with N-heterocyclic carbene
ligands and immobilized onto reduce graphene oxide (rGO). This
tailored synthetic approach provides insights into the physical
and chemical factors influencing NiNP formation and proper-
ties. The hybrid material (metal nanoparticles + organic ligand
+ graphene) is prepared starting from a well-defined nickel
complex that is decomposed in a controlled manner provid-
ing ligand-decorated metal nanoparticles under mild conditions.
The resulting NiNPs are spherical, with a small average size dis-

1. Introduction

The development of sustainable catalytic transformations
requires the use of catalytic materials that do not rely on critical
metals.™ In this context, nickel nanomaterials (NiNPs) have
gained significant attention due to their proven efficiency
in various catalytic systems,”! including carbon-carbon!®!
and carbon-heteroatom couplings,™ ! hydrogenation,™-%!
hydrogen/deuterium exchange,”®!  hydrosilylation,?! and
oxidation/reduction reactions including water splitting.?"24
However, the number of applications is still limited compared to
platinum group metals.!”! Enhancing the catalytic performance
of first row transition metals requires tuning active sites through
ligand design, the use of suitable additives (e.g., capping agents,
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tribution (3.7 & 0.9 nm). This hybrid material (NiNPs/NHC@rGO)
is an efficient catalytic material for the dehydrogenation of
alcohols to produce carbonyls with the concomitant release of
molecular hydrogen. We explore its catalytic properties, sub-
strate scope, and recyclability. Furthermore, X-ray photoelectron
spectroscopy analysis reveals the material’s evolution over mul-
tiple catalytic cycles. The reusability of NiNPs on graphene rep-
resents a significant advancement in the design of nickel-based
catalytic materials.

surfactants) or supports.?>-8] Nickel-based materials are usu-
ally prepared by impregnation of a nickel salt, followed by
thermal or chemical reduction to form metal nanoparticles
(MNPs).12231 1t js well-established that NiNPs exhibit distinct
properties from their bulk counterparts, and more importantly,
their reactivity can be modulated through appropriate additives
and supports.5?! The rational design of nanomaterials enables
control over catalytic performance, stability, and selectivity,
which are critical for efficient transformations. Previously, we
investigated the influence of graphene as a support for pal-
ladium nanoparticles (PdNPs).!3! Graphene provided stability
by preventing sintering and Ostwald ripening during catalytic
alkyne hydrogenation. We also explored how various ligands
affect the catalytic properties of gold nanoparticles (AuNPs)
immobilized onto the surface of graphene.* The ligands con-
taining groups that favor stronger interactions with the support
provided the most efficient catalytic materials. Other studies
have also demonstrated the impact of stabilizers and supports
on NiNP-based catalysis. For example, Garcia et al. reported
that NiNPs supported on defective graphene, thermally derived
from sodium alginate, serve as efficient photocatalysts for CO,
reduction in the gas phase, even in the absence of stabilizers or
ligands.?"! Additionally, Godard et al. described NiNPs decorated
with N-heterocyclic carbene ligands and immobilized on carbon
nanotubes as effective catalyst in selective semihydrogenation
of alkynes (Figure 1).0"]

Dehydrogenation of alcohols with the concurrent formation
of molecular hydrogen is an interesting transformation from the
academic point of view but also from the hydrogen storage
technologies using C—H bonds, such as those based on lig-
uid organic hydrogen carriers (LOHCs).!*-#! Traditionally, noble
metal-based heterogeneous catalysts (e.g., Pd, Pt, and Ru) have
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Figure 1. NiNPs based catalytic materials.

been employed for this purpose, but their scarcity and high
cost pose significant challenges for large-scale industrial imple-
mentation. Given the global energy transition strategies and the
increasing importance of green hydrogen, the development of
catalytic systems based on abundant and cost-effective metals
is highly desirable.!*2-44]

In this study, we describe the catalytic properties of NiNPs
functionalized with N-heterocyclic carbene ligands anchored
onto rGO for the dehydrogenation of alcohols. The hybrid cat-
alytic material is prepared using a modular approach starting
from a well-defined nickel molecular complex. This strategy
allows a rational and controlled procedure for the synthesis of
NiNPs.

2. Results and Discussion
2.1. Synthesis and Characterization

Nickel nanoparticles decorated with N-heterocyclic carbene lig-
ands (NHCs) and supported on reduced graphene oxide (rGO)
were prepared in a sequential way to enable precise control
over the final morphology and composition (Scheme 1). The
first step in the synthetic procedure consists in the preparation
of a well-defined nickel complex 2 (Figures S1-59). The ligand
precursor 1, containing an NHC with Me- and methyl pyrene sub-
stituents, previously reported by our group, was metalated using
nickelocene as metal precursor. The driving force of the reac-
tion is the transformation of a 20-electron valence shell complex
to a more stable 18-electron complex where one cyclopenta-
dienyl group (CsHs™) of nickelocene acts as an internal base
for deprotonation of imidazolium salt (1) forming cyclopentadi-
ene (CsHe).12>*#1 The resulting cyclopentadienyl Ni complex 2
was characterized by NMR spectroscopy, electrospray ionization—
mass spectrometry (ESI-MS), X-ray photoelectron spectroscopy
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(XPS), thermogravimetric analysis (TGA), and single crystal X-
ray diffraction. The molecular structure of complex 2 confirms
the expected half-sandwich structure with a bromo and a NHC
ligand forming a dihedral angle of 94.2 (Figure 2a).

The immobilization of complex 2 onto rGO provided the
hybrid material 2-rGO, facilitated by w-stacking interactions
between the pyrene tag and the graphene support. Although,
these noncovalent interactions are relatively weak, their multi-
plicity in the case of graphene enhances stability, as we have
previously observed with other metal complexes.*®>3! Indi-
rect evidence of the tendency of metal complexes to engage
m-staking interactions is observed in the packing diagram
of complex 2 (Figure 2b). The crystal packing reveals pairs
of molecules in proximity, displaying m-stacking interactions
between the pyrene tags with an interplanar distance of 3.52 A.
The grafting procedure was carried out by stirring the rGO
support in a CH,Cl, solution of complex 2 at room tempera-
ture. The use of mild conditions ensured the preservation of
the material’s properties and morphology. Characterization of
the hybrid material 2-rGO by HRTEM confirmed the homoge-
neous distribution of complex 2 over the 2D surface of graphene
(Figures S10 and S11).

The hybrid material 2-rGO was used to synthesize
NiNPs/NHC@rGO through two methods. Method A involves
a controlled reduction of metal complex 2 using borane t-
butylamine (‘BuNH,-BH;) as reducing agent. Alternatively, in
method B, NiNPs/NHC@rGO can be synthesized directly from
complex 2 in the presence of a rGO suspension, using the same
reducing agent. Both methods result in nickel nanoparticles
that are directly immobilized onto the surface of graphene,
exhibiting the same morphology (comparison in Figures S12 and
S13). The final hybrid material, NiNPs/NHC@rGO, appears as a
fine black powder, which remains stable for months in the solid
state.

Characterization of NiNPs/NHC@rGO was performed using
different microscopic, spectroscopic, and analytical techniques.
Detailed procedures and additional data are provided in the
Supporting Information. HRTEM microscopy confirms the 2D
morphology of rGO and the homogeneous distribution of nickel
on its surface (Figure 3 and Figures S12-515). The low contrast of
nickel transmission microscopy due to small particle size and low
atomic number, impedes a clear visualization of metal nanoparti-
cles in regions where the graphene layers overlapped. However,
well-defined spherical metal nanoparticles are observed at the
edges (Figure 3). The size histogram analysis provides an average
diameter of 3.7 £ 0.9 nm (Figure 3c). We performed a compar-
ative analysis of rGO and NiNPs/NHC@rGO by X-ray diffraction
(XRD) to determine sample’s composition and crystallinity. How-
ever, no significant differences were observed in the diffraction
pattern due to the intrinsic lamellar structure of rGO and the
low ratio of NiNPs versus support (Figure S16). The characteris-
tic diffraction peaks corresponding to metallic nickel (JCPDS card
no. 04-0850) were not detected, with the only intense diffrac-
tion peaks attributed to rGO.***! The presence of defects in
the support was assessed using Raman spectroscopy. The intro-
duction of nickel nanoparticles onto the surface of rGO had
minimal impact on the relative intensity of the graphitic (/g at
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Scheme 1. Synthesis of nickel nanoparticles functionalized with NHC ligands supported onto rGO.
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Figure 2. Single crystal X-ray diffraction. a) Molecular structure of complex
2 and b) packing diagram showing the interplanar distance between the
pyrene tags of 3.52 A.
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Figure 3. Characterization of NiNPs/NHC@rGO. a) HRTEM image, b) STEM
image, ¢) size histogram (N = 200), and d) comparative thermogravimetric
analysis of rGO with/without nickel nanoparticles.

1590 cm™") and defect (Ip at 1350 cm™') bands, when comparing
the Raman spectra of rGO and NiNPs/NHC@rGO (Figure $17).°¢!
This suggests that the formation and immobilization of metal
nanoparticles does not affect the graphene character of rGO,
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most probably due to the low NiNPs-to-support ratio. FTIR spec-
troscopy provided the characteristic fingerprint of each material
with subtle differences observed for the graphene containing
NiNPs sample (Figure $18). Then, we performed the characteriza-
tion of the material by TGA. We started our studies by analyzing
the thermal decomposition of complex 2. The thermogram of
2 provided characteristic mass losses corresponding to differ-
ent ligands fragments (Figures S19 and S20). Up to 400 °C, a
26.5% mass loss was observed, attributed to the elimination of
Cp and Br. Between, 400-600 °C, and additional 58.1% mass
loss was recorded, corresponding to the decomposition of the
NHC ligand, confirming its thermal stability. Beyond 600 °C, the
remaining 15.4 wt% was identified as nickel in the form of nickel
oxide (NiO).

A comparative TGA of rGO and NiNPs/NHC@rGO was then
performed under both nitrogen and air atmospheres, with the
most informative results obtained in air. The thermogram for
both materials under air shows a sharp mass loss between 400
and 600 °C (Figure 3d). Notably, the residual mass observed
for NiNPs/NHC@rGO was 1.5 wt% that corresponds to the total
amount of nickel content in the material assuming complete
oxidation to NiO. The nickel content in NiNPs/NHC@rGO was fur-
ther quantified using ICP-MS. The sample was digested using a
mixture of HNOs/HCl acids under microwave irradiation (45 min)
to ensure complete nickel solubilization. The nickel content on
NiNPs/NHC@rGO was 1.14 wt% indicating that almost all initial
nickel was anchored onto the support (Figure 3d). The nickel
content obtained from ICP-MS closely matched the results from
TGA, considering the formation of NiO.

We performed a comprehensive characterization analysis
using XPS by comparison of the spectra of complex 2 and
the material NiNPs/NHC@rGO (Figure 4). The survey spectrum
and further details of XPS analysis are provided in the sup-
porting information (Figures S21 and S22). The XPS analysis of
complex 2 is straightforward, as its elemental composition and
nickel oxidation state is predetermined and well established
by other techniques. The survey spectrum is primarily char-
acterized by signals corresponding to carbon, nickel, nitrogen,
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Figure 4. Comparative XPS analysis of complex 2 and NiNPs/NHC@rGO corresponding to the high-resolution core-level peaks of Ni(2p), N(1s), and C(1s).

bromo, and adventitious oxygen. The high-resolution core-level
peak of Ni2p in complex 2 exhibits two distinct peaks corre-
sponding to Ni 2p;, (8723 eV) and Ni 2ps;, (854.7 eV), along
with their corresponding satellite peaks at 879.1 and 861.1 eV,
respectively. These peaks are unequivocally assigned to the
Ni?* oxidation state. Another key feature is the high-resolution
peak of C 1s that is dominated by C—C(H) groups (284.5 eV)
from the NHC and Cp ligands. The asymmetry of C 1s peak at
higher binding energies suggests the presence of C—N groups
(285.6 eV) which are associated with the azole ring. This assign-
ment is further supported by the N 1s spectrum, where a
peak at 400.7 eV corresponds to nitrogen within the azole
ring.

The survey spectrum of NiNPs/NHC@rGO is primarly com-
posed of signals from carbon, nickel, nitrogen, and oxygen, with
no detectable bromine, indicating its lost during the formation
of nickel nanoparticles. The high-resolution core-level peak of
Ni 2p closely resembles that of the molecular complex; how-
ever, the core-level peaks are shifted to higher binding energies,
which is attributed to nanoparticle formation. Specifically, the
core level peak of Ni 2py, shifts from 8723 to 874.0 eV, while
the peak of Ni 2ps, from 854.7 to 856.4 eV.”"! These peaks posi-
tions correspond to nickel in the +2 oxidation state, likely in the
form of NiO, as further supported by the O 1s spectrum, which
exhibits a characteristic peak at 530.3 eV (Figure S22). The Ni 2p
spectrum did not reveal any contribution of Ni° oxidation states
of metallic nickel particles most probably due to the presence
of NHC ligands covering the surface of the nanoparticle as it
is corroborated by the displacement at higher binding energies
observed in the N 1s region for the peak attributed to the azole
ring (from 4007 to 401.8 eV).””! We and others have previously
observed the absence of low valence metal species in AuNPs
covered with NHC ligands by XPS. Most probably due to the low
penetration of XPS radiation especially when bulky NHC ligands
are used.*®341 Using XPS we cannot exclude the presence of Ni(0)
species in the core of NiNPs. The high-resolution peak of C 1s in
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NiNPs/NHC@rGO is dominated by C—C(H) groups (284.5 eV) but
deconvolution of the peak confirmed the presence of C—0 single
(290.8 eV) and C=0 double bond (288.2 eV) groups characteristic
of graphene materials.

2.2. Catalytic Properties in the Conversion of Benzyl Alcohols

We assessed the catalytic properties of the hybrid material
NiNPs/NHC@rGO in the conversion of benzylic alcohols into
aldehydes with the concomitant formation of H,. We used
benzylalcohol as model substrate for the optimization of the
catalytic reaction conditions (Table 1). Control experiments con-
firmed the necessity of both the catalyst and base, as no alcohol
conversion was observed in their absence. To further assess the
catalytic role of the support, we tested rGO alone as a carbo-
catalyst (Table 1, entry 1). However, rGO did not promote efficient
dehydrogenation of alcohols into aldehydes, despite its known
catalytic activity in the oxidation of alcohols using molecular
oxygen as the oxidant.!®®%! The properties of rGO as carbo-
catalyst have recently been disclosed in dehydrogenation of
N-heterocycles but, to the best of our knowledge, its application
in alcohol dehydrogenation has not yet been demonstrated.[¢3°]
Control experiments confirmed nickel nanoparticles (NiNPs) as
the catalytic active sites for converting primary alcohols into
aldehydes. While the support itself lacks catalytic activity in this
transformation, it plays a main role in the stability of metal
nanoparticles and influences their formation. This aligns with our
prior observations of the noninnocent role of the support in the
case of metal complexes!®®**%711 and metal nanoparticles>®’?!
anchored on the surface of rGO. We assessed a variety of sol-
vents for dehydrogenation of alcohols using NiNPs/NHC@rGO
(Table 1, entries 2-8). The reaction proceeded with different
solvents providing better results using solvents containing an
aromatic group. Among all, the best results were obtained with
toluene. When doing the reaction at lower substrate concen-
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Table 1. Reaction optimization using benzyl alcohol as model substrate.

NiNPs/NHC@rGO o
OH Cs,CO
EjA Solverft (23mL) H+H
130 °C, 24 h

Entry Solvent Temp. (°C) Base (mmol) Conv. (%)? Yield (%) TONP TOF (h—")®
19 Toluene 130 0.30 0 0 0 0
2 Chlorobenzene 130 030 96 75 44 1.8
3 Toluene 130 0.30 100 94 55 22
4 THF 130 0.30 6 3 1.8 0.1
5 MeCN 130 0.30 29 2 12 0.1
6 p-Xylene 130 0.30 80 61 36 15
7 o-Xylene 130 0.30 44 39 23 1

8 n-hexane 130 0.30 63 60 35 1.5
9 Toluene (3 mL) 130 0.30 77 76 45 1.9
10 Toluene 130 0.15 76 52 31 13
11 Toluene 130 0.45 95 81 48 2
12 Toluene 130 0.3 (NaOH) 64 36 21 0.9
13 Toluene 100 0.30 29 19 1 0.5
149 Toluene 130 0.30 59 52 10 0.4
158 Toluene 130 0.30 74 72 14 0.6
16" Toluene 130 0.30 53 52 10 0.4

(2 mL).

b TON and TOF values at 24 h.

9 Using rGO (15 mg), without nickel, as a carbo-catalyst.

9 Using NiNPs onto rGO without NHC ligand.

® Using 2-rGO as catalyst (5 mol% based on Ni).

f) Using the molecular complex 2 as catalyst (5 mol% based on Ni).

General reaction conditions: benzyl alcohol (0.15 mmol), catalyst loading (1.7 mol% Ni based on surface atoms), base (0.3 mmol), 130 °C, and solvent

@ Conversion and yield determined by gas chromatography using anisole (0.15 mmol) as an internal standard.

tration (0.05 M) the results were diminished (Table 1, entry 9).
Variation in the amount of base or substituting cesium carbon-
ate by NaOH did not have any improvement in the reaction
(Table 1, entries 10-12). We also evaluated the role of the NHC
ligand in dehydrogenation of alcohols. For that purpose, we
prepared nickel nanoparticles anchored on rGO following the
same procedure but using NiCl, as precursor instead of metal
complex 2. Using this material, we observed a lower conver-
sion/yield in dehydrogenation of benzylalcohol (Table 1, entry
14). It is important to note that the molecular complex 2 or the
catalytic material containing this complex immobilized through
m-stacking interactions are also active in this transformation
although lower activity was observed, likely due to decomposi-
tion of 2 (Table 1, entries 15 and 16). These findings underscore
the NHC ligand's critical function in modulating the catalytic
properties of nickel nanoparticles. Optimization of reaction con-
ditions confirmed that the best results were obtained using
NiNPs/NHC@rGO under the specific conditions described in
entry 3 (Table 1).

The catalytic properties of NiNPs/NHC@rGO were evaluated
by monitoring the reaction evolution using GC-FID. Reaction
profiles provide valuable information about catalytic procedures
and are particularly convenient to detect catalyst deactivation
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Figure 5. Reaction monitoring in the dehydrogenation of benzyl alcohol.
Conditions: benzyl alcohol (0.15 mmol), catalyst loading (1.7 mol% Ni based
on surface atoms or 5 mol% based on the total amount of Ni obtained by
ICP-MS), base (0.3 mmol), 130 °C, and solvent (2 mL). Metrics at 1 h

(TON = 9.4 and TOF = 9.4 h™"), at 50% conversion (TON = 29.4 and

TOF = 4.8 h™') and at the end of the reaction (TON = 58.8 and TOF = 2.5
h=).

and/or the presence of induction periods. We monitored the
reaction evolution using benzylalcohol as model substrate under
the general conditions previously described (Figure 5). The reac-
tion profile corresponds to the characteristic logarithmic curves
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without observing catalyst deactivation. We have not observed o]
the presence of an induction period under our reaction con- ©AOH NiNPs/NHC@rGO H o+ b
ditions. Catalyst loading is a key parameter to establish the Cs,COgftoluene

performance metrics of a catalytic system. In our case, we used
a catalyst loading of 5 mol% based on the total amount of Ni
obtained by ICP-MS. However, not all nickel atoms are located
at the nanoparticle surface acting as active sites. Considering
that NiNPs are spherical with an average size of 3.7 & 0.9 nm
(Figure 3), we estimated the number of nickel atoms located at
the surface of the nanoparticles (Table S2 and Figure S23). This
translates to only 34.5% of the total nickel atoms as accessible
sites, indicating that the effective catalyst loading is 1.7 mol%.
This value is the surface-specific activity defined for heteroge-
neous catalysts. The catalyst loading is significantly lower than
conventional nickel-catalyzed systems (5-10 mol%) yet demon-
strating comparable efficiency.

We evaluated the catalyst performance under different con-
ditions relevant to elucidate its heterogeneous nature. When
using solid catalysts, diffusion problems are often an important
issue to consider for understanding the kinetics of the pro-
cess. We assessed the influence of diffusion by monitoring the
dehydrogenation of benzylalcohol at different stirring speeds
(Figure 6a). The results in dehydrogenation of benzylalcohol
at different revolutions per minute (100, 300, and 800) shows
that the three plots overlapped suggesting that diffusion issues
are negligible for this transformation. Most probably, the use
of the 2D support with a high specific surface area allows the
interaction of catalyst active sites with reagents. We then eval-
uated the influence of catalyst loading in dehydrogenation of
alcohols (Figure 6b). The reaction profiles revealed a clear depen-
dence of catalytic performance on the amount of catalyst used,
demonstrating that higher catalyst loading enhances reaction
efficiency.

Next, we assessed the reaction scope in dehydrogenation of
alcohols using substrates with different functional groups. The
progress of the reaction was evaluated independently by sub-
strate disappearance (conversion) and product formation (yield).
Conversion was obtained by GC/FID using anisole as an inter-
nal standard and yield was calculated by '"H NMR spectra using
1,3,5-trimethoxybenzene as an external standard (Table 2). The
catalytic material NiNPs/NHC@rGO is active in the conversion of
a series of benzyl alcohols into the corresponding aldehydes in
good to excellent yields regardless of having electron-donating
or electron-attracting groups. 'H NMR spectra of crude reaction
mixture confirmed high selectivity, in alcohol dehydrogena-
tion induced by NiNPs/NHC@rGO, showing only the aldehyde
product and unreacted starting material without side products
(Figures S24-S34). Substrates with p-substituted alkyl groups,
such as p-methylbenzyl alcohol (Table 2, entry 1), p-isopropyl
alcohol (Table 2, entry 3), p-tbutylbenzyl alcohol (Table 2, entry
5), and p-methoxybenzyl alcohol (Table 2, entry 2), were effi-
ciently converted into the corresponding aldehydes, such as it
is also the case of 2-naphthalenemethanol (Table 2, entry 6).
Interesting results were also obtained in the case of piperonyl
alcohol providing piperonal in 92% yield, a substance used in
the synthesis of some pharmaceutical drugs such as L-DOPA,
tadalafil, or atrasentan (Table 2, entry 4). Evaluation of the effect
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Figure 6. Reaction kinetics in the dehydrogenation of benzyl alcohol. a)
Stirring effect and b) catalyst loading effect. Conditions: benzyl alcohol
(015 mmol), catalyst loading (in mol% based on surface Ni atoms), base
(0.3 mmol), 130 °C, and solvent (2 mL).

of halide (Cl) substitution at different positions (ortho, meta,
and para) resulted in almost quantitative conversions except in
the case of the ortho substituted substrate, which was con-
verted to a lesser extent (72%) likely due to steric hindrance
(Table 2, entries 7-9). In the case of bromide derivatives, a simi-
lar tendency was observed (Table 2, entries 10 and 11). However,
in the case of iodide substituent, partial dehalogenation was
observed (Table 2, entry 12) along with dehydrogenation. Benzyl
alcohol with and without o-iodide substitution was observed as
determined by GC-FID. This behavior may be attributed to the
lability of iodide group. The reaction scope properties suggest
that nickel nanoparticles functionalized with N-heterocyclic car-
bene ligands NiNPs/NHC@rGO is an efficient catalytic material in
dehydrogenation of benzyl alcohols.

2.3. Recycling and Reusability Experiments
The stability of NiNPs/NHC@rGO was evaluated through recy-

cling experiments assessing its performance in dehydrogenation
of alcohols using identical reactions conditions across consec-
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Table 2. Reaction scope in alcohol dehydrogenation.
(@]
B oH NiNPs/NHCs@rGO
|/ Cs,COtol [, "+t
A F S2 03/ oluene: Il / _ % conversior
0.15 mmol 130°C, 240 g (% yield)
1) Q 2) 2 3) Q
H H H
MeO
65 % 94 % 48 %
(57 %) (91 %) (45 %)
4) o 5) o 6) o
<o H H H
(0]
65 % 81 %
95 % o °
(92 %) (51 %) (72 %)
7) 0 8) 0 9) ?
Cl H
cl Cl ]
90 % 72% (gﬁ of’)
(78 %) (67 %) K
10) (0] 11) 12) (o]
H H @H
Br Br |
96 % 70 % 93 %
(79 %‘Z) (69 %) (66 %)
Entry 1 2 3 4 5 6 7 8 9 10 11 12
TON,4, 34 54 26 54 30 42 46 39 51 46 41 39
TOF,4n () 14 23 1.1 23 13 18 19 16 2.1 19 1.7 1.6
Note: Reaction conditions: benzyl alcohol (0.15 mmol), catalyst loading
(1.7 mol% Ni based on surface atoms), base (0.3 mmol), 130 °C, solvent
(2 mL). Conversion calculated by GC/FID using anisole as an internal
standard. Yield calculated by 'H NMR using 1,3,5-trimethoxybenze as an
external standard.

utive runs (Figure 7). The catalytic material was analyzed by
spectroscopic and spectrometric techniques after a selected
number of cycles to establish any change in the support or cat-
alytic active species. The recycling properties were examined
using benzyl alcohol as a model substrate under the standard
conditions established for the reaction scope. In each cycle, the
catalytic activity of NiNPs/NHC@rGO was analyzed twice (after
12 h and again at 24 h reaction) to prevent artifacts result-
ing from excess catalyst. When the reaction was finished, the
solid catalyst was recovered by filtration and was thoroughly
washed with toluene (3 x 5 mL), water (3 x5 mL), and ace-
tone (2 x 5 mL). Once the solid material was air-dried, it was
reused in another catalytic cycle, under the same reaction con-
ditions, without requiring reactivation. The results demonstrated
that NiNPs/NHC@rGO maintained its catalytic performance for
at least seven consecutive runs without noticeable deactiva-
tion. The catalyst’s activity remained consistent after 12 h or at
the end of the reaction (24 h), indicating that no deactivation
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Figure 7. Recycling properties of NiNPs/NHC@rGO.
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Figure 8. Hot filtration experiment. Initial conditions: benzyl alcohol

(0.15 mmol), catalyst loading (1.7 mol% Ni based on surface atoms), Cs,CO;
(0.3 mmol), 130 °C, and solvent (2 mL). After filtration, Cs,COs (0.15 mmol)
was added to the filtrate.

is occurring over time. The stability of NiNPs/NHC@rGO was
further assessed by hot filtration experiments to discard deacti-
vation caused by leaching of active species as a common process
in supported catalysis. The results of hot filtration experiments
showed that after filtration of the solid catalyst the reaction
ceased to progress (Figure 8). The absence of nickel species
in the filtrate was further confirmed by ICP/MS analysis. These
experiments confirm that the catalytic dehydrogenation of alco-
hols is heterogeneous in nature and occurs at the surface of
graphene.

After completing the reusability experiments, we character-
ized the spent material (after the seventh run) to assess any
potential structural changes. To this end, the reused hybrid
material was analyzed using XPS spectroscopy (Figure 9
and Figures S$35-S37). We compared the high-resolution
peaks of main elements (Ni, O, N, and C) in the as-prepared
NiNPs/NHC@rGO with the same material after one and
seven catalytic runs. XPS analysis of high-resolution Ni2p;;,
peak confirmed that after seven runs, binding energies and
ratios remained unchanged, indicating that the nature of
the catalytic material NiNPs/NHC@rGO is preserved. Simi-
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Figure 9. Comparative XPS characterization of NiNPs/NHC@rGO during recycling experiments. XPS analysis for the core-level peak of Ni2p, O1s, N1s, and

Cls. Peaks of Ni®" in blue and satellites in pink.

larly, the high-resolution XPS spectra for N, O, and C showed
no significant deviations, further confirming the stability of
NiNPs/NHC@rGO after multiple reuses. These results suggest
that the material NiNPs/NHC@rGO can be reused and recycled
for at least seven runs without significant modifications of its
structure.

3. Conclusions

There is a considerable interest in nickel materials with catalytic
properties for replacing critical and scarce metals to develop
more sustainable transformations. In this work, we have devel-
oped a hybrid material consisting of NiNPs decorated with NHC
ligands and anchored onto the surface of reduce graphene oxide
(NiNPs/NHC@rGO). The heterogeneous catalyst effectively facil-
itates the dehydrogenation of alcohols to carbonyl compounds.
The combination of the support and ligands enhances the stabil-
ity of NiNPs, allowing the catalyst to be reused for at least seven
cycles without noticeable deactivation. The improved catalytic
performance of NiNPs/NHC@rGO constitutes a clear example of
sustainable design of nickel-based catalytic materials.

4. Experimental Section

4.1. Materials and Methods

Reagents were obtained from commercial sources and were used
as received. Solvents were dried using a solvent purification system.
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The ligand precursor bromomethyl pyrene was prepared according
to reported procedures. rGO was purchased (Graphenea) and used
as received./”?!

Nuclear magnetic resonance (NMR) spectra were recorded using
Bruker spectrometers operating at 400.17 MHz ('H NMR) and
100.63 MHz (PC{'H} NMR), respectively, and referenced to SiMe,
(6 in ppm and J in Hertz). NMR spectra were recorded at room
temperature with the appropriate deuterated solvent.

High-resolution mass spectra (HRMS) were obtained using a
QTOF Premier (quadrupole-hexapole-TOF) with an orthogonal Z-
spray-electrospray interface (Waters, Manchester, UK).

High-resolution images of transmission electron microscopy
(HRTEM) and high-angle annular dark-field images (HAADF-STEM)
of the samples were obtained using a Jem-2100 LaB6 (JEOL) trans-
mission electron microscope coupled with an INCA Energy TEM 200
(Oxford) energy dispersive X-ray spectrometer (EDX) operating at
200 kV. To prepare the samples, a droplet of methanol dispersion
was dried on a carbon-coated copper grid.

The nickel content in the hybrid material was determined
by inductively coupled mass spectrometry analysis (ICP-MS). The
digestion of 15 mg sample material was performed in a Mars
6 iWave CEM microwave oven using nitric acid (69%) with a
power of 1800 W at 210 °C for 45 min. After removal of solid
particles by filtration and dilution to an appropriate volume, ICP-
MS analysis was recorded on an Agilent 7500 CX instrument in
duplicate.

TGA was performed using a TG-STDA Mettler Toledo model
TGA/SDTA851e/LF/1600 coupled to a mass spectrometer quadrupole
PFEIFFER VACUUM model OmniStar GSD 320 03, 1-300 uma bearing
a tungsten filament. The analysis was carried out heating 15 mg of
sample in alumina pan from 35 to 1100 °C at 10 °C min~" using an air
flow.
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X-ray photoelectron spectra (XPS) were acquired on a Kratos
AXIS ultra DLD spectrometer with a monochromatic Al Ka X-ray
source (1486.6 eV) using a pass energy of 20 eV. To provide a pre-
cise energy calibration, the XPS binding energies were referenced
to the C 1s peak at 284.6 eV.

Raman spectra were recorded at room temperature using a
532 nm laser excitation focused through a WITec GmbH Raman
spectrophotometer equipped with a CCD detector.

FTIR spectra were recorded at room temperature employing
a Jasco FT/IR-6200 spectrophotometer with a Jasco ATR Pro One
dispositive.

Gas chromatography (GC) analysis was obtained on a shi-
madzu GC-2010 apparatus equipped with FID detector and using a
Teknokroma column (TRB-5MS; 30 m x 0.25 mm x 0,25 um). Temper-
ature program: 1) 80 °C, 10 °C min~" until 150 °C, 1 min. 2) 150 °C, 20 °C
min~" until 300 °C, 2 min. Total time: 17.5 min.

4.2. Synthesis

Synthesis of complex 2: The imidazolium salt 1 (300 mg, 0.79 mmol),
bis(cyclopentadienyl)nickel(ll) (150 mg, 0.79 mmol), and dry 14-
dioxane (12 mL) were mixed in a Schlenk tube under nitrogen
atmosphere. The mixture was stirred at 100 °C for 17 h. Then, the
reaction mixture was filtered through celite using a cannula transfer
process, and the filtrate was concentrated under reduced pressure.
The resulting red solid was redissolved in the minimum amount of
CH,Cl,, precipitated with pentane, and isolated by filtration. Yield:
205 mg (52%). "H NMR (400.17 MHz, CDCl3) 6§ 8.45 (d, 3Jyn = 9.3 Hz,
H, CH,y,), 825-8.03 (m, 7H, CH,y), 779 (d, *Jun = 7.9 Hz, H,
Cpr,-), 6.87 (d, 3JH,H =17 HZ, 1H, CH,’m,‘d), 6.82 (d, 3JH,H = 134 HZ,
1H, NCH H,—), 6.66 (d, 3Jyn = 13.4 Hz, 1H, NCH,H,—), 6.59 (d,
3Jup = 17 Hz, TH, CHimia), 530 (s, 5H, CHcp), 4.38 (s, 3H, NCH;). BC{'H}
NMR (100.63 MHz, CDCl3) & 162.7 (Ccarbene—Ni), [131.7, 131.3, 130.8, 129.3,
128.9, 128.7, 128.0, 127.3, 127.0, 1263, 125.7, 125.5, 125.1, 124.8, 124.6, 123.6,
1229, 122.2] (CHpyr, CHimid), 91.8 (CHcp), 542 (NCHy—), 39.3 (NCHs).
HRMS ESI-TOF-MS (positive mode): m/z (fragment) 419.1062 [M-Br]*;
theoretical 419.1058.

Synthesis of NiNPs/NHCs@rGO: Method A: A suspension of
90 mg of rGO in 20 mL of CH,Cl, was sonicated for 30 min. Com-
plex 2 (10 mg) was then added, and the mixture was sonicated for
an additional 5 min. The resulting mixture was stirred overnight
at room temperature. Then, the solid was filtered off and washed
with CH,Cl, affording the hybrid material 2-rGO. Next, the forma-
tion of NiNPs was accomplished by adding 'BuNH,-BH; (1 mmol)
as a reducing agent to a suspension of 50 mg of 2-rGO in 20 mL
of CH,Cl,. The mixture was stirred at room temperature for 16 h.
Then, the solid was filtered, washed with CH,Cl,, and dried using
acetone. Method B: A suspension of rGO (90 mg) in a solution of
complex 2 (10 mg) in CH,Cl, (20 mL) was sonicated for 30 min.
Subsequently ‘BuNH,-BH3 (2 mmol) was added slowly, and the mix-
ture was stirred at room temperature for 16 h. After this time,
the black solid formed was recovered by filtration, washed with
CH,Cl,, MeOH, water, and ether; and then evaporated to dryness
under reduced pressure. The total nickel amount in the material
was quantified by ICP-MS, giving an experimental Ni content of
1.14 wt%.

4.3. Catalytic Procedures and Experiments

Catalytic experiments: In a general catalytic experiment, 0.15 mmol
of alcohol, 2 equiv. of Cs,CO3, 1.7 mol% of Ni (considering the atoms
of nickel on the surface of nanoparticles), and 2 mL of toluene
were introduced in a round-bottom flask. Estimation of surface
atoms in NiNPs was obtained considering a spherical morphology
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as described in section 10 of the Supporting Information. The flask
was then introduced in a preheated 130 °C oil-bath for 24 h. Reac-
tion evolution was performed by GC/FID taking aliquots at selected
times and using anisole as an internal reference. Reaction yield was
determined by "H NMR using 1,3,5-trimethoxybenzene (TMB) as an
external reference.

Diffusion effects: To a round-bottom flask, 0.15 mmol of ben-
zyl alcohol, 2 equiv. of Cs,COs3, 1.7 mol% of Ni (surface atoms),
and 2 mL of toluene were added. The flask was then intro-
duced in a preheated 130 °C oil-bath and stirred at 100, 300,
or 800 rpm for 24 h to evaluate diffusion limitations during the
reaction. No significant differences were observed (Figure 6a), indi-
cating that the kinetics or the reaction are not controlled by
diffusion.

Catalyst loading: To a round-bottom flask, 0.15 mmol of benzyl
alcohol, 2 equiv. of Cs,COs, catalyst loading: 0.85, 1.7, or 3.4 mol%
of Ni (based on Ni surface atoms), and 2 mL of toluene were
added. The flask was then introduced in a preheated 130 °C
oil-bath for 24 h to evaluate the effect of the catalyst loading
(Figure 6b).

Hot filtration experiments: The hot filtration test involves the fil-
tration of a part of the catalytic reaction maintaining the reaction
conditions and monitoring the reaction time profile in the remain-
ing filtrate. In the dehydrogenation of alcohols, the reaction mixture
was filtered off trough celite at 130 °C after 1 h of reaction (GC
conversion approx. 40%). The filtrate was maintained under general
reaction conditions after the addition of the corresponding amount
of base (Cs,CO3 0.15 mmol) for 24 h, but no further dehydrogenation
was observed (Figure 8); therefore, this indicates that the catalytic
active species are heterogeneous.

Recycling experiments: After performing a general catalytic
experiment, the solid catalyst NiNPs/NHCs@rGO was filtered and
was washed with toluene (3 x5 mL), water (3 x5 mL), and acetone
(2 x 5 mL). After drying with acetone, the recovered solid catalyst
was then used in another run without employing any regeneration
process. Reaction evolution and yield were calculated using the gen-
eral procedure described in the catalytic experiments. Conditions:
0.15 mmol of benzyl alcohol, 2 equiv. of Cs,COs3, 1.7 mol% of Ni
(surface atoms), and 2 mL of toluene.

Supporting Information

The authors have cited additional references within the Sup-
porting Information.” Additional characterization materials by
ESI-MS, XPS, Raman, HRTEM, and single X-ray diffraction.”
Further details of experimental procedures, NMR charac-
terization of organic products, and details of quantification
analysis.
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