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Evaluation of Ni/TiO, catalysts in the
semi-hydrogenation of alkynols under mild
conditions in water
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The semi-hydrogenation of alkynols to alkenols is an important reaction for the synthesis of fine and bulk
chemicals. This work reports titania-supported nickel catalysts, prepared by wet impregnation, that
demonstrate efficacy for the semi-hydrogenation of 2-methyl-3-butyn-2-ol (MBY) into 2-methyl-3-
butene-2-ol (MBE) under mild conditions (30-50 °C, 10 bar H;) in water. The impacts of titania phases,
calcination temperature, and metal loading were also investigated. The anatase titania catalyst calcined at
500 °C gave the best result with 98% conversion and 80% MBE at 30 °C after 6 hours. The superior yield
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dation state, as evidenced using a range of characterisation and analytical techniques. These findings pave
the way for the design of a stable, non-precious metal catalyst for the selective hydrogenation of alkynols

rsc.li/greenchem under greener conditions, with the potential to supplant existing industrial methodologies.

Green foundation

1. Our work contributes to four principles of green chemistry: the use of water as a solvent, minimized side-product formation, reactions under near-ambient
conditions (30 °C), and the use of a non-precious metal (Ni). Additionally, the catalyst synthesis process is simple and does not require the use of additives or
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complex multi-steps.

2. Our work involved substituting a noble metal (Pd) with a non-precious metal (Ni). This approach led to significant cost savings and improved conversion
(~100%) to the primary product with ~80% yield. Additionally, the catalysts showed no metal leaching.
3. Although our work does not involve the use of noble metals, high temperatures, or hazardous solvents, it does require 10 bar hydrogen pressure. A greener

approach could involve performing the reactions at atmospheric pressure and with lower catalyst amounts. The use of green hydrogen could be further

explored.

Introduction

The selective hydrogenation or semi-hydrogenation of alkynols
to alkenols represents a fundamental process in the industrial
production of numerous intermediate chemicals." Alkenols,
such as 2-methyl-3-buten-2-ol (MBE), are important intermedi-
ates in the synthesis of vitamins (A, E) and perfumes. For
example, the synthesis of vitamin E entails a reaction between
isophytol and 2,3,5-trimethylhydroquinone, with the former
being derived primarily from alkenols such as linalool and
MBE.? The synthesis of these enols is achieved via semi-hydro-
genation of the corresponding alkynols over metal-based cata-
lysts. Table 1 compiles the performance of previously reported
state-of-the-art examples for the selective hydrogenation of
MBY. This reaction is usually conducted under 10 bar of H,, at
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high temperatures (80-150 °C) and in an organic solvent
(ethanol, toluene, or hexane). In recent decades, noble metal-
based catalysts, in particular, Pd and Pt, have been widely
exploited in the semi-hydrogenation of alkynols, demonstrat-
ing excellent activity and good recyclability.*® However, the
selectivity usually remains low at high conversions. The selecti-
vity issue has been circumvented through a number of routes,
including the modification of Pd with p-block atoms’ or
ligands.® Furthermore, bimetallic catalysts (alloys or interme-
tallics) have also been developed to enhance alkenol selectivity
by incorporating a second metal such as Pb,’ silver, copper,'°
Bi," Zn,"*"” In'® and Sn.' The introduction of a second
metal has been demonstrated to modify the geometric and
electronic properties of metallic Pd. This includes alterations
of Pd surface species and charge transfer, which in turn
weakens the adsorption of the desired enol product and
improves the selectivity. The semi-hydrogenation of alkynols is
a structure-sensitive reaction. Consequently, strategies such as
the use of surfactants and stabilizers during the preparation of
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Table 1 Performances of previously reported catalysts for the selective hydrogenation of MBY

S. no. Catalysts Reaction conditions Reactor Conversion (%) MBE yield (%) TON Ref.

1 PdPb/CaCO; 80 °C, 10 bar H,, ethanol Batch 99 95 5372 18

2 Ni,P/NisP, 30 °C, 10 bar H,, toluene Continuous 70 55 — 30

3 NiCu nanoalloy/MMO 30 °C, 10 bar H,, hexane Batch 74 52 43 31

4 Cu/SiO, 140 °C, 10 bar H,, toluene Batch 100 40 12 32

5 5Cu-Fe/Al,O3 150 °C, 13 bar H,, ethanol Batch 100 93 15 33

6 PdPb/CaCO; 30 °C, 10 bar H,, H,0O Batch 100 2 255 This work
7 Ni/TiO, 30 °C, 10 bar H,, H,0 Batch 98 80 74 This work

Pd colloid catalysts have been reported to control the shapes of
nanocrystals and enhance the enol selectivity. For instance,
the use of poly(vinyl pyrrolidone) (PVP) can generate cubic,
octahedral and cuboctahedral structures with diverse active
sites, including facets, corners and edges, on the surface.>*"
Despite exhibiting favorable recyclability and stability, the cost
of noble metals, the necessity for additives and promoters,
and the low hydrothermal stability of the catalyst represent sig-
nificant limitations to their use in aqueous phase hydrogen-
ation for industrial processes.

The replacement of noble metals such as Pd with a market
value of 30290 Euro per kg (ref. 22) with low-cost Earth-abun-
dant metals such as nickel with a market value of 12.74 Euro
per kg (ref. 23) is a promising path of research due to the
abundance of nickel, its hydrogen-splitting ability, and its
moderate to high activity in hydrogenation reactions.** The
initial report on alkynol hydrogenation using RANEY® Ni has
been demonstrated by Tanielyan and colleagues.>® As reported,
Ni is effective in the hydrogenation of 2-butyne-1,4-diol to 1,4-
butanediol. The selectivity for alkenols was further enhanced
by modifying RANEY® Ni with silica.*® In addition, monome-
tallic’” and bimetallic®®?° catalysts have been investigated with
the objective of obtaining high selectivity (>90%) to 2-butene-
1,4-diol. These studies collectively demonstrated that the cata-
lytic performance was significantly influenced by the textural
and acid-base properties of the supports. It is notable that
only a limited number of studies have been conducted on sup-
ported Ni nanoparticles for the liquid phase hydrogenation of
MBY.**?" In a recent study, Albani et al. reported the use of
phosphorus-modified Ni catalysts (Ni,P and NisP,) in the con-
tinuous flow hydrogenation of MBY, which demonstrated 70%
MBY conversion and 55% MBE yield at 30 °C, 10 bar H,, with
toluene as a solvent.”® The authors demonstrated the potential
of phosphorus to create spatially isolated nickel trimers, which
improved the reaction rate in comparison with unmodified
nickel. In another study, Liu and colleagues demonstrated the
superior activity of a bimetallic NiCu catalyst with a well-dis-
tributed homogeneous nanoalloy structure synthesized from a
layered double hydroxide precursor.®’ Under the specified
reaction conditions of 70 °C, 40 bar H, and the use of hexane
as a solvent, the authors reported a 74% conversion of MBY
and 52% yield of MBE within 30 minutes. Alloying Ni with Cu
was found to be conducive to the creation of the “ensemble
effect” and the transfer of electrons from Cu to Ni. The elec-
tron-rich Ni was beneficial for the desorption of alkene species
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from the catalyst. Furthermore, the catalyst exhibited excellent
anti-coking.

Ni/TiO, has been widely used as a catalyst for aqueous
phase hydrogenation reactions.>® Indeed, titanium dioxide
(TiO,) is well known for its hydrothermal stability.*> It has
been demonstrated that the composition and morphology of
the titania phase can influence the physicochemical properties
of titania-supported catalysts. For example, Balaga et al. reported
that Ni on mesoporous titania exhibits enhanced electron-rich
active sites with uniform dispersion of Ni particles which
resulted in ~100% furfural conversion and ~93% tetrahydrofur-
furyl alcohol selectivity in water at 100 °C and under 20 bar
H,.>® Raj and co-workers reported the catalytic activity of Ni
impregnated on different titania phases for the liquid phase
hydrogenation of nitrobenzene at 140 °C and 20 bar H,
pressure. It was found that the Ni crystallite size was larger for
Ni/anatase and that Ni/rutile exhibited greater metal-support
interactions. The highest activity was observed for Ni/rutile cata-
lysts with 99% conversion to aniline.’” This knowledge can be
utilized to develop efficient and stable hydrogenation catalysts
with the potential to replace widely used Lindlar catalysts. To
the best of our knowledge, there are no reports in the literature
employing Ni/TiO, in the semi-hydrogenation of MBY in the
aqueous phase under mild conditions.

The objective of this study was to synthesize Ni/TiO, by a
simple wet impregnation method with the aim of tailoring the
active site to achieve selective hydrogenation. Specifically, we
examined the impact of calcination temperature, metal
loading, and titania on both conversion and product distri-
bution. Three TiO, supports were used with distinct structural
and textural properties. We employed techniques such as BET,
UV-Vis, XRD, H,-TPR, MBY-TPD, XPS, and TEM to correlate
the physicochemical properties with the catalytic performance
evaluated in the aqueous phase MBY hydrogenation under
mild conditions. This study aims to design a sustainable
process for the selective hydrogenation of alkynols in water
under mild conditions (30 °C) using Ni/TiO, catalysts as a
lower-cost alternative to traditional Pd-based catalysts.

Experimental
Materials

Titania P25 (Ti-M) with mixed anatase and rutile phases was
procured from Evonik. Titania with a 100% rutile phase (Ti-R)

This journal is © The Royal Society of Chemistry 2025
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was obtained from supplier Tronox. A high-surface-area titania
with 100% anatase phase (Ti-A) was procured from Sachtleben
Chemie GmbH. Nickel nitrate hexahydrate (Ni (NO;),-6H,0,
>99 wt%), supplied by Sigma-Aldrich, was used as a precursor
for Ni impregnation. Isopropyl alcohol (IPA, HPLC grade
>99.99%) was used as an internal standard. The reactant
2-methyl-3-butyn-2-ol (MBY) and the products 2-methyl-3-
butene-2-ol (MBE) and 2-methyl-butan-2-ol (MBA) were sup-
plied by Sigma-Adrich. All the reagents were used without
further purification.

Catalyst preparation

A series of nickel catalysts was synthesized via a wet impreg-
nation process, utilizing an aqueous solution of nickel nitrate
salt and a titania support. Briefly, a solution of varying concen-
trations of Ni(u) nitrate hexahydrate was added to 60 mL of dis-
tilled water. Subsequently, the solution was stirred for five
minutes, after which 5 g of support was added. The mixture
was then subjected to stirring for two hours at room tempera-
ture. Subsequently, the water was removed at 60 °C until the
system reached a dry state, utilizing a rotary evaporator. The
solid was dried overnight at 80 °C and then calcined under air
flow (100 ml min™") at 300, 400, and 500 °C for 2 h using a
heating ramp of 3 °C min~". The calcined catalyst was then
reduced at 500 °C for 2 h under a hydrogen flow of 100 ml
min~". Following this, the catalyst was passivated for a period
of three hours under 1% O,-N, (60 ml min™"). The synthesized
Ni-based catalysts were prepared with the Ti-M, Ti-A, and Ti-R
supports and were designated as xNi/Ti-M_T, xNi/Ti-A_T, and
xNi/Ti-R_T, respectively, where x represents 5 or 10 wt% Ni
loading, M, A and R represent mixed, anatase and rutile
phases of titania, and T denotes the calcination temperature.

Catalyst characterization

The bulk metal composition of the calcined catalysts was
determined by means of an Agilent-5800 inductively coupled
plasma-optical emission spectrometry (ICP-OES) apparatus.
Prior to analysis, the samples were subjected to digestion in a
mixture of H,SO,, HNO; and HF at 110 °C.

The Brunauer-Emmett-Teller surface areas (Sggr), total
pore volume (PV) and mean pore diameter (PD) of the various
samples were measured from the N, adsorption/desorption
isotherms using a Micromeritics ASAP 2020 instrument. Prior
to the measurements, the samples were degassed at 150 °C for
a period of three hours. The surface areas were calculated in
the relative pressure range of 0.05 < P/P, < 0.25, while the pore
volume was measured at P/P, = 0.99.

X-ray diffraction (XRD) patterns were recorded in the range
of 20 = 10-80° at a rate of 0.04° s', using a Bruker D8A25
X-ray diffractometer equipped with a Cu Ka radiation source (4
=1.5418 A) and a Lynxeye detector. The Scherrer equation was
employed to ascertain crystallite sizes. The phase composition
of titania was calculated from the most dominant crystallo-
graphic planes (101) and (110) of anatase and rutile, respect-
ively, using the equation Anatase % = 100/{1 + 1.265(Ir/Ia)},
where Ia and Ir are the peak intensities of anatase and rutile,

This journal is © The Royal Society of Chemistry 2025
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respectively.’® The average crystallite sizes of anatase (d,) and
rutile (dg) titania were estimated by applying the Scherrer
equation to the (101) and (110) planes, while the (200) plane
was used for nickel (dy;) and nickel oxide (dio)-

The diffuse-reflectance UV-Vis (DRUV-Vis) spectra of the cal-
cined catalysts were recorded in diffuse reflectance mode on a
Lambda 1050+  PerkinElmer  Microspectrophotometer
equipped with an integrating sphere with a 100 mm diameter.
The standard used was BaSOj,.

The temperature-programmed reduction (H,-TPR) profiles
were obtained using a Micromeritics AutoChem III 2930
instrument, which was equipped with an auto-generated cold
trap and a thermal conductivity detector (TCD). The reduction
profiles were recorded by reducing the calcined catalysts
(100 mg) under 10%H,-Ar flow (50 ml min~') in the tempera-
ture range of 30-700 °C using a heating rate of 10 °C min™".
The percent reduction was calculated by dividing the experi-
mental hydrogen consumption value by the theoretical one. To
estimate the reduction activation energy, heating rates of 5 and
15 °C min~" were also employed.

Temperature-programmed desorption (TPD) of NH; was
conducted on the same apparatus. Briefly, the calcined
samples (100 mg) were first reduced under hydrogen up to
500 °C. After cooling to 100 °C, the samples were saturated
with NH; in a series of pulses, after which a helium atmo-
sphere was employed for purging until the stable baseline was
achieved. This process was undertaken in order to remove any
physisorbed gases. Subsequently, the samples were heated
from 50 to 700 °C at a rate of 10 °C min™" under a flow of
helium. The amount of NH; released was quantified using a
TCD.

Vapor flow-TPD of MBY was performed on a Micromeritics
AutoChem III 2930, which was equipped with a vapor genera-
tor flask. Shortly, 40 mL of reactant was kept in a 100 ml
conical flask and heated at 105 °C to facilitate vapor depo-
sition on the reduced catalyst. Around 100 mg of catalyst was
reduced at 500 °C for 30 minutes. After cooling to 40 °C
(similar to the reaction temperature), the catalyst was saturated
with MBY vapours for 30 minutes under a helium flow rate of
30 ml min~". Then, the sample was purged under a helium
stream for 1 h. Finally, the samples were heated from 40 to
700 °C at a heating rate of 10 °C min™". The amount of MBY
desorbed was quantified by TCD.

The surface chemical composition and chemical states of
Ni were analysed by X-ray photoelectron spectroscopy (XPS)
using a Thermo Scientific Nexsa G2 instrument with an Al
monochromatic (1486.6 €V) X-ray source. The binding energies
were referenced to the C;s peak set at 284.5 eV. The samples
were deposited on an indium support. Quantitative analysis
was performed by peak decomposition and fitting using Casa
XPS and Igor Pro software.

A transmission electron microscope (TEM) was employed to
characterize the morphology and local composition of the
various catalysts. The analysis was conducted with a TEM FEG
JEOL 2100F equipped with EDS. Prior to analysis, the samples
were directly dispersed on carbon-coated copper grids.

Green Chem., 2025, 27,12403-12420 | 12405
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Catalytic tests in semi-hydrogenation

The semi-hydrogenation of MBY was performed in a 300 ml
Parr 4566 series mini bench-top reactor with a 4843-control
system. In a typical reaction, 1 g of MBY was combined with
40 ml of H,O and 0.1 g of a reduced catalyst in an autoclave.
Subsequently, the reactor was sealed and flushed three times
with argon, followed by flushing with H,. The autoclave was
pressurized with 10 bar of H,, heated at varying temperatures
(30 and 50 °C) and stirred at 900 RPM for a variable reaction
time (2, 4, 6 h). To ensure the accurate monitoring of the reac-
tion progress, the reaction mixture was collected at a specific
time interval. Prior to GC analysis, the samples were filtered
using a 0.45 pm nylon syringe filter. The reactant (MBY) and
products (MBE and MBA) were analysed using an Agilent 6890
GC equipped with an FID detector and a polar capillary
column (VARIAN VF WAX, 30 m x 250 pm x 0.25 mm) with iso-
propyl alcohol (IPA) as an internal standard. The MBY conver-
sion, the yield to the products, mass balance and turnover
number (TON) were defined as follows:

. nMBY
Conversion% = (1 — Q X 100
n[MBY],,

n[MBE],

Yield % = A[MBY),

X 100

Mass balance % = (n[MBY], + n[MBE],
+n[MBA|,)/n[MBY], x 100

n[MBY], Conversion
= 0 %
100

TON

nni

where n[MBY], and n[MBY]; represent the initial and final
moles of the reactant MBY, respectively. Meanwhile, n[MBE/
MBA], denotes the moles of the product MBE or MBA formed
at the specified reaction time ¢. The TON was calculated by
dividing the number of moles of MBY converted per mole of
nickel used in the reaction.

Catalyst recycling

The stability of the catalysts was assessed through the
implementation of repeated runs. In a typical experiment, fol-
lowing the completion of the initial reaction run, the catalyst
was separated from the reaction mixture by centrifugation and
underwent two washes with 40 mL of distilled water. The cata-
lyst was subjected to an overnight drying process at 80 °C and
subsequently calcined under air at 500 °C for 2 h. Thereafter,
the catalyst was reduced under a hydrogen flow at 500 °C for a
further 2 h, followed by a passivation process under 1% O,-N,
for 3 h before the next run. Two reusability tests were con-
ducted to demonstrate the robustness of the synthesized cata-
lysts. Additionally, spent calcined catalysts were also subjected
to ICP analysis to ascertain the extent of metal leaching. TGA
was performed on a dried spent catalyst.

12406 | Green Chem., 2025, 27,12403-12420
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Results and discussion
Characterization of catalysts

A series of Ni catalysts supported on TiO, was synthesized by
means of wet impregnation, employing three different titania
supports: mixed titania (Ti-M), anatase titania (Ti-A), and
rutile titania (Ti-R). The synthesis process entailed the impreg-
nation of the titanium oxide supports with nickel loadings of 5
and 10 wt%. The supports were subsequently calcined at three
distinct temperatures: 300, 400, and 500 °C and reduced at
500 °C before the hydrogenation reaction.

Textural analysis

Fig. 1 depicts the nitrogen adsorption-desorption isotherms of
10%Ni supported on the different titania supports and cal-
cined at 500 °C. The isotherm of the supports is shown in
Fig. S1. Table 2 provides a summary of the physicochemical
properties of the synthesized catalysts. The parent titania (Ti-
M, Ti-A and Ti-R) and their respective nickel-doped catalysts
exhibit type IV isotherms, which are characteristic of meso-
porous materials. However, they differ in the formation of the
hysteresis loop. For instance, 10Ni/Ti-M_500 and 10Ni/Ti-
R_500 catalysts show an H1 hysteresis loop, exhibiting two par-
allel and nearly vertical adsorption and desorption branches
over a considerable range of gas pressure. An H1 hysteresis
loop is typically observed in materials with a uniform cylindri-
cal or spherical pore shape. In contrast, the titania Ti-A-based
catalyst (10Ni/Ti-A_500) exhibits an H3 type hysteresis loop,
which is indicative of materials comprising platelet particles
that form slit-shaped pores. The decrease in specific surface
area after the loading of nickel suggests that the titania surface
is partially covered by these particles while retaining the orig-
inal structure. Only the 10Ni/Ti-A_500 catalyst exhibited a
narrow pore size distribution, with an average pore diameter of
15 nm. In comparison, both the 10Ni/Ti-M_500 and 10Ni/Ti-

250
—=— 10Ni/Ti-M_500

= 1 —e— 10Ni/Ti-A_500
|(7) 2004 —— 10Ni/Ti-R_500
(o))
o 1 oo

§ 150

© ”E 0.010

g

S 3

% 100 4 0005

<

S J

= 0.000 : v : -

= 0 20 s 60 80 100

Y 50 Pore Width (nm)

g

0+ T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p / p°)

Fig. 1 N, adsorption—desorption isotherms (inset: pore size distri-
bution) of nickel-supported catalysts prepared by wet impregnation.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Physico-chemical properties of Ni catalysts
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Strength of acidic sites®

S.no.  Catalyst Ni? (Wt%)  Sppr’ (m?g™')  dy(nm)  %Red.”  Weak (%) Medium (%) Strong (%)  Total (umol g™*)
1 10Ni/Ti-M_300 9.9 44 14 101 54 46 — 142
2 10Ni/Ti-M_400 9.9 42 15 95 65 35 — 133
3 10Ni/Ti-M_500 9.5 40 24 101 41 59 — 145
4 5Ni/Ti-M_500 5.1 49 16 91 66 30 4 151
5 10Ni/Ti-A_300 10.1 186 11 99 55 45 — 253
6 10Ni/Ti-A_400 9.8 171 11 92 51 49 — 234
7 10Ni/Ti-A_500 9.3 78 11 89 42 54 5 211
8 5Ni/Ti-A_500 5.2 107 12 90 49 48 3 221
9 10Ni/Ti-R_300 10.3 66 9 75 40 60 — 144
10 10Ni/Ti-R_400 10.4 59 11 76 56 44 — 117
11 10Ni/Ti-R _500 111 51 12 87 33 63 4 201
12 5Ni/Ti-R_500 5.4 50 — 74 36 64 — 192

“Measured by ICP-OES. ” BET surface area. ° Average crystallite size of Ni calculated using the Scherrer equation. ¢ Obtained from H,-TPR ana-

lysis. ® Obtained from NH;-TPD analysis.

R_500 catalysts demonstrated a wide range of pore size distri-
butions, with average diameters of 31 and 33 nm, respectively.

As illustrated in Fig. S1, the isothermal plots reveal a
notable alteration in surface area, pore volume and pore size
when the catalysts undergo -calcination at temperatures
ranging from 300 to 500 °C. In comparison with Ti-M and Ti-
R, this effect is more pronounced in Ti-A based catalysts,
where the surface area decreased from 186 m”> g~" for the cata-
lyst calcined at 300 °C (10Ni/Ti-A_300) to 78 m> g~* for the
catalyst calcined at 500 °C (10Ni/Ti-A_500). This reduction in
surface area is typically ascribed to the process of particle
agglomeration.® Similarly, the average pore size increased
from 6.2 to 15.6 nm. The lower nickel-based catalysts (5 wt%)
show similar isothermal profiles with minimal alteration in
surface area (Fig. S2).

X-Ray diffraction

X-ray diffraction patterns of the bare titania (Ti-M, Ti-A and Ti-
R) exhibiting diverse compositions are presented in Fig. 2.
Based on ICDD files, the characteristic peaks of the crystal
phases of titania, namely anatase (PDF# 01-084-1285) and
rutile (PDF# 01-084-1283) can be discerned. It should be noted
that for the Ti-R, only the peaks corresponding to the rutile
phase were detected. Similarly, Ti-A exhibited exclusively the
anatase phase. The rutile content in the mixed phase titania
was determined to be 13%. The crystallite sizes of the supports
(Table S1) are smaller for Ti-A (da = 7 nm) and Ti-R (dg =
11 nm) than for Ti-M (d, = 14 nm; dg = 25 nm).

The impact of calcination temperatures (300, 400 and
500 °C) was investigated to gain insight into the crystal growth
of the titania phase and nickel oxide in Ti-M, Ti-A, and Ti-R
catalysts. The XRD diffractograms of the solids after impreg-
nation and calcination are included in Fig. S3(a, ¢ and e). No
change in the crystallite size of titania and the anatase
(85-86%) and rutile (14-15%) phase content was observed
with increasing calcination temperature (Table S1, entries
2-4). The characteristic reflections of NiO (PDF# 00-047-1049)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 XRD patterns of reduced Ni catalysts along with their parent
titania.

were observed at 260 = 37.2°, 43.3° and 62.8°, corresponding to
(111), (200) and (220) indices, respectively. It is noteworthy
that in the case of Ni/Ti-M, the NiO (200) peak can be visual-
ized even at a low calcination temperature (300 °C) and the
peak further intensifies with increasing calcination tempera-
ture. This indicates aggregation on the surface.*® The NiO crys-
tallite size was found to increase with temperature, from 15 to
21 nm (Table S1, entries 2-4).

In contrast, no diffraction peak corresponding to NiO (200)
at 260 = 43.3° could be detected in Ti-A catalysts calcined at 300
and 400 °C, indicating the presence of well-dispersed NiO on
the surface of TiO,. Upon increasing the calcination tempera-
ture to 500 °C, a broad NiO (200) peak with a crystallite size of
6 nm was observed along with an increase of the anatase
phase from 7 to 9 nm (Table S1, entries 10-12). To facilitate
comprehension of the decomposition of nitrate salt to nickel
oxide on the three titania, thermogravimetric analysis of the

Green Chem., 2025, 27,12403-12420 | 12407
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catalysts after impregnation and drying was also performed. As
seen from Fig. S4, the decomposition of the Ni precursor on
mixed M and rutile R titania occurs in the temperature range
of 150-250 °C, while it takes place at higher temperatures on
the anatase A titania catalyst (from 200 to 380 °C). These
results show that the decomposition of nickel salt to NiO is
delayed on the anatase support.

The solids were then reduced at 500 °C. The X-ray diffrac-
tion patterns of 10Ni/Ti_500 catalysts are presented in Fig. 2 as
representative examples, while 10Ni/Ti_300 and 10Ni/Ti_400
are included in Fig. S3. No peaks corresponding to Ni,O; and
NiTiO; are observed and the absence of NiO peaks ensures
complete reduction of NiO to Ni. The characteristic peaks of
the face-centered cubic structure of nickel (PDF# 00-004-0850)
were observed at 26 = 44.5°, 51.8° and 76.4°, corresponding to
(111), (200) and (220) planes, respectively. As a result of the
overlap of the peak associated with Ni (111) at 26 = 44.5° with
a peak of the rutile phase at 26 = 43.9°, the average Ni crystal-
lite size (dy;) was calculated with the peak at 20 = 51.8° of Ni
(200).

The mean crystallite sizes of Ni in Ti-M, Ti-A and Ti-R cal-
cined and reduced at 500 °C were determined to be 24, 11 and
12 nm, respectively. The same trends were observed after
reduction as seen after calcination. Indeed, the average nickel
crystallite size was observed to increase a lot for 10Ni/Ti-M cat-
alysts (from 14 to 24 nm, Table 2, entries 1-3). In contrast, the
average nickel crystallite sizes remain close in 10Ni/Ti-A
(~11 nm, Table 2, entries 5-7) and 10Ni/Ti-R catalysts
(9-12 nm, Table 2, entries 9-11), indicating that these sup-
ports must stabilize NiO growth during the thermal treatment.
Moreover, the incorporation of Ni in Ti-M titania results in a
small transformation of the anatase phase towards the rutile
phase, from 87 to 83%, as the temperature increased from 300
to 500 °C. This change is attributed to the ability of nickel to
lower the phase transformation energy.** In opposition to this,
the anatase phase in the 10Ni/Ti-A catalysts remained stable.
The results demonstrate that the nature of the support and the
calcination temperature have a strong impact on the growth of
the NiO phase, hence the Ni phase, which might be due to
different metal-support interactions.

UV-visible by diffuse reflectance spectroscopy

The application of UV-Vis analysis facilitated the acquisition of
valuable insights pertaining to the charge transfers and d-d
transitions. The UV-Vis spectra of the 10Ni/Ti-M_500, 10Ni/Ti-
A 500, and 10Ni/Ti-R_500 catalysts, in addition to the Ti-M
support, are presented in Fig. 3. The parent titania Ti-M exhi-
bits two shoulders around 225-280 nm and 280-350 nm,
which are characteristic of 0>~ — Ti*" charge transfer.** These
peaks may undergo alteration with the incorporation of metal
ions. Moreover, Ti-M exhibits an absorption band edge in the
ultraviolet region at approximately 370 nm. It is noteworthy
that all nickel-based catalysts exhibit a red shift with the
absorption edge falling in the visible region (400-550 nm).
The absorption band in this region is attributed to charge
transfer from O 2p to the Ni d-states.”® The 10Ni/Ti-A_500 cata-
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lyst exhibits the highest charge transfer with the maximum
shift to the higher wavelength. The phenomenon of charge
transfer in the catalyst is of significant importance, as it has
the potential to render metal-hydrogen species more nucleo-
philic, thereby enhancing their reactivity towards alkynes in
comparison with alkenes. The broad bands in the higher
region (600-800 nm) represent d-d transitions of Ni orbitals
and could indicate the presence of surface defects and oxygen
vacancies. These findings are supported by previous
414445 Notably, the intensity and appearance of this
band vary in the three titania samples, with titania Ti-R exhi-
biting a more pronounced effect. This suggests a stronger
interaction between NiO and TiO,. The finding aligns with the
reduction profiles presented vide infra.

studies.

Catalyst reducibility

The H,-TPR experiment was carried out to investigate the redu-
cibility of the calcined samples and the interaction between
nickel species and the support. Fig. 4(a-c) depicts the
reduction profile of the Ti-M, Ti-A, and Ti-R supported cata-
lysts calcined at different temperatures, while Table 2 and
Table S2 provide a summary of the experimental hydrogen con-
sumption values, reduction temperatures, and percent
reduction.

When looking at all the profiles, the catalysts exhibit dis-
tinct reduction behaviour which depends strongly on the
support and calcination temperature (particularly at 300 °C).
Two kinds of peaks are observed: low-temperature peaks
corresponding to the weakly bound NiO on the support and
high-temperature peaks indicating strong interactions of NiO
with TiO,. For instance, the 10Ni/Ti-M_300 catalyst exhibits
three reduction peaks, situated at 204, 310 and 381 °C, which
are attributed to the nickel oxide species of varying dimen-
sions interacting with the surface titania. The single peak at

This journal is © The Royal Society of Chemistry 2025
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10%Ni-titania catalysts.

204 °C represents the weakly bound NiO species with minimal
interactions on Ti-M titania, while those at 310 and 381 °C
temperature attributed to moderate to strongly bound NiO
species on the titania surface. As the calcination temperature
was increased to 400 °C (10Ni/Ti-M_400), the reduction
pattern underwent a transformation, manifesting as two dis-
tinct peaks: a shoulder peak around 300 °C and a main peak
centered at 409 °C. Further increasing the calcination tempera-
ture to 500 °C results in a shift of the main peak to 412 °C
with a concomitant decrease in the concentrations of weakly
bound NiO species. As indicated in Table S2 and Table 2, the
consumption of hydrogen is nearly complete with regard to
the reduction of the NiO species. In the case of Ti-R-based cat-
alysts, a broad reduction peak is observed, spanning from 300
to 580 °C. This peak is attributed to the reduction of highly
interacting NiO on TiO, and may also be indicative of a partial
reduction of Ti** to Ti**.*® The 10Ni/Ti-R_300 catalyst exhibits
two reduction peaks: a smaller peak at 210 °C and a broader
peak centered at 395 °C. These peaks are attributed to weak
and strong NiO interaction with rutile titania. Increasing the
calcination temperature from 300 to 500 °C results in a shift of
the reduction peak from 395 to 465 °C, indicating a stronger
interaction of nickel oxide with the support. This observation
is corroborated by decreases in the percent reduction values of
NiO, which range from 75% to 87% (Table 2, entries 9-11). In
contrast to the Ti-M and Ti-R catalysts, the Ti-A-based catalysts

This journal is © The Royal Society of Chemistry 2025

exhibit different reduction profiles. At a low calcination temp-
erature, the 10Ni/Ti-A_300 catalyst exhibits only two peaks: a
minor peak at 254 °C and a principal intense peak at 320 °C.
This demonstrates the existence of a smaller quantity of
weakly bonded NiO species in comparison with the 10Ni/Ti-
M_300 catalyst. Further increases in the calcination tempera-
ture result in a reduction in the number of weakly bound
species, leaving only those that interact strongly with the
surface. This is corroborated by the observation of a single
reduction peak at 342 °C and 367 ©°C, respectively. This
suggests that NiO particles exhibit a homogeneous size
distribution.

The effect of nickel loading was also investigated (Fig. S6,
Table 2, and Table S2). The nickel content exerts a small influ-
ence on the reduction behaviour, evident in the form of peak
shape, intensity, and shift of the reduction temperature. The
main difference concerns 5Ni/Ti-M_500, which exhibits a
single reduction peak centred at 401 °C instead of the two
peaks observed in 10Ni/Ti-M_500. Moreover, the percent
reduction values were found to be slightly lower in 5Ni/Ti-
R_500 and 5Ni-T-A_500 catalysts (Table 2 entries 4 and 12).

The observed trends in metal-support interactions are in
accordance with the findings reported in the literature.*?
Moreover, it has been demonstrated that supported catalysts
with larger Ni particles exhibit a reduction in metal-support
interactions, whereas smaller particles result in an enhance-
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ment of metal-support interactions.?’” Irrespective of calcina-
tion temperature, the maximum reduction temperature follows
the order: Ni/Ti-R > Ni/Ti-M > Ni/Ti-A. The rutile-based cata-
lysts exhibit a greater degree of NiO interaction in comparison
with the anatase and mixed-phase-based catalysts. It is worth
noting that the pure anatase support Ti-A facilitates the NiO
reduction compared to Ti-M (87% anatase + 13% rutile) and
Ti-R (100% rutile), in agreement with the literature.*® It can be
observed that the calcination temperature exerts an influence
on the distribution and interaction of NiO species, as well as
on the reduction of nickel oxide. Finally, the maximum
reduction temperature of 500 °C used to reduce the catalysts
before the hydrogenation reaction ensures the complete
reduction of oxide species to active Ni species.

To further illustrate the effect of the titania phases on the
reduction rate, the apparent reduction activation energy (E,) of
the calcined catalysts (calcined at 500 °C) was obtained using
the Kissinger equation,*® as expressed by eqn (1).

ln(i) _ 5 g (1)

T RT,

where f is the linear heating rate (in K s™"), 7}, is the absolute
temperature corresponding to the position of the maximum
reduction peak that can be measured from the experimental
H,-TPR profiles of the corresponding oxides at varying heating
rates (f) (Fig. S5), R is the universal gas constant (8.314 x 10°
k] mol™* K™), E, is the reduction activation energy (in kJ
mol™"), and B represents a constant associated with the
Kissinger equation. By employing this equation, one can gene-
rate a plot with a linear trend and a slope equal to —E,/R, as
shown in Fig. 4d. As can be seen in the plot, the data points
fall on straight lines with correlation coefficients (R*) of
>0.998. As evidenced by the plot, the activation energy follows
the order: Ni/Ti-R (86.5 k] mol™") > Ni/Ti-M (68.2 k] mol™") >
Ni/Ti-A (24.1 k] mol™"). These results indicate that the release
of oxygen from NiO to form metallic Ni is a relatively facile
process for the 10Ni/Ti-A_500 catalyst. The calculated
reduction activation energies for Ti-M and Ti-R are consistent
with previously reported values.”*® The E, value associated
with Ti-A is relatively low, which may be attributed to the small
NiO particle size and low metal-support interactions.> As par-
ticle size decreases, the number of surface atoms increases,
necessitating less energy for reduction. As the metal-support
interaction is low, the removal of oxygen close to the support
is also easier. These results collectively demonstrate the pivotal
role of titania phases in the reducibility of NiO species.

Estimation of surface acid sites by NH;-TPD

It is well documented in the literature that the titania surface
exhibits both acidic and basic sites, which are subjected to
modification by thermal treatment processes. The co-ordi-
nately unsaturated surface metal ions are responsible for the
acidic sites, while surface anions or anion vacancies contribute
to the basic sites.>® In this regard, the qualitative and quanti-
tative numbers of acidic sites were determined by NH;-TPD.
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Table 2 lists the percent strength of weak, moderate and strong
acidic sites and total acid sites on the reduced catalysts, while
Fig. 5 represents the NH;-TPD profiles of 10Ni/Ti-M, 10Ni/Ti-A,
and 10Ni/Ti-R catalysts calcined at different temperatures.

The peaks were assigned to three ranges of acidic sites
based on their temperature: weak acidic sites were observed at
temperatures between 100 and 250 °C, medium acidic sites at
temperatures between 250 and 400 °C, and strong acidic sites
at temperatures above 400 °C. For all the catalysts, the primary
contribution to the total acidity comes from weak and
medium acid sites and their percent contributions lie in a
similar range (~50%). An analysis of the three titania samples
calcined at 500 °C revealed that the number of acid sites
increases following the order 10Ni/Ti-M < 10Ni/Ti-R < 10Ni/Ti-
A. A similar trend in the acidic strengths has been reported in
the literature, with anatase exhibiting higher total acidity than
rutile, which was attributed to the higher surface area.>*

From Fig. 5, it is evident that elevated calcination tempera-
tures exert a considerable influence on the acidic sites, particu-
larly in 10Ni/Ti-A catalysts (Fig. 5b). Noteworthily, in the case
of 10Ni/Ti-M, the catalyst calcined at 300 °C (10Ni/Ti-M_300)
exhibits an intense peak at 210 °C, accompanied by two
additional peaks at 298 °C and 364 °C, which are attributed to
weak and medium acid sites, respectively (Fig. 5a). However,
an increase in the calcination temperature to 400 and 500 °C
results in the generation of additional, weaker acid sites, as
evidenced by the emergence of a peak at 175 °C and 145 °C in
10Ni/Ti-M_400 and 10Ni/Ti-M_500, respectively. In contrast,
the 10Ni/Ti-A catalyst exhibited analogous peak profiles
(Fig. 5b). However, a distinction emerged in the peak areas
among the three calcined catalysts. The 10Ni/Ti-A_300 catalyst
was found to possess the highest acid sites, with a value of
253 pumol g~'. It was observed that the total number of acid
sites decreased with an increase in the calcination tempera-
ture, which is attributed to the decrease in surface area.
Specifically, the contribution of weak acid sites exhibited a
decline from 55% to 42%, while the contribution of medium
acid sites exhibited an increase from 45% to 54% with an
increase in the calcination temperature.

The rutile-based catalysts exhibited distinct peak profiles
in comparison with anatase and mixed-phase titania
(Fig. 5c). The total acidity exhibited a decrease from 144 to
117 pmol g~" with increasing calcination temperature from
300 to 400 °C and further increased to 201 umol g™* for the
500 °C calcined catalyst. It is noteworthy that medium acid
sites contribute approximately to 60% of the total acidity.
The observed discrepancy in total acidity can be attributed to
the elevated surface area of the three titania at varying calci-
nation temperatures, which exhibits a considerably higher
concentration of accessible acidic sites, even following the
nickel dispersion.

The loading of nickel exerts an influence on the acidic
sites, particularly those of a relatively weaker nature. A
decrease in nickel loading from 10 wt% to 5 wt% results in an
increase in weak acidic sites, with an associated decrease in
medium acidic sites (Fig. S7 and Table 2, entries 4, 8 and 12).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc03626g

Open Access Article. Published on 22 September 2025. Downloaded on 1/24/2026 7:16:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

(a) — 10Ni/Ti-M_300
—— 10Ni/Ti-M_400
220 —— 10Ni/Ti-M_500
R 305
5 145 374
8
I
5 175 227 310
(/)] /\w/
8 210
= 298
364
456
T T T T T
100 200 300 400 500 600 700
Temperature (°C)
(b) —— 10Ni/Ti-A_500
—_— —— 10Ni/Ti-A_400
e —— 10Ni/Ti-A_300
. 575 650
S
8 336
= 243
g
=2
%)
3
326
= 242
T T T T T
100 200 300 400 500 600 700
Temperature (°C)
(c) —— 10Ni/Ti-R_500
—— 10Ni/Ti-R_400
- 5603 —— 10Ni/Ti-R_300
3z el 545
©
= 243 226
5 172
»n
a
.
233 294
T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 5 NH3-TPD profiles of (a) 10Ni/Ti-M, (b) 10Ni/Ti-A, and (c) 10Ni/Ti-
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Nevertheless, the total acidity was observed to decrease with
increasing nickel loading and this reduction can be attributed
to an increased coverage of the titania surface by nickel
species.
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TEM imaging

Fig. 6 shows transmission-electron microscopy (TEM) images
of nickel-supported catalysts. The titania Ti-M sample exhibi-
ted an irregularly shaped morphology with a relatively dense
nickel distribution. The histogram revealed that the nickel dis-
tribution ranged from 10 to 30 nm, with an average particle
size of 18.5 nm. The Ti-A titania exhibited a regular tablet-
shaped morphology with nickel particle distribution between 4
and 10 nm. It is challenging to discern the individual nickel
particles from the Ti-M and Ti-A titania supports due to the
contrast differences between the particles and the supports.
However, the presence of Ni nanoparticles was notably discern-
ible on rutile titania (Ti-R). The rutile-based catalyst (10Ni/Ti-
R_500) exhibited rod-shaped titania of 80-200 nm length and
20-30 nm width, with a Ni particle size distribution between 5
and 13 nm.

The difference in particle sizes can be attributed to vari-
ations in surface area. Indeed, the particle sizes decrease as
the surface area increases, following the order: 10Ni/Ti-A_500
(Sger = 78 m® g, drgym = 7 nm), 10Ni/Ti-R_500 (Sggr = 51 m>
g™ ", drgyv = 8 nm) and 10Ni/Ti-M_500 (Sggr = 40 m* g7, dygpy =
19 nm). As observed, Ti-A and Ti-R titania generated small Ni
particle sizes, which are generally considered to be active sites
for catalytic hydrogenation. Furthermore, it can be inferred
that the properties of the titania surface govern the growth of
the Ni particles.

X-ray photoelectron spectroscopy (XPS)

XPS was performed to study the electronic state of Ni in the
reduced catalysts calcined at different temperatures. The
resulting spectra (Ni 2p and O 1s) are shown in Fig. 7, while
the quantitative analysis of Ni, Ti, and O species in various
chemical states, along with their binding energies and percent
area, is outlined in Table S3. For the sake of clarity, only the Ni
2ps» domain corresponding to binding energies in the range
of 850 to 869 eV is shown. All the spectra exhibited character-
istic peaks for nickel and its oxides, accompanied by satellite
peaks. It is noteworthy that although the reduced catalysts
were submitted for analysis, the nickel might have undergone
partial oxidation during the transfer of the samples.
Consequently, a mixture of Ni’ and Ni** peaks at ~852 and
~854 eV, respectively, is observed. The peak at ~856 eV corres-
ponds to a broad peak comprising a mixture of Ni,O3, Ni(OH),
and Satellite 1 of Ni0.**** Among the three titania catalysts
calcined at 500 °C, the highest surface nickel was observed in
the 10Ni/Ti-R_500 catalyst, followed by 10Ni/Ti-M_500 and
10Ni/Ti-A_500 catalysts (see Table S3, entries 3, 6, and 7).
However, it is crucial to note that the calcination temperature
exerts a substantial influence on the Ni/Ti ratio. For instance,
the 10Ni/Ti-M_300 catalyst exhibited a Ni/Ti ratio of 0.21,
which decreased with an increase in calcination temperature
(Fig. S8). A considerable corpus of research has demonstrated
that the behaviour of nickel particle size reduction, the charac-
teristics of nickel oxide, and the surface of the support are
factors that have proven to influence the surface Ni/Ti
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Fig. 6 TEM images and histograms of Ni nanoparticles in (a) 10Ni/Ti-M_500, (b) 10Ni/Ti-A_500, and (c) 10Ni/Ti-R_500 catalysts.

ratios.>>>> In addition, the broadening of peaks of Ni 2ps, is
dependent on the presence of oxygen deficiency and/or inter-
action of nickel atoms with their neighbouring atoms.’?
Notably, the Ni° peak is slightly shifted to a lower binding
energy for the rutile phase catalyst (851.8 eV) compared to
mixed and anatase phase-based catalysts (852.0 and 851.9 eV).
This value is lower than the binding energy of standard Ni
metal (852.6 eV). The shift to a lower binding energy indicates
the presence of electron-rich Ni species (Ni®~) and possibly a
charge transfer between the metal and the support. The
amount of Ni° follows the order 10Ni/Ti-M_500 > 10Ni/Ti-
A_500 > 10Ni/Ti-R_500. These results follow the same trend as
the degree of reduction (%Red.) obtained by TPR (Table 2)
where the Ni phase was less reduced when supported on the
rutile support (Ti-R).

As per the standard values, the binding energies of lattice
oxygen in hydroxide, Ni,Oz;, NiO and TiO, are observed at
531.2, 531.8, 529.6 and 529.9 eV, respectively.>® The deconvo-
luted O 1s core level spectra of the three titania catalysts, as
depicted in Fig. 7 (right), showed a big peak at ~529 eV, which
is associated with oxygen bonded to the metal lattice site

12412 | Green Chem., 2025, 27,12403-12420

(TiO,/NiO), and a short broad peak at approximately 531 eV,
which is indicative of amalgamation of surface hydroxyl and
Ni,O;. From Table S3 and Fig. S8, it can be deduced that the cal-
cination temperature appears to exert minimal influence on the
binding energies of oxygen in NiO/TiO, and Ni(OH),/Ni,O;,
with values of approximately 529.7 and 531.1 eV observed for
the majority of the samples. However, a deviation from this
trend is noted for the 10Ni/Ti-A_300 catalyst, where the binding
energies are observed at 530.5 and 531.9 eV. This shift to a
higher binding energy is attributed to electron transfer to atoms
neighbouring the oxygen vacancies.’” The results also suggest a
slightly higher amount of Ni(OH), in the anatase catalysts.

In summary, the characterization results demonstrated that
thermal treatment exerts a significant impact on the surface
properties of titania. Anatase-based catalysts exhibited the
greatest surface area and higher charge transfer. Furthermore,
XRD analysis revealed the formation of larger nickel oxide and
nickel particles in the mixed Ni/Ti-M catalysts in contrast to
anatase (Ni/Ti-A) and rutile (Ni/Ti-R)-based catalysts. The
impact of calcination temperature on crystallite size was not
significant in the case of Ni/Ti-A and Ni/Ti-R catalysts.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 XPS spectra of the Ni catalysts. Ni 2p (left) and O 1s core level spectra (right) of (a) 10Ni/Ti-M_500, (b) 10Ni/Ti-A_500 and (c) 10Ni/Ti-R_500

catalysts.

Similarly, the TEM results indicated that the presence of a
mixed phase of titania resulted in the formation of larger
nickel particles compared to those formed with Ti-R rutile
and Ti-A anatase supports. Additionally, the reduction pro-
files indicated that the anatase phase facilitated a homo-
geneous reduction of nickel oxide at lower temperatures.
Both mixed and anatase phase catalysts demonstrated full
reduction of the nickel oxide. In contrast, rutile phase-based
catalysts exhibited a lower degree of reduction (80%) due to
higher metal-support interactions. Among the three titania
catalysts, the anatase catalyst exhibited the highest number
of acidic sites, and these sites exhibited a decrease in
strength with increasing calcination temperature. The 10Ni/
Ti-R_500 catalyst demonstrated a substantial surface nickel
content, and the calcination effect exerted a moderate influ-
ence on the surface nickel-to-titania ratio, as evidenced by
XPS experiments.

This journal is © The Royal Society of Chemistry 2025

Catalytic performance

As discussed in the characterization section, the calcination
temperature and nature of the support have a great impact on
the surface acidity and the structural (particle size and poro-
sity) and chemical (metal-support interaction) properties of
the catalyst. To gain insight into the catalytic performances of
the catalysts, the effect of reaction time and temperature on
the three titania-supported catalysts (10Ni/Ti-M, 10Ni/Ti-A, and
10Ni/Ti-R) was studied. The hydrogenation reactions were per-
formed at 30 °C for 2, 4, and 6 hours (Table S4) and at 50 °C
for 2 and 4 hours (Table S5). Fig. 8 presents the time depen-
dent conversion of MBY and the product yield. A control
experiment was performed with the supports alone to deter-
mine the role of nickel species in the hydrogenation of alky-
nols. The absence of conversion demonstrates that the nickel
species were the active component in this process (Table S4,

Green Chem., 2025, 27,12403-12420 | 12413


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc03626g

Open Access Article. Published on 22 September 2025. Downloaded on 1/24/2026 7:16:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Green Chemistry

Paper
1004 (a) —=— Gonvl 1004 (b)
—e— MBE
80 ——MBA | 804
g
% 60 60
2
2 40+ 40
S
O

N
o
!
N
o
!

k/,,/,,*//////* 20-

100 (C)

804

604

A

T T T T T

1004 100

Conv. / Yield (%)

20 20

20

04

2 2 3 4 5 6
d/ @) 10
80 80 80
60 // 60- / 60+ /
N
2 3 4 5 6

0 0
2 3 4 5 6 2 3
1004 100+
() (h
80
S
- 604
]
=
z 404
<]
O

N
o
L

) 100 U)'/"//”/’/,,a-————————-_.
80 80
60| 601
40 40
20 20
0- 0- 0-

T T T

3 4 5
Reaction Time (h)

N
o
N
w

Reaction Time (h)

T T T

3 4 5
Reaction Time (h)

IS
)

o
N
o

Fig. 8 Catalytic conversion with product distribution for different reaction times at 30 °C for (a) 10Ni/Ti-M_300, (b) 10Ni/Ti-M_400, (c) 10Ni/Ti-
M_500, (d) 10Ni/Ti-A_300, (e) 10Ni/Ti-A_400, (f) 10Ni/Ti-A_500, (g) 10Ni/Ti-R_300, (h) 10Ni/Ti-R_400, and (i) 10Ni/Ti-R_500 catalysts. Reaction
conditions: MBY — 1 g, H,O - 40 g, catalyst — 100 mg, temp. — 30 °C, time — 6 h, H, — 10 bar (at 30 °C), and RPM - 900.

lines 1-9). Fig. S9 shows the reaction pathway of the hydrogen-
ation of MBY and the possible products.

The nature of the support and the calcination temperature
have a strong impact on the catalytic results. As expected, an
increase in the MBY conversion between 2 h and 6 h of reac-
tion was observed for all the catalysts. At 30 °C and 6 h, the
conversions are nearly complete for 10Ni/Ti-A and 10Ni/Ti-R,
while they remain below 84% for 10Ni/Ti-M. The calcination
temperature of the catalysts affects the conversion. Notably,
the catalysts calcined at lower temperatures (300 °C and
400 °C) for Ti-M and Ti-A exhibited higher conversions than
those calcined at 500 °C. For each calcination temperature, the
TON at 2 h (Table S4) follows the order 10Ni/Ti-M < 10Ni/Ti-A
< 10Ni/Ti-R. When plotting TON as a function of crystallite size
(Fig. S10), it appears that the activity increases with decreasing
Ni crystallite size for a specific calcination temperature.

For all the catalysts, MBE is formed as the predominant
product with MBA as the by-product for conversion up to 95%.
For 10Ni/Ti-M, MBE is always the primary product, with selecti-
vity in the range of 60-81%. The MBY conversion goes up to

12414 | Green Chem., 2025, 27,12403-12420

84%, associated with an MBE yield of 51%. Regarding 10Ni/Ti-
A and 10Ni/Ti-R, the yield of MBE also increases with conver-
sion. It is worth noting that the selectivity to MBE at ca. 80%
conversion for titania (Ti-M, Ti-A, Ti-R) supported Ni catalysts
calcined at 400 °C is in the same range (61-68%). However, for
the catalysts calcined at 500 °C, the selectivity to MBE is
higher for 10Ni/Ti-A-500, which generates the highest yield of
MBE (78%) at 6 h. Once full conversion is achieved, a switch of
selectivity towards MBA is observed. This suggests competitive
adsorption of MBY and MBE and the successive reaction is
promoted once MBY has completely disappeared. This is
attributed to the excessive adsorption of the reactant MBY, as
evidenced by complementary experiments and analyses in
section 3.2.1. The highest yields of MBA on the different sup-
ports are obtained with 10Ni/Ti-A_300 (81%) and 10Ni/Ti-
R_400 (89%), at 6 h. Furthermore, a prolonged reaction time
appears to generate the other by-products (not detected in
GC), thereby compromising the mass balance (Table S4). The
formation of other by-products such as acetone and methyl
butene can be ruled out because they are usually formed at

This journal is © The Royal Society of Chemistry 2025
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Table 3 Key structural properties and catalytic performance of three titania catalysts

Yield (%)
S.no.  Catalyst Ni® (Wt%)  Sppr’ (m*g™')  dy (hm)  Acid sites? (umolg™)  MBYconv.% MBE  MBA  TON
1 10Ni/Ti-M_500 9.5 40 24 145 62 50 6 46
2 10Ni/Ti-A_500 9.3 78 11 211 98 78 12 74
3 10Ni/Ti-R _500 111 51 12 201 100 0 75 63

“Measured by ICP-OES. ? BET surface area. ¢ Average crystallite size of Ni calculated using the Scherrer equation. ¢ Obtained from NH,-TPD ana-
lysis. Reaction conditions: MBY - 1 g, H,O - 40 g, catalyst - 0.1 g, temp. — 30 °C, time - 6 h, H, - 10 bar (at 30 °C), and RPM - 900.

higher temperatures.®® Table 3 summarizes the key structural
properties and catalytic performances of the three titania
catalysts.

The reactions were also conducted at 50 °C where all cata-
lysts exhibited near-complete MBY conversion within four
hours (Table S5). The yields of MBE are lower in comparison
with the reactions at 30 °C. For example, the highest yields of
MBE reached 38% (vs. 51% at 30 °C) for 10Ni/Ti-M and 68%
(vs. 78% at 30 °C) for 10Ni/Ti-A. These may be attributed to a
higher activation energy for the hydrogenation of MBE to MBA
than that for MBY to MBE, as previously reported in the litera-
ture.”® The highest yields of MBA (83-86%) are similar to
those obtained at 30 °C. A reaction was also conducted at
atmospheric pressure with 10Ni/Ti-M but this resulted in low
conversion (13%, Table S4).

Additionally, low nickel loading catalysts (5 wt%) were
examined for Ti-M, Ti-A and Ti-R at 30 and 50 °C tempera-
tures; the results are presented in Fig. S11 and the data are
compiled in Tables S4 and S5. As expected, the conversion at
30 °C is lower with 5Ni/Ti than with 10Ni/Ti catalysts, but the
TON is higher. It is worth noting that the TON follows the
same order as observed previously: 10Ni/Ti-M < 10Ni/Ti-A <
10Ni/Ti-R. The MBY conversion increased gradually from 24%
to 66% with the 5Ni/Ti-M_500 catalyst and the yields to MBE
were relatively moderate (42% at 6 h). In comparison, 5Ni/Ti-
A 500 exhibited superior activity and elevated MBE yields
(71% at 6 h). 5Ni/Ti-R_500 showed MBA as a dominant
product in 46% yield at 90% conversion. As illustrated in
Fig. S11b, when the reaction temperature was raised to 50 °C,
the activity of the nickel catalysts increased and full conversion
was obtained with the three supports after 4 h, which resulted
in the formation of MBA as a major product in yields ranging
from 68 to 75%.

In order to illustrate the surface sensitivity of the titania-
based catalysts, catalytic reactions were conducted in the pres-
ence of a quinoline additive. Quinoline is typically employed
in conjunction with Pd-Pb/CaCO; in the selective hydrogen-
ation of alkynes at an industrial scale. The primary function of
quinoline is to polarize the Pd-H bond in the vicinity of the
catalyst surface by donating electrons. However, in this study,
when 10% quinoline with respect to MBY was employed, the
results differed markedly for all three catalysts. The results
demonstrate a significant improvement in conversion for Ti-
M-based catalysts, whereas a decline was observed for Ti-A and

This journal is © The Royal Society of Chemistry 2025

Ti-R based catalysts (Fig. S12). Moreover, at a similar conver-
sion (82-84%), the selectivity to MBE is much higher for 10Ni/
Ti-R-500 in the presence of quinoline (ca. 82% vs. 61%) and
67% yield of MBE was obtained. One potential explanation for
these differences is the varying degrees of interaction between
quinoline and the supports, which is not the focus of this
study. Finally, a Lindlar catalyst was subjected to analogous
reaction conditions (30 °C) and exhibited nearly 100% conver-
sion, with the formation of MBA as the predominant product
(86% at 6 h) (Table S4, entries 52-54). A comparative analysis
of the extant literature yielded results indicating a superior
yield in MBE in our case (Table 1).

Understanding the role of titania phases and the mechanistic
pathway

It is widely acknowledged that the hydrogenation of alkynes or
alkynols is a structure-sensitive reaction,>>*® whereby the dis-
tribution of products is contingent upon the inherent charac-
teristics of the titania surface and the nature of the species
present. Furthermore, the surface properties of the support,
including acidic/basic site densities, surface area, vacancies,
and defects, can exert a significant influence on the overall
activity and product distribution.

As evidenced in the literature,’ the selective semi-hydrogen-
ation of alkyne/alkynol to alkene/alkenol over heterogeneous
catalysts can be governed by two factors: thermodynamic and
mechanistic.®’ When the hydrogenation of alkyne/alkynol is
favoured over that of alkene/alkenol, the mechanistic pathway
exerts a dominant influence. In contrast, if the rates of hydro-
genation of alkene are higher than those for the hydrogenation
of alkyne, a high selectivity to alkene is then attributed to
thermodynamic factors. In this case, the selective adsorption
of alkyne/alkynol in the presence of alkene will inhibit the
over-hydrogenation step to the alkane. This preferential inter-
action of MBY with the surface, to the detriment of MBE, has
previously been reported for Pd and Cu catalysts.’>”®
Therefore, the employment of a catalyst with a higher affinity
for the adsorption of alkynes or alkynols relative to alkenes
will result in a higher level of alkene/alkenol selectivity.

In order to illuminate the pathway, hydrogenation of MBE
to MBA was performed separately under analogous reaction
conditions with 10Ni/Ti-M_500, 10Ni/Ti-A_500, and 10Ni/Ti-
R_500 catalysts. Fig. 9 compares the conversion of MBY and
the conversion of MBE as a function of reaction time at 30 °C.

Green Chem., 2025, 27,12403-12420 | 12415
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For the 10Ni/Ti-M_500 catalyst, the hydrogenation of MBE was
comparable to that of MBY (Fig. 9a). Conversely, in the case of
10Ni/Ti-A_500 and 10Ni/Ti-R_500 catalysts, hydrogenation of
MBY was much faster (by a factor of 2 and 3) than that of
MBE. This observation indicates that anatase and rutile cata-
lysts exhibit a greater propensity for hydrogenating MBY to
MBE than MBE to MBA; therefore, the mechanistic pathway is
the dominant pathway. These might be linked to the lower Ni
crystallite sizes for 10Ni/Ti-A and 10Ni/Ti-R.

To elucidate further the pathway and the parameters con-
trolling the selectivity in anatase (Ti-A), mixed (Ti-M) and
rutile titania (Ti-R) catalysts, the desorption of MBY was inves-
tigated on the reduced catalysts by vapor-flow-TPD experi-
ments. To achieve this, a known quantity of catalyst is reduced
under hydrogen at 500 °C. Once the temperature reaches 40 °C
(near the reaction temperature of 30 °C), the reactant MBY is
allowed to adsorb on the reduced catalyst through a flow of He
saturated with MBY. Finally, once the physisorbed MBY has
been removed, its desorption is recorded as a function of
temperature and quantified using TPD experiments. Fig. 10
presents the desorption profiles of MBY on different titania
catalysts, while Table S6 lists the quantity of MBY desorbed
from the catalysts. The results demonstrate that the anatase-
based catalysts showed the highest desorption (90-158 pmol
g™, followed by 10Ni/Ti-R (64-70 pmol g~*) and then 10Ni/Ti-
M (54-62 pmol g™ ). The overall affinity for MBY adsorption
among the Ni/Ti-M and Ni/Ti-R-based catalysts was found to
be relatively similar for different calcination temperatures.
Consequently, the product distribution remained comparable
for the three calcination temperatures. However, the calcina-
tion temperature had an impact on the adsorption of MBY on
the Ni/Ti-A surface. An increase in the calcination temperature
from 300 °C to 500 °C was found to result in a decrease in the
adsorption of MBY, from 158 pmol g™* to 90 pmol g~ '. These
were associated with an increase in selectivity to MBE (from
60% to 80%), to the detriment of MBA. The variation of the
affinity for MBY depending on the catalyst follows the same
trends as for the acidity, which suggests a direct correlation.
The existence of coordinately unsaturated surface Ti ions,
which are responsible for the acidic sites, has been observed

12416 | Green Chem., 2025, 27, 12403-12420

to be higher in anatase-based catalysts. These sites have the
potential to enhance the adsorption of alkynols, thereby con-
tributing to the capture and strengthening of the adsorption
process. In agreement with the literature, the excessive adsorp-
tion of MBY results in the coverage of active sites on the cata-
lyst surface, which prevents the hydrogenation of MBE to MBA.
This is why near full conversion of MBY has to be achieved
before the successive reaction to MBA can occur, notably on
10Ni/Ti-A. Totarella et al. also reported in their work that 100%
MBE selectivity at 50% MBY conversion was due to preferential
interaction of MBY with the surface of Cu rather than MBE.*?
The highest yield of MBE was obtained with 10Ni/Ti-A_500.
Based on the characterization, different properties must have
played a role. There is an enhanced adsorptive capacity in
anatase-based catalysts, as evidenced by MBY-TPD experi-
ments, which demonstrate higher adsorption capability com-
pared to mixed-phase titania catalysts. Furthermore, the
enhanced charge transfer from titania to nickel in Ti-A cata-
lysts, as determined by UV-Vis analysis, renders metal species
more nucleophilic, thereby enhancing the greater affinity
towards the reactant (alkynes) and hydrogen compared to Ti-
M-based and Ti-R catalysts. Furthermore, the TPR results indi-
cated that nickel oxide species in anatase-based titania are
more susceptible to reduction compared to other catalysts.
Finally, XPS results also confirmed the presence of electron-
rich Ni species (Ni®") in anatase-based catalysts. In light of the
aforementioned observations and facts, a straightforward
mechanistic pathway is presented in Fig. 11, which illustrates
the formation of different products. The reaction mechanism
is similar to that reported for semi-hydrogenation of alkynes
and follows the Langmuir-Hinshelwood mechanism.*> In
brief, the sequence of events that occur in the context of the
reaction mechanism is as follows: the initial step involves the
co-adsorption of reactants on the surface, which is followed by
the dissociative adsorption of dihydrogen species on nickel
species. Concurrently, the reactant undergoes adsorption on a
surface that is coordinately unsaturated with titanium ions. In
the course of the reaction, the subsequent addition of H atoms
to the adsorbed alkynol results in the formation of alkenol.
Subsequently, the formed alkenol is desorbed from the

This journal is © The Royal Society of Chemistry 2025
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10Ni/Ti-R-based catalysts calcined at different temperatures.

surface. The propensity of anatase-based catalysts to adsorb
MBY hinders the overhydrogenation of MBE to MBA, thereby
ensuring high MBE selectivity. The phenomenon is governed
by metal-support interactions, nickel oxide reduction behav-
ior, and the presence of electron-rich Ni species on the titania
support. In essence, the product distribution during nickel-
catalyzed hydrogenation of alkynols is found to be predomi-

This journal is © The Royal Society of Chemistry 2025
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ported Ni catalyst.

nantly contingent upon the adsorption characteristics of the
alkynol on the catalyst surface, the nickel species present, and
the acidity of the support.?

Recycling study

To further assess the stability of the catalyst, recycling tests
were performed with 10Ni/Ti-M_500 and 10Ni/Ti-A_500 at
30 °C and 10 bar H, for 6 h. Subsequent to the initial run, the
catalyst was retrieved by centrifugation and subjected to over-
night drying at 80 °C. For the second run, the catalyst was
either used directly after drying (Reused_dried) or after calci-
nation and reduction at 500 °C for 2 h (Reused_red). Fig. 12
and Table S4 present the comparative analysis of the fresh and
reused (dried and reduced) catalysts. In the case of the 10Ni/
Ti-M catalyst, after 6 h, the MBY conversion increased from
62% to 72-74% with both dried and reduced catalysts. It is
worth noting that 10Ni/Ti-M_500 exhibits the same results
after drying as it does after the supplementary heat treatment
(reduction). In contrast, a 10-12% drop in the MBY conversion
was observed for 10Ni/Ti-A (from 98% to 86-88%). However,
for both catalysts, the selectivity to MBE decreased slightly
from ca. 80% to 50-60%.

Chemical analysis of the reused catalyst revealed no signifi-
cant nickel loss after the two runs. To ascertain whether coke
formation occurs during the semi-hydrogenation reaction,
TGA profiles of dried reused catalysts were obtained. The
thermal profiles of the dried catalysts (Fig. 12b) show two
weight losses in the low and high temperature regions. In the
temperature range of 100 to 150 °C, both the catalysts exhibi-
ted a weight loss of approximately 3%, which can be attributed
to the presence of physically adsorbed water. A weight loss of
~2% in the temperature range of 250-450 °C in Ni/Ti-A can be
attributed to the combustion of organic carbon. However, the
Ni/Ti-M reused catalyst exhibited a gain in mass of 0.3%,
which may be attributed to the reoxidation of pre-existing
reduced Ni species in the catalyst, followed by a subsequent

Green Chem., 2025, 27,12403-12420 | 12417
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weight loss of 0.5%. This suggests the presence of deposited
carbon in the reused catalyst, especially for Ni/Ti-A.

XRD patterns of the calcined reused catalyst are shown in
Fig. S13. The crystallite size of nickel in the Ni/Ti-M catalyst
decreased from 24 nm to 19 nm with minimal variation in the
anatase and rutile phase composition. A decrease in nickel
crystallite size may be attributed to the formation of a solid
solution of nickel oxide with the support and anchoring effect,
which has been previously reported in the literature to prevent
the sintering of nickel particles during the second calcination
and the reduction step.”*> We previously showed that the
activity increases with decreasing Ni crystallite size, which
explains the increase in conversion after recycling. In contrast,
the crystallite size of nickel remains unaltered (11 nm for fresh
vs. 11 nm for reused) for the Ni/Ti-A catalyst. Furthermore, the
anatase titania exhibited no change in the lattice parameters,
thereby confirming the robustness of the Ni/Ti-A catalyst after
the reaction.

The reduction profiles of both reused catalysts are shown in
Fig. S14. Notably, the reused Ni/Ti-M catalyst exhibits lower
reduction behavior than the fresh catalyst with a reduction
temperature of 352 °C compared to 412 °C, and a reduction of

12418 | Green Chem., 2025, 27,12403-12420
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NiO to approximately 100%. The shift of the reduction peak to
a lower temperature indicates a change in the metal-support
interaction following the reaction. In contrast, the reused Ni/
Ti-A catalyst exhibited a similar reduction peak compared to
the fresh catalyst (350 vs. 367 °C), indicating enhanced stabi-
lity of the Ni particles. However, the reduction peak of NiO was
broader and accompanied by elevated hydrogen consumption
levels (1724 umol g™') in comparison with the theoretical value
of 1686 umol g~'. Therefore, some coke remaining on the
surface must be hydrogenated. Some active sites must be
blocked, even after thermal treatment, which would explain
the lower conversion for the reused Ni/Ti-A catalyst.

Conclusions

In summary, the present study examined the effects of varying
anatase and rutile compositions, calcination temperatures,
and metal loadings on the performance of heterogeneous Ni/
TiO, catalysts in the selective hydrogenation of MBY to MBE.
The findings of this study suggest that the calcination temp-
erature and the anatase/rutile phases of the catalyst appear to
influence the metal-support interaction, reducibility, surface
nickel species, and the adsorption of MBY. Ni/TiO, catalysts
were active for the semi-hydrogenation of MBY to MBE under
mild conditions (30 °C, 10 bar H,). The Ni size was shown to
have a strong effect on the activity. Based on the results, we
demonstrated that the reaction follows primarily a mechanistic
pathway for the anatase Ni/Ti-A and rutile Ni/Ti_R catalysts.
However, the selectivity to the alkenol depends also on the
acidity and MBY adsorption capabilities, which are higher for
the anatase supported Ni catalysts. Finally, the highest yield of
MBE (78%) was obtained with 10Ni/Ti-A_500.
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