W) Check for updates

ChemCatChem Chemistry

The European Society Journal for Catalysis EUEIRCER (Crioites]

Societies Publishing

Supported by

GE(ATS

GERMAN
CATALYSIS
SOCIETY

Accepted Article

Title: Investigation on the structure and performance of supported Ni
nanoparticles for the hydrogenation of furfural

Authors: Xiaowei Chen, Shahram Alijani, Simone Gallarati, Francesca
Tessore, Juan Jose Delgado Jaen, Diego Gianolio, Alberto
Villa, and Rosa Arrigo

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). The VoR will be published online
in Early View as soon as possible and may be different to this Accepted
Article as a result of editing. Readers should obtain the VoR from the
journal website shown below when it is published to ensure accuracy of
information. The authors are responsible for the content of this Accepted
Article.

To be cited as: ChemCatChem 2024, €202400229

Link to VoR: https://doi.org/10.1002/cctc.202400229

WILEY .*vcH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202400229&domain=pdf&date_stamp=2024-06-20

ChemCatChem

10.1002/cctc.202400229

WILEY . vcH

Investigation on the structure and performance of supported Ni
nanoparticles for the hydrogenation of furfural

Xiaowei Chen, ! Shahram Alijani, [ Simone Gallarati,¥ Francesca Tessore,” Juan Jose Delgado,®

Diego Gianolio, Alberto Villa,*! Rosa Arrigo*

[a] Dr. R., Arrigo

School of Science, Engineering and Environment, University of Salford,
Peel Building 336, M5 4WT, Manchester
E-mail: r.arrigo@salford.ac.uk

[b] Dr X. Chen and Dr. J.J. Delgado

Departamento de Ciencia de los Materiales, Ingenieria Metaltrgica y Quimica Inorganica, Facultad de Ciencias, Universidad de Céadiz, Campus Rio San

Pedro, Puerto Real, Cadiz E-11510, Spain

[c] Dr. S. Alijani, Dr. F. Tessore and Dr. Alberto Villa
Dipartimento di Chimica, Universita degli Studi di Milano
Via Golgi 19, 20133 Milano, Italy
E-mail: alberto.villa@unime.it

[d] Dr. R., Arrigo, Dr. D. Gianolio and Dr. S. Gallarati,

Diamond Light Source,
Harwell Science and Innovation Campus, OX11 ODE, Oxfordshire, UK

Supporting information for this article is given via a link at the end of the document.

Abstract: In this study, nickel (Ni) nanoparticles were
successfully synthesised using two methods: the hot-injection
method and a room temperature colloidal synthesis using dioctyl
tartrate as a capping agent. Each approach yielded Ni
nanoparticles with unique morphological and electronic properties.
The distinct characteristics of these Ni nanoparticles make them
promising candidates for unravelling structure/activity
relationships, a crucial aspect in developing catalysts with
enhanced selectivity. Furthermore, Ni nanoparticles synthesized
via these methods were supported on both silica and activated
charcoal, with variations in Ni loadings. We explored the impact
of nanostructural characteristic of the Ni NPs as well as support
effects on the selective hydrogenation of furfural. Using
temperature programmed reduction, advanced X-ray absorption
spectroscopy, and atom-resolved electron microscopy techniques,
we established comprehensive structure-function relationships.
Herein, we demonstrate that using a dioctyl tartrate route, foam-
like Ni nanostructures are obtained, yielding higher selectivity
towards selective hydrogenation than commercial Ni/Al,O3 and a
suppression of the acid-base catalysed acetalization and
etherification reactions. Furthermore, conversions similar to
commercial Ni/Al,O3 are achieved using a lower Niloading. These
insights provide valuable guidance for the design of enhanced
materials, contributing to the optimization of catalyst performance
in selective hydrogenation processes. This research marks a
significant step toward the development of more efficient and
sustainable catalytic processes.

Introduction

The conversion of biomass into platform chemicals represents a
promising pathway for the sustainable synthesis of fine chemicals

and fuels. ™2 An essential aspect of biomass utilisation is the
harnessing of readily available sources that are not integral to the
food chain.®! Lignocellulosic biomass, comprising cellulose (40—
50%), hemicellulose (20—35%), and lignin (15-25%), stands out
as one of the most sustainable sources owing to its abundant
availability and non-edible nature. (4
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Figure 1. Schematic representation of the possible reaction pathways of the
furfural hydrogenation: furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA),
furfuryl isopropyl ether (FIE), and tetrahydrofurfuryl isopropyl ether (THFIE).

Furfural, obtained via acid-catalysed cascade hydrolysis and
dehydration of lignocellulose !, emerged as a versatile platform
chemical with considerable potential for producing a diverse array
of valuable chemicals. Its abundance, cost-effectiveness, and the
high reactivity of structural functional groups, such as the
aldehyde group and the furan ring with a,B-unsaturation -8,
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position furfural as an ideal feedstock for subsequent chemical
processing. Depending on the nature of the active metal in the
catalyst and its nanostructural characteristics, including
distribution of exposed active sites such as edges, corners,
terraces, the furfural molecules can be adsorbed onto the metal
surface through their functional groups, carbonyl group and furan
ring, forming a variety of products (Figure 1). ® Furfuryl alcohol
(FA) can be obtained via hydrogenation of the furfural carbonyl
group, and it is widely used for producing resins, lubricants,
plasticizers and fibers. % The hydrogenation of both carbonyl
group and furan ring produces tetrahydrofurfuryl alcohol (THFA),
a green solvent used in printer inks and agriculture applications.
11 When subjected to hydrogenation conditions on metal
catalysts, the aromatic furan ring tends to adhere firmly to the
metallic surface. In these cases, furfural hydrogenation results in
the dominant production of furan and tetrahydrofuran (THF)
through decarbonylation and ring hydrogenation. [124l Ethers can
also be formed in the presence of acid sites, resulting in the
production of compounds used as fuel-additives or surfactants.
Furfural derived ethers can be obtained following two pathways:
the first one is the direct etherification involving the saturation of
C=0 bond to C-OH and subsequently the acid-catalyzed
intermolecular dehydration;!*! the second one is the reductive-
etherification involving the acetalization of aldehydes as an
intermediate  acetal compound and the subsequent
hydrogenolysis and/or dehydration-hydrogenation of the acetal to
form the final ether, as shown in Figure 1.6

A variety of noble metal-based catalysts were reported effective
for the hydrogenation of furfural,*” including Pt,1*8 Pd,['9 Rh, 2% |,
1 and Ru 2. Supported catalysts based on transition metals,
such as Ni, Cu, Cr, and Co, are preferable because of their
abundance and low cost. 3 Supported metal nanoparticles (NPs)
offer many opportunities to tailor the selectivity of the process
through specific metal/support interaction. 2224 Nickel-based
catalysts are considered as an excellent system for furfural
conversion, owing to the ability of Ni to activate both the carbonyl
group and the furan ring. % Ni-based catalysts offer some
advantages such as a lower environmental impact compared to
Cr and lower operational H, pressures M. Nevertheless, a
significant drawback of these catalysts is their low selectivity and
poor stability. % Therefore, the main challenge in furfural
hydrogenation lies in effectively controlling its reaction pathway to
maximize selectivity. Kotbagi et al. reported 96% of furfural
conversion and 95% FA selectivity at 200 °C and 10 bar H; using
Ni supported on N-doped hierarchically porous carbon catalyst.
(241 Jeong et al. observed a similar selectivity to FA and THFA for
Ni/SiO, and Raney Ni at 110 ° C and 30 bar H,. 8 Ni-
metal—organic framework (Ni-MOF) derived catalysts afforded a
92.5% conversion of furfural and a 59.5% selectivity to FA at
160 °C and 20 bar H,.*31 A series of 10 wt.% Ni/CNT catalysts
prepared by wet impregnation showed high conversion of furfural
(99.1 %) and selectivity towards THFA (85.1 %).2 Full
conversion and total selectivity (99.9 %) to FA were achieved
using sulfonate group-modified activated carbon supported Ni
catalyst (Ni/AC-SOzH) prepared via the liquid phase reduction
method. 18! Yet, these processes require high hydrogen pressure
that adds further complexity and operation cost to the process.
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Compared to conventional synthetic routes such as wet
impregnation, sol-immobilization affords mono-dispersion and
smaller average particle size. P4 Carenco et al. used alkylamine
and phosphine-containing capping ligand to produce
monodisperse Ni NPs with a tunable particle size varying from 2
to 30 nm. 29

Colloidal particles offers opportunity for selective catalysis owing
to the use of size-controlling and shape-inducing ligands, which
at the same time enable a tuning of the exposed surface area. For
instance, Rinaldi et al. prepared colloidal Ni NPs supported on
silica with enhanced performances in hydrogenation of
cyclohexene and ethanol steam reforming. 9 Silica-Supported Ni
nanoparticles below 4 nm in diameter gave higher turnover
frequency for furfural hydrogenation than other supported Ni
catalysts. B3 Meng et al. found that high exposure of Ni(111)
planes in Ni/MMO-CO3; enables adsorption of both the furan ring
and C=0 group and favors the production of a fully hydrogenated
product. B2 Controlling particle size, shape, and dispersion
through colloidal synthesis has the potential to reduce the
operating pressure for the hydrogenation reaction and enhance
selectivity. ?* 3% Notwithstanding these advantages, studies on
the use of the colloidal approach for the preparation of supported
Ni NPs catalysts for furfural hydrogenation are limited.

A critical aspect to consider is also the conversion, which for
colloidal NPs might be lower than conventional catalysts obtained
via ligand-free routes.

In the present work, we investigate the reactivity in furfural
hydrogenation of Ni based systems obtained via two different
synthetic routes: i) hot-injection route which uses oleylamine as
mild reducing agent and a bulky, branched, trioctyl phosphine as
a capping agent; ii) colloidal synthesis at milder temperature using
a stronger reducing agent, namely sodium borohydride, and a
linear long-chain ligand, as a capping agent, namely dioctyl
tartrate. The first method is well-established for the synthesis of
unsupported metal nanoparticles at mild condition.®¥ Our choice
of the dioctyl tartrate as a capping agent derived from the
consideration that tartaric acid used as a ligand promotes a better
dispersion and inhibits the aggregation of Ni NPs. 3 Furthermore,
owing to its affinity towards coordinating Ni(ll) species, tartaric
acid could also act as a leachant.®¥! We reckon that this property
could induce the exposure of specific metal sites. We therefore
developed a synthesis which uses dioctyl tartrate: the long-chain
hydrophobic part of the ligand enables controlling the particles
size and shape during the synthesis; the tartrate termination
enables a tuning over the exposed surface area during reaction
via a partial detachment from the surface through its chelating
effect to Ni atoms. These two methods afforded Ni nanostructures
exhibiting distinct morphological and electronic characteristics,
and therefore are ideal systems for elucidating structure/activity
relationships, crucial for the development of more selective and
stable catalysts. By employing advanced X-ray spectroscopy and
atom-resolved electron microscopy techniques, we explore
various aspects ultimately influencing performances such as
metal-support interactions, metal loading and other catalysts pre-
treatments. Whilst this work will not capture the nature of the
catalyst active sites under operation conditions requiring in situ
approaches, it will highlight the temporal evolution of the catalytic
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behavior of materials with specific nanostructural characteristics
in a precursor state of the catalysts. We thus establish precursor
structure-catalytic function relationships to guide the design of
enhanced materials.

Results and Discussion

A series of unsupported and supported Ni NPs-based catalysts
were synthesised via the hot-injection method using oleylamine
(OAm) as the reducing agent and trioctylphosphine, (TOP) as the
protecting agent, as described in the experimental section.

Table 1. Summary of synthesis conditions of Ni catalysts.

Sample Ni/ Ni/ Ni(acac)2 ODE OAm TOP
wt.  wt. %l /g /mL /mL /mL
AU
Ni-hi 0.8764 17.5 5.6 2.3
Nisos/AC2 5 - 0.8764 17.5 5.6 2.3
Nisse/ ACP!! 5 - 0.8766 6.5 16.8 2.3
Nisow/AC/ 5 3+0.02 0.8760 17.5 5.6 2.3
Nisos/ ACH 2.3:0.1
Nises/SiO2 5 3.1#+0.1 0.8764 17.5 5.6 2.3
Ni10%/SiO2 10 - 1.7528 34.9 11.2 4.6
Ni20%/SiO2 20 - 35 70 224 9.2
Ni1096/SiO2%! 10 - 1.7522 35 11.2 2.3

Ni1006/SiO 1 10 - 1.755 35 11.2 9.2

NiBrz2/ g DT / NaBH4

g /g
Ni-dt 0.5980 0.772  0.5190
1
Ni/SiOz-dt 20  16.0+0.  0.5980 0.772  0.5190
2 1
Ni/SiO2-dt- 20 16.0:0. 059808 0772 0.5190
smeld 4 +2.8321M 10 ]
+3.6  +2.440
265 gl

[a] The NPs synthesis was performed for 3h sample; after the NPs
immobilization, the sample was heated to 370°C under Nz, then reduced in Hz
for 2h. [b] The NPs synthesis was performed for 1h. [c] Seed mediated
synthesis. The total nominal loading is 20 % in weight, but the NPs synthetized
according to the 10% loading were used to growth NPs on them using a mixture
composition leading to an additional 10% in weight. [d] 3h synthesis. [e] 0.75
eqg. TOP [f] 3 eq. TOP. [g] Seed solution and [h] growth solution. [i] Nominal
loading in weight percentage. [j] Ni loading determined by ICP-OES technique.
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In the dioctyl tartrate (DT) route, sodium borohydride was used as
the reducing agent. Sketches of these syntheses are shown in
scheme 1 and 2, respectively. A complete list of the samples
prepared is presented in Table 1. The Ni loadings of some
supported catalysts are lower than nominal values. This
discrepancy may be attributed to organic residue present on the
samples, which is not accounted for in the calculation of the
nominal loading.

Reactivity data

Figure 2 reports the furfural conversion and the selectivity at 25%
conversion for the catalysts investigated in this work. The activity
at 15 minutes of reaction is reported in Table S1. The evolution of
the conversion with time unveils a striking difference in
performances between the unsupported NPs prepared via hot-
injection and via dioctyl-route, which is mostly retained after
immobilization of the colloidal NPs on different supports.

100 —#— Ni-dt
—— NifSiO,-df
—— Ni/SiO,-df-sm
=< Nig,, /AC"
= B Ni, s, /SIO;
c —5— Nigs/SIO,
° Nig.,/SiO,
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= 8 Ni-hi
3] 5 |0 Nig., /AC
] 0 Niy 0, /SI0,°
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Figure 2. Furfural conversion vs time of reaction at 6 bar H2 and 180 °C for the
samples investigated as indicated (top); Selectivity at 25% furfural conversion
(bottom).
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The unsupported nanoparticles prepared using dioctyl tartrate as
a capping agent showed the highest activity (480 h') compared
to the Ni NPs prepared by hot injection (100 h?), (Table S1 and
Figure S1). The best performing supported catalysts, in terms of
activity, are Nisy/SiO, and Nisy,/ACY with a very similar activity of
199 h'* and 209 h?, respectively. A NPs synthesis carried out for
longer time (3h) in Nisy/ACH led to a slightly higher conversion,
achieved after 60 minutes of reaction, which remains unchanged
for the entire period of time investigated, suggesting that the
catalyst is nevertheless prone to deactivation. Nis,/AC?, which
derives from Nisy/ACY but was additionally subjected to a
reduction step prior furfural hydrogenation, is characterized by an
extremely low conversion remaining almost unchanged for the
entire time reaction. Similar behavior was observed for Nise/SiO»
with a total conversion reaching a value of approximatively 22%
after 60 minutes of reaction, followed by a
deactivation/reactivation that yield a maximum conversion of 29%
after 240 minutes of reaction. A pronounced deactivation of
Ni/TiO—SiO; catalysts at reaction temperature higher than 100 °C

and pressure of 10 bar was found due to C-C cracking and coking.

B7 In contrast, Niig/SiO2 and Nixge/SiO, present a slow but
steady increase of the conversion, which reaches the maximum
value of approximately 30% after 240 minutes of reaction. These
samples were synthesised using same reducing/capping agent
ratio (5 equivalents of OAm and 1.5 equivalents of TOP) in the
NPs synthesis step as for Nise/SiO2, but using a proportionally
higher amount of reagents, thus a similar average particle size
and morphology is expected. The best results amongst the hot-
injection samples in terms of conversion and selectivity were
obtained for Nisy,/ACP synthesised in a comparatively shorter
reaction time than Nisyw/AC, using a comparatively higher amount
of the reducing agent OAm (15 eq. of OAm and 1.5 eq TOP) and
thus a lower amount of the solvent, 1-octadecene. Ni
nanoparticles obtained via hot injection are generally
characterized by a low conversion under the mild reaction
conditions used in this work, consistent with literature. 8

The effect of the H, pressure was studied by Kotbagi et al. 4 on
Ni/C systems obtained by co-gelation sol—gel technique. It was
found that at 200 °C, furfural conversion was low at 2 bar H;
pressure, reaching 30 % only after 6 hours of reaction, whereas it
was enhanced at higher H, pressure, reaching a maximum of
100% at 10 bar. Total conversion of furfural was obtained over
Ni/C systems at 3 bar and 140 °C- 3% Comparing these results with
those obtained for a commercial Niigw/Al,O3 catalysts under the
same mild conditions (Table S1), it seems evident that more work
is needed to fully exploit the hot-injection route for the generation
of catalytic materials for this reaction and other green processes
based on renewable feedstocks.

The dioctyl-route gives SiO,-supported Ni catalysts performing
better in terms of conversion, more so for Ni/SiO,-dt; where the
total conversion is achieved after 2 h of reaction at 6 bar and
180 °C, whereas the selectivity to FA reaches 80%. Note that in
the synthesis of Ni/SiO,-dt, 5 eq. of NaBH, and 0.75 eq. of DT are
used, the latter one being a comparatively low amount. The
performance of Ni/SiO,-dt is very similar to that of Nis,/ACP,
demonstrating the important role of tailoring the amount of
reducing agent/capping agent for enhancing performances. Also,
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Ni-dt performs very similar to the commercial Niigy/Al2O3 system
in terms of conversion kinetics (Table S1). A very important
aspect to note in this study is that the selectivity distribution differs
sufficiently amongst the samples investigated, therefore providing
an excellent dataset to understand the reaction mechanism that
informs materials and synthesis design.

In term of selectivity calculated at 25% conversion (Figure 2b), the
main reaction product is FA for all the catalysts but Nise/SiO5,
which produce predominantly tetrahydrofurfuryl isopropyl ether
(THFI-E). FAis the product of the hydrogenation of the C=0 group
present in the furfural, whereas THFI-E derives from the
unselective hydrogenation of both the carbonyl and the furan ring
followed by the condensation reaction with isopropyl alcohol to
form the ether. This finding indicates that specific functionalities
of the catalysts can dictate the course of the reaction; these need
to be understood for improved catalyst design.

It is useful to have a closer look at the time dependence of the
selectivity reported in Figure S1 and Table S1 for all the samples
investigated.

For the dioctyl route, the highly active, unsupported sample is
selective for the hydrogenation of furfural from the beginning of
the reaction and remains so for the entire time of reaction,
although the subsequent hydrogenation to THFA and solvent
condensation to THFI-E become more favored with time. On
Ni/SiO2-dt and Ni/SiO,-dt-sm, the consecutive formations of the
THFA and the THFI-E are suppressed, and at the same time a
decrease of activity and conversion is observed. The latter two
samples differ in terms of loading (10% and 20%, respectively)
but the performances did not change proportionally, similarly to
the Ni1ge/SiO2 and Nize/SIO2, indicating that not all the particles
surface area is accessible. On Ni/SiO,-dt, the almost exclusive
selectivity towards hydrogenation, makes it a very promising
system outperforming the less selective commercial material
tested here.

The unsupported NPs obtained via hot-injection route is equally
selective towards the carbonyl hydrogenation of furfural to FA as
well as the furan ring hydrogenation which subsequently
undergoes condensation with isopropanol and formation of THFI-
E in similar amount to FA. Due to the absence of acetal, we
suggest that the THFA is formed via a subsequent reaction
following FA formation, whereas the only etherification of THFA to
THFI-E implies that the former remains adsorbed on the catalyst
surface more strongly than FA.

However, with time the catalysts become more selective towards
FA formation; as earlier suggested, this could be a consequence
of the deactivation of the catalyst. In the case of Nis,/AC and
Niso/ACY, similar products are obtained with a different distribution,
although Nise«/ACY is much more active than Nisy,/AC (the activity
is 66 h'l). For these catalysts, the acetalization reaction occurs
first, whereas FA become the most favored reaction pathway only
at longer reaction time. Nis,/ACY produces also FIE with a
selectivity that increases with time indicating that the
condensation of the solvent is parallel and successive to the
hydrogenation reaction (Scheme 1). Thus, it can be inferred that
initially the metal particles are protected by the C overlayer
preventing hydrogen adsorption; however at longer reaction times,
the detachment of the C overlayer from the particle surface and
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its dissolution in the reaction medium enables a higher exposed
metal surface which facilitates the hydrogenation pathways.
However, a poor hydrogenation capability can be also related to
the reduction ability of the Ni phase. This is consistent with the
results obtained for Nis,/AC® synthesised using large amount of
OAm, for which, the acetal is observed as a minor product only at
very low conversion. Thus, we suggest that the acid-base
catalysed acetal formation is a consequence of the poor Ni
metallic character as well as the chemical characteristics of
support and C-overlayer, in terms of acid-base properties. When
the hot injection Ni NPs are immobilized on silica at 5% loading (5
eg. OAm and 1.5 eq. of TOP), the initial activity is high but the
final conversion is low. The sample is rather an unselective
hydrogenation catalyst, with the main product at the beginning of
the reaction being THFI-E. Differently to the other hot injection
samples, no acetal formation is observed here, thus we suggest
that THFI-E is obtained via the FA pathway. The catalyst becomes
more selective towards carbonyl hydrogenation with time as
demonstrated by the slight decrease of productivity to FA, which
is probably a consequence of its deactivation. Increasing the
loading on silica in Niige/SiO2 and Nizge/SIO2 (Whilst maintaining
the same equivalent ratio of reducing and capping agent) leads to
a decrease of the activity and a change in selectivity distribution,
resembling the hot-injection NPs on AC support, although FA
selectivity is much higher than for AC-based catalysts, reaching
approximately 80% at the end of the reaction. The impact of the
equivalents of OAm and TOP can be discerned by comparing
Ni1006/SiO2, Ni1ge/SiO2® and Nilo%/si02f, which are Synthesised
using the same equivalents of OAm (5 equivalents) but different
equivalents of TOP amounting to 1.5, 0.75 and 3, respectively.
Despite the TOP amount is lower in Nip %/SiOz®% the
performances are worsened in terms of conversion and selectivity
to FA, indicating that not only the residual C overlayer influence
the selectivity but other factors are at play mostly related to the Ni
electronic structure influenced by the degree of reduction
achieved by the reducing agent used as well as the interaction
with the support.

Structural characterization of the catalysts

Figure 3. TEM and HAADF-STEM images of Ni-hi NPs synthesized by (a) hot-
injection route and Ni-dt (b) dioctyl-route. Inset in b) depicts the Na and Ni
elemental mapping determined by EDX analysis. Lines within in the circle
indicate the approximate length of the columns of atoms within the particles.
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Figure 4. Ni NPs synthesized via hot-injection method supported on (a)
Nisos/ACY and (b) Nis/SiO2.

Figure 5. a) STEM-HAADF images of Nizo%/SiO2; b) STEM-HAADF image and
HRTEM images (right) of Ni/SiO2-dt; c) STEM-HAADF images of Ni/SiO-dt-sm.

The unsupported Ni NPs (Ni-hi) obtained by hot-injection (Figure
3a) present mainly primary twinned particles (clearly seen in the
middle HRTEM image) of round morphologies covered with an
overlay of secondary NPs with a much smaller diameter of
approximately 1-2 nm (lower contrast shell in the right HAADF-
STEM image). The dioctyl-tartrate route (Figure 3b) yields much
smaller NPs of approximately 2-3 nm, agglomerated all together
to form a porous microstructure. These results are consistent with
the general observation in literature that stronger reducing agents
such as sodium borohydride used in the second route leads to
smaller particles 9 than weak reducing agents such as
ethylamine.l3¥ The EDX elemental mapping for this sample shows
a homogeneous distribution of Na which derives from the NaBH4
reducing agent (inset in Figure 3b).

The NPs obtained via hot-injection preserve their nanostructure
when immobilized on activated carbon (Nisy,/ACY), as shown in
the high angle annular dark field scanning transmission electron
micrographs (HAADF-STEM) in Figure 4a, composed of the
primary NP with an outer shell of secondary smaller NPs. A C-
overlayer is clearly visible in the high resolution transmission
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Figure 6. HAADF-STEM images for a) Niio %/SiOz2, b) Niio %/SiO2° and c) Niio
%/SIiOZ.
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electron image in Figure 4a, which could explain the low
conversion observed. A summary of the particle size distribution
for the catalysts prepared via hot-injection is reported in Figure
S2. We note that the average particle size is smaller for the
supported samples indicating an interaction with the support that
disrupt the primary colloidal solution during the immobilization
step. Similar behavior was observed for colloidal Pd NPs
immobilized on carbon nanotubes.®? In contrast, on Nise/SiO,, a
bimodal distribution of NPs sizes is observed, consistent with the
mobilisation of the small NPs from the overlayer region on the
primary nanoparticles and dispersion onto the support; we
suggest that this is due to stronger metal support interaction
(SMSI) on this support compared to the C support.
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Figure 7. Ni K-edge XAFS analysis of: a) comparison of unsupported NPs; b)
comparison of different supports; ¢) comparison of different loading; d) dioctyl
tartrate synthesis route and subsequent seed-mediated synthesis.

Ni20/SIO; present a higher loading of NPs with a similar average
particle size, but a more symmetric size distribution. No large
differences can be identified with varying Ni loading, although the
smaller highly dispersed NPs seen in Nisw/SiO; are less abundant
for higher loaded samples. Ni/SiO,-dt is characterized by the
same agglomerated small Ni nanoparticles observed in the
unsupported sample, packing into a hierarchical foam-like porous
superstructure. Dense agglomerates of Ni particles can be clearly
seen in the high resolution transmission electron microscopy
(HRTEM) image in Figure 5b as a darker contrast than the SiO,
support, which appears highly porous. The particles do not
disperse on the support and therefore no electronic effects
exerted by it are expected (Figure 5b top image on the right). The
nanoparticle in the dense agglomerates are below 5 nm in size
and embedded in a carbonaceous matrix (Figure 5b bottom image
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on the right), but also exposed and thus accessible to reagents as
exemplified by the lattice fringes of the particles in the circle. The
seed mediated synthesis on this sample (Ni/SiO,-dt-sm in Figure
5c) leads to a more extreme size heterogeneity of the particle
agglomerates. The impact of the TOP equivalents on the
structural and morphological characteristic of the NPs has also
been investigated by electron microscopy for the in the series
Ni1006/SiO2, Nizoo/SiO2° and Niyge/SiO,f and here reported in
Figure 6. The typical core-shell twinned particles are obtained in
the cases of Niigw/SiO, (1.5 equivalents of TOP) and Nijge/SiOxf
(3 equivalents of TOP). However, for lower amount of TOP in
Ni100/SiO2®, the morphology of the NPs is significantly different
and consisting of smaller metallic Ni NPs forming filamentous
morphologies by face-sharing which results in a larger coherent
size of above 5 nm. It follows that, in the hot-injection synthesis,
above a threshold amount of TOP, the smaller sub-particles are
twinned by the encapsulating action of the TOP. However, when
its amount is lower, filamentous morphologies of face-sharing
metallic Ni NPs are formed similar to the Ni nanostructures
obtained by dioctyl tartrate route.

Table 2. XANES Linear Combination Fit and EXAFS fit.

XANES! Ni(0)  NiO R-factor Red. 32
Ni-hi 0.38 0.62 0.0040727

Ni-dt 0.614 0.386 0.0035410

Nisw/AC 0.467 0.533 0.0033474

Nisw/ACH 0.474 0.526 0.0026634

Nis%/SiO2 0.634 0.366 0.0021421

Ni109%/SiO2 0.652 0.348 0.0023309

Ni209%/SiO2 0.678 0.322 0.0021674

Ni/SiOz-dt 0.780 0.220 0.0087291

Ni/SiO2-dt-sm 0.750 0.250 0.0038729

EXAFSIbI Ni(0) NiO ?a-ctor Disorderlc] Red. 2
Ni-hi 0443 0557  0.070 0.98 332
Ni-dt 0482 0518 0.133 275 475
Nisw/AC 0421 0578 0.067 111 1118
Nisw/AC 0448 0552 0.125 2.56 308
Niss/SiO2 0560 0440  0.103 1.40 232
Ni10%/SiO2 0548 0452  0.063 1.28 672
Nizos/SiO2 0577 0423 0.077 155 653
Ni/SiOz-dt 0.596 0404  0.065 1.45 657
Ni/SiOz-dt-sm  0.607 0.393  0.133 2.75 431

[a] Linear Combination Fit performed between -20 eV and +50 eV using
Ni metal and NiO as references. [b] EXAFS fit in k-range 2.5-14.5 A* and
R-range 1-5 A using combination of Ni-Ni scattering paths for metal up to
4" shell and one Ni-O scattering paths for oxide. [c] Value of 1 corresponds
to same order than bulk oxide/metal, the higher the value the higher the
disorder.

The mechanism of formation suggested above explains also the
morphologies characterizing samples obtained by dioctyl tartrate
route, where the stronger reducing agent leads to a faster kinetics
of nucleation over growth, whereas the limited amount of capping
agent (0.75 equivalents) and its hydrophobic, linear backbone
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structure (as opposed to the sterically larger tetrahedral TOP)
leads to a single face sharing of the smaller cluster. Figure S 3
shows X-ray diffraction (XRD) patterns of unsupported Ni-hi and
Ni NPs supported both on silica and AC catalysts. The sharp
diffraction peak at 44.3 ° and the small peak at 51.5 ° for the
unsupported Ni-hi catalyst synthesized by hot injection method
can be assigned to nickel (111) and (200) reflections of metallic
Ni (PDF 65-2865). On the Ni/SiO,-dt and Ni/SiO,-dt-sm catalysts
synthesized by dioctyl-route, broader metallic Ni diffraction peaks
can be clearly observed, consistent with a smaller particle size. A
reflection at 43.2 degrees 26 can be attributed to (200) reflections
in fcc NiO phases, more visible for Nisy,/ACY and Ni-hi, and
possibly Nisy/AC.

The electronic structure analysis of the as prepared samples was
performed by means of XAFS at the Ni K-edge in X-ray
transmission mode, displayed in Figure 7. The XANES spectra
exhibit two relevant features: 4 the resonance at ca. 8336 eV
corresponding to the edge for the metallic phase; the resonance
at 8352 eV corresponding to transitions of 1s to Ni4p—O2p orbitals
for the oxide phase.

Reducibility of the catalysts
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Figure 8. Evolution of m/z 18, 15 and 44 during TPR process, corresponding to
the formation of H20, CH4 and COz, respectively.

Accordingly, the unsupported samples are characterized by a
very different electronic structure with the dioctyl route enabling
NPs with more metallic character (Figure 7a). The result of the
XANES linear combination fit (Table 2) shows that the
unsupported NPs sample prepared by hot-injection is composed
of 38% of metallic Ni and 62% of Ni?*, whereas the NPs sample
obtained via the dioctyl tartrate route contains 61% of metallic Ni
and 39% of Ni?*. This is indeed expected considering that the first
method uses mild reducing agents whereas the second one uses
a stronger reducing agent (faster nucleation step). The different
nature of the ligand, more bulky and sterically hindering the TOP
and, a long linear C-chain the DT, influences the particle size in
the particle growth step. Differences in nuclearity among the
samples are also shown by the Fourier transforms of the Ni K-
edge EXAFS spectra in the inset of Figure 7a. The first peak in
face-centered cubic (fcc) Ni is found at ca. 2.1 A (non-phase
corrected), whereas the peaks at higher distances in Ni-hi
correspond to main single scattering paths of metallic Ni-Ni higher
coordination shells (non-phase corrected peaks at 3.10, 3.9, 4.6
A respectively, in Figure S4). In nickel oxide, single scattering of
Ni-O and Ni-Ni are found at ca. 1.5 A and 2.5 A, respectively
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(insets in Figure S4). These peaks are not very pronounced for
Ni-dt consistent with a nanostructure presenting only short-range
order or comparatively lower nuclearity than the NPs in Ni-hi. The
immobilization of the hot-injection samples on the supports leads
to an increase in the percentage of metallic Ni, more so on the
SiO, support (Figure 7b and Table 2). Whilst, only marginal
differences are observed amongst the Nise/SiO2 , Nii0s/SIiO2 and
Ni200/SiO2 (Figure 7c), the seed-mediated step on the Ni/SiO,-dt
induces pronounced changes in terms of nuclearity consisting of
a loss of long range order (Figure 7d). The structural analysis of
the hot-injection samples with varying equivalents of TOP was
previously reported and here included in Figure S4. It is possible
to see that increasing the amount of TOP to 3 equivalents leads
to small changes in the electronic structure of the samples,
whereas the reduction of the TOP to 0.75 equivalents produces
mostly oxide Ni nanostructures although a metallic component is
seen in the FT-EXAFS spectrum.

A slight decrease in the metallic content is also observed for the
seed-mediated sample. However, we should consider that
differences in particle size or spatial distribution of particles could
affect the fit results. To account for the structural disorder/particle
size in the EXAFS fits, a disorder factor has been included in
Debye Waller factors, the higher the disorder the smaller the
particle size. It is possible to see that the SiO; support induces a
higher degree of disorder, consistent with the smaller particle size.
This can be explained by support effect which manifests on the
smaller particles initially present as a shell of the primary particles
in the NPs sol, which are partially dispersed on the SiO, support
upon immobilization. Consistent with electron microscopy
characterization, the disorder is significantly higher for the seed
mediated sample and for the unsupported dioctyl sample.

The Ni nanoparticles supported on both activated carbon and
silica catalysts were investigated using temperature programmed
reduction (TPR) technique. As Ni nanoparticles after the
syntheses were exposed to air, they can be easily
oxidized/hydroxylated, leading to the formation of a NiOOH layer
on the surface of the Ni nanopatrticles, as illustrated in Figure 4.
Before the TPR experiments, a pretreatment of the catalysts in
argon led to water desorption, which is more pronounced for all
the SiO,-supported samples, consistent with the higher
hydrophilic character of this support compared to carbon (Figure
S5). Figure 8 displays the evolution of m/z 18, m/z 15 and m/z 44,
during TPR for all the samples investigated. A more complete
representation of the fragments evolved is reported in Figure S5.
In the TPR process, the generation of H,O (m/z 18) is thus
associated with the reduction of the surface NiOOH layer on the
Ni nanoparticles in the catalysts, even though it also could derive
from the decomposition of organic residue at high temperatures.
A three-stages reduction was reported for Ni/SiO,: at 200—-300 °C
the partial reduction of large NiO particles occurs; at 300-400 °C
the complete reduction of the large NiO crystallites interacting
weakly with the support was reported whereas at >400 °C the
complete reduction of the small NiO crystallites interacting
strongly with support or the nickel silicate species was reported.
[41]

It is evident from Figure 8, that the samples obtained via hot-
injection are characterized by a reduction of Ni species in a
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similarly broad temperature range, spanning from easily reducible
cationic Ni species around 200 °C, to relatively less reducible Ni
species with a maximum up to 600 °C in the case of the carbon
support. On the SiO, support, an additional reduction peak with
maximum at 735 °C indicates the presence of highly dispersed
nickel silicate species, suggesting a direct NPs/support
interaction on the hot-injection samples consistent with the TEM
analysis (Figure 4b). Note that some of the organic compounds
employed as surfactants in the two synthesis methods of Ni
nanoparticles persist in the samples after the synthesis, therefore
the intensity and evolution of the signal will also be influenced by
the metal exposure. For example, it is evident that Nisy/SiO2
presents a reduction peak at the lowest temperature, which could
also indicate better metal exposure effectively resulting in a higher
reducibility. The profile of m/z 18 evolution is very different for the
dioctyl tartrate route samples showing a much more abundant
water evolution in the temperature range from 150 °C to 550°C;
we suggest this is due to a higher exposed surface area for these
samples, consistent with the higher conversion obtained for these
samples. In contrast, no species reduced at around 700 °C are
present on these samples indicating a lack of direct metal/support
interaction, as observed in the TEM analysis as well (Figure 5b
and c).

The m/z 15 signal could arise from CHj; species produced by the
decomposition of organic residues on the catalysts together with
the evolution of the m/z 44, m/z 28 and m/z 16, due to CO,, CO
and O species (from CO, decomposition), respectively. However,
in Figure S6, m/z 15 evolves only at higher temperatures than the
other fragments, exceeding 350 °C, over all these Ni catalysts.
Therefore, m/z 15 can be due to methane formation from CO,
hydrogenation over the catalyst and therefore representing the
hydrogenation ability of the catalysts. The profile of this fragment
depends on the preparation method as well as the support.

It is possible to note that amongst the hot-injection samples, the
carbon-based ones have a similar broad and multi-peak mass
evolution profile, likewise silica-based samples, whose peak
maximum is shifted to a comparatively lower temperature range.
For the dioctyl tartrate samples, the evolution of this fragment is
shifted to even a much lower temperature range, more so for the
Ni/SiO-dt.

The evolution of m/z 44 follows closely the m/z 18 profile, with
peak maximum at a similar temperature and similar profile for all
the catalysts but the Ni/SiO,-dt-sm, which shows a single peak in
the m/z 44 mass spectrum. More in detail, amongst the hot
injection samples, the m/z 44 profiles indicate that the nature of
the residual C overlayer is similar for all but Nis,/SiO, and
Niso/ACY. The former desorbs CO, at lower T, the latter at higher
T. For the dioctyl tartrate samples the m/z 44 shows a profile
similar to m/z 15 below 500 °C (two peaks for Ni/SiO,-dt and one
peak for Ni/SiO,-dt-sm) corroborating the postulation that m/z 15
is due to the hydrogenation of fragments of the decomposition of
the ligands due to the methanation activity of these Ni samples.[*>
4lWwhile there is no significant difference in the temperature peaks
for H,O formation between Ni/SiO,-dt and Ni/SiO,-dt-sm, the
release of CO; (m/z 44) occurred at lower temperatures for
Ni/SiO,-dt (approximately at 246 and 345 °C) compared to
Ni/SiO,-dt-sm (381 °C). This indicates that the C-overlayer is of
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different nature in these two samples. We suggest that in Ni/SiO»-
dt-sm, in the second step of particles growth, the reducing agent
NaBH4, hydrogenates the O functionalities of the ligand residual
from the preceding step (peak at 246 °C) which are therefore no
longer observed. An intriguing observation after the TPR
experiment on Ni NPs catalysts deserves a mention. The samples
synthesized via the hot-injection method turned darker, indicating
the occurrence of coke formation during the TPR process. Initially,
H. reduces the NiO layer on the Ni NPs, subsequently activating
the metallic Ni as centers for the decomposition of the organic
residue into carbon and other species, such as CO,, CO (N) and
CHs; on these catalysts. In contrast, the samples obtained via the
dioctyl route exhibited a significant sintering, shanking to a small
hard stone. This phenomenon may be attributed to the fact that
Ni NPs were initially reduced to metallic Ni by the NaBH, reducing
agent during synthesis, and subsequent reduction using H; led to
severe sintering of Ni during the TPR process at high
temperatures up to 900 °C. It might also be due to the oligomeric
nature of the size- and morphology-controlling ligand.

Discussion

The catalytic performances presented in Figure 2 indicate a
marked difference between the samples obtained via the dioctyl
tartrate route and the one obtained via hot-injection, with the
former one enabling to achieve much higher conversion values
comparable with a commercial Niig/Al,O3. The hot-injection
samples suffer generally from a low conversion, except for
Niso,/AC® which was prepared using a large amount of reducing
agent (OAm 15 eq.: TOP 1.5 eq.) compared to the other samples
(OAmM 5 eq: TOP 1.5 eq). On the carbon support, these systems
are characterized by the primary particles covered by a shell of
smaller nanoparticles embedded in an organic layer (Figure 3).
The organic layer might limit the access to the active surface,
leading to the low overall conversion. Additionally, 1-octadecene
used as a solvent is known to polymerize under the temperature
range used in these syntheses, thus lowering the amount is
beneficial.*4 However, the C-overlayer does not entirely explain
the reactivity data presented herein. For example, Niigw/SiO2®
was synthesised using 0.75 equivalents of TOP, which led to a
significantly different morphology of the nanoparticles if compared
with Ni10e/SiO2 synthesised using 1.5 equivalents of TOP. In a
previous work,*4 the XRD analysis over these samples was
reported, which enabled us to identify more disordered oxide NPs
coexisting with larger coherent metallic domains; we suggest
these being the extended metallic planes in the face sharing Ni
NPs agglomerates displayed in Figure 6b. However, the majority
of the Ni is present as an oxide as shown in the XAFS data in
Figure S3, whereas the more active and FA selective Niyy/SiO>
presents the typical electronic features of metallic Ni NPs. The
morphological characteristics in Ni1g/SiO2¢ are also observed for
the Ni phase in the samples obtained via the dioctyl tartrate route
(Figure 5); however, Ni particles via the dioctyl tartrate route are
here in a more reduced state than in the samples obtained via
hot-injection. It follows that size and electronic structure play an
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important role in the hydrogenation characteristics of these
samples.

The reducibility of these catalysts can indeed be correlated with
their performances. Higher reducibility corresponds to the higher
activity of Nise/SiO2 (199 h) for the hydrogenation furfural.
Nisoo/ACY differs from Nisy,/AC for the longer synthesis time,
resulting in larger Ni particles (Figure S2). The activity for the
selective hydrogenation of furfural is slightly enhanced, although
it does not affect the reducibility, thereby suggesting a different Ni
exposure.

Both Ni/SiO,-dt and Ni/SiO,-dt-sm catalysts exhibit high activity
for the selective hydrogenation of furfural, as depicted in Figure 2.
The higher conversion of furfural observed over the Ni/SiO-dt
catalyst compared to Ni/SiO,-dt-sm after 2 hours of reaction time
can be attributed to the exposed active surface (Figure 5b) as well
as its metallic character. This is mostly determined by the amount
of the reducing agent (e.g. 15 equivalents of OAm enabled
achieving high conversion with the hot-injection method, close to
the dioctyl tartrate route) and its strength, with stronger reducing
agents enabling smaller particle sizes thus higher exposed
surface area.

Trends in selectivity amongst the samples can be explained by
the synergism between the nanostructural characteristics of the
exposed active metal domains and the surrounding chemical
environment determined by the support as well as the C adlayers
residual from the synthetic procedure. A clear example is
Nise/SIO2. Upon immobilization of the Ni NPs from hot-injection
onto the SiOz, nanostructure changes can be observed in Figure
6 consisting of the migration of the smaller clusters of the original
NPs shell onto the SiO, support. This is accompanied by an
increase of the metallic Ni character in the sample. This correlates
well with the change in performances observed from a prevalent
selective hydrogenation of the unsupported particles into an
unselective total hydrogenation pathway to THFI-E, for Nise/SiO5.
Total hydrogenation was observed for larger Ni particles,?
consistent with the fact that the primary particles are now exposed
due to the migration of the small nanoparticles. We suggest that
on smaller NPs of the support, the adsorption of the reagents and
the THFA product is stronger and therefore leading to the
condensation reaction to form the ether; thus this system realized
the optimal topological distribution of the redox Ni active phase
and the acid site of the support for the synthesis of this chemical.
A shift of the reduction peaks to higher T for the SiO,-supported
samples (Figures 8 and S5) coincides with a change in selectivity
towards FA with increasing reaction time for Niig/SiO, and
Nizo%/SiOz.

In contrast, the formation of acetal is particularly pronounced at
the beginning of the reaction for the activated carbon-supported
samples (le%/AC and le%/ACd) and for Nilo%/SiOz, Nim%/SiOze
and Nizge/SiO2, more so for Niigw/SiOz°. Intuitively one could
suggest that as the reaction proceed, the detachment of the C-
overlayer, the reduction of the NiO and the exposure of the metal
surface favors the hydrogenation pathways. However, Niigy/SiO2*
is characterized by a lower C content, therefore it is possible to
conclude that less reducible NiO species can also be responsible
for the formation of the acetal as well as the subsequent
condensation of the solvent with FA. Changes in selectivity must
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also be expected as the catalysts deactivates. In Nisy/ACY, the
increase of the selectivity towards FI-Ether at the expenses of
acetal and FA formation, is consistent with a deactivation of Ni
hydrogenation sites in the C matrix so that the condensation
reaction of the solvent occurs now in succession to the selective
hydrogenation to FA.

Conclusion

In this work, we have clarified the interplay between structural
features of supported Ni NPs-based catalysts in their as
synthesised state that dictates trends in time evolution of the
selectivity and activity of these in the hydrogenation of furfural.
Whilst metallic Ni is required for hydrogenation reaction, larger
particles leads to total hydrogenation whereas smaller particles
afford selective hydrogenation to FA. NiO species are instead
favoring acetalization and etherification. The environment
surrounding the Ni nanostructures determines also the fate of the
successive reactions. Particularly, the acid sites of the support as
well as the C species from either the support, a residue from the
synthesis or C ad-layer formed due to cocking during the reaction,
will facilitate the condensation reaction of the hydroxyl alcohol
functionality with the solvent. By an optimal control of these
features it is possible to tune the selectivity of these systems
towards the desired platform chemicals. In this work, we present
a novel synthetic design which makes use of dioctyl tartrate as a
shape-orienting agent for the preparation of high surface area
foam-like metallic Ni-based catalyst with higher selectivity
towards hydrogenation outperforming a commercial catalysts at
similar conversion and activity. This is achieved in the best
performing catalyst with a much lower metal loading.

Experimental Section

Synthesis of supported Ni NPs via hot-injection route
using a binary ligand system consisting of oleylamine as
reducing agent and trioctylphosphine as capping agent
=0+ =0, NH 0 lhi-n 553
“5-10 o NHgo

Cnnn,

f‘“z;a

UI eylamine E(J Am}

‘H/\/- sdecens

Iriocty Lpho\pmﬂ (1oP)

Ih ermolysis

Scheme 1. Reaction scheme for the synthesis of nickel nanoparticles via
thermal decomposition reduction method from Ni(acac).. Image adapted from
ref. [45].

List of reagents: Nickel(ll) acetylacetonate (95%), oleylamine
(70%), trioctylphosphine (90%) and 1-octadecene (90%) reagents
were purchased from Sigma-Aldrich and used as received without
further purification. CAB-O-SIL® (M-5 scintillation grade, 200
m2/g) was purchased from Acros Organics (Fisher Scientific) and
used as received. Activated charcoal powder (Merck, quality 100)
was used as received.
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The syntheses of the samples were carried out in a round bottom
flask under an atmosphere of high-purity argon to protect nickel
and trioctylphosphine (TOP) from oxidation; the temperature was
controlled with a thermocouple placed directly inside the reaction
mixture. In a typical synthesis, a given amount of Ni(acac), and
oleylamine (OAm) corresponding to the targeted metal loading
were mixed together in 1-octadecene (OCD) and stirred
magnetically (stirring 530 rpm) at 65-70 °C in a flow of Ar under
reflux conditions. Once the mixture was completely dissolved,
TOP degassed with N, for 10 minutes, was rapidly injected into
the flask, followed by re-setting the temperature to 120 °C and
holding it for 10 minutes. The mixture was then rapidly heated to
220 °C over the course of 15 minutes for nucleation and ripening
of the nanoparticles. If not otherwise indicated, the synthesis was
halted after 2 hours of reflux under stirring (530 rpm), and the flask
cooled to room temperature. For the supported NPs samples, the
suspension containing the nickel nanoparticles was then added to
a suspension of either silica (CAB-OSIL 5 M) or activated charcoal
in absolute ethanol (150 mL), under vigorous stirring. The mixture
was then filtered under vacuum and washed multiple times with
copious amount of ethanol until the filtrate was colourless,
indicating removal of excess surfactants. Amounts of Ni(acac):
precursor, OAm, TOP, 1-octadecene and SiO, support were
adjusted to obtain ca. 4 g of sample with a nominal NPs loading
of 5%, 10 wt% and 20% (expressed in metal weight).

Synthesis of supported Ni NPs using dioctyl tartrate as
capping agent and sodium borohydride as reducing
agent

List of reagents: (R,R)-tartaric acid (ACS reagent, 299.5 %), 1-
octanol (ReagentPlus®, 99%), ethyl acetate (HPLC Plus, 99.9%),
—hexane (anhydrous, 95%), concentrated HCI (ACS reagent,
37%), NiBr, (anhydrous 98%), absolute ethanol (299.8%), sodium
borohydride (powder, 298.0%) were purchased from Sigma
Aldrich and used as received.

Firstly, the dioctyl tartrate capping agent was synthesised
following a procedure reported in the literature.[*®! Accordingly, a
solution of (R,R)-tartaric acid (7.69 g, 51.24 mmol) and
concentrated HCI (1.5 mL) in 1-octanol (100 mL) was heated at
80 °C in reflux overnight. Then, the octanol in excess was then
distilled off under vacuum and purified by column chromatography
(eluent: ethyl acetate—-hexane 1 : 3 v/v) to afford the title
compound (16.57 g, 86%) as a white solid. & (400.1 MHz; CDCls;
Me,Si) 4.55 (d, 3Jun 6.4 Hz, 2H, CHOH), 4.28 (td, 3Jun 6.74, 2.72
Hz, 4H, OCH,CH,), 3.17 (d, 3Jun 7.1 Hz, 2H, CHOH), 1.71 (p, 3Jmu
6.6 Hz, 4H, OCH,CH,), 1.43 — 1.28 (m, 20H, OCH,CH,(CHy)s),
0.90 (t, 3Jun 8.0 Hz, 6H, CHj;). 8¢ (100.6 MHz; CDCls; Me,Si)
171.6 (C=0, C-9), 72.0 (CHOH, C-10), 66.6 (OCH_, C-8), 31.8 (C-
3), 29.1 (C-4, C-5), 28.5 (C-7), 25.7 (C-6), 22.6 (C-2), 14.1 (CHg,
C-1).
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To prepare nickel nanoparticles supported on silica (20 wt%) with
L-(+)-dioctyl tartrate as capping agent, NiBr, (2.98 g, 13.63 mmol)
and L-(+)-dioctyl tartrate (3.83 g, 10.22 mmol) were dissolved
under vigorous stirring in ethanol (100 mL). Sodium borohydride
(2.59 g, 68.46 mmol) dissolved in 100 mL of ethanol was then
added dropwise to this solution at room temperature over the
course of 15 minutes under stirring (650 rpm), resulting in the
immediate reduction of Ni?* as observed by a colour change of
the yellow-brown solution to black. To prepare the supported NP
samples, the nanoparticles suspension was added to a

suspension of 3.2 g of SiO, in 150 mL ethanol as described above.

A “seed-mediated”/sequential synthesis was carried out as
follows. 0.60 g of NiBr, and 0.77 g of L-(+)-dioctyl tartrate were
dissolved in 20 mL of ethanol. Then, 0.52 g of NaBH, were
dissolved in 20 mL of ethanol. A seed solution was prepared by
mixing these two solutions under stirring for 4 h to ensure
complete decomposition of the reducing agent. A growth solution
was prepared in the same way but using 2.83 g of NiBr, and 3.63
g of L-(+)-dioctyl tartrate in 100 mL of ethanol, to which a solution
of NaBH; (2.44 g) in 100 mL of ethanol was slowly added
dropwise at room temperature.

Subsequently, 10 mL of the seed solution were added to the
growth solution and left under stirring for 4h. The NPs suspension
was added to CAB-O-SIL 5M (3.2 g) as described above.

Q(/\)\ NiBn, NaBH; n::' srim
&

H H
OH Cone. agueous HCl
HO + CH3(CH3);0H - o
OH © |Octangl 20 °C refluxovemight | s M
o]

L-(+)-dioctyl tartrate (dt)

Scheme 2. Reaction scheme for the synthesis of nickel nanoparticles via dioctyl
tartrate route.

Catalyst characterization

The ICP-OES technique (Spectrogreen FMD46) was used to
determine Ni loadings of the catalysts. Before analysis, solid
catalysts were dissolved in acid using a Digiprep JR (SCP-
SCIENCE) digestor. XRD patterns of the catalysts were obtained
using a Bruker diffractometer (model D8 Advance-A25) with a Cu-
Ka, radiation source (wavelength of 1.54 A) operating at 40 kV
and 40 mA. Scans were collected over the range of 10° to 90°.

X-ray absorption fine structure spectra at the Ni K-edge were
obtained at the B18 beamline at Diamond Light Source, UK. #7
The measurements were carried out using a fixed-exit double-
crystal Si(111) monochromator and the Pt-coated branch of
collimating and focusing mirrors. Harmonic rejection mirrors were
placed in the beam path and used as a low-pass filter to remove
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higher energy harmonics. The beam size at the sample position
was approximately 1x1 mm. All samples were prepared in form of
pellets (13 mm diameter) mixing 50 mg of sample with 50 mg of
cellulose to optimize the edge jump and total transmission. The
measurement was performed at room temperature in
transmission mode using 3 ion chambers filled with following
gases: 300 mbar N, + 700 mbar He (10); 150 mbar Ar + 850 mbar
He (11, 12). The spectra were collected in quick EXAFS mode by
continuously scanning the monochromator with a constant energy
step size of 0.3 eV. The scan covered an energy range from
8133.15 to 9333 eV, corresponding to a k-range of 16A. For
each sample, 3 scans were acquired and subsequently merged
to improve the signal to noise ratio. Data were normalised using
the program Athena 8 with a linear pre-edge and 2" order
polynomial post-edge. After background subtraction, the resulting
x(k) functions were k2-weigthed and Fourier transformed in a
range from 2 to 15.5 A1, The EXAFS fit was performed using the
two references structures, Ni0 and NiO, for which the most
relevant single and multiple scattering paths were calculated. The
amplitude of each signal was then described as a function of the
ratio of the phases generating the scattering path and the ratios
optimized during the fit of the experimental data.

Bright field (BF) and high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images were
acquired on a probe and image corrected Titan Themis® operated
at an acceleration voltage of 200 keV. The HAADF-STEM
imaging technique is highly sensitive to the atomic number of
elements, and the intensity observed in the images is proportional
to the square of the atomic number (Z2). This enables the
differentiation of small nanoparticles and even single atoms
supported on light materials, making it an invaluable tool for high-
resolution imaging. Elemental mapping using energy dispersive
X-ray spectroscopy (EDX) to determine the distribution of
elements was also performed. Those experiments were
conducted using a beam current of 200 pA and a dwell time per
pixel of 128 ps. Finally, we applied a Gaussian blur of 0.8 using
Velox software to improve the visual quality of the elemental maps.
The Ni samples were deposited onto 3 mm holey carbon Cu-grids
for TEM analysis.

Temperature Programmed Reduction (TPR) experiments were
conducted in a U-shaped quartz reactor filled with approximately
90 mg of catalysts. The samples were heated to 150 °C at a rate
of 10 °C/min and held at this temperature for 1 hour in a flow of
Ar (60 mL/min) to eliminate adsorbed H,O in the catalysts. After
the reactor cooled down to room temperature, a flow of 5% H./Ar
at 60 mL/min was introduced and the reactor heated to 900 °C at
a rate of 10 °C/min and maintained at 900 °C for 0.5 hours. The
outlet of the reactor was connected to a mass spectrometer
(Pfeiffer Vacuum, Prisma Plus) to monitor product evolution. To
this goal, the temperature and m/z signals of 2, 15, 18, 28 and 44
were recorded.

This article is protected by copyright. All rights reserved.

5USD17 SUOWILLOD BAIER1D 3|gedt|dde au Ag pausenob afe saoiie O ‘8sh Jo sajnJ 1oy Aig1T auljuQ 48| 1AA LI (SUORIPUOD-PUR-SULBIALIOY A8 | 1M Aeiq 1B UD//:SdiL) SUORIPUOD pue SWB 1 Y} 888 * [7202/60/90] Uo Aeiqi1auliuo 4|1 ‘Bulp|ing YHOMIIUM PIOIID ARiqi] ayL pioses JO Aisiealun Ag 62200202 9199/200T OT/I0p/uod A8 |1m AReiqput|uo-adoine-Als Iweydy/sdny wouy papeojumoq ‘el ‘6688.98T



ChemCatChem

Hydrogenation reaction

The liquid phase hydrogenation of furfural was performed using a
stainless-steel autoclave equipped with a heater and a magnetic
stirrer at 6 bar and 180 °C. The required amount of catalyst
(Ni/furfural=1/500 mol/mol) along with a furfural solution (10 mL,
0.3 M in isopropanol as the solvent) was loaded into the reactor
for a typical experiment. The sealed reaction vessel was purged
three times with N, and three times with H, before being
pressurized to 6 bar with H,. Once the temperature reached to
180 ° C, the autoclave was then stirred at 1200 rpm. At regular
intervals, the reaction was stopped by turning down the stirring
and reaction samples (0.2 mL) were taken and mixed with the
internal solvent (2-propanol) and the external standard
(dodecanol) for analysis. The reaction was stopped after 4 h, and
the reaction mixture was cooled to room temperature and
centrifuged prior to being analyzed by gas chromatography
(Agilent 6890, equipped with a Zebron ZB5 60 m x 0.32 mm x 1
_m column and a FID detector, Agilent, Santa Clara, CA, USA).
Response factors of the furfural and obtained products were
calculated using a known concentration of the pure compound’s
standard solutions. Gas chromatography—mass spectrometry
(GC-MS) was used to identify unknown products (Thermo
Scientific 1ISQ QD, fitted with an Agilent VF-5ms column; 60 m x
0.32 mm I.D x 1 mm, Thermo Scientific, Waltham, MA, USA).

We calculated the conversion using equation (1):

mol;

Conversion (%) = m;o:m)l‘ -100

@

Where mol; are the initial moles of furfural and mol: are the moles
after a reaction time “t”. The selectivity was calculated using
equation (2):

mol; i
Y mol;

Selectivity; (%) = 100 2

“n

Where mol; are the moles of product “i” and Zmol is the sum
of the moles of all the other reaction products.

The initial catalytic activity was calculated using equation (3) on
the total amount of active metal:

Activity (h~1) = Zizmolis 80 ®)

moly; t

Where molis are the moles after 15 minutes of reaction, molni
are the moles of Ni loaded in the reactor and t is the reaction

10.1002/cctc.202400229

WILEY . vcH

time (15 minutes). The AC and SiO, supports were also tested
and gave 0% and 3% conversion, respectively,
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Hot-injection method Dioctyl tartrate route

Two methods have been developed to synthesize Ni nanoparticles with unique morphological and electronic properties. They have
been supported on activated charcoal and fumed silica, each displaying distinct metal-support interactions. The hot-injection method
yields catalysts suitable for the full hydrogenation of furfural, while those synthesized via the dioctyl tartrate route exhibit excellent
selectivity for the selective hydrogenation of the aldehyde group of furfural.
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